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Benzene formation routes in VGO catalytic cracking

GONG Jianhong, XU Youhao, XIE Chaogang, LONG Jun
(Research Institute of Petroleum Processing , SINOPEC, Beijing 100083, China)

Abstract; Daqing vacuum gas oil (VGO) was catalytically cracked over catalysts of different zeolite types
in a small FFB (fixed fluid bed) unit to study the aromatics shift and aromatics generation which are two
important routes of benzene formation in the catalytic cracking process. With the Y zeolite the turning point
from aromatics shift to aromatics generation happened at the conversion of about 30% . The respective
contributions to benzene formation from aromatics shift and aromatics generation were about 36% and
64%, and the dealkylation of about 5% of alkylbenzene present in the feed was also helpful to form
benzene. Accordingly with the ZSM-5 zeolite the turning point happened at the conversion of about 55% ,
the respective contributions were about 20% and 80%, and dealkylation of about 10% of alkylbenzene
present in the feed was helpful to form benzene. The ratio of benzene to aromatics originating from
aromatics generation was basically constant, not varying with conversion, but it was closely relevant to the
type of zeolites. Some of the benzene formed by reactions was again consumed at the conversion of about
75% during Daqing VGO cracking. Reaction temperature had an important effect on the formation of

benzene.
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Table 1 Characteristics of VGO

Densit Residual Avera istillation/ C
en?]‘ Y estdud verage Alkyl-benzenes Mono-aromatics Distillation/C
(20°C)H coke/ % molecular /9 (mass) /%4 (mass)
/g cm 3 (mass) weight //pimass /70 mass IBP®  30%  50%  90%
0. 8586 0.03 379 6.0 11. 4 292 413 438 501

(D IBP denotes initial boiling point.

®2 EAFBER

Table 2 Physicochemical properties of catalysts

Catalyst M, 0P /% Al O3/ % Na, O/ %

BET surface area

Pore volume . o
. . Micro-activity

/m? . g /em® o g™
MLC-500 1.9 53.7 0.11 144 0.191 62
MP-051 1.52 46. 1 0.078 106 0. 104 68

@ M denotes rare earth.



« 2016 e T

F [

%559 &

2.1 FRIBREER
Wt 2 1Al DU E#E A R R A B S
F18) o s 4 R B A 5 R 1 o
Was 6.0

— a0V 5 . o]

Nap M, 379 0. 1583 mmol « g [@D)
C W. 114 »

e My 379 0.301 mmol « g (2)

K1 () ~ (o) 20504l T HFhfE 500 C
T ARSI I3 G A A TR b SRS S 7 A
SRR T e R R B AL A R AR AL S R
(BEIR P2 Rl = R ER DL T A 5D .

0.08
- |
& .Y

= 0.06 W 7SM-5

£

£

2 0.04

=

2

g 0.02

=

2

0 20 40 60 80 100
conversion/%

(a) benzene

_ 030
|
on
- 025} oY .
2 ZSM-5
E o020f .
2 ois) *
20
Q
E 0.10
£ 005}
0 20 40 60 80 100
conversion/%
(b) toluene
1.4
o 12 L 2
E 10} B ZSM-5
g
§ 0.8
[
= 0.6
3
2 04
g
£ 02 j/(/
> . . .
0 20 40 60 80 100

conversion/%

(¢) aromatics
I N N i o e SIS L | 1 B S 2 8 st
Fig. 1 Variation of benzene, toluene and aromatics

with conversion over different catalysts

ME T AT LA, w2 Y 410
& ZSM-5 43 F i AR ) B OB . R R R
ORI H 120 I B A S 0 H N T R LA R R A
LR N ARG I W . TR R, BR
WIS, TEARFEAR TS, 16 Y 4 F i -
() B SR PR R B T ZSM-5 4 F i AL 3 b 1 BE AR
FRE s MR AR — R, oK. HOR K05
FEAE ZSM-5 3 F i AL R B aom el g, & AW
JEE IR 7 FE X W M L AR Y 43 0 AR b S
Xt YRR R = 3, RS (D) AT 1 (a), 7ESE
B BT AT I AL R . R AE Y 4 T 8
J& ZSM-5 43 i Ak ) b YR Hh 2R R R T AR Y I
T Rk b ot 2R Y BE UK & (0. 1583 mmol -+
g s XA (2) ME 1 (o, R YEAF
MR —fE I, Y 4y F 0 K ZSM-5 4 - fifi i 4k 7
VR R D R R R 7 R 2 ) o T JUR Hh LA T
B (0.301 mmol » g '),

XFEC Y 4 F 0 A A6 )R ZSM-5 4y - 1 A 4L
Ry A L IE 254 RUE AL RE AR L R . X
HEFERM S, HATHAERK. BHE Y 5T+
i 1) 6 G 45 A8 T A R T I ORI A R AR
JEURL Y 7 i B Jo 3k S B (5 ke A% ) . AT S B A
BAREALR T AE Y o Foi e B ry 2R, R &
J5 WP IR 77 38 T AE ZSM-5 43 i A A ) F % B
7=, i BT ZSM-5 43 F 0 A R T 55 M Ak R
RN GF kA U B 2 —) s TS BRE % 5% LR
(3G AN, AE ZSM-5 43 G AL ) R R M
F5 N8 BE IR = R B WAL AR Y 431 0 4 AL 5] N
=2, G AT DUAIGE SRRk e I dor A R 45
050 FEAEBARFAL RN R, Wi AR R
IR A O e ) BEAE B e Ak % T #E47 . Claudio
LR Biswas S8 I FEAIREL AL R T IR O
REERA TR TR B (PRI,
HE— 2P FET R AL

B R AT AT DR — 25 0 SRR} S A 5 o
A R B A At R AR AR R I L. T ST
SE 2 24 SRk v i BB D A 5 4l ok I Ao ik AR LR
TH 7 B X I B AR, AR AT L R RO
AR — AT AR LR, PRIy
1 BB ) ORI B B TR, R
TH Y 2 B i H A Y e A R R AR E . RAE IR
TR 5 AR R AT LA R 0 A 2 DR
Sk T (e 3 X e i NN N - B (iU



55 8 ]

SRS . WA AL AL I R e B9 R A RS R 3 A « 2017 -

JEORHIB o i 7 A 5 TR TR A AR, R I 3 i
Fofth A g A2 CAnER I S 55 07 e A L ) 1331
WG 1 (o) v J7 e Bl B Ak % 728 40 19 1005 i
AIEX A (2) FTURE, X T Y gk 0 A
R ZFARL R 30% 5 X T ZSM-5 43 F i fik 4k
R ZFACR LN 5500, BEIZ A0 AE A AR A
AR ZE Ry 1 A R B LS A 2 mT AT A
[Fi) 2 78 73~ Ak A 3R] B o N 9 o 2 7 3k A8 2 IR
5
D Y 7> TR R RN
yp = 1.35 X 1072 —1.88 X 10 ° 2" +
8.97 X 107" 2 — 0. 00618 3
WA 2 =300 AX (3), W] LIS 3 5% i 78
BRAE Y 43 Ui i AR b SRy i, SR A b R
AR Bl 0. 007455 mmol « g ' SR FIAE T
5 AT RATHEE A 52 55 i g 3 3 09 0 s 5 AL % 900
Wf. s o AR P OOR B R IR R O 0..020685

mmol < g ',

H G AT DA 3 R IR VGO FE Y 4 i 4 £k 571
RN 3 2 5 AT AR BN & AR AR RR Y B A
20

Ry, = 2= % 100% = 36.04%

Ya=090
XFE AT A5 3 A 5 R A R R a8 AR A AR
i L 51 24 R
Ry, =1—Ry, = 63.96%
@ ZSM-5 3 TR REEIR =R N
yp = 1.30 X 10 % " 0455 (1)

Wi b 3 =551 1A (O, T LIS 2 & i
IMAERRPE ZSM-5 3 1 0 M AL 50 b Sz i, J50REiE
b W e 2E R B SR 0. 015877 mmol + g ', [
FERT AT Hh A S 56 7 R A 31 ) d5c e e Ak 23 90 20
S A R AR S 2K 7 3 0. 078051 mmol + g ',

BT D334 K R VGO 78 ZSM-5 4y - fif
PEATR) b SO I 3 ek O e A RS BN AR AR A AR 11
LB 24 2k

R, = i":“ X 100% = 20.34%

=90

X IO R AT SR 30 a5 s A RS AR R B L
ESPA]

R,y =1—R,, = 79.66%
Xof EE R A G R A R 4 SRR DA R B, KR
VGO 1 ZSM-5 53 1 A TR b B oz i 38 2ok J3E e s
AR B & (0.015877 mmol « g ') BB £ F I

Y S T4 R F g (0.007455 mmol « g 1), R
BN, 7E ZSM-5 43 i 4 Ak ) b 5z g B i 2ok
ot A R 1 B AT B SIS AR Y 4 O 4 AR R
SN B S e R e R A B B B . E T L
ZSM-5 43 F i A6 ) L Y 43 i i A ) B A R
3 2o O e A NG A R A LR

KL SR 0 T D 5 AS B RO E Y
gy F 0 A AL R b E B e Bk A B H R Y R
0. 01508 mmol « g~ ", 2 34> S B o A8 o A
R 11, 69% 5 JFURLE ZSM-5 43 - i i Ak ) 1 3E
o i e 3 A= % B 2R A9 & D 0..022098 mmol ¢+ g7,
2y i AN SR A AR A B R 8. 824,

I A BRLPR 05 R T A g i R R B o ik
A T AT DR A A i B N AR R . 4% IR
T A7 35 . AT DA E— 25 B o e B R R PR B B 2R 45
R I e R B N A R 1 B A1

Bl 2 45 T RIK VGO 7E 500 C F . AF 4+
iK% IS A AL 7 R R AT LA SIS S AP N
Z IR AL R AR, NIE 2 AT LUE . R 4% 4k
REE 90% . XY sy F iR F . kbR
b FURMBE SR 14 %0 22 475 X ZSM-5 43 F- i 4
RTINS PR R R A RO BE R Y AT 0 A2
fio [HETH C 2483, R AT DL o 05 8 B I b
WARTFE], AT L kDY R AR N iR AR T A F
b 5 e 1 X ) I T S/ o B R N E £ Tt
RAEERHAR 30704, hxX 5, X 6) AL
B KRR VGO 500 CHE Y 43 -0 Ak 7] _E 520 i
JERR AR 4. 71 0 1 e 3 0K 25 & AR B e S e By AR
B MAE ZSM-5 43 F i i Ab ) b, BT ARk R
FEHE AL % 5500 kb, TR RE AT DLTE B R R AT
10. 06 %6 %6 3 9 23 K Az Wbt e 6 s I A R
yp = 8.55 X 1072 —1.19 X 10 *2* 4+ 0. 5672 — 3. 90 (5)

yp = 0. 824¢ 0% (6)

XiF L SRR rh e R 2R 2 A IOt e ik IO A AR 1 JBE O
R e SRR A e 525 ke A i Ao 38 )2 g A
BUIR B BE R P2 3R 0] LR B, i S Y 4 F O Ak
FILSETE ZSM-5 43 F i i A 0 — & HE A M 45
H LRI PG VGO fitfb 24 b it Bt vy ok rp B0 ¢
IR FEAAS 25 B R A Ao i I AR TR
2.2 FREBRRMNERE

FEVI I8 0 3 05 I 2 R i AR 7 AR DR,
V190 AL BT 1 Y D A R R 7 2R A R DR
Tt 7 AR 1 D e m R PR R R R, DT A ) L I 5



to
j=)
~
o
=
H

F [

%559 &

N
(=]

| SN | |
T 40

S

5

g 30

2

Z 20

<

2

g 10

2

0 20 40 60 80 100

conversion/%
2 KA TR TR b b S R 2 L BE R e R R4
Fig. 2 Variation of molar ratio of benzene to

alkyl-benzene with conversion

10
S oY
ER m ZSM-5
3
=6 "
8 ]
—_— n n
g 4t -
2
g 5,1 &
g2 . *%”
0 I 1
40 60 80 100

conversion/%
B3 “RIEJFRE” W “KIEHR” BE/R > Bt 3 28 1k
Fig. 3 Variation of fraction of corrected benzene

in corrected aromatics of naphtha with conversion

I7 A BB IR AR A B T R R . AR SRR N
CRCIETFRET R CRIEZR”. K3 i T ORIK VGO
1E 500 CF o AS[FEZEBY I3 Ui AL 50 b S BE i
1R RN I AR R AR BTl CRE ST kT
CREIEAR” IR o BB e AL AR A 22 AL

B 3 A LA . TC X T Y 43 0 i 1k R
b S ZSM-5 gy 1 Gl ARG .l o 5 e A BB N
A2 A B PRI 57 0 TR AR Y B R O3 BOHE AR AN B e A ¢
A L . X T Y o F iAW, i Iy
Jote A S IO i A 7 A G TP R 2 R D R R EE
BISEALESFAE 10 ~300 8475 X T ZSM-5 43§
ST HHEAR AT 5 VT AR AR 2 R T R Y E ] R A
HEFFTE 40~ 600 Ay . 2R WA 3 BT i A 2R AL
WL R A A T A RSN IR AR AR R
JPIE L IR A HE Ry (H . AE ZSM-5 73 1 fifi i 4L
F N B AE Y 0 A AR B SR A )
HR O O T e Y B B . R ZSMES gy - B
HEALTA LE Y 23 0 4 A R0 S8 A R T A O S AR
S 38 A8 A 7 A 5 A B T B AR

2.3 FHEURMATTEED

T O 28 38 3R 1 26 B F2 28 A 253k 42 = B
B 5 9 A B R 5 H A IR R . (LA SCHR AR B 1 5 4
A IR N IR AR RN GG A s R A B SRR e
BE SO Z A 25 B AR D R AR SO, IR LA
AR IR AT RS R R AE e B Ak . bR RS
SN I AR AL RN . W TR . R R
WL bR AR 7 R R A R G i g . AR AR R A
T, AR AT BE S 5 RO B R e K
Az Jot B AR S T B 40 TH AR . X T R A Ak S 1Y FT B
PR A 23 76 31 0T Ak 240 B R R b R R A
e R G ES

Xof 07 K A R B IBRARGHE —  Arir. HR 2.2 75
Jrk AT, R CRIER” RIEITIFR.
REIEFRT PR AR ] CRIERT Bk
4T R VGO £ 500C F o A [ 265 4y 7
TR pRE AR b RN AR IE R BE B I B A R 1Y
ALK R

2 007 0.018 _
= oy z
N 0.06 i 10.016 %
z m ZSM-5 10.014 =
E - 005 g
5 10012 3 _
3 2
2 = 0.04 10.010 o t.ab
£ £ 0.03 10008 25
£ 10.006 8 E
g 0.0 2 E
= 10.004 3
£ oo loonz B
g 0 0 8

3 60 70 80 90 100

conversion/%

B4 “AREZR” EPEMERE R LR AR 4
Fig. 4 Variation of selectivity of corrected

benzene with conversion

TEY 73 FOi AR b, “ROEAR” e Pk

RN RN
Syp = 1.78 X 10 %2% —4.02 X 102> +
3.06 X 10 2x—0.775 )

1E ZSM-5 73 T AL ) L
BEE AL R E RN
Syp = 2.12X 102" —4.80 X 10 *2* +

3.62 X 107 2 — 9. 09 (8

TN R AE BB B b 2 R AR AN R e B A S B e

FEFERRFMIHAER, BB (4 “FIER” i

PEVEBESE AL R AR M R AR A TE B i, B X

(5) F (6) FA1E B 8. WRSZ B 8K

BEIER”



55 8 ]

SRS . WA AL AL I R e B9 R A RS R 3 A « 2019 -

9 0 AL DA B X 1 R AL R . IR A
Y3 S CFEHT 18T 35038 1 e AL R [ D . 3R
FY A 5 S5 Vil 1 e 1 284 b o R v £ A 0 A o 5 Ak B
BEFL R S5 RV IR AE AR

XY gy F AR, K (7)) R Z B &
B 18

Sip=6X1.78X10°x—2 X 4.02 X 10~

A Svs =0, A LU E W XN R Bk R
x =75.28%,

X ZSM-5 g3 AR, KL (8) SRR &
., 15

Sye=6X2.12X10"2x—2 X 4.80 X 107*

A Syn=0, T LAFSL R 3 2=75.47%,

HULETE . 78RR VGO {24kt 2, o
Woe Y 73 0 AL 0 I8t ZSM-5 3 - B 4 A 7
B oAE— @R B R AR, R 1%
NSV KA. WE 4 B LA, SR
E— BRI, PR A SN N SN
2.4 BENFERREEZEEZENZIE

S50 B o i A B o R — A AR ] 2
B W RO I BE 2 5 U W 0 A K R R AR
U DR AR A B A A B R R R
T TR AR AR AR AR B S TR BE AR A

K5 (. (b 4 T RIK VGO 1E Y 71
AL L AE 500, 480°C FIEM “KIEFH” Bl 1L
AL

MBS (a) HAILAE 758 A 5% AL R0
P A [ S il B8 T 2 B 2R 7 S5 i 2 1 32 1) 728 A
LRI IREEAR — 2, MR AR . O I B T &
AREEJR A IG I . B A A 3 AT RE . BN
A T B Rk L R b A A B, R IR R
AR T T R B SO iR AR R R . AL S (b)
R LIE . BRSO MR LR 500C
480 CR “ALIEAR” P2 JL-PAHSE AL = etk
BN FELE A IR A R IR R A R . R
T JBE R 7 8 A BRI 38 AR A TR e AN B I

3 % ®

PARIR VGO S5k, i i o2 e 1b 3 i & 0F
FE T AL AL I i v 55 R T B8 S R AR R e AR
U IR < e o0 i 5 o I N S D R < = A
Mk ok B Al 3R AR A 5 218 2R 8 24 A ol B ot ik A A
W, RN R KIR VGO TER LA 750 /2 4

0.025

-1

o
E=]

0.020 r

0.015

0.010 ¢

0.005 r

benzene yield/mmol

0 20 40 60 80 100
conversion/%

(a) benzene

0,020
|
o ® 500°C
g 0.015 ¢ W 480°C
£
2
g o010
2
=
3 0005}
g
g
O " "
40 60 80 100

conversion/%

(b) corrected benzene
&l 5 AN[A) R R AR CRIE AR B LR AR Ik
Fig. 5 Variation of benzene and corrected benzene

with conversion at different reaction temperatures

A PR R 2 U R A TN R e B e R e A 4
AR . 2SS A I e 4 M A 7l o
T, RO AR AR R A Al S 2 Y X )

5 % B

My —J5RH T A X 43 F i 4. g+ mol !

nas— R BE LR A, mmol - g 7!

JEEH R PR A DY R B & . mmol - g

Ry.s Reo—0 30 Y 43 F i . ZSM-5 43 F fiii i 4k 1
5 R RS SN R A A R B LA 0%

Ryy s Roy— 0008 Y 50 F i 4> T i AL 7 B 5 &
A BRI 4 A A ORI LA 6

Syus Ses——HR Y 4y T ZSM-5 43 1 i ik Ak 7
bORCER” kM, mmol - g

Sus S5 HIR Y 4y T . ZSM-5 43 F fifi i 4k 7
o i SN SR U7/ £ ¢ e /S o

1

NAr

mmol « g~
W as—JFURE p b 32 1 B & 40 4. 6
W, —JEURL e 50 B8 5 43 1 T 4340 6



. 2020 tt T # i %59 &
x FAb %, % [8] wvan Klink A J E M, Hartkamp M B, Connor P O . The
vy JEHYEEJR 22, mmol « g origin and formation of FCC gasoline aromatics. ACS
Preprints, 1989, 34 (4). 728-737
References [9] Yatsu C A, Keyworth D A. Aromatics formation in FCC
catalysis. ACS Preprints, 1989, 34 (4). 738-749

(1] Keyworth D A, Reid T A, Kreider K R, Yatsu C A5 157 Eyitt SD, Gong G, Harandi M N, Owen H. New zeolite
Zoller J R. Controlling benzene yield from the FCCU// based technologies for benzene and olefin reduction in
Annual Meeting Technical Papers for 1993. San Antonio: gasoline//Annual Meeting Technical Papers for 1992. New
NPRA, 1993: AM-93-49 Orleans: NPRA, 1992, AM-92-55

[2]  Dupain X, Gamas E D, Madon R, Kelkar C P, Makkee [11]  Gong Jianhong (Z&&IM), Long Jun (J%), Xu Youhao
M, Moulijn J A. Aromatic gas oil cracking under realistic (VF & 1f). Different reaction characteristics of hydride
FCC conditions in a microriser reactor. Fuel, 2003, 82 transfer and hydrogen transfer in catalytic cracking. Chinese
(13): 1559-1569 Journal of Catalysis (A4 . 2007, 28 (1) 67-72

[3] Corma A, Miguel PJ, Orchilles AV, Koermer G. Zeolite [12]  Yang Yinan (4% ). Cheng Congli (& M 4L). Gong
effects on the cracking of long chain alkyl aromatics. J. Jianhong (Z$1M), Xu Youhao (Y% 4F), Zhang Jiushun
Catal., 1994, 145 (1) 181-186 (3K A ). Reaction behaviors of 1-heptene over acid

[4]  Corma A. Miguel P J. Orchilles A V. Koermer G S. catalysts. Acta Petrolei Sinica: Petroleum Processing
Cracking of long-chain alkyl aromatics on USY zeolite Section (FiMZE40: AN T, 2006, 22 (1), 27-31
catalysts. J. Catal. . 1992, 135 (1). 45-49 [13] LiuC H, Deng Y Q. Pan Y Q. GuY Sh. Qiao BT, Gao

(5] Corma A. Llopis F. Monton J B. [Influence of the X H. Effect of ZSM-5 on the aromatization performance in
structural parameters of Y zeolite on the transalkylation of cracking catalyst. J. M. Catal. A, 2004, 215 (1/2);
alkylaromatics. J. Catal. . 1993, 140 (2). 384-394 195-199

[6] Corma A, Martinez-Soria V, Schnoeveld E. Alkylation of [14] Claudio ] A M, Raul R. Mechanism of aromatic
benzene with short-chain olefins over MCM-22 zeolite: hydrocarbon formation in FCC naphtha. Ind. Eng. Chem.
catalytic behaviour and kinetic mechanism. J. Catal. , Res., 1995, 34, 4326-4332
2000, 192 (1) 163-173 [15] Biswas J, Maxwell T E. Octane enhancement in fluid

[7] Serra José M, Guillon E, Corma A. A rational design of

alkyl-aromatics dealkylation-transalkylation catalysts using
Cg and Cq alkyl-aromatics as reactants. J. Catal. , 2004,

227 (2): 459-469

catalytic cracking ( [l ): Operation in the overcracking

regime. Appl. Catal., 1990, 58 (1): 19-27



