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tion and reduction temperature
on the properties of Ni-P/SiO2 and Ni-P/Al2O3 and
their hydrodenitrogenation performance†

Mingqiang Shao, ab Haitao Cui,*a Shaoqing Guo,c Liangfu Zhaoa and Yisheng Tana

A series of SiO2-supported and g-Al2O3-supported nickel phosphides were prepared by temperature-

programmed reduction (TPR) with different calcination and reduction temperatures. The prepared

catalysts were characterized by XRD, BET, H2-TPR, CO titration and HRTEM. The crystal phase and CO

uptake content were influenced by calcination and reduction temperature. The catalytic performance of

various catalysts was tested in quinoline hydrodenitrogenation and exhibited considerable differences.

The quinoline HDN activity of SiO2-supported nickel phosphides decreases with increase of calcination

and reduction temperature. In contrast to SiO2-supported samples, the ability to remove nitrogen of g-

Al2O3-supported samples increases with reduction temperature.
Introduction

Nickel phosphides as novel hydrotreating catalysts have
received much attention.1–3 They are widely investigated in
hydrodesulfurization (HDS), hydrodenitrogenation (HDN) and
hydrodeoxygenation (HDO), and exhibit special catalytic
activity. The excellent catalytic activity is attributed to the
ensemble and ligand effects.4,5 In comparison with conven-
tional sulded catalysts, nickel phosphide catalysts show higher
HDS and HDN activity.6,7 For example, Sawhill et al. observed
that Ni2P/SiO2 catalysts were approximately 15 and 3.5 times
more active than conventional sulded Mo/SiO2 and Ni-Mo/
SiO2 catalysts in thiophene HDS.8 SiO2 and Al2O3 are widely
used as supports in a variety of studies. Nevertheless, nickel
phosphide catalysts supported on SiO2 and Al2O3 exhibit very
different catalytic activity in HDN and HDS.9 Moreover, when
Al2O3 is used as a support, more phosphide is used to produce
Ni2P because phosphide reacts with aluminum to form AlPO4.

Some researchers obtained highly active nickel phosphide
catalysts with different method at low pretreatment tempera-
ture. For example, PH3 was used to form Ni2P and the particle
size of Ni2P is similar to initial NiO.10 Though nickel phosphide
catalysts with various preparation methods are obtained, the
most widely used method is temperature-programmed
my of Sciences, Taiyuan 030001, People's

n

my of Sciences, Beijing 100039, People's

gy, Taiyuan 030024, People's Republic of

tion (ESI) available: Including
est, XRD patterns, HRTEM image. See

hemistry 2018
reduction (TPR).11 The method of TPR includes dry, calcination,
reduction and passivation. In fact, every step above exerts
a certain extent of inuence on the catalytic activity. Wang et al.
observed that Ni2P/SiO2 suffered from calcination exhibited
lower HDN activity than uncalcined catalysts.12 They attributed
the low HDN activity to the less amount of Ni0 caused by
calcination, leading to low hydrogenation ability. Alexander and
Kevin found that the passivated Ni2P/SiO2 possesses less CO
uptake content aer secondary reduction.13 It is suggested that
the catalyst suffered from sintering or reconstruction during the
secondary reduction.

The commonly characterized means include XRD, H2-TPR,
TEM, CO titration and so on. H2-TPR was a common and
important characterization means, which could provide the
information about the species types and reducibility of nickel
phosphides. Generally, most researchers perform H2-TPR
experiments with heating rate of 10 �C min�1 or so to study the
basic property of nickel phosphide catalysts.14,15 However, the
heating rate during catalytic test is usually 1 �C min�1 or so.
Furthermore, the different heating rate may provide different
reduction curves.11 Consequently, the heating rate during
characterization in line with test condition may provide more
accurate and useful information. Up to now, heating rate of
1 �C min�1 is few reported during H2-TPR characterization of
nickel phosphides. In our study, heating rate of 1 �C min�1,
3 �C min�1, 10 �C min�1 were all investigated. Previously,
Rodriguez et al. performed time resolved XRD experiments for
Ni2P/SiO2 and explicitly explained the transformation way of
Ni2P precursors at ramp rate of 15 �C min�1.16 However, the
inuence of specic reduction temperature on the catalytic
activity has not been investigated. The phenomenon observed at
high heating rate of 15 �C min�1 is also a great difference from
fact experimental condition at 1 �C min�1.
RSC Adv., 2018, 8, 6745–6751 | 6745

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra11907k&domain=pdf&date_stamp=2018-02-09
http://orcid.org/0000-0001-6394-6301
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11907k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008013


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 5
:3

5:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Experimental
Catalyst preparation

Precursors of 30 wt% nickel phosphide supported on SiO2

were prepared with Ni and P atomic ratio of 1.25. This atomic
ratio was proved to be optimal for quinoline HDN under the
currently experimental conditions. Specically, 3 g NH4H2PO4

and 9.2 g Ni(NO3)2$6H2O was added into 100 mL deionized
water and then adjusted the pH to 2–3 by HNO3. Subsequently,
10 g SiO2 was poured into the above solution, stirring at 80 �C
for 4 h. The samples were dried at 120 �C overnight and
calcined at 440, 500, 560, 620 �C respectively for 5 h. TPR
method was used to reduce the precursors. Each precursor was
heated from room temperature to 560, 650 or 750 �C at a rate of
1�C min�1 with a 50 mL min�1 H2. Nickel phosphide catalysts
were passivated with 0.5 vol% O2/N2 at room temperature for
6 h. The resulting catalysts were denoted as Ni-Px

y/SiO2, where
x represents calcination temperature and y represents reduc-
tion temperature.

Samples of 30 wt% nickel phosphide supported on Al2O3

were prepared with Ni and P atomic ratio of 1.4. The synthe-
sized steps were similar to Ni-Px

y/SiO2. And the obtained
catalysts were also denoted as Ni-Px

y/Al2O3.
Characterization method

A Rigaku D/max-2500 apparatus was used to carry out XRD
experiments with a step of 4� s�1 over the 2q range of 10–80�. The
specic surface area was obtained on a Tristar-3020 and calculated
on the basis of the BET isothermal equation. H2 temperature
programmed reduction (H2-TPR) was performed using a Quan-
tachrome ChemBET Pulsar TPR/TPD instrument equipped with
a thermal conductivity detector (TCD). A sample (z0.03 g) was
rstly dried at 400 �C for 2 h in owing He (50 mL min�1).
Subsequently, the sample was cooled to 80 �C and the He was
changed into H2/Ar. Finally, when the TCD signal reached stable
reduction was conducted at a heating rate of 1, 3 and 10 �Cmin�1

in H2/Ar (75 mL min�1). The hydrogen consumption was deter-
mined by a TCD. Before detection, the gas was passed through
a cold trap. A cold trap lled with a mixture of liquid nitrogen and
acetone was employed to remove the produced water. Carbon
monoxide (CO) uptakes over the samples were by a pulse injection
method on a Quantachrome ChemBET Pulsar TPR/TPD instru-
ment to estimate the content of active sites on the catalysts. Prior
to injection of CO, the samples (0.25 g, 20–40 mesh) was rstly
reduced in H2/Ar (60 mL min�1) at 450 �C for 2 h and then cooled
to 30 �C in He (60 mL min�1). Pulses of CO (50 mL, 10% CO/He)
were injected in a He carrier until stable of the peak. A JEOL
JEM-2100 F apparatus was used to obtain the transmission elec-
tron microscopy (HRTEM) image. The reduction samples were
placed in ethanol with an ultrasonic dispersion for 1 hour and
deposited on a Cu grid, and then the samples were dried at room
temperature overnight. Determination of Ni and P contents was
carried out using an ICP method with JY/T 015-1996 apparatus.
Lewis and Brønsted acid density were determined by pyridine
adsorption infrared (Py-IR) means using a Thermo Nicolet-380
apparatus. The corresponding samples (z15 mg) were pressed
6746 | RSC Adv., 2018, 8, 6745–6751
into thin wafers and evacuated in situ under vacuum at 300 �C for
2 h (10�2 Pa) and then cooled to room temperature and collected
the spectra of samples. Aer that, pyridine was dosed into the cell
for 20 min. The sample was heated to 100 �C and kept for 30 min
and then cooled to 40 �C and collected the spectra. Similarly,
spectra treated at 200 �C was also obtained.

HDN catalytic test

Quinoline HDN test was performed. The quinoline HDN test of
Ni-P/SiO2 and Ni-P/g-Al2O3 catalysts was conducted in a xed-
bed reactor with a mixture of 5000 ppm quinoline in decalin.
1 g passivated catalysts in 10–20 mesh size were loaded into the
reaction tube. Prior to the catalytic test, the passivated catalysts
were reduced in a 50 mL min�1 H2 ow at 450 �C for 2 h. Aer
that, the temperature was cooled to 360 �C. The quinoline
solution was pumped into the xed-bed reactor with a 3 g h�1

ow. The H2/feed volumetric ratio was 1000 and H2 pressure
was 4 MPa.

The collected products aer 12 h were qualitatively analyzed
by an Agilent-5975C gas chromatograph-mass spectrometer and
quantitatively analyzed by a Huaai 9560 gas chromatograph. To
examine the stability of the Ni-Px

560/SiO2 and Ni-Px
750/Al2O3 (x¼

440, 500, 560, 620), the corresponding products were analyzed
at time intervals of 24 h for a total time of 192 h.

The HDN conversion (HDNC) of quinoline over the catalysts
was expressed by the following equation:

HDNCð%Þ ¼ nPB þ nPCH þ nPCHE

nQ þP
ni

where nQ, nPCHE, nOPA, nPB, and nPCH represents the quinoline,
propylcyclohexene, ortho-propylaniline, propylbenzene and
propylcyclohexane concentration collected in the products,
respectively.

P
ni represents the sum of all products concen-

tration produced from quinoline, including 1,2,3,4-tetrahy-
droquinoline (THQ1), 5,6,7,8-tetrahydroquinoline (THQ5),
decahydroquinoline (DHQ), ortho-propylaniline (OPA), pro-
pylbenzene (PB), propylcyclohexene (PCHE) and propylcyclo-
hexane (PCH).

From the HDN conversion values, the turnover frequencies
(TOFs) were calculated according to:

TOF
�
h�1� ¼ FA0ðmmol h�1Þ �HDNC

mðgÞ � chemisorption uptakeðmmol g�1Þ (1)

where FA0 is the molar ow of the quinoline feed (mmol h�1).
Rate constants were calculated considering a rst order

kinetic by the following eqn (2):17,18

k
�
mol kg�1 h�1� ¼ �FA0

M
lnð1�HDNCÞ (2)

where k is the rate constant (mol kg�1 h�1), FA0 the molar ow of
the quinoline feed (mol h�1), M the weight of catalysts (kg),
HDNC the denitrogenation conversion of quinoline.

Results and discussion

XRD patterns of SiO2-supported and g-Al2O3-supported nickel
phosphides are given in Fig. 1. For SiO2-supported nickel
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of different SiO2-supported nickel phosphides
reduced at (a) 560 �C, (b) 650 �C, (c) 750 �C and different g-Al2O3-
supported nickel phosphides reduced at (d) 560 �C, (e) 650 �C, (f)
750 �C.

Table 1 Physical and chemical properties of different SiO2-supported
nickel phosphides and g-Al2O3-supported nickel phosphides

Samples SBET (m2 g�1)
CO uptake
(mmol g�1)

Ni-P440
560/SiO2 262 36

Ni-P500
560/SiO2 257 36

Ni-P560
560/SiO2 253 35

Ni-P620
560/SiO2 250 32

Ni-P440
650/SiO2 257 19

Ni-P500
650/SiO2 253 18

Ni-P560
650/SiO2 250 18

Ni-P620
650/SiO2 247 17

Ni-P440
750/SiO2 252 16

Ni-P500
750/SiO2 249 16

Ni-P560
750/SiO2 248 14

Ni-P620
750/SiO2 247 14

Ni-P440
560/Al2O3 182 174

Ni-P500
560/Al2O3 180 172

Ni-P560
560/Al2O3 178 168

Ni-P620
560/Al2O3 174 163

Ni-P440
650/Al2O3 180 121

Ni-P500
650/Al2O3 177 118

Ni-P560
650/Al2O3 175 113

Ni-P620
650/Al2O3 173 109

Ni-P440
750/Al2O3 178 63

Ni-P500
750/Al2O3 176 62

Ni-P560
750/Al2O3 174 60

Ni-P 750/Al O 172 58
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phosphides, the broad peak (z21�) is attributed to SiO2

(PDF#27-0605). At reduction temperature of 560 �C, diffraction
peaks assigned to Ni12P5 (PDF#22-1190) and Ni2P (PDF#3-953)
both appeared, and the main crystal phase is Ni2P rather than
Ni12P5. With increasing reduction temperature to 650 and
750 �C, only diffraction peak of Ni2P is observed. For Ni-P/g-
Al2O3, the broad peaks (z45�, 67�) are attributed to g-Al2O3

(PDF#29-0063). It is shown that mere diffraction peak of Ni12P5
appeared at reduction temperature of 560 �C. But Ni12P5 and
Ni2P are observed at 650 and Ni12P5 diffraction peak became
weak at 750 �C. It is also seen that the diffraction intensity of
Ni2P increased with calcination temperature at the same
reduction temperature for Ni-P/SiO2, indicating that the particle
size increased with calcination temperature. XRD character-
ization of Ni-P440/SiO2 reduced at 460 and 520 �C was also
performed and the result was presented in Figure S1.† It is
observed that at reduction temperature of 460 �C, peak assigned
This journal is © The Royal Society of Chemistry 2018
to Ni12P5 appeared. Up to 520 �C, peak attributed to Ni2P was
also detected. However, in the previous report, crystal phase of
Ni12P5 appears at 550 �C and Ni2P begins to form at 600 �C,
while in our study the corresponding crystal was detected at
lower temperature.8

The specic surface area (SBET) of SiO2-supported and g-
Al2O3-supported nickel phosphides was presented in Table 1
and their variation tendency of SBET shows similar. The SBET
decreased as the reduction temperature increased for the
samples with certain calcination temperature. For the sample
with certain reduction temperature, the SBET also decreased
with increasing the calcination temperature. By increasing
calcination and reduction temperature, crystal phase suffered
from sintering and particle size became larger, leading to
diminish of SBET.

CO titration results are presented in Table 1. The CO uptake
content declined as calcination temperature increased on
account of growth of particle for both SiO2 and g-Al2O3-sup-
ported catalysts with determinate reduction temperature.

There are two aspects causing the decline of CO uptake
content with increasing the reduction temperature. On one
side, transformation of crystal phase occurred during reduction
process. For example, both Ni12P5 and Ni2P existed for Ni-P560/
SiO2. While only Ni2P was detected for Ni-P650/SiO2. On the
other side, particle size tends to become larger.

H2-TPR patterns of SiO2-supported and g-Al2O3-supported
nickel phosphides are presented in Fig. 2. H2-TPR patterns
obtained at heating rate of 10 �Cmin�1 are shown in Fig. 2a and
b. The two broad peaks at about 570 and 660 �C are assigned to
reduction of nickel species and P–O bond for Ni-P/SiO2. For
620 2 3

RSC Adv., 2018, 8, 6745–6751 | 6747
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Ni-P/g-Al2O3, the peak becomes wider resulting from strong
interaction between phosphide and g-Al2O3. In the case of Ni-
P560/g-Al2O3 and Ni-P620/g-Al2O3, reduction still occurs beyond
800 �C because of the existence of AlPO4.19 However, no obvious
reduction peak is seen for Ni-P440/g-Al2O3 and Ni-P500/g-Al2O3.
Fig. 2c and d show the H2-TPR patterns obtained at heating rate
of 3 �C min�1. It is seen that the peak shape is similar to the
patterns obtained at heating rate of 10 �C min�1. Nevertheless,
the peaks of both SiO2-supported and g-Al2O3-supported nickel
phosphides were shied to lower temperature. In the case of Ni-
P/SiO2, reduction was completed at approximately 620 �C.
Fig. 2e and f show the H2-TPR patterns obtained at heating rate
of 1 �C min�1. It is seen that the peaks shied to lower
temperature. In addition, only single peak (z500 �C) was
observed for Ni-P/SiO2. Reduction was almost nished at
Fig. 2 H2-TPR patterns of different SiO2-supported nickel phosphides
at heating rate of (a) 10 �C min�1, (c) 3 �C min�1, (e) 1 �C min�1 and
different g-Al2O3-supported nickel phosphides at heating rate of (b)
10 �C min�1, (d) 3 �C min�1, (f) 1 �C min�1.

6748 | RSC Adv., 2018, 8, 6745–6751
560 �C. In addition, for the samples reduced at 10 �C min�1 the
amount of H2 consumed was contrasted with the theoretical
amounts of H2 needed to form the phosphide phases in each
catalyst. The calculated results were listed in Tables S1 and S2.†
According to Tables S1 and S2,† the SiO2 and Al2O3-supported
catalysts both shown lower consumption than the theoretical
value. Furthermore, for Al2O3-supported catalysts the molar
ratio of true consumption of H2 to theoretical consumption of
H2 was lower than the SiO2-supported catalysts. For SiO2-sup-
ported catalysts, PxOy could be produced, which was not able to
be reduced. However, for Al2O3-supported catalysts a large
amount of AlPO4 was also produced but PxOy.8

Quinoline HDN catalytic test

Catalytic test with a variety of SiO2-supported and g-Al2O3-sup-
ported nickel phosphides was carried out and results are pre-
sented in Table 2. Apparently, it is seen that there are
considerable HDN activity difference between SiO2-supported
and g-Al2O3-supported nickel phosphides. In the case of Ni-P/
SiO2, the highest activity almost reaches 100%. While the
optimal catalyst only reaches 57.8% for Ni-P/g-Al2O3. The HDN
activity decreased with increasing calcination and reduction
temperature for SiO2-supported nickel phosphides. Obviously,
in comparison with reduction temperature, calcination
temperature exerts greater inuence on catalytic HDN activity.
For example, the HDN conversion of Ni-P440/SiO2 drops from
99.2% to 96.4% as the reduction temperature increased. The
HDN conversion drops from 99.2% to 83.8%with increasing the
calcination temperature for Ni-P560/SiO2. In the case of Ni-P/
Table 2 Quinoline HDN conversion, TOF, and k of different (a) SiO2-
supported nickel phosphides and (b) g-Al2O3-supported nickel
phosphides

Samples HDNC (%) TOF (h�1) k (mol kg�1 h�1)

Ni-P440
560/SiO2 99.4 2.14 0.40

Ni-P500
560/SiO2 95.3 2.05 0.24

Ni-P560
560/SiO2 89.1 1.98 0.17

Ni-P620
560/SiO2 81.4 1.96 0.13

Ni-P440
650/SiO2 98.6 4.02 0.33

Ni-P500
650/SiO2 93.7 4.02 0.21

Ni-P560
650/SiO2 86.7 3.74 0.16

Ni-P620
650/SiO2 83.2 3.78 0.14

Ni-P440
750/SiO2 96.4 4.66 0.26

Ni-P500
750/SiO2 91.3 4.42 0.19

Ni-P560
750/SiO2 79.3 4.38 0.13

Ni-P620
750/SiO2 78.3 4.33 0.12

Ni-P440
560/Al2O3 16.9 0.075 0.014

Ni-P500
560/Al2O3 15.6 0.067 0.013

Ni-P560
560/Al2O3 14.7 0.068 0.012

Ni-P620
560/Al2O3 12.8 0.061 0.011

Ni-P440
650/Al2O3 33.5 0.214 0.032

Ni-P500
650/Al2O3 32.3 0.211 0.031

Ni-P560
650/Al2O3 31.9 0.208 0.030

Ni-P620
650/Al2O3 31.6 0.209 0.029

Ni-P440
750/Al2O3 58.6 0.720 0.068

Ni-P500
750/Al2O3 57.3 0.715 0.066

Ni-P560
750/Al2O3 54.3 0.700 0.061

Ni-P620
750/Al2O3 52.1 0.695 0.057

This journal is © The Royal Society of Chemistry 2018
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g-Al2O3, the variation tendency of HDN activity is not same as
Ni-P/SiO2. High calcination temperature is adverse to the cata-
lyst, resulting in drop of the HDN conversion. While in contrast
to Ni-P/SiO2, high reduction temperature promotes the HDN
activity of Ni-P/g-Al2O3. In addition, reduction temperature
imposes greater inuence on catalytic HDN activity. For
example, the HDN activity of Ni-P440/Al2O3 was improved from
16.9% to 57.8% as the reduction temperature increased. The
HDN conversion drops from 16.9% to 12.8%with increasing the
calcination temperature for Ni-P560/Al2O3.

The particle size tends to aggravate and becomes larger with
increasing the calcination temperature for SiO2-supported and
Al2O3-supported nickel phosphides, leading to less exposure of
active site. Here, the result of CO titration proved this. The CO
uptake amount decreased with increasing the calcination
temperature. In theory, HRTEM characterization can also nd
the difference resulted from calcination temperature. However,
the distribution of catalyst particle is wide and the statistical
result is not accurate (see Fig. S2†). For the sample with certain
calcination temperature, the catalytic activity declined as the
reduction temperature increased. According to H2-TPR charac-
terization of heating rate of 1 �C min�1, it was found that the
reduction of catalyst was nearly completed at 560 �C. Therefore,
high reduction temperature not only no longer promotes the
reducibility but also facilities the growth of particle. In the case
of Ni-P/g-Al2O3, the opposite tendency was observed compared
with Ni-P/SiO2. The HDN conversion dramatically increased
with the reduction temperature. From H2-TPR characterization
of heating rate of 1 �C min�1, the reduction still occurs beyond
750 �C. From XRD characterization, only Ni12P5 was produced at
560 �C, which was not as active as Ni2P.20 As reduction
temperature increased, highly active Ni2P was generated. Up to
750 �C, the predominant crystal phase was Ni2P instead of
Ni12P5. It should be mentioned that the H2-TPR of heating rate
of 1 �Cmin�1 explicitly explain the different phenomena for the
two sets of catalysts. While the usual characterization method
with heating rate of 3, 10 �C min�1 or others, it could not
provide the accurate information.
Table 3 Product distribution of quinoline HDN catalyzed over different

Samples Q THQ1 THQ5

Ni-P440
560/SiO2 0 0.14 0.28

Ni-P500
560/SiO2 0.06 1.21 0.49

Ni-P560
560/SiO2 0.08 3.47 1.54

Ni-P620
560/SiO2 0.12 6.27 2.47

Ni-P440
750/Al2O3 0.26 13.72 3.58

Ni-P500
750/Al2O3 0.15 13.51 4.17

Ni-P560
750/Al2O3 0.09 14.46 4.31

Ni-P620
750/Al2O3 0.23 15.18 4.19

Ni-P440
650/SiO2 0.06 0.42 0.27

Ni-P500
650/SiO2 0.12 1.27 0.93

Ni-P560
650/SiO2 0.08 4.14 1.43

Ni-P620
650/SiO2 0.18 4.69 1.37

Ni-P440
750/SiO2 0.07 1.36 0.64

Ni-P500
750/SiO2 0.06 4.24 1.02

Ni-P560
750/SiO2 0.18 4.63 2.41

Ni-P620
750/SiO2 0.14 5.63 2.63

This journal is © The Royal Society of Chemistry 2018
The effect of calcination temperature on HDN of Ni-P/SiO2 is
more evident in comparison with Ni-P/g-Al2O3. It is considered
that the interaction of SiO2 with nickel phosphides is weaker
than g-Al2O3 with nickel phosphides. This cause aggravate of
nickel phosphide particle with elevating the calcination
temperature, leading to the decrease of HDN active site.

The TOF numbers of various catalysts at different calcination
and reduction temperatures are calculated and presented in
Table 2. For both SiO2 and Al2O3-supported catalysts, TOFs were
decreased with increasing the calcination temperature at
certain reduction temperatures. Furthermore, TOFs increase
with reduction temperature. However, the increasing extent was
quite different. For example, for SiO2-supported catalysts, the
TOFs of Ni-P440

750/SiO2 was almost twice as much as that of Ni-
P440

560/SiO2. While for Al2O3-supported catalyst, the TOFs of Ni-
P440

750/Al2O3 was nearly 10 times as much Ni-P440
560/Al2O3.

Many researchers reported that the active phase for both HDS
and HDN is Ni2P. According to XRD, for Ni-P560/Al2O3 the crystal
phase was Ni12P5. But for Ni-P

750/Al2O3, the main crystal phase
was Ni2P. This results in considerable difference between Ni-
P560/Al2O3 and Ni-P750/Al2O3. Overally, the rate constants the
rate constants exhibited similarly tendency with TOF numbers
(Table 2).

Prior to the cleavage of the carbon–nitrogen bond of
quinoline, hydrogenation of heterocyclic has to be nished
owing to the high carbon–nitrogen bond strength. There are
mainly several products, including PCH, PB, DHQ, THQ1 and
THQ5 (Table 3). A little amount of Q was detected due to the
equilibrium with THQ1 and THQ5.21 PCHA and PCHE was not
detected due to the easily denitrogenation, hydrogenation and
isomerization over nickel phosphides.22 The content of OPA
was little, suggesting that the further reaction rate of OPA is
faster than its formation rate. It is obvious that the predomi-
nant denitrogenation products is PCH rather than PB, which is
similar to the result reported by Oyama et al.23 Perot, G. and
Ho, T. C. reported that the reaction of OPA is inhibited by
THQ1, Q and other nitrogen-containing compounds, resulting
in the intrinsically unfavorable of denitrogenation via OPA to
PB.21,24 According to the reaction network in Scheme 1, there
calcination and reduction catalysts

DHQ OPA PB PCH PB/PCH

0.37 0 7.09 92.13 0.0769
2.76 0.36 6.95 88.17 0.0788
7.41 0.32 6.47 80.72 0.0801
9.31 0.51 6.38 74.94 0.0851

23.13 1.51 3.47 54.34 0.0638
23.84 1.43 3.37 53.53 0.0629
24.89 1.46 3.41 51.38 0.0663
24.71 1.39 3.59 50.71 0.0709
0.56 0.07 7.28 91.32 0.0797
3.84 0.14 6.86 86.84 0.0790
7.36 0.27 6.59 80.12 0.0822

10.32 0.24 6.73 76.47 0.0871
1.39 0.17 7.16 89.23 0.0802
6.13 0.23 6.89 81.42 0.0816

13.14 0.36 6.12 73.16 0.0837
12.98 0.32 6.35 71.93 0.0882
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Fig. 3 HDNC of quinoline as a function of time. a, b, c, d, e, f, g and h
represents Ni-P440

560/SiO2, Ni-P500
560/SiO2, Ni-P560

560/SiO2, Ni-
P620

560/SiO2, Ni-P440
750/Al2O3, Ni-P500

750/Al2O3, Ni-P560
750/Al2O3,

Ni-P620
750/Al2O3, respectively.

Scheme 1 HDN reaction network of quinoline.
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are mainly two HDN pathways, via OPA or via DHQ. For the
rst path of OPA, hydrogenation of OPA to PCHA is the rate
determining step. For the second path of DHQ, the rate
determining step is C–N bond cleavage of DHQ to PCHA.
According to the product distribution of Table 3, the ratio of
PB to PCH was all slightly increased with the calcination
temperature at certain reduction temperature. It is considered
that two reasons give rise to this result. From CO uptakes, the
number of active sites decreased as the calcination tempera-
ture was increased, resulting in decline of hydrogenation
activity of OPA to PCHA. Furthermore, the number of Bronsted
acidity was also declined with increasing the calcination
temperature (Table S3†). Bronsted acid could promote the C–N
bond cleavage of PCHA. The Bronsted acid site was produced
by hydroxyl group of phosphide. However, high calcination
temperature causes condensation of hydroxyl group, resulting
in decrease of Bronsted acidity.

HDN reaction network of quinoline.Stability of Ni-Px
560/SiO2

and Ni-Px
750/Al2O3 (x ¼ 440, 500, 560, 620) were examined and

the products were analysed in 24 h intervals for 192 h. The
results were presented in Fig. 3. Overally, there is little decline
of catalytic activity during examined period, indicating the
promising industrial perspective for this kind of catalyst. In
fact, the HDNC of Ni-P440

560/SiO2, Ni-P500
560/SiO2, Ni-P560

560/
6750 | RSC Adv., 2018, 8, 6745–6751
SiO2, Ni-P620
560/SiO2 catalysts falls 0.7, 0.9, 1.2, 0.7% in 192 h,

respectively. The Ni-P440
750/Al2O3, Ni-P500

750/Al2O3, Ni-P560
750/

Al2O3, Ni-P620
750/Al2O3 catalysts drops 1.7, 1.5, 1.9, 1.4% in

192 h, respectively. Although no evident drops were observed
for both two set of catalysts, there were still some difference
between them. It is considered that more coke deposition
happened over Al2O3-supported catalysts, resulting in cover of
active sites. The deactivation by coke is related to catalyst
acidity, which the Al2O3-supported catalysts have higher
amount of acidity than the SiO2-supported catalysts from Py-IR
results.

Conclusions

In comparison with g-Al2O3-supported nickel phosphides,
highly HDN active phase of Ni2P was formed on SiO2-supported
nickel phosphides at lower reduction temperature.

From H2-TPR, the peak was shied towards lower tempera-
ture with decreasing the heating rate. The SiO2-supported nickel
phosphides were reduced absolutely at 560 �C. The reduction
was still performed beyond 750 �C for g-Al2O3-supported nickel
phosphides.

The quinoline HDN active sites and conversion was reduced
when the reduction temperature surpassed 560 �C for nickel
phosphides supported on SiO2. While the quinoline HDN active
sites and conversion dramatically increased with increasing the
reduction temperature for nickel phosphides supported on g-
Al2O3.
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