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P—OH 4 B 5 B0 A1 AR 5 B & A= [ AIK. Corma
25U gk SR PR B TR MR — S B IR B R RE 4R L
) ZSM-5 i, RIS R R Rl PR, S0 f5
A RE A K RES E PRI 3 5R. 7E P/AL B EEJR LE
0.5~0.7 HsF, A il A 1R 2 11 1E 28 Boe i Tk 288 1% 1 e
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FPEREPESR T, Lischke 261 #F9¢ & R, 11412 50k
H#i14% HyPO, itk HZSM-5 Wb, S50 A B &%
K, FERS B R b B 22 5, FHVKCK: HPO, 25,
MY B BRI RENS 58 2R . K Be K A Ab Bl 25
FEH,PO, 12 BHEFE A B BRAS T [RAIG. K # A 2
B, SR UCERE A H, SRR M 19 HZSM-5 ik
AP R B I G PRI

PCI, /[ 2 0 36 1 46 P olc ik b 47 76 20 ik 42
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BRI RERE P 5l A S A 22 DU i A A T
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FRE I FE AR & AT P R A A B AR [ R
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Iy B[] 52 1 40 FH e S ek B, 4 I 7 A 1Y)
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BB 2R, S H AN P ASREIE A A A0 A e
1996 4 Hannus 25" #f9¢ 7 PCL, 5 HY-FAU il HM-
MOR )iz, & B PCL, BB I WA IR HY-FAU J\
T A 242, T HM-MOR BSR4 A %2 e . IF
HA5 14518, PCl, 5 HY-FAU #il HM-MOR ) )i/, P
AREHE A AT B0 3. YR UL, FT A PCL, ik
PR R R H R RESH PBIA A EA, S
fRRERR EL NaY BRI, SZBRFr=9 i 4s ik
I, VA SEBRI B X, R, I3 X 5 22 7= 4
WA IR AN AR E 1 TR SR it — 2L oY

g5 AR, P et TR v A AR
IR e P IR AR FLRR P 0 B B, R AR 2
ARG T AAF 80 Tz ikl Bar, iz A

) P RACHE T T A IR R A S T ag ik, o AR R
PCL, 1Eh P SCHEBRIR, H T RIS 0 7= P 25 b
AR A S A BB AT 2200 FRATT R B, il
FH PCLy #ttE USY #ESL RS, BT USY RS Ra e
W, TEZe0L PCLy A FEAE S ATHRE DR o A AE X 445
AREE. [RIIE, %548 T/ SMEE PCL Mot USY b A1 7K 34
LA S IR T LA B OE == Be A A 244k O i P, I
SR ORI T X e, VAN 5 SR TAE & 4R
HE—Flr e P chEh A7 B % B
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1.1 A&

USY il %5 ¥ NaY (A7l == JH A A Ak )
7, Si0, = ALO; FEIR HL 5.2, AHXTES 5 A 93%)
G M A B E A CRENE A BRA ], AR) IH
HORWER R 5, Hirh NaY « S4b%k « £5 Tk
BN 121210, 76 90 °C 248 F 354 1 h, Zat
g RS, BT 120 ¢ HEAE R HE 10 b,
RIGE TSl 8 Comin ' (FHREHERTHE R
650 C J5il A FIZKZE AL I 2 h, 155 —38— K4
AR . K T AR S PR EE R 1320 AR 31 P 22
IR USY RS

USY-A ffill & : #1719 USY B i & e Ak 2
RENTHRE) USY A4 FREL 30 g T8 USY A
BT RN ZE, R, T E ROV 400 C
J&, Af P & 80 mL-min ' i N, /E RS K 3 ¢ =
SALHE (PCL LI ZRVE IR, AR) WA R I 2%
TR0 58 UG A2 WA 30 min, DG F2 5% B8 14 2 i )
PIIZ AICL (5 55, 178 °C), FEIR g Ve e =
P, 7F 120 C #tT)575 2] PCL, st USY A4, i
4 USY-A.

USY-B il £ FREL— 2 it i BEIR A — 8k (Rt
HRARAF], AR) Bl & IR, SABUR BT T4
B USY b b, T 8 h J57E 120 C T 4T
10 h, LA 4 Comin ' 9 FHEE R TR ZE 550 °C Kike
4 h, 52 EFEBOM: USY BE4, 308 USY-B.

BE b K B AL Ab FE: L USY BE &L R ), B
USY BE&H L 8 °Comin ' A9 FHIE 3 R THELE 600 C
J7 0 ALK ZE S AL TR 4 h, 15 3K GBS I RE
i, 184 USY-H, M ) USY-A 28 600 °C /KZES,
AL 4 h (9 RE FhiE S USY-A-H, USY-B £ 600 C
IKFESALBE 4 h (FERIE SN USY-B-H. 800 #1900 °C
TR BADHE AN R AR A PRI, AT SR AR,
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1.2 UBRMEF*

K H X Bk R AT (PANalytical) il 2
AR il R 45 A, B2 ST0y/ALOS 1l i 45
D2 B HL A 40 mA, 5 HLE R 40 kV. I 45 &
JE R EREE R 5°~50°, P22 B4 Si0,/ALO; [
0 R 28°~32°. SR I N, 4y B BfF (36 [ 242 5
TriSTAR I 3020) I = 4 i 1) be 3% 1 B RN FL A% 55
A1 SR AL = W B (36 B %2 58 AUTOCHEM I
2029 By W 5 BE AR ML R X9 6t i X
(PANalytical Axios Max %) I 2 A & () B 5 & A1
Na,O & & . % i B 21 48 5% 3% 4% (3% [ Thermo
Fisher ) Nicolet IS10 %) Il 22 i A7 (52 FELT A ATt
WELT AN, SR 22 HE4E 600 MHz [ AR RE I & ik 47 1Y
P YT AL R
1.3 EFEREENRY RN

SRR & W) 1 3 Jot %5 B2 RE i B A AL 1 .
FREL 100 mg Kt T 5 AOFE & B T 88 R B0 4
7€ 40 mL-min ' (9 N, 0 F 2L 10 C-min”' B9 FHE
HRTHEZE 500 °C 154k 2 h 5. i N, B IE 2 ke s
MR G PR RV 28 (WHSV =42 h'). =W
LR 500 °C, S =4 kSO € (Agilent GC
7890A) TEL 5T W4 AL

2 HR5IHR

2.1 YIHEEH R AR ST

& 1 & USY. PCly 2P #E & USY-A. =57
BERCHERESE USY-B LI 3 FhEE S 600 °C KBk
4 hJ5 1 XRD E3E, MEH AT LA H, B A
HAT Y B A W RRIEIE. % 12 USY. USY-A Al
USY-B # 7K $E A0 HI 5 R b i 0 AR 2 B S5 i 15
B.NEFALIE H, 5 USY BEShAH EL, USY-A B

i PRI AFDOT 235 R B R A T — R B B AR, B 2R R 4R
LU AR A R 4R E 2 B0 T B 4R, X AR PCL,
XTUSY 474 T IERAOR, IR T 85853 A B
AR, 3R T AR AH— 2 . TR Bk &
1Y USY-B ¥ it I AH T8 & B2 B SRR R LA R AR
T/ IV, X ULEH IR 5L LT B X USY P2 AR iR
YEH. 5 USY # L, PCly Bt USY-A #) Na,O &
& A W i AR, X FR I PCLy el A2 PCL, 43 fif
FEAERY CUS Na & A B A i NaCl BB 41 i
ShEAL, H BB 5 P IR T84 Y Na', 38
HNa,0 & & & 4 B B FEAL. 75 600 C K&k
4 h 5, ARG AT R A T — R )
AR, HB2RaEAR L3 AR T4, X Uik #ab B
SO A T BUER SO, A SR P A T R
AR .

g J l ‘l l l NTY usy-Bl
Y O T
g
E 1 T L.
U, Usve
| I, USYA
L o, sy
1.0 2.0 3.0 4.0 5.0

20/(%)
1 USY. USY-A. USY-B. USY-H, USY-A-H i
USY-B-H # /i XRD 5 [4]
Fig.1 XRD patterns of USY, USY-A, USY-B, USY-H, USY-A-
H and USY-B-H samples

% 1 USY.USY-A.USY-B.USY-H.USY-A-H #1 USY-B-H ¥ ZH#31 & R E (RO).
BIREALE (XRD) A HEEESALL (XRF) FRMEEH
Table 1 Relative crystallinity(RC), framework SiO,/Al,0; mole ratio (XRD), bulk SiO,/Al,O; mole ratio (XRF) and unit cell
constant of USY, USY-A, USY-B, USY-H, USY-A-H and USY-B-H samples

Sample RC/% Cell parameter/nm SiO,/Al,O; (XRD) SiO,/ALO; (XRF) P,0s/% (Mass fraction) Na,0/% (Mass fraction)
USsy 76 24356 18.2 5.7 - 0.850
USY-A 62 24346 19.6 6.6 3.638 0.279
USY-B 79 2.4355 18.4 5.7 3.973 0.837
USY-H 74 24340 20.4 - - -
USY-A-H 58 24317 24.4 - - -
USY-B-H 74 2.4327 22.5 - - -
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2.2 AR

T2 o 2% B i N W 6 45 TR R R AL AR
5 L AT LU AR 34 2 B R g TV R 4
T2k, W EURA AR IR, UL T B G R AL 3R
AR L USY #85 B B ] LA FLAL EAR 5
A EEAE 12.5 nm FHIE, Wigsad P ichE Ak Hah 2
JeRE S R B ] JLAFLALAR 20 A 42 R TE 29.5 nm
BRFIT, 3156 BH 76 Ab BES R 5 (9 A FLFLAR AR R, 30K
AT F T R R ) S RARFR S 0z ) 43+ 1)
POk 2 2 SRR TE AN Y B 2 T R L AR B
5 USY H A H, Br A B ek PE T 600 C K A
AbFRJEAE SR Y BET FLR AU & A4 T AR, I H0
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&5 it Bt kA B AR AL, DRt T R G 2 T B AR
=T PCL 33 USY 5 28l 45, B Rk 11 & 48
ShKL. 12T USY-B AR b ARk A B 1R B
fiK, EEIEH T P UMK ZE T ik A Y fLIE LS
FU0 A ASTE B e, 1K B AR BES , PCL, Bk
PE USY-A B 5 0 80 b 2 i AU A &k AR A, T
Rtk P etk USY-B #E ST LR AR LA T W1
FEAIG, FRATTIA X — B 1568, PCLy M4 USY-
A T P RO A O E L TR Bt USY-
B 4.
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% 2 USY. USY-A. USY-B. USY-H. USY-A-H 1 USY-B-H F£ 511 (a) AW Hh 2 (b) FLER MR E
Fig.2 (a) N, adsorption and desorption curves and (b) pore size distribution diagram of USY, USY-A,
USY-B, USY-H, USY-A-H and USY-B-H samples

% 2 USY.USY-A.USY-B.USY-H,USY-A-H 70 USY-B-H # S AR
Table 2 Texture properties of USY, USY-A, USY-B, USY-H, USY-A-H and USY-B-H samples

Sample  Saer/(Mg ) Sy (Mg )  Spema /(Mg ) Vigallem'g ) Vo Aem g ) Vi em™g ')
USY 557 496 61 0.353 0.243 0.110
USY-A 445 404 41 0.317 0.198 0.119
USY-B 530 484 46 0.360 0.236 0.124
USY-H 524 491 33 0.360 0.241 0.119
USY-A-H 448 415 33 0.309 0.203 0.106
USY-B-H 507 475 32 0.338 0.233 0.105

2.3 fE{L1kERE

K BRI A W) 1 S Bt K 25 S0 i A fi Ak vk
fiE, Z5 WA 3 s, AT HL R B, AR MU USY
FES AR EE, P Ok USY-A Fil USY-B K dh 42 B H
TR R ) I S B A AR B R A A M. ORA
B AN, B P oot 20 s6 PR A, 80k

TR AL PR, S o0, T B E8ibis
PERUE M, XFIXCEERE AT T 600 C /KB LANH,
KB PCly Bk K UEHEf USY-A-H F-FF T 5
AL TE P, TR B e P kMK 45 K2 5 USY-B-
H A HEAL I PE LT F1 USY-H — 2, 26 0 % LR Bt
% P EPETE 600 °C /K I 28 FAL BR A& 4 T I 30
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n-Octane conversion/%
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USY-B-H F:ah I IE S befi A%
Fig.3 n-Octane conversion rate of USY, USY-A, USY-B,
USY-H, USY-A-H and USY-B-H samples
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B USY-B KRG A USY BESAE K i 18] i i
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Ffa @ty R, X7 USY, USY-A F1 USY-B £
YEFT T NH,-TPD FAE, W 4(a) . TAELE R K
B, USY-A 5 0 55 FR IR f AR T USY, 1M 5 % 12t B
T USY, X & H T PCL S 30 £ 48 5 987
1) AlO, & fE A& T, W &R /3 JEAS R SR Y Al (L s 5%
AR ARIR AL, PETTHG N T SRR " Ak gt
IR, KRB A 5 1 USY-B FE K USY 1)
FEARFR B A T BB A I, B P Rle A
R A iR i, ROMTEE R T USY AE R, &
Ut P S ASRAE T 0 22 (IR 7 psi . 38 3 2 ) SC ik
RI, AHGEUE T P 8Pk ZSM-5 B A1 REfs 4 = s
AR YE, H P RESHH AR A B =AY Si—
OH 55 FF gk A A7 BB R 24, I HIZ 45k g s
T FIRS S Wb A1 B 24 AL AR FH, 2 1 2 v A Ak 711
AT PR E PR R T R AR T AR R T R A —
N, XF 3 ANEERHEAT T FEIELTAMORAE, WA 4(b)
Jii 7R, Hort 3630 em ' Ak R B S H Y Si—OH— AL
Wi 5L, 3565 e &b g 75 4k 7 T8 RIS O A G Y
Si—OH— Al 5 3, 3743 cm ' (9 45 1iF I g 32 T
Si—OH Ky HRAE I N Ha] LIF 1, it &
PCL, SUMVA IR iRtk P o, TR 1) USY-

) :i—OH—Al Si—OH—Al
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Fig.4 (a) NH;-TPD curve and (b) hydroxyl infrared spectrum of USY, USY-A and USY-B
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Fr, X R TIREE P Rt R i A R S AR
S, RS2 ELFERLLT AR, AP 2 oy il
55 USY-A Fll USY-B £ 585 (3630 cm ') Fl/IN
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Bk 7 — R RGP P e RE S I AN
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USY il gt b, 7 A K AR B4 AL YR,
SHR BB AR A LI N, RS ZE A A FLIE 2544,
i FL2 8% B 8 Si—OH—Al {5 1 H, S5l
) Si—O—Al kA H EAEH, T % Lewis 21
ST B R E AR P RS Al IRMRAS)
ZEO T IR BRI AR, IR At i, Bk 41 i P
YR RE S I 5 | AR B2 ALY AR, DT (6 P & & AR 4%
&, B R Y Rl R R A Pk S Y
Si—OH— Al [ &34 £, A —A KA R R %, J)
5 Si—0—Al #AH HAEFAAEE 22 Al Y Fhi;
25 E T A S Si—OH—Al 15 LKA

b T EIEX — 548, XF USY, USY-A #il USY-
B 3 MEERLHEAT T AL B RAE, 45 R E 5 R,
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Fig.5 Al MAS NMR spectra of USY, USY-A and USY-B
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W ] P AN S AL RAF EAERDY |
F 930 ZbAEH 2R AL B FRAEIE N 5 39 &b P PR 5
ALAHE AR = B RAF I TR 38, AR XEHIIET 6 30
AR ALY B i R A AR AT SOk GE, 1E
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Fig.6 Infrared spectra of USY, USY-A and USY-B after desorption of pyridine at (a) 200 °C and (b) 350 C
% 3 USY.USY-A #1 USY-B I B B4 L BREA =
Table 3 Amounts of B acid and L acid of USY, USY-A and USY-B
Total acid site (200 °C)/(umol-g ") Strong acid site (350 “C)/(umol-g ')
Sample B L B+L B/L B L B+L B/L
USY-B 120 45 165 2.67 53 25 78 2.12
USY-A 119 62 181 1.92 53 36 89 1.47
Usy 123 72 195 1.71 37 33 70 1.12
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Fig.8 (a) Hydroxyl infrared spectra of USY-H, USY-A-H and USY-B-H; Hydroxyl infrared spectra of (b) USY, (c) USY-A and
(d) USY-B samples before and after hydrothermal treatment
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Fig.9 Infrared spectra of USY-H, USY-A-H and USY-B-H after desorption of pyridine at (a) 200 °C and (b) 350 °C
% 4 USY-H.USY-A-H #1 USY-B-H §J B B¢l L BSES =
Table 4 Amounts of B acid and L acid of USY-H, USY-A-H and USY-B-H
Total acid site (200 C)/ (umol-g ') Strong acid site (350 °C)/ (umol-g )
Sample B L B+L B/L B L B+L B/L
USY-B-H 89 43 132 2.07 21 16 37 1.31
USY-A-H 70 82 152 0.85 41 36 77 1.14
USY-H 93 55 148 1.69 35 14 49 2.50
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Fig.10 *'P MAS NMR spectra of (a) USY-A and (b) USY-B samples before and after hydrothermal aging at 600 °C; Al MAS NMR
spectra of (c) USY, (d) USY-A and (e) USY-B samples before and after hydrothermal aging at 600 °C
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Table 5 Relative crystallinity (RC) and crystallinity retention (RCg,) of USY, USY-A and USY-B samples before and
after hydrothermal aging at 800 and 900 °C for 4 h

RC/% RCro/% RC/% RCro/%
Sample RC/%

(800 °C) (800 °C) (900 C) (900 °C)
USY 76 60 79 39 51
USY-A 62 54 87 38 61
USY-B 79 58 73 34 43
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Abstract: P modification is an effective method to improve the stability of zeolite catalysts. This article discusses
the differences between different P-modified USY zeolites prepared by the PCl; gas-solid reaction method and the
conventional (NH,),HPO, impregnation method. The study found that the P species of the two P modification
methods can interact with the Si— OH in USY, and at the same time capture the nearby non-framework Al
species, converting the L acidic (Si— O(EFAI)— Al) into a strong B acid Si—OH— Al. The migration of non-
framework Al improves the pore size distribution of zeolite. After hydrothermal aging at 600 °C, it was found that
the zeolite bridge hydroxyl group of the PCl;-modified sample was not destroyed. The reason is that the P species
of the PCl;-modified sample was mainly an oligomeric P species, which can better interact with nearby the four-
coordinated framework Al interacts to protect the bridge hydroxyl groups of the zeolite. The sample prepared by
the impregnation method mainly generates higher polymer P species, which weakly interacts with the nearby four-
coordinated framework Al, resulting in little protection for the bridge hydroxyl groups of the zeolite. Therefore,
the amount of strong B acid (41 pmol-g ') of the PCI, modified sample by the gas phase method was significantly
higher than that of the P-modified sample by the impregnation method (21 umol-gfl) after hydrothermal aging at
600 °C for 4 h. After hydrothermal aging at 800 and 900 °C for 4 h, the PCI; modified samples exhibited higher
crystallinity retention compared to the impregnation method modified samples and the unmodified samples,
combined with the fact that the PCl;-modified sample has the highest n-octane catalytic cracking reaction activity
after hydrothermal aging at 600 °C for 4 h, all results show that the USY sample modified by gas phase PCl; has
higher catalytic activity stability and structural stability.

Key words: USY zeolite; gas phase phosphorus modification; acidity improvement; hydrothermal stability
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