2535 % 45 344
2021 4E 6

T

1 1k Vol.35,No.3

JOURNAL OF MOLECULAR CATALYSIS( CHINA) Jun. 2021

XEHS: 1001-3555(2021)03-0263-10

TR SRANERL SRAT HDS INSRiE TR E

E LM, TR

27 RAM,ZE B, Ik

B, vt —

(R A A T B Ao A A 2R PR A S0 %, V5 9 50 210023)

R R R & T B 809%NI/ALO, LT, 42350 CRBE , 15975 /0 HE NiO/ALO,(NiO Hi4% ~3 nm), 5 H:
PLCS, #i4k(310 °C, 4 h) 3% PPh, B 1L(320 °C, 36 h), 43 BIFRTS T 5 431 BB AL B (Ni,S, F NiyS,, 5.8 nm) FlI Ni,P(7.0
nm), 78 " ZEFFEENH(DBT) RIS (HDS) B, Ni,P A6 MRS T NiS, (360 CHF DBT B4 L3R 545120 1009% F
75%). #5% NiS, FH PPh, Bl AL, W) NiS, 238554k R Ni,P(13.3 nm), H HDS 1G PEE &5 Tk 19 NiS, H.5 B sl fb 3518
1 NL,P(7.0 nm) #H4 . )2, #576 NP H CS, i fk, W Ni,P YA AR | WA Aok, 3R NP PIAHE LE NiS, A3
U HDS 3 M F BB NiyP, 2R HH F N, P 218 T R AR B T HDS 1 P 5 8 1 b Ni-P-S W

KRR - Ni,P/AL O AL ; NiS /AL O, LT ; PPh VEAHBEAL ; CS, WA BRAL. ; AEE e M o A0S il S i

FE 4 ZES: 0643.3 CEAPRAEAD: A

T Ak B AR B A 0RS il B b ) n R
(HDS) & HEFEAFRAR , AR B AL S s R &R 1Y
BT, 28y -ALO, 51 Si0, HHZR A Ni-Mo-S Fl
Ni-W-S {7 . BB BABE R HDS . InE i A
(HDN ) 1% PR A4 s (i Bk e L A il e B Ay
1 P 4 R B AL AL Uk i RO . SRk
K TR AR 0 LR TR D . il T RN
il AR AL R 2 A RE S AR K | At
BB LI E S 5

FRATR LT IE A A5 1 e P s A 1
FE ) 80%Ni/ALO; fEALF , 28 350 ChEhelakfs T
1A HL NiO/ALO, AL I AT SRR , Hor NiO (kr
#2920 3 nm. 1] CS, 7 310 “C¥f NiO/ALO; Witk 4 h,
AT B AL B (NS, A NiS, ), KA 2l
5.8 nm. J = A ELRE( PPhy ) f BIRBRALERBEAL . 0
TR BE AR 170~220 °C), BiAbE sk TC 1 ki
b, (B HORAR 25 K 2 8.4 nm. 7E 270 I3
AR C L AL NP, FiAEHE K2 11.7 nm. #%
fEIRJETE 2 320 C, BifbBE &F 5L Ni,P, 15 3]
NiS, (P)/ALO; fEALF] | Ni,P Ri A2t ik — A 16 K 3
13.3 nm.

SR B A9 Ni/ALO, H PPh, 7E 320 CHifk
36 h, NiO 5FE4k R4l Ni,P #1AH CRiA225°8 7.0 nm ),

5 HH : 2020-11-08; & [E HHE: 2021-01-13.

DOI: 10.16084/j.issn1001-3555.2021.03.007

753 Ni,P/ALO; {4k 57 . H CS, B Ak Ni,P/ALO, B,
R4 S 21 360 °C, AR 75 HAG I 2] Ni,P
YA, W] Ni,P YIAH s AR ( NS, 1 Ni,S, ) YA
POAERE , MELLEE CS, itk , X0 Ni,P HA #miit
ftERery EE R . ALE B9 NiP (S)/ALO, fiEfk
FHh Ni,P Rif2 38 K 5] 9.5 nm, {HAT 320 CHEfL
TALERLAS 2 A Ni,P (1R42(13.3 nm ) /NMEZ |, TEH
Ni,P YA FRAREB LA .

AT R R A 2 2 R B, BRAL R 28 PPh,
BEAL G AR AT T 3% 14 S, EN4a K ER4y S B 8% P HL
R, NiS, AL AL T Ni,P, M fbER 22 CS, fifk)s 1
A 1.1% 1y S #EAMEALR A, HARK D255 )
A, I NP 85 B RSB I PLaLERE . LA, T
R ACERBE  ERIEBE B AL , T i
o P/Ni A AL 0.74 ), ¥ T NLP 4k &
FE 0.5, UEHARR T Ni,P 4b , L7 ik il BEF7 18 = 0
WAL R SCHAD 5 P Rl

b AR B Ak 5B AL A5 21 A Ni,P/ALO, F1I
NiS/ALO; AT, LA K i AL B2 PR AL (NS, (P )/
ALO,) FIH AR BB AL (NP (S)/ALO,) i AL
FIA3 TS (& 1.72% (T4 i =2
JFBEWT(DBT )., 0.185% (/30 MEEmk . 5% (Ji
T MIPUEZE ) BRI SN . SOV, NiyP/

BEETIH: A TAEZRIEE A KRR ARG B (21773108), [ A AR EREE T IEE R H (21761132006) AP S m AR 55 9 58 ) (This
work was financially supported by the NSFC (21773108), NSFC-DFG (21761132006) and fundamental research funds for central universities).
VEE B WM, £, 19894F4:, [ L(YUAN Yamei, female, born in 1989, PhD).

* GEIREK R, E-mail: jyshen@nju.edu.cn; Tel: 025-89684305.



264 I S 4

o535 %

ALO; F1 NiS/ALO, fEAL I 1 P AHER A K A= A2 4K
2 Ni,P H1 NiS, P A 78 0 S0 i) 520 o 7 34 2
& € . NiS, (P)/ALO, 2 3 HDS J2 Jif , Ni,P )
XRD [T SHIERIRAFAE , LR , RINZMALRILE
N S N A8 DBT Bidl , B i AL BBtk imi 4% Ak
R NipP FEINZURE T SO S50 SRR E 1) . Ni,P
(S)/ALO; Z83 HDS i, A5LA Ni,P ¥4 3, 2
LT NiP,, AT AR AR AR B T P,
FEIR RS R BT 5 NiyP RN, AR T i B4k NiP..

7£ DBT ) HDS J b H , Ni,P/ALO; A HDS i
PEIEE T NiS/ALO,. 75 360 CHY, DL Ni,P i =5
AH B Ni,P/ALO; ., NiS, (P )/AL,O; Fl Ni,P (S)/AL0,
() DBT B IE 343K 2 T 100%, 1 NiS/ALO;
) DBT 4k % H AT 75%. [AE, Ni,P (S)/ALO; 1Y
HDS 1575 T Ni,P/ALO,, BIH7E 260 CHt . EATHY
HDS #ALR 3 5°h 66% F1 45%. Ni,P 1E CS, Bkt
YIARBEAE KA 284k (B 1.1% B9 S BEA TR |
FH Ni,P 28 CS, Wik J5 A Ni-P-S 2 1 4 Fh A& A%,
HHDS B P T4 NiP. NiS, (P)/ALO; il
A 3% W S, {8 H HDS 1% #1 5 Ni,P/ALO, 2 )
AR, ATRESEH T NiS( P VALO, H Ni,P [F4i42( 13.0
nm ) LK T Ni,P/ALO; AR (7.0 nm ). AT UL, T
S IAFAE , NiS, (P )/ALO; H Ni,P 1936 P A & i 2%
RE T . I, 7E 360 °C, DBT fE ik Sef Ak b 11
AL IR K« Ni,P (S)/ALO, > NiS, (P )/ALO; >
Ni,P/ALO; >> NiS /ALO,.

FEFE BRI, B RN A S, T
PR [ A R O AR (CHB ) BYEREPERE K, %
A 7E X e ik 57 |-, DBT By HDS J2 o7 LA 2 in &
B B 2 R, MEEA R ZR(BP) 7= Wy %) FL 42 0
WKLk . 4 MEALF | HDS S0 AR i CHB Y e %
P ¥ SR NiP/ALO, > NiS, (P )/ALO; > Ni,P (S)/
ALO; > NiS/ALO;, RIS AFI T i
B N 4k

£ 260~360 C'T , 4 P AL IR F I AR &5 Y
IR EGE T | MR AL 3R IR F 100%. HLAR A
A E I IEFR O ke ( PCH ) 16 35 8 M # Bt i o7 I i
e, (R RMEEFRIX PCH Bt A7 A
Z 5 (BARIEE IR ) . 260 CHY, NiS/ALO; .
Ni,P/AL,0, . Ni,P (S)/ALO, 1 NiS, ( P)/ALO, I )
PCH &N 30% . 90% . 80% FI 88%. A UL,
Ni, P X I bR () R A 1 S0 e v T AR

AN[A) 7 A5 2 B i AL A VU SR 25 I 0kS il S 7

AL TG PR o T RRALER . Bl , 360 °CH U A ZE
7E NiS/ALO; b AHALRAUAT 0.6%, fHFE NiS, (P)/
ALO,. Ni,P/ALO, F1 Ni,P (S)/ALO, | U5 Z5 iy 55
I HEEN T 5.7% . 9.2% F1 13.8%, SHEALFAIHY
DBT JIVEBEAR 16 PR — 25 . DU S ZSAE N UG il
I I AT & A R AR R =R - 2%
A R A AU AR U . NP i 2R e e v
T NIS,, & B NiP A5 (8- S 25 e R U] R
T, PRI NP P& A T35 U L

1 Introduction

Nickel sulfides have various applications in the
fields such as semiconductors, optoelectronics, energy
and catalysis "= However, they are not highly active

107 and were mainly

for the hydrotreating reactions
used as promoters for the supported Ni-Mo-S and Ni-
W-S catalysts ""53) On the other hand, the transition
metal phosphides ( especially Ni,P ) were found to
be highly active for the hydrotreating reactions and
expected to become a new generation of catalysts to
play the same functions as the traditional catalysts of
metal sulfides. In fact, different techniques have been
developed for the preparation of metal phosphides, for
example, the technique of temperature-programmed
reduction ( TPR ), the gas phase phosphidation with
PH; and liquid phase phosphidation with PPh; Latel,
Only a few comparative studies on the nickel
sulfides and phosphides were reported in literature.
Phimsen et al. """ prepared a 15%Ni/Al,O; catalyst,
which was sulfided by H,S/H, to nickel sulfides ( Ni,S,
and Ni,S, ) or phosphided by the TPR method to nickel
phosphides ( Ni;,Ps and Ni;P ). They found that the
nickel phosphides showed the higher hydrogenation
and hydrodeoxygenation activities than the nickel
sulfides while the nickel sulfides exhibited the lower
methanation and cracking activities than the nickel
phosphides for the production of bio-fuels from the spent
coffee oil. Stinner ef al.'"*’ found that the presence of
H,S in feed strongly inhibited the hydrodenitridation
( HDN ) activity of a Ni,P catalyst, and the activity
could not be recovered even after the removal of H,S

from the feed. The authors argued that Ni,P was more

stable than NiS; and Ni,P could not be sulfided by
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H,S so that the decrease of HDN activity must be due
to the irreversible block of active sites of Ni,P by the
strongly adsorbed H,S. However, others reported that
sulfur could be incorporated into the surface of metal
phosphides during the HDS reactions. For example,
Oyama et al. 19207 detected Ni-S bonds on the surface
of used nickel phosphides, suggesting the formation
of nickel phosphosulfide surface species, which might
be the real active species for the HDS reactions. Wang
et al."*" found that the Ni,P/MCM-41 passivated by
H,S was more active than that passivated by O, for the
HDS reaction, and the catalyst with the higher HDS
activity contained more sulfur after the reaction. The
authors also suggested that the surface sulfides or
phosphosulfide species were the active sites for the
HDS reaction. Similar results were obtained on the FeP/
Si0, prepared with FeS as the precursor '22) Nelson
et al."* indicated that up to 50% of surface P atoms
in Ni,P could be replaced by S according to their DFT
calculations.

It is not easy to adequately compare nickel
sulfides with phosphides since different precursors
and preparation methods could significantly affect
the composition and performance of catalysts. To a
large extent, the relatively low HDS activities of nickel
sulfides might be due to their low surface area, poor
dispersion and thus little active sites 71 1t can be
expected that more active sites and consequently
higher HDS activity could be achieved with nickel
sulfides. Recently, highly dispersed Ni,P H102427) and
Fexp 242 catalysts were prepared in our group,
with the highly loaded ( 60%~80% weight percent )
and dispersed precursors. The Ni,P catalysts thus
prepared possessed small particles and abundant
active sites and exhibited high activities for the HDS
reactions of dibenzothiophene ( DBT ). In particular,
the phosphidation of the 80% Ni/Al,0, ( with the high
H, uptake of 1017 wmol/g ) generated a Ni,P/AL,0,
catalyst with the CO uptake of 345 p mol/g, which is
the highest value reported so far ' In this work, the
similar nickel precursor was used to prepare nickel
sulfides and compared with Ni,P. However, since the

nickel sulfides were prepared by the direct sulfidation

with CS,, Ni,P in comparison must be prepared via the
direct phosphidation with the same calcined precursor
without the pre-reduction. In brief, the highly dispersed
80% Ni/Al,0; catalyst was prepared, calcined and then
sulfided by CS, or phophided by PPh; in liquid phases
to obtain the highly dispersed nickel sulfides ( NiS, )
or Ni,P catalysts. Then the NiS, (or Ni,P ) was further
treated by PPh, (or CS, ) to observe the phase changes.
All the catalysts were tested for the HDS of DBT, HDN

of quinoline and hydrogenation of tetralin.

2 Experimental

2.1 Preparation of catalysts

The Ni/Al,O; with about 80% Ni in weight was
prepared by the co-precipitation method and dried with
n-butanol "**’. In brief, desired amounts of Ni ( NO, ),
and Al ( NO, ), were dissolved in 100 mL de-ionized
water to obtain a solution, while desired amount of
Na,CO; was dissolved in 100 mL de-ionized water
to obtain another solution. The two solutions were
simultaneously added drop-wise into 200 mL de-ionized
water under stirring at 80 °C . The precipitate formed was
washed thoroughly with de-ionized water, and then
dispersed into 200 mL n-butanol which was evaporated
at 80 °C . The sample was then further dried at 120 °C
for 12 h, and calcined in air at 350 °C for 3 h. The sample
thus obtained was denoted as NiO/ALO5.

The sample was sulfided by CS, in liquid ph-
ase 27, Typically, the NiO/A1,0; was loaded into a
fix-bed reactor with an inner diameter of 10 mm and
sandwiched with quartz sands. Then, a heptanes solution
containing 2% ( weight percentage ) CS, was pumped
into the reactor along with H, flow at a weight hourly
space velocity (WHSV ) of 2 h™ and H,/oil of 300 v/v.
The reactor was heated from room temperature to 230
°C with a rate of 1 “C /min, kept at 230 “C for 2 h, then
heated to 310 “C with the same rate, and kept at 310 °C
for 4 h. The sample thus sulfided directly was denoted
as NiS /AL O;.

The Ni0O/Al,0; was phosphided by PPh; in liquid
phase ) The procedure was similar to that of sulfi-
dation above, but a heptane solution containing

2% ( weight percentage ) PPh;y was used here. The
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temperature was elevated to 320 °C with the rate of 1 C/
min and kept at 320 °C for 36 h. The catalyst thus phos-
phided directly was denoted as Ni,P/Al,0;.

Then, the NiS,/Al,0; was treated by PPh; with the
same phosphidation procedure described above and
the sample obtained was denoted as NiS, ( P )/AL0s;.
Similarly, the Ni,P/Al,0; was treated by CS, with the
same sulfidation procedure described above and the
sample obtained was denoted as Ni,P ('S )/AL,0;.

2.2 Characterization of catalysts

The catalysts for characterizations were passi-
vated before unloaded from the fix-bed reactor. X-ray
diffraction ( XRD ) patterns were collected on a
Shimadzu XRD-6000 powder diffractometer using a Cu
Ka radiation ( A =0.1541 nm ) at 40 kV and 30 mA.
The 2 6 scans covered the range of 10°  to 80°
speed of 6 (° ) /min and a step of 0.02° . The chem-

ical compositions of catalysts were analyzed by an ARL-

with a

9800 X-ray fluorescence spectrometer ( XRF ).
2.3 Catalytic tests

Model diesel containing 1.72% DBT,0.185%
quinoline , 5% tetralin and 0.5% n-octane (as an
internal standard ) in balanced n-tetradecane ( solvent )
was pumped into a tubular stainless steel fix-bed reactor
with an inner diameter of 10 mm for the evaluation of
catalysts at 260~360 °C , 3.1 MPa with a WHSV of 2 h™
and H,/oil ratio of 1500 ( v/v ). The products were
collected after 24 h when the activity was stabilized, and
analyzed on a gas chromatograph equipped with a flame
ionization detector ( FID ), a flame photometric detector

( FPD ) and a nitrogen-phosphorus detector ( NPD ) .

3 Results and discussion

3.1 Phosphidation of NiS,

Fig.1 shows the XRD patterns for the NiO/Al, 05,
NiS,/Al,05 and the samples derived from the phos-
phidations of NiS,/Al,0; at 170~320 C for 36 h, respe-
ctively. Only broad diffraction peaks for NiO ( PDF 65-
2901 ) were detected for the calcined sample ( Fig.1
(a)), indicating that small NiO particles ( about 3 nm )
were highly dispersed on the support. When the NiO/
AL O; was sulfided by CS, at 310 °C, the diffraction pea-

ks for NiO disappeared, and new peaks for Ni,S, ( PDF
44-1418 ) appeared at 26 =21.7° ,31.1° ,37.7°
443° ,497° and 55.2° and those for Ni,S, ( PDF
43-1469 ) appeared at 2 6 =26.5° ,31.3° ,37.9°
49.9° and 54.8° (Fig.1 (b)), indicating the format-
ion of nickel sulfides ( denoted as NiS, ) upon the direct

sulfidation of NiO/Al,O5 by CS,.
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Fig.1 XRD patterns for the Ni/AL,O; calcined at 350 °C (a),
followed by sulfidation of (a)at 310 °C for 4 h (b) and then
phosphidation of (b) at 170~320 °C for 36 h (c—f), respectively

Fig.1 ( ¢=f ) show the XRD patterns for the NiS,/
AL,O; phosphided at different temperatures ( 170~320
°C ) for 36 h. When the NiS /Al,0; was phosphided at
170 and 220 °C , only Ni;S, and Ni;S, phases were obs-
erved (Fig.1 (¢)and (d)), indicating that NiS, could
not be phosphided at the low temperatures. However,
the intensities of diffraction peaks for NiS, increased,
indicating the increase in the crystalline sizes of NiS,
during the phosphidation. When the NiS,/Al,0; was
phosphided at 270 °C, the diffraction peaks for NiS, dis-
appeared, and the diffraction peaks for Ni,P ( PDF 65-
1989 ) appeared at 26 =40.7° ,44.6° ,47.4° and
54.2° and those for Ni,Ps( PDF 22-1190 ) appeared at
2 6 =48.9°
S in NiS, by P during the process. When the phos-

(Fig.1(e)), indicating the replacement of

phidation temperature increased to 320 °C , the diffract-
ion peak for Ni,Ps disappeared while the intensities

of peaks for Ni,P increased significantly ( Fig.1 (f)),
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indicating the complete conversion of NiS, to Ni,P ( NiS,
(P )/AL,0;,) and growing of the Ni,P particles.

Table 1 summarizes the information of the phases
and crystalline sizes for the samples ( a—f ) in Fig.1. The
crystalline size of NiO obtained by the calcination of Ni/
ALO; at 350 °C was estimated to be about 3 nm, while
the direct sulfidation led to the formation of NiS, with
the average crystalline size of about 5.8 nm. Although
the NiS, was not phosphided by PPh;at the lower
temperatures, the crystalline sizes of NiS, were gradually
increased to 8.4 nm. When NiS, was phosphided at 320
°C , the crystalline size of formed Ni,P grew larger to

about 13.3 nm.

Table 1 Phases and crystalline sizes in the catalysts prepared by

different methods

Samples in Fig.1 XRD phase D /nm
a NiO 3.0
b Ni,S,, NisS, 5.8
c NisSy, NisS, 5.8
d NisS,, NisS, 8.4
e Ni,P/Ni,,P; 11.7/8.2
f Ni,P 133

Notes: The crystalline sizes (D) were estimated by the Scherrer
equation according to the full width at half maximum (FWHM) of
the peaks at 43.2°  (NiO), 40.8° (Ni,P), 48.9° (Ni,,P;) and
31.1°  (Ni;S,), respectively, in the XRD patterns.

3.2 Sulfidation of Ni,P

Fig.2 shows the XRD patterns for the NiO/Al, 05,
Ni,P/Al,0; and those obtained by the sulfidation of Ni,P/
AL 05 at 310~360 °C, respectively. When the NiO/Al,05
was phosphided by PPh, at 320 °C, pure Ni,P phase was
obtained ( Fig.2 (b )). However, when the Ni,P/Al,0,
was treated by CS, at even higher temperature ( 360 °C ),
the Ni,P was still the only phase detected by XRD,
indicating that the Ni,P was significantly more stable
than the sulfide phases ( Ni;S, and Ni;S, ), and highly

resistant to S poisoning.
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Fig.2 XRD patterns for the Ni/Al,0; calcined at 350 °C (a),
followed by phosphidation of (a) at 320 °C for 36 h (b) and then
sulfidation of (b) at 310~360 °C for 4 h (¢ and d), respectively

Table 2 displays the changes in the phases
and crystalline sizes for the samples shown in Fig.2.
The crystalline size of Ni,P obtained by the direct
phosphidation of NiO/Al,05 with PPh; was about 7.0
nm. When the Ni,P/AlL,O; was treated by CS, at 310 °C ,
both the Ni,P phase and the crystalline size (6.7 nm)
did not change. When it was treated at 360 °C , the Ni,P
phase still remained, but the crystalline size of Ni,P
increased to 9.5 nm, which was still significantly smaller
than that formed by the phosphidation of NiS, at 320 °C
(13.3 nm ), indicating the high stability of phase and
crystalline size of Ni,P.

Table 2 Phases and crystalline sizes in the catalysts prepared by

different procedures

Samples in Fig.2 XRD phase D /nm
a NiO 3.0
b Ni,P 7.0
c Ni,P 6.7
d Ni,P 9.5

Notes: The crystalline sizes (D) were estimated by the Scherrer
equation according to the full width at half maximum (FWHM) of
the peaks at 43.2° (NiO) and 40.8° (Ni,P) respectively, in the
XRD patterns.

Table 3 summarizes the information about the
phases, crystalline sizes and compositions for the
NiS,/Al,0,, Ni,P/ALO;, NiS, (P )/Al,0, ( NiS,/Al,0,
phosphided at 320 °C ) and Ni,P (S YALO, ( Ni,P/Al,0,
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sulfided at 310 °C ). It is seen that only 3% sulfur remai-
ned in the NiS, (P )/ALQ,, i. e., most S in the NiS, was
replaced by P upon the phosphidation of NiS, at 320 °C. .
In contrast, only 1.1% sulfur was incorporated into the
Ni,P (S )/ALO; when the Ni,P/AL, O, was treated by CS,
at 310 °C , indicating that Ni,P was highly resistant to

sulfur. The P/Ni atom ratios in the NiS, ( P )/AL,0;and
Ni,P (S)/AL,0, were similar ( 0.74 ), higher than the
stoichiometric ratio of 0.5 for Ni,P, probably due to
the presence of some other phosphorus species in the

catalysts e

Table 3 Phases and crystalline sizes as well as chemical compositions analyzed by XRD and XRF

for the catalysts prepared by different procedures

Catalyst XRD Phase D /nm Ni/% P/% S/% P/Ni (atom)  S/Ni (atom)
NiS/ALO, NisS», NisS, 5.8 - - - _ _
Ni,P/ALO, Ni,P 7.0 - - - - -

NiS, (P)/AL0, Ni,P 133 493 19.4 3.0 0.74 0.11
Ni,P(S)/A1,0, Ni,P 6.7 516 203 1.1 0.74 0.04

3.3 Hydrotreating activities of nickel sulfides and

phosphides

The catalysts NiS,/AL,O,, Ni,P/Al,05, NiS, (P )/
ALO; and Ni,P (S )/Al,05 were compared for the hydr-
otreating reactions. Fig.3 shows the XRD patterns of
the used catalysts after the hydrotreating reactions. It is
seen that NiS, and Ni,P phases in NiS/Al,0; (7.7 nm )
and Ni,P/AL,0; ( 8.0 nm ) remained after the reactions
(Fig.3(a)and(c)), indicating that both NiS, and Ni,P

phases were stable during the HDS reactions.
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Fig.3 XRD patterns for the used catalysts after the HDS reactions:
NiS,/AL0; (a), NiS,(P)/AL,05 (b), Ni,P/AL0; (c)
and Ni,P(S)/AL,0, (d)

The diffraction peaks for Ni,P in the NiS,( P YAl O,

also remained with similar intensities ( ~13.0 nm )
after the HDS reactions ( Fig.3 (b)). However,
some diffraction peaks for NiP, ( PDF 21-0590 ) were
observed in the used catalyst after the HDS reaction.
The reaction of Ni,P with extra P in the catalyst during
the HDS reaction might account for the formation of
NiP,.

The diffraction peaks for Ni,P in the Ni,P( S J/AL,0,
did not seem to change ( 7.0 nm ) after the HDS rea-
ctions ( Fig.3 (d ) ), indicating the high stability of Ni,P
in this catalyst.

Fig.4 (a ) shows the activities of the NiS( P JALO;,
Ni,P/AL, 05, NiS, ( P )/ALO, and Ni,P ('S )/ALO; for the
HDS of DBT. Apparently, the Ni,P/Al,05 catalysts
were significantly more active than the NiS,/AL,05. It
is known that the Ni,P was more active than sulfide

[14]
. However,

catalysts for the hydrotreating reactions
the comparisons were usually made between Ni,P and
the commercial Ni-Mo-S catalysts F14203133) 1 the
current work, the Ni,P and NiS, were prepared from the
same precursor. In addition, the NiS/A1,0; ( without
Mo ) prepared in this work showed the high activity for
the HDS reaction. The conversion of DBT reached 75%
at 360 °C . This must due to that the NiS,/ALO; catalysts
were prepared from the highly dispersed NiO/Al,0; with

small NiO particles ( ~3 nm ).
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Fig.4 Conversion of DBT (a) and selectivity to cyclohexylbenzene (CHB)(b) over the catalysts
Reaction conditions: P=3.1 MPa, WHSV=2 h™" and H,/0il=1500 (v/v)

It is worth noting that the Ni,P ( S AL, O, was more
active than the Ni,P/Al,0; for the HDS of DBT. For
example, at 260 °C , the conversion of DBT over the Ni,P
(S)/A1,05 and Ni,P/Al,0; was about 66% and 45%,

respectively. Some authors 19-2234]

proposed that the
M-P-S ( M=metal ) species formed on the surfaces of
transition metal phosphides during the HDS reactions
might be the real active species. When the Ni,P/Al,0,
was treated with CS,, the phase of Ni,P did not change,
but some S ( 1.1% ) was incorporated into the Ni,P (S )/
AL O; according to the XRF analysis. Thus, our current
result agreed well with reported that surface Ni-P-S
species must be more active than pure Ni,P for the HDS
reactions.

The NiS, (P )/AlL,0; contained 3% sulfur exhibi-
ted the similar activity to the Ni,P/Al,O; for the HDS
reaction. However, the crystalline size of Ni,P in the
NiS, (P )/Al,0; was significantly larger ( 13.3 nm ) than
that in the Ni,P/AL,0;( 7.0 nm ). Thus, the HDS activity
of Ni,P in the NiS, (P )/AlLO; was significantly higher
than that in the Ni,P/Al,O5, due to the presence of S.

The above results showed that the conversion of
DBT at 360 °C followed the order of Ni,P (S )/AL0; >
NiS, ( P)/AL0; ~ Ni,P/AL,0, >> NiS/Al,0;.

Fig.4 (b ) shows the selectivities for the HDS
of DBT over the catalysts at different temperatures.
With the increase of temperature, the selectivity to

cyclohexylbenzene ( CHB ) increased over all the

four catalysts. The high selectivity to CHB indicated
that the HDS of DBT underwent mainly through the
indirect desulfurization route ( HYD ) over the catalysts,
where the desulfurization occurred after an aromatic
ring in DBT was hydrogenated, rather than the direct
desulfurization route ( DDS ) with the formation of hi-
phenyl. It is also seen that the selectivity to CHB over the
catalysts followed the order of Ni,P/ALLO; > NiS, (P )/
ALO; > Ni,P (S)/ALO; > NiS/ALOQ,, indicating that
the presence of sulfur might be unfavorable to the HYD
route over Ni,P for the HDS of DBT.

Fig.5 shows the results for the conversion of
quinoline and selectivity to propyl-cyclohexane ( PCH )
over the catalysts at different temperatures. The
conversion of quinoline over all the catalysts reached
100% at 260~360 °C , indicating the high HDN activity
of these catalysts. Although the selectivity to PCH
increased with temperature over the catalysts, the
catalysts exhibited different selectivities to PCH
(especially at low temperatures ). For example, the
selectivity to PCH at 260 °C over the NiS/AL,O5, Ni,P/
ALO,, Ni,P (S)/ALO, and NiS, ( P )/ALO, were about
30%, 90%, 80% and 88%, respectively, indicating
that Ni,P was much more active than NiS, for the
hydrogenation of aromatic ring in quinoline.

Fig.6 (a ) shows the conversions of tetralin over
the catalysts. It is seen again that the Ni,P (S )/Al0,

catalyst exhibited much higher activities than the
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Fig.5 Conversion of quinoline (a) and selectivity to propyl-cyclohexane (PCH) (b) over the catalysts
Reaction conditions: P=3.1 MPa, WHSV=2 h™" and H,/0il=1500 (v/v)

Ni,P/Al,0; and NiS,/AL,O; catalysts. For example, the
conversion of tetralin at 360 °C was only 0.6% over the

NiS /AL, O,, while that was 5.7%, 9.2% and 13.8%

20
&= NiS/ALO, @
~O= Ni,P/ALO,

15 - _m=NiS.(P)/ALO,
~0=Ni,P(S)/ALO,

Conversion of tetralin/%

267 287 307 327 347

Temperature/°C

over the NiS,(P)/A1,0,, Ni,P/AL,0; and Ni,P(S)/AL,0;,
respectively, in consistence with the results for the HDS

of DBT.
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Fig.6 Conversion of tetralin (a) and the selectivity to decalin (b) over the catalysts

Reaction conditions: P=3.1 MPa, WHSV=2 h™" and H,/oil=1500 (v/v)

Tetralin might be hydrogenated to decalin or
dehydrogenated to naphthalene during the hydrotreating
reactions. Fig.6 (b ) shows the selectivity to decalin over
the catalysts. Apparently, Ni,P exhibited much higher
selectivity to decalin than NiS,, and the Ni,P catalysts
containing a small amount of S showed the moderate
selectivities, indicating again that the presence of S was

unfavorable to the hydrogenation of aromatic rings.

4 Conclusions

A highly loaded and dispersed 80% Ni/Al,0O,

catalyst was prepared and calcined at 350 °C to obtain a
NiO/ALO5 sample with small NiO particles ( ~ 3 nm ).
Then the NiO/Al,0; was sulfided by CS, at 310 °C to Ni-
S,/AL,0, ( Ni,S, and Ni,S, ) or phosphided by PPh; at
320 C to Ni,P/AL0;.

When the NiS,/Al,0, was phosphided with PPh, at
320 °C , NiS, was converted into Ni,P ( 13.3 nm ) ( NiS,
(P)/AL,05), which was as active as the directly
phosphided Ni,P/A1,0; ( 7.0 nm ), indicating that the
Ni-P-S species must be more active than the Ni-P

species for the HDS of DBT, consistent with the results
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When the Ni,P/Al,O; was treated with CS, at
310~360 °C , the Ni,P phase did not change, indicating
that Ni,P was much more stable than NiS, ( Ni,S, and
Ni,S, ). Moreover, the Ni,P (S )/ALO; (6.7 nm ) treat-
ed with CS, at 310 °C was more active than the directly
phosphided Ni,P/AL,O; ( 7.0 nm ), indicating again that
the Ni-P-S species must be more active than the Ni-P
species for the HDS of DBT.
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Stability and Activity of Ni,P and NiS,. for
the Hydrotreating Reactions

YUAN Ya-mei, CHEN Hui , ZHAO Dan-yang, WU Chi, GENG Jiao, SHEN Jian-yi’
( Laboratory of Mesoscopic Chemistry, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210023, China )

Abstract: A highly dispersed 80% Ni/Al,0, catalyst was prepared by the co-precipitation method, which was
calcined in air at 350 °C to obtain a highly dispersed NiO/Al,0; with NiO particles of about 3 nm. The NiO/Al,0; was
then sulfided with CS, at 310 °C to nickel sulfides ( Ni,S, and Ni;S, of about 5.8 nm ) , or phosphided with PPh, at
320 °C to Ni,P ( 7.0 nm ) . The NiS, phases were completely converted into Ni,P ( 13.3 nm ) when phosphided with

PPh; at 320 °C , which was as active as the directly phosphided Ni,P ( 7.0 nm ) . In contrast, the phase and crystalline

size of Ni,P did not change when treated with CS, even at 360 “C , indicating that the Ni,P was much more stable than
the NiS, ( Ni;S, and Ni,S, ) . Moreover, the Ni,P/AL,O; treated with CS, at 310 °C was more active than the directly
phosphided Ni,P for the hydrodesulfication ( HDS ) reaction, indicating that the incorporation of S into Ni,P might

generate some Ni-P-S species that were more active than the Ni-P surface species for the HDS reactions.

Key words: Ni,P/Al,O; catalyst; NiS,/Al,O5 catalyst; liquid phase phosphidation by PPhs; liquid phase sulfidation by

CS,; phase stability; hydrotreating reaction



