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Abstract

Ni—P-B amorphous alloy catalyst was prepared by chemical reduction of Ni** with KBH, and NaH,PO, as co-reducing agents. During liquid-
phase hydrogenation of p-chloronitrobenzene (p-CNB), Ni-P-B exhibited higher activity and better selectivity to p-chloroaniline (p-CAN) than
either Ni-B or Ni—P, obviously owing to the synergistic promoting effects of both the P and the B co-alloying with the metallic Ni. The P promoted
hydrogenation activity via enhancing the intrinsic activity (RY) since the Ni active sites alloying with P became more highly unsaturated, which
could adsorb hydrogen more strongly, taking into account that p-CNB hydrogenation was first-order with respect to hydrogen. The B promoted
hydrogenation activity via enhancing the dispersion degree of Ni active sites. The higher selectivity to p-CAN could be attributed to the inhibition
of hydrodehalogenation since the metallic Ni alloying with P could adsorb the nitro group preferentially against the chlorine atom in p-CNB.
Meanwhile, the presence of the alloying B could further enhance the adsorption strength for nitro group via side-bonding and also protected Ni

active sites from poisoning by the amine resulting from p-CNB hydrogenation.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Haloanilines are widely used in manufacturing dyes, drugs,
herbicides, pesticides, and other fine chemicals. In comparison
with traditional synthesis routes [1,2], the selective hydro-
genation of halonitroaromatics to corresponding haloanilines is
superior in saving resources, reducing waste disposal and pro-
tecting the environment [3,4]. However, it is a challenging task
to accomplish selective hydrogenation of the nitro group since
the dehalogenation usually occurs [5—7]. To achieve high selec-
tivity towards haloanilines, great attempts have been made to
develop new and powerful catalysts [8-21]. Most studies are
focused on precious metal catalysts, such as Pd, Pt, Rh, and
Ir-based catalysts. However, the high cost seems problematic in
the industrial application. Recently, amorphous alloys have been
widely used in hydrogenation reactions owing to their higher
activity, better selectivity, and stronger sulfur resistance rela-
tive to their crystalline counterparts, among which Ni-P and
Ni—B amorphous alloys are perhaps the most thoroughly stud-
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ied [22-25]. Generally, Ni-B amorphous alloys are active while
Ni—P amorphous alloys are selective in hydrogenations [26,27].
By chemical reduction of nickel acetate with sodium hypophos-
phite and sodium borohydride, Wang et al. prepared Ni—-P-B
catalyst, which had been demonstrated to be a good catalyst for
p-chloronitrobenzene (p-CNB) hydrogenation [28]. However,
no systematical studies on the synergistic promoting effects of
both the alloying B and P on the catalytic performances have
been reported so far. In this paper, Ni-P-B amorphous alloy
catalyst was prepared via co-reducing Ni** with mixed KBH4
and NaH;PO; and its catalytic behaviors were examined and
compared with Ni-P and Ni-B amorphous alloy catalysts during
liquid-phase p-CNB hydrogenation to p-chloroaniline (p-CAN).
Based on various characterizations, the synergistic promoting
effects of the B and P co-alloying with the metallic Ni were
discussed briefly.

2. Experimental
2.1. Catalyst preparation

Ni—P-B sample was prepared by chemical reduction accord-
ing to the following procedure. An aqueous solution containing
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2.0M KBHy4 was added dropwise into an aqueous solution con-
taining 0.31 M NiCl; and 1.25 M NaH,PO; at 303 K. The system
was kept for vigorous stirring until no gas released. The resulting
black solid was washed free from Cl—, K* and Na* ions with
H; 0, followed by washing with ethanol (EtOH) for three times,
and finally, kept in EtOH until time of use. The molar ratio of
(P + B)/Ni was 8/1 to ensure the complete reduction of Ni>* jons.
The P- and B-contents in the Ni-P—-B samples were adjusted by
varying the molar ratio of P/B. For comparison, Ni-P and Ni-B
samples were also prepared in the similar ways by using either
NaH;PO; or KBHy as single reducing agent.

2.2. Catalyst characterization

The bulk composition was analyzed by means of inductively
coupled plasma—atomic emission spectroscopy (ICP-AES;
Jarrell-Ash Scan 2000). The amorphous structure and the crys-
tallization process were characterized by both X-ray diffraction
(XRD; Rigaku Dmax-3C) and selected area electron diffrac-
tion (SAED; JEOL JEM2011). The morphology and particle
size were observed by transmission electron microscopy (TEM;
JEOL JEM2011). Surface electronic state and surface com-
position were analyzed by X-ray photoelectron spectroscopy
(XPS; PerkinElmer PHI 5000C ESCA, Mg Ka) during which
the samples were dried in sifu in pure Ar atmosphere to avoid
oxidation. All the binding energy values were calibrated by
using C 1s=284.6eV as a reference. The active surface area
(Sni) was measured by hydrogen chemisorption on a Quan-
tachrome CHEMBET 3000 instrument assuming H/Ni(s)=1
and a surface area of 6.5 x 10720 m2 per Ni atom [29]. The
hydrogen temperature-programmed desorption (H,-TPD) curve
was obtained on the same instrument in Ar flow at a ramping
rate of 20 K/min.

2.3. Activity test

Liquid-phase hydrogenation of p-CNB was performed at
1.0 MPa H; pressure and 353 K in a 200-ml stainless steel auto-
clave with a Teflon tube to avoid metal contamination. Briefly,
a catalyst containing 0.5 g Ni, 20 mmol of p-CNB, 0.8 g of n-
C12H250H (as GC internal standard) and 60 ml of EtOH were
mixed in the autoclave. In order to ascertain the role of mass
transfer, the catalyst amount was varied from 0.1 to 1.0 g and
the speed of agitation was varied from 400 to 1200 rpm. In view
of the observation that there was a plateau in the dependency of
the initial rate upon the stirring rate above 800 rpm and that the
initial rate varied linearly with catalyst amount, it could be con-
cluded that the stirring rate of 1000 rpm was high enough so that
the hydrogenation rates were independent of mass transfer. The
initial rate of reaction was obtained by measuring the drop of Py,
within reaction time, from which both the specific activity (i.e.,
Hy uptake rate per gram of nickel; Rf; = mmol h™! gﬁil) and the
areal activity (i.e., Hy uptake rate per m? of the active surface
area; RIS_I = mmol h™! mﬁiz) were calculated by using the ideal
gas equation. The R% could be considered as the intrinsic activ-
ity since the dispersing effect of Ni active sites was excluded.

During reaction, samples were withdrawn from the reaction mix-
ture at intervals to determine the conversion and the selectivity
by gas chromatograph analysis (GC 9800) equipped with a flame
ionization detector (FID) under following conditions: AC-5 col-
umn, injector temperature 513 K, oven temperature programmed
from 373 to 513 K at a ramping rate of 15 K/min, and carrier gas
N>, 30 ml/min. Reproducibility was checked by repeating the
runs at least three times and was found to be within acceptable
limits (£5%).

3. Results and discussion

SAED images of the fresh Ni-P-B, Ni—B and Ni—B sam-
ples displayed a series of diffuse Debye rings indicative of the
typical amorphous structure [30], which were further confirmed
by XRD patterns (Fig. 1) since only one broad peak around
26 =45° was observed [22]. The decrease in XRD peak width
demonstrated that amorphous degree decreased in the order of
Ni—P-B > Ni-B > Ni—P. The higher amorphous degree of Ni-B
than Ni—P could be attributed to the much bigger atomic size
difference between Ni (0.124 nm) and B (0.082 nm) than that
between Ni and P (0.106 nm) [31]. In addition, the stronger
interaction between the metallic Ni and the alloying B than that
between the metallic Ni and the alloying P could also account for
its higher amorphous degree [32—34]. Ni-P-B exhibited higher
amorphous degree than either Ni—B or Ni-P, possibly due to self-
structural disturbance by two metalloids. After being treated
at temperature at 873 K for 2h in Ny flow, various crystalline
diffraction peaks corresponding to metallic Ni and crystallized
Ni-B, Ni-P and Ni-P-B appeared, indicating that these amor-
phous alloys were thermodynamically metastable which might
undergo crystallization process, together with the decomposition
of Ni-B, Ni-P and Ni—-P-B alloys.

AsshowninFig. 2, the TEM and the HRTEM images revealed
that the fresh Ni-B sample was present in the form of shapeless
particle with a wide size distribution from 10 to 30 nm, obviously
due to the agglomeration. In contrast, Ni—P sample displayed
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Fig. 1. XRD patterns of (a) the fresh Ni-B, (b) the fresh Ni-P, (c) the fresh

Ni-P-B-3, (d) the Ni-B treated at 873 K, (¢) the Ni-—P treated at 873 K, and (f)
the Ni-P-B-3 treated at 873 K in N, flow for 2 h.
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Fig. 2. TEM images of (a) the fresh Ni-B, (b) the fresh Ni-P, (c) the fresh Ni-P-B-3, and HRTEM images of (d) the fresh Ni-B, (e) the fresh Ni-P, (f) the fresh

Ni-P-B-3.

regular spherical particles with the average size around 70 nm.
This could be explained by considering the weaker reducibility
of NaH,PO, than that of KBHy. Thus, the reduction of NiZ*
by NaH,PO, proceeded smoothly in comparison with that by
KBH4, which might ensure the nucleation and growth of the
regularly shaped particles. Ni—P-B exhibited irregular spherical
particles with the average size ranged from 30 to 70 nm owing
to the co-reduction of Ni* by both NaH,PO; and KBHj4.

The XPS spectra (Fig. 3) revealed that nearly all the nickel
species were present in metallic state corresponding to the bind-
ing energy (BE) around 853.1eV. However, the phosphorus
species in Ni-P and Ni-P-B samples were present in both
oxidized state and elemental state alloying with metal Ni, corre-

sponding to BE of 133.5 and 130.0 eV, respectively. Similarly,
the boron species in Ni-B and Ni-P-B samples were also present
in both oxidized state and elemental state alloying with Ni,
corresponding to BE of 192.3 and 188.2¢eV, respectively. In
comparison with the standard BE values of pure metallic Ni, red
phosphorus and amorphous boron powder, only the elemental B
exhibited positive shift (ca. 1.1 eV), while no significant BE shift
of the alloying P was observed in all the as-prepared samples.
These observations implied that the elemental B donated partial
electrons to the metal Ni in both Ni—B and Ni—P-B alloys, while
no significant electron transfer between the metallic Ni and the
alloying P occurred in either Ni-P or Ni-P-B, which was in
good accordance with our previous results [25,35-37]. The fail-
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Fig. 3. XPS spectra of the as-prepared catalysts and the relative substances. (a)
Ni 2p, (b) P2p and (c) B 1s.
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Fig. 4. H,-TPD profiles of the as-prepared (a) Ni-B, (b) Ni—P and (c) Ni-P-B-3
catalysts. The profiles are normalized for the amount of sample used.

ure in observing the change of BE of the metallic Ni could be
attributed to its bigger atomic size relative to B atom.

Fig. 4 showed the H-TPD curves of Ni-B, Ni—P and Ni-P-B
samples. Ni—P exhibited only one TPD peak around 656K,
implying that Ni—P contained relatively uniform active sites,
possibly owing to the uniform particle size and the homogeneous
composition (NizP). Ni-B exhibited three TPD peaks around
476, 613 and 658 K, indicating the presence of three kinds of
active sites for hydrogen adsorption, possibly corresponding to
the NipB, Ni3B, and NisB species [38]. Besides the difference
in the number of TPD peaks, it was also found the principal
TPD peak in Ni-B located at much lower temperature (~476 K)
than that in Ni—P (656 K), indicating that Ni-P adsorbed hydro-
gen more strongly than Ni-B. Two possible explanations exist
to account for this difference in strength of hydrogen adsorp-
tion. EXAFS analysis revealed that the metallic Ni in Ni-P was
more highly unsaturated [32,39], which might strengthen the
adsorption bonding for hydrogen. On the other hand, according
to the aforementioned XPS analysis, partial electrons transferred
from B to metallic Ni in Ni-B amorphous alloy while no sig-
nificant electron transfer occurred in Ni—P. Generally speaking,
hydrogen desorption from the electron-enriched Ni active sites
was easier [40]. Ni-P-B exhibited only one broad peak around
586 K, showing the synergistic effects of both P and B alloying
with the metallic Ni since the mechanical mixture of Ni-B and
Ni—P displayed four TPD peaks within 476-656 K correspond-
ing to Ni-B and Ni-P.

Other structural parameters are summarized in Table 1. By
calculating the peak areas of elemental nickel, phosphorus and
boron, the surface compositions of Ni-B, Ni-P, and all Ni-P-B
catalysts are determined [35,36]. Obviously, all catalysts had
similar surface Ni content and the P/B molar ratio in Ni-P—-B
could be regulated freely. Ni-B exhibited much higher Sy; than
Ni—P owing to the smaller particle size (see TEM morphologies),
which could also account for the medium Sy; value of Ni-P-B
in comparison with those of Ni-B and Ni-P.
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Table 1

Structural properties and catalytic performances of the as-prepared catalysts®

Catalyst Composition (atom%) Surface composition (atom%) SNi (mzlg) Rﬁ(mmolh_1 g;lil) Ra(mmol h! miiz) Yield (%)°
Ni-B Nigs 6B31.4 Nigo3B107 12.0 57.2 4.8 69.3

Ni-P Nigj 0P19.0 Nigg gP10.2 4.6 439 9.6 843
Ni-P-B-1 Ni739P11.0B15.1 Nigo 6P4.0B64 6.1 87.6 144 90.2
Ni-P-B-2 Ni73.1P159Bi10 Nigg7P54Ba49 6.8 1143 16.8 91.1
Ni-P-B-3 Ni725P196B79 Nigo.0P6.6B3.4 72 123.0 17.2 93.2
Ni-P-B-4 Ni729P215Bs56 Nigg sPg.1Bo.4 5.8 74.8 129 88.4

4 Reaction conditions: 20 mmol of p-CNB; 60 ml of EtOH; each catalyst contained 0.50 g Ni; 7=353 K; Py, = 1.0MPa; stirring rate = 1000 rpm.

5 The maximum yield of p-CAN.

Table 1 revealed that the ternary Ni-P—B catalysts exhibited
much higher initial activity (R}}) and maximum p-CAN yield
than either Ni-B or Ni—P. This must be due to the synergis-
tic promotions from both the alloying P and the alloying B on
the catalytic performances of the Ni active sites (as elucidated
by the subsequent discussion). Meanwhile, it can be clearly
seen that the activity was dependent on the P/B molar ratio in
Ni-P-B catalysts and Rjj of Ni-P-B first increased and then
decreased with further increasing the P/B ratio. The maximum

11(123.0mmol h! gﬁil) was obtained on Ni—P-B-3.

Table 1 also revealed that R} changed in the order of
Ni—P-B >Ni-B > Ni-P, while Ri{ changed in the order of
Ni—P-B >Ni-P>Ni-B. The higher Ri value of Ni-P than
Ni-B indicated its higher intrinsic activity. The kinetic studies
(see Fig. 5) revealed that p-CNB hydrogenation was first-order
with respect to hydrogen and zero-order to p-CNB. Thus, the
higher intrinsic activity of Ni-P relative to Ni-B could be
mainly attributed to the stronger hydrogen adsorption (as con-
firmed by aforementioned H,-TPD), which could enhance the
surface concentration of the adsorbed hydrogen during the com-
petitive adsorption against p-CNB, leading to the enhanced
intrinsic activity. Despite the lower RS, Ni-B amorphous alloy
still exhibited higher Ry} than Ni-P, obviously owing to the
higher dispersion of Ni active sites (see Sni values). Ni-P-B
catalyst exhibited much higher Ry} owing to the synergistic
promoting effects of the alloying B and the alloying P in
which B enhanced the dispersion degree of Ni active sites
while P enhanced the intrinsic activity. The mechanically mixed
Ni-B and Ni-P showed much lower R{;(6.0mmolh~! gﬁil) and
R{1(49.7mmol h~! mﬁiz) than Ni-P-B, obviously due to the
absence of synergistic promoting effects.

The dependency of p-CAN selectivity on p-CNB conversion
during p-CNB hydrogenation (attached in Fig. 6¢) reveals that
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Fig. 5. Effects of (a) p-CNB concentration and (b) hydrogen pressure on the
Ry} over Ni—P-B-3 amorphous alloy catalyst. Reaction conditions: catalyst
containing 0.5g Ni, 60ml of EtOH, T=353K, stirring rate= 1000 rpm. (a)
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Scheme 1. A plausible mechanism of p-CNB hydrogenation.



34 H. Li et al. / Journal of Molecular Catalysis A: Chemical 285 (2008) 29-35

(a)

100 - = —m—p-CNB
—O0—p-CAN
—A—NB

g0 L —A— AN

60
)
k=1
S 40
<]
&)
20
0 -
1 1 1 1 1 1 1
0 20 40 60 80 100 120
Reaction time (min)
b
®) 100 =
ol /D‘HD—‘D
o —m—p-CNB
80 I= ] / —o—p-CAN

Content (%)
ES
o
T
X

20 -
[ A—a A/A
A __,/ﬁél‘%.

Reaction time (min)

© 10l = —m—p-CNB
—O0—p-CAN o D
L —A—NB /
80 a| 2 AN .
% Ac»’)_,/:’_'/"’,_l/__,\‘.
. 60 F EM ()
= 8 Bl .
S 40 F Z . /’ \
g 2
o =60
O r |
20 o m 20 slw ;ra 0o ;r; %% V'.,,
p-CNB conversion (%)
A
0 -
1 1 1 1 1

0 20 40 60 80 100
Reaction time (min)

Fig. 6. Reaction profiles of p-CNB hydrogenation over (a) Ni-B, (b) Ni—P and
(c) Ni-P-B-3 amorphous alloy catalysts. The insert is the dependency of selec-
tivity to p-CAN on p-CNB conversion during p-CNB hydrogenation over (a)
Ni-B, (b) Ni-P and (c) Ni-P-B-3 amorphous alloy catalysts. Reaction con-
ditions: catalyst, 0.5 g Ni; p-CNB, 20 mmol; ethanol, 60 ml; T, 353K; Py,,
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the selectivity changed in the trend of Ni-P-B >Ni—P>Ni-B,
which was in accordance with the change of p-CAN yield (see
Table 1). The synergistic promoting effects could also account
for the higher selectivity obtained on Ni—-P-B amorphous cat-

alyst. According to the reaction pathway (Scheme 1), besides
the main product (p-CAN), two side products could be formed
during p-CNB hydrogenation. Nitrobenzene (NB) resulted from
p-CNB hydrodehalogenation while aniline (AN) resulted from
the further hydrogenation of NB and/or hydrodehalogenation of
p-CAN. As shown in Fig. 6, Ni—P amorphous catalyst was more
selective to p-CAN than Ni-B owing to the inhibition on the
hydrodehalogenation of p-CNB, corresponding to the less con-
tent of NB. Ni-P-B exhibited the highest selectivity to p-CAN
due to the effective inhibition on the hydrodehalogenations of
both p-CNB and p-CAN, taking into account that the yield of
p-CAN obtained on either Ni—P or Ni-B might decrease if the
reaction time was too long while the p-CAN yield on Ni-P-B
might remain at the maximum value (see Fig. 6). According to
the adsorption mechanism, the Ni active sites might adsorb p-
CNB via either nitro group or chlorine atom. The former was
favorable for the hydrogenation of nitro group to form p-CAN
while the latter favored the hydrodehalogenation, resulting in
the formation of byproducts. p-CNB was a conjugated system
containing nitro group, chlorine atom, and benzene ring in which
partial electrons transferred from chlorine to nitro group owing
to the higher electronegativity of both nitrogen and oxygen
atoms than chlorine, making nitro group electron-enriched while
chlorine electron-deficient. The aforementioned XPS spectra
demonstrated that the metallic Niin Ni-B was electron-enriched
while no significant electron transfer occurred in Ni—P sample.
The relatively less electron density on the metallic Ni in either
Ni—P or Ni-P-B made it easy to adsorb electron-enriched nitro
group in p-CNB molecule, corresponding to higher selectivity
to p-CAN than that obtained on Ni-B. Meanwhile, according
to the Hp-TPD curves, Ni-B contained at least three kinds of
active sites while both Ni-P and Ni—P-B contained only one
kind of active sites, corresponding to higher selectivity. In addi-
tion, both Ni—P and Ni—-P-B exhibited stronger adsorption for
hydrogen than Ni—B, which was favorable for the selectivity to
p-CAN since the hydrogenation of nitro group usually needed
strongly adsorbed hydrogen atoms. Furthermore, the relatively
larger particle size and regular particle shape resulted from the
formation of Ni—-P and Ni—P-B alloys might also facilitate the
adsorption of nitro group existed in the conjugated system with
benzene ring and thus was favorable for the selectivity to p-CAN
[41]. The higher selectivity to p-CAN on Ni—P-B than that on
Ni—P could be attributed to the synergistic effects of both the
alloying P and the alloying B. On the one hand, the presence
of alloying P ensured the preferential adsorption of nitro group
on the Ni active sites against the adsorption of chlorine atom in
p-CNB molecule. On the other hand, the presence of alloying
B could further strengthen the adsorption for nitro group via a
side-bonding since the alloying B was also electron-deficient
[42], which could be supported by the relatively higher selec-
tivity to p-CAN over Ni-B (70.8%) than that over Raney Ni
(60.9% at p-CNB conversion of 93.7% corresponding to the
maximum p-CAN yield). In addition, the alloying B might also
adsorb amine group (NH) resulted from the hydrogenation of
nitro group, which could inhibit the poisoning effect of the amine
group on the metallic Ni active sites, and thus promote p-CNB
hydrogenation [27].
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4. Conclusions

The above results show that, Ni-P—B amorphous alloy cat-
alyst exhibited higher activity and better selectivity to p-CAN
in liquid-phase p-CNB hydrogenation than either Ni-P or Ni-B
amorphous alloy catalysts, obviously owing to the synergistic
effects of both the alloying P and the alloying B. On the one
hand, the presence of the alloying P could strengthen hydro-
gen adsorption on the Ni active site owing to the more highly
unsaturated coordination, which could account for its higher
intrinsic activity (RIS{). The co-presence of the alloying B could
enhance the dispersion degree of the Ni active sites owing to
the stronger interaction between the metal Ni and the alloying
B and thus, could enhance the apparent activity (Rj). On the
other hand, the alloying between the P and the metallic Ni led to
stronger adsorption for hydrogen and the formation of uniform
particles with relatively larger size, which was favorable for the
hydrogenation of nitro group to produce p-CAN. Meanwhile,
the relatively less electron density on the metallic Ni caused
by alloying P might be favorable for the competitive adsorption
of nitro group against that of chlorine atom in p-CNB, which
could effectively inhibit the hydrodehalogenation to produce
side products. The co-presence of the alloying B could further
enhance the adsorption of nitro group via a side-bonding and
inhibit the amine poisoning on Ni active sites via adsorption the
amine group resulted from p-CNB hydrogenation, which also
promoted the selectivity to p-CAN.
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