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Abstract The influence of reduction conditions on
the properties and reactivity of silica-supported nickel
phosphide (Ni,P/SiO,) catalysts for gas-phase hydrode-
chlorination (HDC) of chlorobenzene was investigated.
The catalysts prepared under different reduction conditions
had the similar specific surface area (~370 m*g"),
and pore diameter (~5.2 nm) and Ni,P crystallites size
(10-13 nm). However, comparing with Ni,P/SiO, catalyst
prepared at 923 K with the H, space velocity of
15,000 mL g~' h™! for 2 h, with increasing the H, space
velocity from 15,000 to 19,200 mL {{1 h™!, or the
reduction temperature from 923 to 1023 K or the reduction
time from 2 to 6 h, the Ni/P ratio in the prepared catalyst
was increased from 1/0.56 to about 1/0.50, and the HDC
reaction induction period over the catalyst was also short-
ened from above 30 to 2—4 h. It is suggested that the
induction period might be due to the blocking of active
sites by excess phosphorus, which results in hindering the
activation of chlorobenzene and the adsorption of hydrogen
species on Ni,P. Under the conditions of 573 K and
WnilFe) = 186.6 gy mola1 min, the chlorobenzene con-
version over the Ni,P/SiO, catalyst reached 99%, and it did
not change during 36 h. The good activity and stability of
the Ni,P/SiO, catalyst was ascribed to the weak interaction
between chlorine and Ni,P and a great of spilt-over
hydrogen species on the catalyst surface.
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1 Introduction

Chlorinated aromatics are important chemicals that are
widely used as solvents and for the synthesis of many
organic chemicals, such as odorizers, insect repellents, and
fungicides. Their risks to health and the environment have
attracted attention due to their acute toxicity and strong
bioaccumulation potential; they persist in the environment,
accumulate in fatty tissues, and show carcinogenic and
mutagenic activity [1]. Therefore, these compounds must
be disposed of properly.

In recent years, interest in catalytic hydrodechlorination
(HDC) has increased for environmental reasons. Compared
with end-of-pipe treatments such as phase transfer or
physical separation (adsorption, air or steam stripping, and
condensation) and chemical degradation or destruction
(thermal incineration and catalytic or wet air oxidation),
catalytic HDC has many advantages. These include mild
reaction conditions, the transformation of chlorinated
compound pollutants to valuable raw materials, and no
emission of CO, and NO, [2].

Gas or liquid phase HDC has been used for the disposal
of many types of toxic waste, including chlorofluorocar-
bons, chlorobenzenes, chlorophenols, polychlorinated
biphenyls, insecticides, and dioxin/furans. The catalysts
used for HDC have mainly been monometallic (e.g. Pt
[3-5], Pd [3, 6-9], Rh [10, 11], Ni [12-18]) or bimetallic
(e.g. Ni-Au [19], Pd-Ni [20], Pd—Au [21], Pd-Rh [22],
Pd-Yb [23], Pd-Fe [24, 25]); supported molybdenum car-
bide [26] and sulphided Ni-Mo/Al,O5 [27] have also been
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used. Noble metal catalysts, especially Pd, exhibit HDC
activity superior to that of supported nickel-based catalysts;
moreover, HDC performance has been shown to be sensi-
tive to Pd dispersion and the nature of the support [28-30].
Keane et al. [31, 32] also found that the hydrodechlorina-
tion of chlorobenzene or chlorophenol over supported Ni is
structure sensitive. The larger Pd or Ni crystallites are
beneficial to the hydrodechlorination rate. In addition, there
is an evidence that spilt-over hydrogen species are con-
tributed to the HDC [3, 4, 8, 18, 33-35]. However, whether
noble metal or nickel catalysts, an important problem in the
application of HDC is catalyst deactivation, which is mainly
due to surface poisoning by HCI or/and metal sintering
or/and carbon deposition/occlusion of the active sites
[11, 17, 36-40]. Thus, the development of solid HDC cat-
alysts that exhibit high and stable activities represents a
challenging problem in heterogeneous catalysis.

Transition metal phosphides are novel catalytic materi-
als with excellent performance in hydrodenitrogenation
(HDN) and hydrodesulfuration (HDS) [41-48]. Recently,
SiO,-supported NizP and Ni,P catalysts were used in the
HDC of chlorobenzene and showed a good performance
[49, 50], the chlorobenzene conversion exceeded 99%
under the adopted conditions. Meanwhile, it was found that
an induction period occurred for SiO,-supported Ni,P
catalyst that was prepared from the precursor with Ni/P
ratio of 1.0. However, there was no induction period for
SiO,-supported NizP catalyst prepared from the precursor
with Ni/P ratio of 3. This indicates that the induction period
was perhaps related to the excess P in the Ni,P catalysts.
Because the reduction conditions (H, space velocity,
reduction temperature and reduction time) can affect the P
contents in the prepared catalysts, their influence on the
properties of SiO,-supported Ni,P was investigated in the
present work, and the reasons for the induction period and
the good activity of Ni,P/SiO, were also discussed.

2 Experimental
2.1 Catalyst Preparation

The temperature-programmed reduction of nickel phosphate
is the usual method for the preparation of nickel phosphide
[51]. In the present work, the catalyst precursor with a Ni/P
ratio of 1 supported on silica and the supported nickel
phosphide were prepared. Firstly, 17.6 g Ni(NO;),-6H,0O
(60.0 mmol) and 6.92 g NH4H,PO, (60.0 mmol) were dis-
solved in water, and the precipitate formed was dissolved by
a few drops of nitric acid, to obtain 32 mL of aqueous
solution; 20.0 g SiO, (Qingdao Haiyang Chemical Co. Ltd.,
China; textural properties shown in Table 2) was then
incipiently impregnated with the above aqueous solution and
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left at room temperature for 12 h. The sample was then dried
in air at 393 K for 12 h and calcined in air at 773 K for 4 h,
to obtain a supported nickel phosphate precursor. In the
next fstep, the nickel phosphate precursor was reduced in a
fixed-bed quartz reactor placed in a furnace controlled by a
temperature programmer according to the following condi-
tions: the precursor was heated from room temperature to
473 K at 8 K/min and then from 473 K to a final tempera-
ture at 1 K/min, and then maintained at this temperature for
a certain time. During the reduction, a H, (99.999%) flow
was set at a rate per gram of precursor. The catalysts pre-
pared under different reduction conditions (including final
reduction temperature, reduction time, and H, space veloc-
ity) are described in Table 1. The mass content of nickel in
the catalysts was set at 15% based upon silica. The practical
nickel content in the Ni,P/SiO, was measured by an
inductively coupled plasma atomic emission spectrometer,
and it was about 11%.

As reference, an SiO,-supported nickel catalyst with a
nickel content of 15 wt% (denoted Ni/SiO,) was also
prepared by a procedure similar to that for the supported
nickel phosphides except for the final reduction tempera-
ture of 723 K.

Before characterization, the fresh catalyst was passiv-
ated in a 0.5% O,/N, flow for 6.0 h at room temperature.

2.2 Catalyst Characterization

The reducibility of the catalyst precursor was characterized
by hydrogen temperature-programmed reduction (H,-TPR)
in a quartz U-tube reactor, into which a 50 mg sample was
loaded. The reduction was conducted in a 10% H,/N, flow
of 40 mL/min at a heating rate of 4 K/min, and hydrogen
consumption was determined using a thermal conductivity
detector (TCD).

Table 1 Ni,P/SiO, catalysts prepared under different reduction
conditions

Catalyst Reduction Reduction H, space

temperature time (h) velocity®

(K) (mL g~ h™h
Ni,P-923(2)250 923 2 15,000 (250°)
Ni,P-923(4)250 923 4 15,000 (250°)
Ni,P-923(6)250 923 6 15,000 (250°)
NiyP-923(2)150 923 2 9,000 (150)
Ni,P-923(2)320 923 2 19,200 (320°)
Ni,P-973(2)250 973 2 15,000 (250°)
Ni,P-1023(2)250 1,023 2 15,000 (250°)

* Based on the mass of the precursor

" H, flow rate: mL/min per gram precursor
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X-ray diffraction (XRD) patterns of the catalysts were
obtained on a Rigaku D/max 2500 V/PC powder diffrac-
tometer using Cu-Ka radiation (40 kV, 200 mA). The
average size of Ni,P crystallites was calculated using
Scherrer’s equation, d = (0.92)/(f cos ), where d is the
crystallite size, 4 is the wavelength of the radiation, f is the
full width at half maximum of the peak, and 6 is the Bragg
angle.

N, adsorption—desorption isotherms of the samples at
77 K were obtained in a Micromeritics TriStar 3, appara-
tus. Samples were previously degassed for 2 h at 473 K.
The Brunauer-Emmett-Teller (BET) equation was used to
calculate the specific surface area, Sggr. The Barrett-Joy-
ner-Halenda (BJH) method applied over the desorption
isotherm was used to determine the mean pore diameter
and the pore volume distribution. BET surface area was
reproducible to within +5%.

X-ray photoelectron spectroscopy (XPS) was performed
using a PHI-1600 ESCA instrument with Mg-Ka radiation
(1253.6 eV). Binding energies were determined with the
Cls (284.6 eV) as reference.

Hydrogen temperature-programmed desorption (H,-
TPD) was determined using a commercial TP-D/R/O 1100
SERIES (Finnigan) unit; 400 mg passivated sample was
loaded in a quartz reactor and reduced in an H, flow at
723 K for 1 h. The sample was then cooled to 303 K and
left for 0.5 h in an H, atmosphere. H,-TPD was performed
in a 50 mL/min N, flow at a heating rate of 10 K/min. The
stream from the reactor was dried and the desorbed H, was
detected with a TCD.

Elemental analysis of the samples was conducted using
an inductively coupled plasma atomic emission spectrom-
eter (ICP-9(N 4+ M), Thermo Jarrell-Ash Corp.). The
analytic reproducibility was better than +5%.

2.3 Catalyst Activity Evaluation

The catalytic HDC reaction was performed in an atmo-
spheric fixed-bed quartz reactor (i.d. =12 mm); 1.0 g
catalyst precursor (0.15-0.25 mm in diameter) was sup-
ported on quartz cotton and a layer of ceramic beads was
placed on the catalyst bed, and it was then reduced in situ
as described in Sect. 2.1. Following this preparation pro-
cedure, the fresh silica-supported nickel phosphide (0.82)
bed was adjusted to the reaction temperature and the feed
stream was switched to a mixture of 3 mL/h chlorobenzene
and 4.2 x 10° mL/h H, (H,/chlorobenzene molar ratio =
6.5). All the HDC reactions were carried out at an inlet
hourly CI/Ni ratio = 18.8, Wyxi/Fc = 186.6 gy molal
min, where Wy; is the mass of Ni in the catalyst bed and
F¢ is the inlet Cl molar flow rate. The experimental results
show that the reaction was conducted in the absence of

heat/mass transfer limitations. The reactor effluent was
absorbed with anhydrous ethanol and analyzed subse-
quently by a gas chromatograph equipped with a hydrogen
flame ionization detector and an OV-101 capillary column,
and the analytic reproducibility was better than +1%.

3 Results and Discussion
3.1 Catalyst Characterization
3.1.1 H,-TPR Result

In order to prepare Ni,P phase, surplus phosphorus is
necessary due to its loss from the catalysts during TPR
process [44, 51]. Thus, in the present investigation, the Ni/
P ratio in the catalyst precursor was set at 1. Figure 1
displays the H,-TPR profile of the Ni,P/SiO, precursor. As
a reference, the H,-TPR trace of the Ni/SiO, precursor is
shown. There were two reduction peaks centered at
1,050 K and 1,116 K for the Ni,P/SiO, precursor, and
there was no peak due to bulk NiO that was usually
reduced at about 673 K. In the Ni,P/SiO, precursor, the
nickel species might exist in the form of Ni-O-P, and the
phosphorus species existed in POff, and P20‘7" and
(PO3),, [52]. These phosphorus species could be reduced to
elemental P4 (P,) or phosphines P,H,, which reacted with
nickel species to form nickel phosphide.

3.1.2 XRD Results

Figure 2 shows the XRD patterns of the catalysts. The
patterns all showed a broad feature at 20 ~22° due to the
amorphous silica. At higher angles, only peaks due to Ni,P
were visible at all catalysts, that is, Ni,P was formed from
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Fig. 1 H,-TPR profile of catalyst precursor
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Fig. 2 XRD patterns of Ni,P/SiO, catalysts (a) fresh Ni,P-
923(2)150; (b) fresh Ni,P-923(2)250; (c) fresh Ni,P-923(2)320; (d)
fresh Ni,P-923(6)250; (e) fresh Ni,P-1023(2)250; (f) spent Ni,P-
923(6)250

the precursor at different conditions. This indicates that
metal nickel was converted to Ni,P owing to its reaction
with phosphorus species even if it might be formed at low
temperature. Based on the reflection of Ni,P (111), the
average sizes of Ni,P crystallites (shown in Table 2) were
calculated using Scherrer equation, and there was no sig-
nificant difference in Ni,P crystallite sizes for different
catalysts. The XRD results indicate that the reduction
conditions did not markedly affect the phases for silica-
supported Ni,P catalysts.

3.1.3 Textural Properties
Table 2 and Fig. 3 show the textural properties and the

pore diameter distribution of the catalysts, respectively.
Apart from slightly less Sggr for Ni,P-1023(2)250 due to
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Fig. 3 Pore diameter distribution of catalysts

sintering at higher reduction temperature, there was no
significant difference in the textural properties, including
specific surface area, average pore diameter, average pore
volume, and pore diameter distribution. This indicates that
the reduction conditions did not make marked influence on
the textural properties of Ni,P/SiO, catalysts.

Table 2 also shows the Ni/P molar ratios in the catalysts.
With increasing H, space velocity, reduction temperature,
and reduction time, Ni/P ratios in the catalysts were
increased, indicating that a P loss occurred. The effect of
H, space velocity was related to the mass transfer. During
the reduction, H,O formed from the oxidic Ni and phos-
phate species and the pores of the support hindered the
diffusion of the H,O. The higher the vapor pressure of HO
within the pores is, the more the equilibria are shifted to the
side of the oxidic Ni and phosphate species [52]. Thus, an
increasing in the H, space velocity facilitates the quicker
removal of the water as well as P,H,, (or P,) formed upon
reduction, which was in favor of increasing Ni/P ratios.

Table 2 Textural properties and Ni/P molar ratio of Ni,P/SiO, catalysts prepared under different reduction conditions

Sample Ni,P Particle size® SBET Pore diameter Pore volume Ni/P Molar Ni/P Molar
(nm) (m2 gfl) (nm) (cm3 gfl) ratio® ratio in bulk?

SiO, - 548 5.5 0.797 - -
Ni,P-923(2) 150 13.2 368 5.4 0.499 1.0 -°
Ni,P-923(2) 250 11.8 370 52 0.479 1.3 1/0.56
Ni,P-923(2) 320 10.7 379 52 0.495 - 1/0.50
Ni,P-923(6) 250 12.8 370 52 0.483 1.3 1/0.48
Ni,P-1023(2) 250 11.7 352 54 0.479 = 1/0.49

# Calculated with Scherrer formula using (111) reflection of Ni,P

b

Ni/P atomic ratio on catalyst surface
¢ No phosphorus was detected
Ni/P atomic ratio in the catalyst measured by ICP

No measure
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3.1.4 XPS Results

XPS results indicate that there were two electronic binding
energies of Ni2p;, on the surface of the catalysts, i.e.,
856.5 and 853.0 eV, and there were also two electronic
binding energies of P2p;3,. These results were similar to
those reported by Bussell et al. [44, 53] and Smith et al.
[54]. All catalysts possessed oxidized Ni and P species
because after synthesis, they were passivated using 0.5%
O, in N; to protect them from deep oxidation. The value at
856.5 eV was assigned to Ni** in the oxide layer formed on
the nickel phosphide particles during passivation period.
The other one at 853.0 eV was higher than that of Ni2p;/,
in nickel metal (852.5-852.9 ¢V) but lower than that of
Ni2p3/, in NiO (853.5-854.1 eV) [44], which indicated that
the Ni species had a partial positive charge (Ni’"). For two
electronic binding energies of P2p;,, one was about
134.4 eV, and the other was about 129.5 eV. The former
was due to P>* species, and the latter was less than the
value for elemental phosphorus (130.2 eV); that is, the P
had a small negative charge (P%). The above results show
that there was a transfer of electron density from Ni to P in
Ni,P, which is of characteristic for nickel phosphides [55—
57]. The DFT studies [48] indicate that the Ni-P bonds in
Ni,P are covalent; that is, there is a “ligand effect” for Ni—
P bonds. However, this effect is weak, and Ni,P behaves as
a metal.

Although the Ni,P phase existed in all catalysts, the
Ni/P ratio (shown in Table 2) on the surface of the cata-
lysts prepared under different conditions had a large
difference. With increasing H, space velocity, the Ni/P
ratio on the catalyst surface gradually increased, and no
significant phosphorus was detected on the surface of
Ni,P-923(2)320. This indicates that an increased H, space
velocity favored the loss of phosphorus from the catalyst
surface, which was related to the mass transfer as above-
mentioned in Sect. 3.1.3. Also, phosphorus was not
detected on the surface of Ni,P-1023(2)250, indicating that
higher reduction temperature also led to the loss of P from
the catalyst surface. However, there was no evident influ-
ence of reduction time on the Ni/P ratio on the catalyst
surface.

3.1.5 H2-TPD Results

The H,-TPD profiles of different catalysts are shown in
Fig. 4. H,-TPD is an effective approach to unraveling the
heterogeneity of a catalyst surface and the nature of the
interaction between hydrogen species and such surfaces.
All of the H,-TPD profiles include two desorption peaks,
one below 673 K and one above 673 K. Generally, the
hydrogen species desorbed below 600 K were ascribed to

those on the metal surface, while those desorbed above
600 K were ascribed to spilt-over hydrogen species.
Hydrogen spillover is now well established for supported
transition metal catalysts where H, dissociates on the metal
into atomic hydrogen, which then spills over onto the
(typically) oxide support [58—60]. During the H,-TPD
process, the spilt-over hydrogen species can diffuse from
the support surface to the metal surface, which was termed
as ‘reverse spillover’ [59], and were then recombined and
desorbed from the metal surface.

There was a difference in H,-TPD results between dif-
ferent catalysts. Ni,P behaves as a metal and can adsorb
hydrogen dissociatedly. Comparing with Ni,P-923(2)250,
H, desorption amount at low temperature were greater over
Ni,P-923(2)320, Ni,P-923(6)250, andNi,P-1023(2)250;
that is, there were relatively less hydrogen species adsorbed
on Ni,P phase in Ni,P-923(2)250. However, Ni,P923(2)-
250 had more spilt-over hydrogen species than other cat-
alysts. This finding indicates that the reduction conditions
had a marked effect on the surface properties of Ni,P/SiO,
catalysts. Considering the Ni/P molar ratio both on the
surface and in the bulk of the catalysts as shown in Table 2,
it is suggested that excess P perhaps covered Ni,P crys-
tallites surface, and the higher reduction temperature,
longer reduction time and larger H, space velocity pro-
moted P loss. Therefore, hydrogen species adsorbed on
Ni,P was more in Ni,P-923(2)320, Ni,P-923(6)250, and
Ni,P-1023(2)250.

Compared with Ni/SiO, catalyst [49], Ni,P/SiO, cata-
lysts had more spilt-over hydrogen species. Spillover is a
common phenomenon with supported catalysts. According
to the mechanism of hydrogen spillover [61], on the surface
of Ni,P/SiO,, hydrogen species spilled over across the
interface between the Ni,P crystallites and the SiO,

. ©
4 ©)
i (b)
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273 373 473 573 673 773 873 973 1073
Temperature/K

Fig. 4 H,-TPD profiles of Ni,P/SiO, catalysts (a) Ni,P-923(2)250;
(b) Ni,P-923(2)320; (c) Ni,P-923(6)250; (d) Ni,P-1023(2)250
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support. During the spillover, the bonds between the dis-
sociated hydrogen species and the Ni,P surface were
broken, and bonds between the hydrogen species and the
silica surface were formed. There is an energy barrier for
spillover [61] that depends on the interaction between the
hydrogen species and the activating/accepting surfaces and
on the diffusion ability of the hydrogen species. In Ni,P, P
withdraws electron from the metal nickel, thereby lowering
the Fermi energy level of the nickel [48]; thus, the inter-
action between the dissociated hydrogen species and Ni,P
would be weaker than that with the metal nickel. This can
be confirmed by the initial adsorption heat of H, adsorbed
on Ni and Ni,P, which is estimated to be 85 and 64 kJ/mol
[62], respectively. DFT calculations [55] also show that H
adsorption on Ni,P was slightly weaker than that on Ni. In
addition, the dissociated hydrogen species would diffuse
exclusively through the Ni-Ni bridge site when they
migrate on the metal Ni surface [63]. Due to the weaker
interaction between hydrogen species and the Ni—P bridge
site [55], the diffusion of dissociated hydrogen species over
the Ni—P bridge site is easier than that over a Ni—-Ni bridge
site; that is, dissociated hydrogen species migrate more
easily on a nickel phosphide surface than on a metal nickel
surface. Therefore, it is suggested that the hydrogen species
adsorbed on nickel phosphides easily spill over to the
support surface, and the support became a reservoir of
hydrogen species.

3.1.6 Catalyst Activity

The activities of the Ni,P/SiO, catalysts in the HDC of
chlorobenzene are shown in Fig. 5. There was a large
difference in the initial chlorobenzene conversion over the
catalysts prepared under different conditions, and the initial
rates over the Ni,P-923(6)250, Ni,P-1023(2)250, Ni,P-
923(4)250, Ni,P-973(2)250, Ni,P-923(2)320, and Ni,P-

923(2)250 and Ni,P-923(2)150 were 8.7 x 1075,
78 x 107>, 65 x 107>, 63 x 1075, 4.7 x 107,
37 x 107° and 1.7 x 107> mol¢y gi\}i s~ 1. However, the

chlorobenzene conversion increased along with the reac-
tion and exceeded 99% except Ni,P-923(2)150 whose
chlorobenzene conversion reached above 95% at 36 h.
Ni,P/SiO, possessed excellent activity and stability in the
hydrodechlorination, which was superior to other metal
catalysts. Our study [49] showed that the chlorobenzene
was about 80% over 15 wt% Ni/SiO, under the same
reaction conditions. Noble metal catalysts, especially Pd,
exhibit good gas-phase HDC activity under the more mild
temperature (413-473 K), however, their deactivation also
occurred, such as Pd/ZrO, [9], Pd/CeO, [64], Ln—Pd/SiO,
(Ln = La, Ce, Sm, Eu, Gd and Yb) [65].
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Fig. 5 Catalytic HDC activity of Ni,P/SiO, catalysts. Reaction
conditions: 573 K, inlet hourly CI/Ni ratio = 18.8, Wyi/F¢; = 186.6
gni molg! min

Figure 5 also shows that there was an induction period
in HDC. Moreover, there is a trend that the initial chloro-
benzene conversion was higher and the induction period
was shorter over the catalysts prepared with the larger H,
space velocity, the higher final reduction temperature, and
the longer reduction time. Comparing with the Ni/P molar
ratio and the hydrogen species on the surface of different
catalysts, it can be suggested that the lower initial activity
and the longer induction period was related to the higher
phosphorus content and less hydrogen species on NiyP
crystallites in the fresh catalysts. Surplus P could cover the
active sites and block the reaction. This covering perhaps
occurred on the surface of Ni,P as above-mentioned,
whereas the P loss from Ni,P surface was favored by
increasing reduction temperature, reduction time, and H,
space velocity during the reduction. This also led to an
increasing hydrogen species adsorbed on Ni,P. During the
course of reaction, the active sites would be recovered or
the catalysts would be activated. The Ni/P molar ratios in
the fresh and used Ni,P-923(2)250 were measured to be 1/
0.56 and 1/0.52, respectively. This means that a phosphorus
loss occurred during the HDC reaction. As shown in Fig. 6,
H, desorption amount below 673 K was much larger over
used Ni,P-923(2)250 than that over fresh Ni,P-923(2)250.
This indicates that more hydrogen species adsorbed on
Ni,P crystallites after reaction, which was perhaps related
to P loss. P loss also was found on silica-supported nickel
phosphide during HDS [66]. In addition, there was a shift
of TPD peak due to spilt-over hydrogen species to higher
temperature for the used catalyst (Fig. 6). This perhaps was
related to the change in the surface of the catalyst after
reaction, which influence the desorption of the spilt-over
hydrogen species. The above results indirectly indicate that
the chlorobenzene could be activated and attacked by
hydrogen species on Ni,P.
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Chlorine is known [67, 68] to act as an electron acceptor
with respect to transition metals, and the adsorption
strength of chlorine is enhanced as the electronic density of
the metal atom increases, however, which is not beneficial
to the reduction of the metal chloride. Coq et al. and
Bodnariuk et al. [67, 68] proposed a mechanism for the
hydrogenolysis of chlorobenzene over supported Pd, Rh,
Pd—Rh and Pd-Sn catalysts as following:

C6H5C1(g) +7Z—H— C6H6(g) +7Z—Cl
Z - Cl+Hy(g) — Z—H + HCl(g)
Z —H+HCl(g) — Z— Cl + H(g)

where Z represents a surface site, especially a metal site.
The strong interaction between Z and Cl inhibits the
desorption of Cl, that is, a self-inhibition of the active
surface by a strong but reversible interaction between HCI
and the metal. A higher electron density of the Pd atom in
PdSn catalyst can stabilize the adsorption of chlorine,
which results in a lower reducibility of the surface. As a
result, the activation energy of PdSn catalyst in hydrode-
chlorination is higher than that of Pd catalyst. Due to nickel
bearing a small positive charge in Ni,P, the interaction
between chlorine and nickel can be weaker than that in
metal nickel, which would favor the poison resistance of
nickel phosphide to chlorine; in other words, chlorine
desorbs easily from a nickel phosphide surface. Besides,
the “doping effect” of P was also beneficial in decreasing
the coverage of chlorine on nickel sites and so in
decreasing the self-inhibition of the active sites owing to
Cl. It is generally accepted that metal nickel can be poi-
soned by chlorine and be transformed into NiCl, [69, 70],
whereas this phenomenon can be inhibited for Ni,P due to

H, desorption signal/a.u.

T T T T T T T T T T T T T T
273 373 473 573 673 773 873 973
Temperature/K

Fig. 6 H,-TPD profiles of (a) fresh Ni,P-923(2)250 and (b) spent
Ni,P-923(2)250

the interaction between P and Ni. As shown in the XRD
pattern (Fig. 1f) of the spent Ni,P-923(6)250, there were
only SiO, and Ni,P, and the Ni,P crystallites size was
similar to that in the fresh Ni,P-923(6)250. These indicate
that silica-supported Ni,P possessed good structural sta-
bility during the HDC of chlorobenzene.

As shown in H,-TPD, compared with Ni/SiO,, Ni,P/
SiO, catalyst has more spilt-over hydrogen species. There
has been evidence in the literature of the contribution of
spilt-over hydrogen species to HDC [3, 4, 8, 18, 33-35]
although the chemical nature of the spilt-over hydrogen
species is a subject of controversy [71]. For example,
Keane et al. [34] showed that spilt-over hydrogen spe-
cies contributed to gas phase hydrodechlorination over
Ni/SiO, 4 SiO, physical mixtures. The reaction rates
(per unit mass Ni) are enhanced by extending the
Ni/Si0,-SiO, interface, and a non-contiguous combina-
tion does not deliver any beneficial effect. Shin et al. and
Keane et al. [58, 34] also considered that spilt-over
hydrogen species appeared to be hydrogenolytic in nature
and were responsible for promoting HDC, and they pro-
posed a reaction scheme involving spilt-over hydrogen
species as following:

CeH5Cl(g) + S — CsH5Cl — S

Hy(g)+S =2H-¢

CHsCl — S+ 2H — §' — CgHg(g) + HCl — S + 25’
CeHsCl(g) + HCl — § = HCI(g) + C¢HsCl — §

where S represents a surface site adsorbing chlorobenzene,
S' represents a surface site associating with spilt-over
hydrogen species. The surface reaction occurred between
non-competitively and dissociatively adsorbed chloroben-
zene and spilt-over hydrogen species. A kinetic study [33]
also showed a similar result. As to Ni,P/SiO, catalysts,
whether chlorobenzene adsorbs on Ni,P, the support or the
interface of Ni,P and the support, abundant spilt-over
hydrogen species can promote the hydrogenolysis of C—Cl.
There was more spilt-over hydrogen species formed on the
spent catalyst than those on the fresh catalyst (shown
Fig. 6). Shin et al. [58] found a similar phenomenon. This
also supports the promoting role of spilt-over hydrogen
species on the hydrogenolysis of C—Cl. In addition, chlo-
ride ions would be converted to HCI in the reaction with
spilt-over hydrogen species [3], that is, spilt-over species
had a role for “cleaning” of chlorine ions from the surface
of the catalyst.

Summarizing the above results, there is a strong sug-
gestion that the weak interaction between chlorine and
Ni,P and abundant spilt-over hydrogen species promote the
hydrodechlorination over Ni,P/SiO,.
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4 Conclusions

The reduction conditions did not made a marked effect on
textural properties of Ni,P/SiO,; however, they greatly
influenced the surface properties of the catalysts, which
resulted in different initial activities and reaction induction
periods over the different catalysts. With increasing the H,
space velocity, and reduction temperature and reduction
time during the catalyst preparation, the P/Ni ratio in the
catalyst was decreased, and hydrogen species adsorbed on
Ni,P was increased. As a result, the induction period was
shortened. The induction period might be due to the
blocking of active sites by excess phosphorus, which might
hinder the activation of chlorobenzene and the adsorption
of hydrogen species on Ni,P.

Ni,P/SiO, showed not only excellent activity but also
good stability in hydrodechlorination, which can be
attributed to the weak interaction between chlorine and
Ni,P and a great of spilt-over hydrogen species on the
catalyst surface.
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