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Abstract

The Fe-doped Ni—P amorphous alloy catalyst was prepared by the chemical reduction of the aqueous solution containing NiCl, and FeCl; with
NaH,PO, at 343 K and characterized by EDS, XRD, SAED, TEM, XPS and DTA. It was used as a catalyst for the liquid phase hydrogenation
of m-chloronitrobenzene (CNB) and p-chloronitrobenzene (CNB) to corresponding chloroaniline (CAN) in alcohol at 383 K under 1.0 MPa of
hydrogen. At a suitable Fe content (X.), the Ni-Fe—P amorphous alloy catalyst exhibited much higher activity and selectivity than the Ni—P, Fe-P,
and Raney Ni catalysts in the hydrogenation reaction. With the increase of X, the activity first increased and then decreased. The optimum X,
was 0.25, at which the conversions of CNB could reach 99.9% and the yields of m- and p-CAN could reach 97.3% and 98.1%, respectively. The
promoting effect of the Fe-dopant could be attributed to both a dispersing effect that resulted in the higher stability and the electron donation of the
metallic Fe to the metallic Ni that was favorable for the hydrogenation. The structure of amorphous alloy and the alloying P were also favorable
for the hydrogenation. Very high contents of the Fe-dopant (Xg. >0.25) resulted in the decrease of the hydrogenation activity because Ni active

sites were mostly covered by the inactive Fe.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Halogenated anilines are important intermediates for synthe-
sis of organic fine chemicals, such as dyes, drugs, herbicides,
and pesticides. The main routes to their production involve the
Bechamp reaction in a metal acid system, or selective hydro-
genation over heterogeneous catalysts. The hydrogenation is
now preferred, owing to its lower impact on the environment
since no acid effluents are produced. The catalysts for the hydro-
genation have been well-studied, such as platinum [1,2], pal-
ladium [3], rhodium [4], nickel [5], and copper chromite [6]
catalysts. Among these, platinum shows better selectivity of
halogenated aniline and a fast rate of reduction of the nitro-
group. But it is always accompanied by some hydrogenolysis
of the carbon—halogen bond. Depending on the halogen and its
position relative to the nitro group in the halogenated nitroben-
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zene, dehalogenation can vary from negligible to near 100%. To
improve the hydrogenation selectivity, the catalyst preparations
are modified (alloying [7] and metal/support interaction [8—10],
etc.) or specific additives (promoters or inhibitors) [11,12] are
used in the reaction system. But none of the catalysts previ-
ously proposed are satisfactory, each having its own particular
limitations.

During the past decades, amorphous alloy catalysts have
been widely used in the hydrogenation owing to their higher
activity, better selectivity, and stronger poisoning resistance
[13,14]. Up to now, a great number of systematic studies have
been made on metal-B amorphous alloy catalysts [15-19], but
quite limited work has been done on the metal-P amorphous
alloy catalysts [20]. In this paper, we report novel Fe-doped
Ni—P amorphous alloy catalysts (Ni—-Fe—P) which exhibited both
excellent activity and selectivity in liquid phase hydrogena-
tion of m-chloronitrobenzene (CNB) and p-chloronitrobenzene
(CNB) to corresponding chloroaniline (CAN). The effect of the
Fe content on the catalytic activity was investigated; results
demonstrated that the optimum Fe/(Ni+ Fe) molar ratio was
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0.25. Based on various characterizations, the promoting effect
of the Fe dopant on both the catalytic activity and selectivity was
discussed briefly.

2. Experimental
2.1. Catalyst preparation

The Ni-Fe—P amorphous alloy catalysts were prepared by
the chemical reduction of the aqueous solution that consisted
of NiCl,-6H,0, FeCl3, NaH,PO,-H,O and CH3COONa. The
initial molar ratio of NaH,PO; to metallic salts was 3:1. The
pH value of solution was adjusted to 11 using 30 wt.% NaOH
aqueous solution. The solution was kept at 343 K with vigorous
stirring until the evolution of a gas ceased. The resulting black
solid was washed thoroughly with 8 M aqueous ammonia and
distilled H>O until it was free from C1~ ion. Then, it was further
washed with absolute alcohol (EtOH) and finally stored in EtOH
until the time of use. The content of the Fe-dopant in the Ni—Fe—-P
sample, expressed as Xge (%), the molar ratio of Fe/(Ni+ Fe),
was adjusted by changing the initial molar ratio of Ni/Fe in
the solution. For comparison, the Ni-P (Xge =0) and the Fe-P
(Xpe = 1) samples were also prepared in a similar way but using
single NiCl,-6H>O or FeClj3 as the catalyst precursor. Raney Ni
catalyst was also prepared by alkali leaching of the commercially
available Ni—Al alloy (50 wt.% Ni, 200 meshes), as described
elsewhere [21].

2.2. Catalyst characterization

The composition of the as-prepared Ni—-Fe—P catalyst was
analyzed by X-ray energy dispersive spectroscopy (EDS,
Thermo Noran Vantage ESI X). Its amorphous structure was
confirmed by both the X-ray diffraction (XRD, Thermol ARL
X’Tra with Cu Ka radiation) and selected area electron diffrac-
tion (SAED, JEOL JEM-200C). Transmission electron micro-
graph (TEM, JEOL JEM-200C) was used to determine the
surface morphology and the particle size. The thermal stabil-
ity of amorphous alloy was also studied by differential thermal
analysis (DTA, Pyris Diamond, heating rate = 10 K/min). The
surface electronic states were determined with a X-ray photo-
electron spectroscope (XPS, Perkin-Elmer PH I 5000C). Slight
Ar” sputtering was employed to remove surface impurities. All
binding energy (BE) values were calibrated by using the value
of contaminant carbon (C 1s=284.6¢eV) as a reference.

2.3. Activity test

Liquid phase hydrogenation of m-CNB or p-CNB was con-
ducted as follows: 100 ml EtOH, 5.0 g m-CNB or p-CNB, 0.5 g
catalyst were mixed in a 500 ml steel autoclave equipped with
a mechanical stirrer and an electric heating system. The reactor
was filled with H; eight times in succession to exclude the inside
air. Then it was filled with Hy up to 1.0 MPa, followed by heat-
ing slowly (110 K/h) until 383 K. When the hydrogen pressure
reached a steady state, the hydrogenation was started immedi-
ately by stirring the reaction mixture vigorously. The stirring rate

was kept at 1000 rpm to eliminate the diffusion effects. Accord-
ing to the drop of H; pressure with the time, the hydrogen uptake
rates, i.e. the hydrogen consumption per hour and per gram Ni
(Ru,, mmol Hy/h g Ni) were calculated according to the ideal
gas equation. The reaction products were analyzed by gas chro-
matography (Fuli 9790) from which the CNB conversion and
the yield of CAN were obtained. The capillary column SE-54
with an i.d. of 0.32 mm and a length of 30 m equipped with an
FID detector was used. Reactants and products were identified
by comparison with authentic samples. Biphenyl was used as an
internal standard.

3. Results and discussion
3.1. Catalysts characterization

The bulk compositions of the as-prepared Ni—P, Ni-Fe—P, and
Fe—P amorphous alloy samples determined by EDS analysis are
given in Table 1.

The XRD pattern of the fresh Ni-Fe-P-3 sample with
Xre =0.25, as shown in Fig. la, revealed that the sample was
present in the amorphous structure, since only one broad peak
around 20 =45° appeared [22]. Similar XRD patterns were also
obtained for other Ni-Fe—P samples with Xg. from 0% to 100%,
indicating that the addition of the Fe-dopant did not change the
amorphous structure. No appreciable change in the XRD pattern
was observed when the Ni—Fe—P-3 was treated at a tempera-
ture below 473 K. However, a sharp diffractional peak appeared

Table 1
The compositions of the as-prepared Ni—Fe—P catalysts

Catalyst Xre (molar ratio) Composition (at.%)
Ni-P 0 Nizg2P21.8
Ni-Fe-P-1 0.16 Ni65‘9F612‘9P21‘2
Ni-Fe-P-2 0.20 Nig.6Fei5.8P21.6
Ni-Fe-P-3 0.25 Ni53‘7F619‘6P21‘7
Ni-Fe-P-4 0.49 Nigg.0Fe30.0P21.0
Ni-Fe-P-5 0.68 Ni25‘0FC53‘0P22‘0
Ni-Fe-P-6 0.77 NiigoFesogP22
Fe-P 1.0 Ferg3P217
" v Metallic Ni
v » Crystalline Ni,P alloy

°Crystalline Ni-Fe-P alloy
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Fig. 1. XRD patterns of the Ni-Fe—P-3 sample treated at different temperatures:
(a) fresh sample; (b) after treated at 473 K for 2 h in N flow; (c) after treated at
873K for 2h in N, flow.
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Fig. 2. SAED patterns of the Ni—Fe—P-3 sample treated at different temperatures: (a) fresh sample; (b) after treated at 873 K for 2h in N; flow.

when it was treated at 473 K in N; for 2 h, as shown in Fig. 1b,
indicating the beginning of the crystallization. Both the inten-
sity and the number of the diffractional peaks increased with
the increase of the treating temperature, showing the increase
in the crystallinity. By the treatment at 873 K in N for 2 h, the
crystallization reached completion since no more changes in the
XRD patterns were observed when the treating temperature fur-
ther increased. As shown in Fig. Ic, various diffractional peaks
indicative of crystalline Ni3P alloy, Ni-Fe—P alloy, and metal-
lic Ni phases appeared in the XRD pattern when the Ni—Fe—P-3
sample was treated at 873 K in N for 2 h, showing that the amor-
phous structure was thermodynamically metastable and that
the as-prepared Ni—Fe—P-3 underwent a crystallization together
with a decomposition at high temperature.

The amorphous structure of the fresh Ni-Fe—P-3 sample was
further confirmed by the SAED pattern. As shown in Fig. 2a, the
fresh sample displayed a series of diffractional circles indicative
of typical amorphous structure [23]. After the sample was treated
at 873 Kin N for 2 h, these diffractional circles disappeared and
only separated bright dots were observed, as shown in Fig. 2b,
which demonstrated the crystallization of the Ni—Fe—P-3 sam-
ple.

In order to evaluate the electronic state of the as-prepared
Ni-Fe—P amorphous alloy, the BE of the substance was deter-
mined by XPS. Fig. 3 shows the XPS spectra of the fresh
Ni—Fe-P-3 sample. From the Ni 2p3/; energy level, one could
see that almost all the Ni species were present in the metallic
state with the BE around 853.1 eV, the same as that of the pure
metal Ni [24]. However, the Fe species were present in both the
metallic state and the oxidized state (Fe;O3) corresponding to
BE of 707.6 and 711.6 eV, respectively. In comparison with the
standard BE of pure Fe metal (707.0 eV), the BE of the metallic
Fe in the Ni—Fe—P-3 positively shifted about 0.6 eV, indicating
that the metallic Fe donated partial electron to the metallic Ni,
i.e. the metallic Fe was electron-deficient while the metallic Ni
was electron-enriched. From the P 2p level, the P species in
the Ni—Fe—P-3 sample were present in the alloying state with
the BE around 130.1eV. By comparing with the standard BE
of the pure red phosphorus (130.1eV) [24], it was found that
no electron transfer took place between Ni and P, which was
in agreement with Deng et al. [25]. This indicates that elec-
tronic interaction between Ni and P in the Ni-Fe—P-3 was not
important.

(b)

According to DTA analysis, as shown in Fig. 4, the crys-
tallization temperature of the samples strongly depended on
Xre. The crystallization temperature of the Ni-Fe—P-1 sam-
ple at Xp. =0.16 was nearly 46 K higher than that of the Ni-P
sample. With the increase of X, the crystallization tempera-
ture increased rapidly mainly owing to the presence of Fe;O3
support, which effectively inhibited the aggregation of particles
during the heating treatment. It clearly demonstrated the stabi-
lizing effect of the Fe-dopant on the amorphous alloy structure.

The TEM was employed to show the shape and the size of the
fresh Ni-Fe—P-3 sample and the fresh Ni—P sample, as shown in
Fig. 5. It confirmed that the fresh Ni—Fe—P-3 sample was present
in the form of spherical particles with the size ranging from 30
to 120 nm and the fresh Ni-P sample was also in the form of
spherical particles with the size ranging from 60 to 180 nm.
The particles in the fresh Ni-Fe—P-3 sample were smaller and
distributed more homogeneously than the fresh Ni—P sample
mainly owing to the dispersing effect of the Fe, O3 and the strong
interaction between the Ni—P amorphous alloy particles and the
Fe-dopant.

3.2. Catalytic properties for the selective hydrogenation of
m- and p-CNB

The liquid phase hydrogenation of CNB was a complicated
process, and many by-products were involved. It followed the
reaction pathways described in the literature [26]. Our purpose
was to achieve high selectivity to CAN without the hydrogenol-
ysis of the C—Cl bond. We investigated the effect of differ-
ent Fe amounts on the hydrogenation of m- and p-CNB over
Ni-Fe—P amorphous alloy catalyst. The results were listed in
Tables 2 and 3.

From Tables 2 and 3, it could be seen clearly that Ni-Fe—P
amorphous catalyst exhibited higher activity and selectivity in
the hydrogenation of CNB than Ni—P, Fe—P, and Raney Ni cat-
alysts. As shown in Fig. 6, the initial catalytic activity (Ry,)
increased remarkably when a small amount of Fe was added to
the Ni—P catalyst. With the increase of Xge, Ry, first increased
and then decreased. The maximum activity was obtained at
Xre =0.25.

Addition of Fe in Ni-P catalyst also had significant influence
on the conversions of m- and p-CNB and the yields of m- and p-
CAN. When Xg. =0.25, the conversions of m- and p-CNB could
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Fig. 3. XPS spectra of the Ni-Fe—P-3 amorphous alloy catalyst.

all reach 99.9% while the yield of m-CAN could reach 97.3%
and the yield of p-CAN could reach 98.1%.

It was known [27] that the rate determining step of this type of
heterogeneously catalysed reaction was a nucleophilic attack of
hydride ion, produced by dissociative adsorption of Hy molecule
on the metal surface, on the nitrogen atom of the nitro group.
Therefore, electron withdrawing and electron donating effects
of the substituents might have a strong influence on the reactivity
of CNB.

dH/dT (Arb. Units)

" L] 1 L 1 " 1
600 700 800 900 1000
Temperature(K)

Fig. 4. DTA curves of: (a) Ni—P; (b) Ni—Fe—P-1; (c) Ni—-Fe—P-3; (d) Ni-Fe-P-5;
(e) Fe—P samples obtained under the same preparation conditions.

Table 2
Catalytic properties for the liquid phase hydrogenation of m-CNB over the as-
prepared Ni—Fe—P catalyst and Raney Ni catalysts®

Catalyst Ry, Conversion Yield of productions
(mmol/hg Ni) (%) (mol.%)P
AN NB  m-CAN
Ni-P 51.4 99.4 26 02 92.6
Ni—Fe-P-1 56.7 94.3 1.8 09 90.9
Ni-Fe-P-2  68.9 96.5 1.7 03 93.5
Ni-Fe-P-3  95.1 99.9 1.5 - 97.3
Ni-Fe-P-4  41.0 75.3 03 02 72.7
Ni-Fe-P-5 299 60.1 - - 58.6
Ni-Fe-P-6  22.8 49.9 - - 49.7
Fe-P 10.2 20.8 - - 19.3
Raney Ni 89.1 95.2 163 20 81.4

# Reaction conditions: 0.5 g catalyst; 5.0g m-CNB; 100 ml EtOH; Py, =
1.0 MPa; T=383 K; stirring rate = 1000 rpm.

b Some products with high boiling point could not be determined by GC
analysis. AN: aniline; NB: nitrobenzene.

As the Fe—P amorphous alloy itself was inactive for the lig-
uid phase hydrogenation of CNB, according to Tables 2 and 3,
one could conclude that, at a suitable amount of the Fe-dopant,
Fe served as a promoter in the Ni-Fe—P amorphous alloy and
the active site was the metallic Ni. The promoting effect of the

Table 3
Catalytic properties for the liquid phase hydrogenation of p-CNB over the as-
prepared Ni—Fe-P catalyst and Raney Ni catalysts®

Catalyst Ry, (mmol/h Conversion Yield of productions
g Ni) (%) (mol.%)
AN NB p-CAN

Ni-P 47.6 99.2 23 - 93.6
Ni-Fe-P-1 61.5 99.5 43 0.2 91.5
Ni-Fe-P-2 722 99.6 3.7 0.9 93.8
Ni-Fe-P-3 93.3 99.9 12 - 98.1
Ni-Fe-P-4 57.9 83.6 0.9 0.3 80.9
Ni-Fe-P-5 40.3 70.5 1.0 0.8 63.7
Ni-Fe-P-6 33.6 63.2 - - 62.5
Fe-P 11.7 25.7 - - 24.7
Raney Ni 85.0 96.0 11.7 1.6 84.2

2 Reaction conditions are similar to Table 2.
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Fig. 5. TEM images of: (a) fresh Ni-Fe—P-3; (b) fresh Ni—P.

Fe-dopant may be accounted for by considering the presence
of both the metallic Fe and the Fe;O3. As the aforementioned
XPS spectra revealed that the metallic Fe donated partial elec-
trons to Ni, the Fe atoms were electron-deficient and Ni atoms
were electron-enriched in the Ni-Fe-P amorphous alloy cata-
lyst. The electron-deficient Fe could attract the oxygen in the
nitrogen—oxygen bond, which might activate the polar NO;
groups of CNB and coordinate with the NH, groups of pro-
duced CAN molecules, thereby promoting the hydrogenation of
CNB and depressing the dehalogenation of CAN. For the mech-
anism in the hydrodehalogenation reaction of aromatic halides,
most researchers agreed that there was an electrophilic attack of
cleaved hydrogen on the adsorbed aromatic halides [28,29]. The
electron-deficient Fe atoms could weaken the extent of electron
feedback from the Ni atoms to the aromatic ring in CAN, which
would further suppress the hydrodechlorination of CAN. But a
large concentration of the Fe-dopant was harmful to the activity,
because surface Ni active sites would be mostly covered by the
inactive Fe-dopant.

The excellent activity and selectivity of the Ni—Fe-P cat-
alyst could also be attributed to the structural effect and the
alloying P. For the structural effect, it had been claimed that the
amorphous alloy had unique long-distance disordering but only

1001

80 -

60

40 -

H, uptake rate (mmol/h.g Ni)

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 6. Dependence of the hydrogenation activity of the Ni—-Fe—P amorphous
catalyst on the Fe/(Ni + Fe) molar ratio (Xge). Reaction conditions are given in
Table 2.

short-distance ordering structure, and had unique isotropic struc-
ture and high concentration of coordinatively unsaturated sites
[30,31], which were favorable for most hydrogenation reactions
[14,32]. Other structural parameters, such as the highly unsatu-
rated property of the Ni active sites, the strong synergistic effect
between the different Ni active sites, and the uniform distri-
bution of the Ni active sites, also promoted the hydrogenation
activity [33]. From Tables 2 and 3, one could conclude that the
Ni—P amorphous alloy catalyst exhibited much better selectiv-
ity to CAN than the Raney Ni catalyst, showing the promoting
effect of the alloying P on the catalytic behaviors. But the mech-
anism is still not clear now. Studies on the details of the catalytic
mechanism of the promising Ni—-Fe—P amorphous alloy catalyst
in this work are being continued.

4. Conclusion

Based on the above results, it was clarified that at a suit-
able content of the Fe-dopant (Xg.), the Ni-Fe—P amorphous
alloy catalyst displayed excellent catalytic properties for the
liquid phase hydrogenation of CNB to corresponding CAN.
The optimum Xg. was 0.25. The conversions of m- and p-CNB
were all over 99.9% while the yields of m- and p-CAN were
97.3% and 98.1% respectively over the Ni-Fe—P amorphous
catalyst with Xge =0.25. On one hand, the promoting effect of
the Fe-dopant could be attributed to a dispersing effect that
could inhibit the aggregation of Ni—Fe—P alloy particles and,
in turn, could increase the stability of the Ni—Fe—P amorphous
alloy. On the other hand, the promoting effect of the Fe-dopant
was also attributed to the electron interactions between Fe and
Ni. Electron-deficient Fe promoted the activity of the Ni atoms
by activating the polar NO; groups of CNB and coordinating
with the NH; groups of produced of CAN molecules, thereby
promoting the hydrogenation of CNB and depressing the dehalo-
genation of CAN. The Fe-dopant could weaken the extent of
electron feedback from the Ni atoms to the aromatic ring in
CAN, which would further suppress the hydrodechlorination
of CAN. Meanwhile, the structure of amorphous alloy and the
alloying P were favorable for the liquid phase hydrogenation
of CNB. The results described here showed that the Ni-Fe-P
amorphous alloy catalyst was a promising catalyst for industrial
application.
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