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Abstract: The influence of the citric acid (CA) on the hydrodesulfurization (HDS) performance of the

metal phosphide catalyst was studied. A series of characterization methods including N, adsorption,
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XRD, TEM. and H,-TPR were used to analyze the effect of CA on the textural properties, the mor-
phology of metal phosphide active phase, and metal-support interaction. An activity test for the HDS
of the 4, 6-dimethyldibenzothiophene (4,6-DMDBT) demonstrated that the catalytic activity of the
Ni, P and MoP catalysts were improved by the addition of CA. The obtained turnover frequencies for
Ni, P/SiO,-CA and MoP/SiO,-CA were 6.2X 10" s 'and 1.8 X 10 * s~ !, respectively, higher than
that Ni,P/Si0,(5.8X10" " s '")and MoP/Si0,(1.4X10" " s~ ') catalysts without CA. By contrast, no
enhancement was obtained for the supported WP catalyst. The characterization results suggested that
the addition of CA into the Ni or Mo species impregnation solution could strengthen the metal-support
interaction, resulting in the metal phosphide active phase with good dispersion, which was not ob-
served for the WP catalyst. Then, the more exposure of the active sites for metal phosphide catalyst
could enhance the catalytic performance. Also, the apparent catalytic activity for Ni, P/SiO,-CA in the
HDS of the 4,6-DMDBT was 87.2% , much higher than that of Ni,P/SiO, catalyst (77.8%).

Key words: hydrodesulfurization; metal phosphide; citric acid; 4,6-DMDBT

AR ZE0RS 2 R I T b AR H A T8 F B, B4Rk, H 28 Bk B KA BE AT
X AR T R B A OGS L DR T A A R TR ™ A B R T AR o . R T 2019 4R AE
A FE Y P St VT BRI v R AR S AR T 10 /g Dy il R AR RS R AR AR Vi I AR Y A 7
T A oo P R 1 o S0RK T A 70— R R Tl i BT B

T AR, T 5 U 4 TR WAL AL ) (NL P MoP #1 WP R AY B 5 @ A g 41 . i BB B
U B AR B B R 7 7 I 0K SRR I 0 0 i Ak M e L B R TR G 0 & R AL A
e 51 ATz e . i, STINNER™ ft PHILLIPS ™ 45 43 B 55 T MoP 1k 77 4 74 3£ 7
JFic W W3 1) Jo S0 8 G i A A i e Ak TR MR e T - R ER (- AL O FHER 1) MoS, i L
STINNER" FI ZUZANIUK" " 85 #F 58 1 2 Bl % 16 4 i 1£ %) (Co, P, Ni, P, WP, MoP, CoMoP #il Ni-
MoP) X A e 28 A5 W i i U0 2600 1 5 45 SR 3R W] MoP fE AL R BT e RO A AE AL 16 . T OYAMA
S o 22 o 4 T Ak A0 A 1 ) A i B R B R B AT LG AR L AR TR PR IUF N PR T MoP Al
WP, JG P &MY . Hod, S A iE (SO FH Y Ni, P AR 7] 7 32 523 b B o 4 10 355 o R E 1k
— Pl L 4 A0 R Y 4 Ak B R Y R M T L SR I BUAE ME  UIAE G . B SE R L SIO, I v-AL
O 1 MoP A6 77 76 15 Ak 72 R BUR [l 19 38 J5L AT 85 X6 F MoP/SiO, fi 4k 7 18 J51 B TE i #Y
Mo-P #lJ5 B M MoP #1; M 7E MoP/y-AlL Os #4651 I, 5 %8 MoO, ¥ i E 24 )i MoO; —>MoO, —
Mo i JF L F2 SR 5 530 5 P s MoP AR 5 32 2 5 Wl R k- A0 1k 40 22 181 55 1 A B0 A A 45 D)
KF . HI . DUEARE S EA AT DLTE IR 2500 o5 v RE SE Ar i B AL W AR . 2R I
2 BRI SR A A 2R P 2 i Ak W A Ak 790 B L BB 8 AR A5 ABURL KT 85/ L T 1 67 2% 8 T 22 114 98 b ) 44 A
I 7E 4,6- 7 HI 3L TR IR MEWY (4, 6-DMDBT) (¥ Jin &0 B 528 B A B i 1 305 kAR e D e,
IR IE A LA OK 2256 47 ) g 804 67 480 N, P AL, 55 SiO, A MCM-41 A FE L 6 A 2 1T 1 R M 72
B PR I AL 25 A A R B 4 O RSE AR N N POSORL X 4, 6-DMDBT HAG 1 5 11 i 4k
[F1ZR

Iy 5 THI » 388 58 e A A A T R0 £ o 8 D 0 TRIARE BB A% /N L ABURE RUST % B B 22 1 1 M L kL 4
r AL TE P i, S B A (PH O A D B A SR AL NiO/SiO, B 76 B 19 348 J5 3 BE (350 “CH
A LA B HOR RS 5/ Ni, Pyl 4 A 5 ) Bt 7 DASEE 66 0 L y- AL O i 8 2 38 5 480 1A 2 [8) () 5 A B4
RS R PH, & — R R EE HL 5 BRSO BRI T L — 20 . DR o S A A R — i



© 22 - MR FFZIRCARAF R 2021 %

& BB R LR T THR R 5 g kb P—O &R . HAETE MR T (550~950 °C) A fig#s
SR AR 3 119 3 D 3 S B AL W UL IR R AT PR AR . AR GBI T SR I A AL ) i 5 o
A TR RE S Ul /N ORE R | A8 06 P R 8 20 02 - 4 v A 0 i i AL PR R . i n K 2
T VY R A SN E x Ja A  AE ALR AY d A a A  BRAS i MR ALR B A S 2 T T L B A
CoMoS 1 & PEAH » £ BULOE S A9 UG P00 o SR 76 1] 4 <6 )8 W AL W AL R 2 b T A 26 5 0 E’J?E’cl_
FERT e/ T HL 224 TP e A AR IR (CAD BCPE Tl 4 PR AH Y NL P AR . SMITH S5 i3l T 16 il # 14
A Ni, PREAFRIIE 51 CA JR#2  Ni, P AT BRI R T 8/ s b i R iy » s SLHE AR PR RE . U
SiO 5y s, 72 % Ni. P MoP il WP 4651 iy # 51 A CAL LA 4,6-DMDBT ﬁﬂaﬂiﬁﬁfif‘jﬁ%
TR W58 CA kA [ 67 28 0 Ak 49 i AL 5 (Ni, P MoP Fl WP 1) 355 4 A TES 550 LA R i 480 B8 87 335 8 114 5%
M o

1 ZLWES

Lif 5.
e
ﬂ

Ell
s

L1 i #

ANAKE IR (NICNO;), « 6H, O) P /K & #H R #& ((NH, s Mo; Oy + 4H, O) iR & — #%
((NH,), HPO ) #Mm R 8 ((NH, ) s W, Oy, « 6H, O) 43 7 4, W T 5 25 82 6 232k 0 A BR S 1) 5 — 4
PEBE (SIO, o 75 5 A5 00 i AR A7 BRA 71D 5 2028 (98 %6 IR Ik A Ak T BRAS 7)) 54, 6-— H1 ik — 8 9 g
W (4,6-DMDBT, B & @R A R A s Fr iR (CA L AR ey A IR A FD

1.2 EHFIHEF

FEAR R S5 R BOR 5 7 3k il 2%, LR S R AN R BRI — 2 3R 1 (NHL ), HPO, | 4 & 1ij 9K 14 F1
CA VT — & T M 2818 K B B2 50 W - 88 )5 G 1% T 16 i 7 I 1 SO, ik oK 1. o, 4 )8 (M 2y
Ni, Mo 5% W) 2k K 1.02 mmol/g.n(M) : n(P) : n(CAY R 1: 2 2, i MALFIFEREEE IR T
HCE 12 h, 100 “CHEFE T8 12 h SR )58 TR A AL FRVRE S 7E 5 « B ) R s v Y L Hs 1 2ot i 250 ~
380 pm, 3 J5 7E 25 AU 500 CHEke 3 hy, i il & i 4 fb Rl AR ic i Ni, P/SiO,-CA, MoP/SiO,-CA Fi
WP/SiO,-CA., fER I AIMA CA §il & L FIFRIC N Ni, P/SiO, . MoP/SiO, 1 WP/SiO, ,

1.3 EHFIRIE

X-H14 2 S AT 9 (XRD) 7E RIGAKU Ultima IV 8% 45 15 B . 3 i 385 ) 28 2031 505 1k 4 A
(R RSt D =KA/(Beos®) » Horpt K R 8, B 09,4 Sy X B B I K. B ok 1T 5 0 1) 21 W 58, 0 ol A
g . USRI I 2 TR R R W AR (77 KD L Tristar 3020 $E45 52 . WLBH AT . AR S #E 200 CF
HE 2 A AP 6 h, R Brunner-Emmet-Teller (BET) f9 5 ¥ 1158 i /Y L £ H AL R A Barrett-Joy-
ner-Halenda (BJHD 9 J5 5 7+ 50 AR 1 FLAR 40 A5 . 2R FT e-Plot (907 1 3H 50 AR il i FLARER . 38 I A0 570 1)
n (P) /n (M) H 1 L IR 5 55 B9 1 1 & 5901615 AL | (Dptima2100DV) 8453 . ﬁf%ﬂ/m CJ5 (H,-TPR)
e TEAL 2 W A (Micromeritics ASAP 2920) F 58 i, i 465 (#4932 55 i B (TEMD i 2 72 JEM-2100
AU 1R TS

1.4 EHEIEN
A 500 35 I P S L T T R U N 25 B ESE A I N AR R 600 mm. [NE 6 mm, SR T . B
0.05 g JBBErIAEfL I (250~380 pm) 5 1.5 g B SiC(250~380 pm) 84318 & 440 5 25 A W 7% 19 15 i



%14 KB F AR BB AT 4,6-=F K = K FFoEwm [ BLAE G + 23 -

X . AR At B« AE H A0 (100 mL/min) #5446 5 23 LA 2 °C/min FHE % H AR T IF
P45 3 h, A NLL P AL A 35 AL 5 2 550 °C , MoP Al WP 4L 51 4 15 (L 5 A 650 °C . IR 4614
PL 4,6-DMDBT [ &0 289 Wk 1 RHA H BT 5 4350k 0.5 %0 [N BE 2l 300 °C L J W FE 71 285.0 MPa,
H, it 4750 mL/min, E 4584 50~110 h™ ', A:f% 1 h BURE R Agilent 7890B S 6 33% %t 5 RHE
TS AT AR BT o M SRR AR . 4, 6-DMDBT Bl &0 B84 52 I A 15— 5 212220, A W s 1 S 380
Xof AR SN 1) B T HC S 3 3R B (ke s » pmol /(g + )RR AR 36 (TOF . s~ D AR N

F
k]—[r)sszln(lfl‘) (1)
FXax
TOR WM XD, @

A e 4.6-DMDBT 3 F i3, 003 F 5 P 4. 6-DMDBT {44 Bt ¥ 4t i 4 pmol/s; W 2y
AR 19 B S s e was DA O 20 AR S 7 149 30 38 5 80 ol / (g + ) 5 D AR B G HOHE L D6 ML g B
PLHEAE R B BT & A R 8 i pmol/ g

2 HR5H®R

K1 R A7 i XRD & W AT STO, S 8 4 £ 7] 257 B 4G I 210 X6 17 14 s £ 4 A 1)
FRIEAF S0 . X T Ni, P #4670 75 20 =40.8°,44.6°F1 47.3° 14 3 Ni, P AH i 45 F 777 55 0% (& 1(a) ,PDF .,
03-0953) % s %k F MoP 4k . 20 = 32.2°, 43. 1° K 1l 3| MoP #H 14 ¢ 4iF 777 5 1% (& 1 (b), PDF . 24-
TTDM T WP AL, 7E 20=121.1°,28.7°,31.1°,42.8°F1 43.2° W2 2 B 5 i) WP AH A 45 AE 137 5 06
(1) ,PDF:29-1364)"" , il 5o Xt Fb & B, Si0, 2k 19 Ni, P F1 MoP #4657, 72 Sl oA CA J5
ARAT 10 A0 0 AR ) AT S 0 iR B2 A BT R A1 A B AR ) UK, RS A8 /0 5 15 IR 52 o % WP iR 7] 51 A
CA J5 - WP A4 45 A AT S 06 £ 6 53 8 I8 25 B 0 SRR 2 B 1 J0RE RS AR X AR Y WP A E— 25 )
FH 2 XA AR A WA B BURL RS, L3R 1. X Ni, P/SIO,-CA Fil MoP/SiO,-CA fifk
R AL WA B BURL R S 43 531 2 6.3,3.1 nm, /N TR A CA 19 Ni, P/SiO, (7.8 nm) Fl MoP/SiO,
(3.8 nm) AL 5 117 WP/Si0,-CA 46 F) H 0k R 14 11.4 nm, K F R A CA B WP/SiO, (9.8 nm)
HEALT . R g SRR XS T Ni, P Al MoP AT, In A CA A R R ST AR 480708 18 1l A 0 455 4 AR Bt
R AH X T WP AR CA By IA ST B 1 B0 ROT A X AR iy WP AR ik — 28 i i i 1k 4
R BRI AR D=6 X (v, /aw) X 1/D 3R 0B P A0 1Y 73 B K D,
AT 53 B 5 0.0 A B A WA Hh BN 42 8 51 1 B R s nm® s o, AR W) A TP Ry B 42 R T
T AL nm” 5 Dy XRD 347 4845 1 8% 16 4 BORL 9 7 389 RS nom ; AR 8 SCHk 4B, NiL P, MoP Al
WP AL FI Y 0 {543 5124 0.035,0.028,0.04 nm® ,a . {548 %14 0.099,0.103,0.104 nm?, 4544k F 14
PR TFRER L 1, XF Ni, P A MoP AL CA BYIA S » LB A6 W) A0 19 23 HE 20 3 N 0.27 Al
0.42 &85 0.33 F1 0.52; i %F F WP b7 , JL4- 103 A r ke M 0.25 W/ & 0.21, BBAh, i 55
AT F Y 4 /i A9 24 /N TR A B B 3k R DR O A A AR 7R 5 D AR e o 8 LA PHL B 20U R
e,

B 2 25 7 A R Ak 0 A A 00 N R 50 BT 58 3 e S AL AR A A T S8R L 4 ol T8 AR XA T g
0.6~1.0 X [] £ BB 2 A0 it /5 B0, SR MHEAL 3R] s AF FE A FL &S H . R AE [E By | TUPAC &5 R 28 B Y
o328/ T H2 B S 3 T8Ok @ T B0RLZ (8] A9 (8] Bt L. XS Il L A Al A FLAR R AR R AE 12.0~
13.0 nm, 2 145 THRUERDL T SIO, 84 K AR AL Y H 2 8B (S per ) A FL R TR CS o) FAL AR
Vi o HIRFHL 5 SIO, 8ARA L 51 AR YA IS A 10 2 0 B SLAR BN 2 £L A2 /N A



© 24 - FMRFFRCAAF R 2021 4

JIT AT, 2 B WA W 0L o 4 T AR 0 A A LA B () I 2 2 T B R B Ay L . HE— 2P LU ROR B X
FA R BT TR IMA CA 55, B HA MU Sper» Sea fl Vi BLE AL K/ X KW
CA 5 AT A T2 0 fHE AL 0 14 504 1 J5

(b) (c)
= 3 =
= = =
= = =
g € MoP/Si0-CA & MoP/SiO ~CA
E = 5 ’
MoP/SiO, WP/SiO,
MEPT PDEDT0953 I MoP PDE:4-771 r J “W’ F29-1364
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 30 60
20/(°) 20/(°) 20/(°)

1 FEH LY ELFIE XRD
Fig.1 XRD patterns of different metal phosphide catalysts
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Table 1 Textural properties, phosphide particle size, and dispersion of the support and catalysts
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Fig.2 N, isotherms and pore size distribution of the SiO,-supported metal phosphide catalyst
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Fig.4 TEM images and particle size distribution of different phosphide catalysts

e e o T R P 0B
PRI T L 3 Ah AR A LRI 4, CDMDET IR B R
AR 5 HL A I 9 e B 2 8L o 0 KB TOF

Y 1T 0 S0 o 9 1
PIRRERUE . MRy TR R R

Table 2 The kyups and TOF values of the different metal phos-

phide catalysts in the 4,6-DMDBT HDS reaction
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