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The present study tried to develop hydrocracking catalysts for commercial hydrotreating plants to treat residual
oil based on the molybdenum-supported Ti-modified zeolite (MTZ) described in Part 1 of this study.
Preparation methods of MTZ were investigated for application to large-scale manufacturing. The resultant MTZ
had similar catalytic properties to the MTZ prepared in Part 1. After molding into cylindrical extrudates using
an alumina binder, nickel (4 wt% as NiO) and molybdenum (16 wt% as MoOQ3) were loaded by the incipient wet-
ness impregnation method. The catalytic performances of the extrudate-type hydrocracking catalysts (NiMo/
MTZ) were tested using a bench-scale continuous flow type reactor with a catalyst volume of 80 m/ and atmos-
pheric residue of Arabian Light and Kuwait crude oils as feedstocks. The catalytic activity was found to be sta-
ble for more than 800 h. The selectivity for middle distillates of the NIMo/MTZ catalysts was superior to that of
the reference NiMo zeolite catalyst (NiMo/USY1) prepared using a commercially available USY zeolite. The
high selectivity for middle distillates was ascribed to the increased mesopore volume and controlled acidity of the
MTZ zeolites. The NiMo/MTZ catalysts also showed higher hydrocracking activity of residual fractions than
NiMo catalysts prepared using H>SOus-treated zeolites with increased mesopore volume and controlled acidity.
The higher hydrocracking activity of the NiMo/MTZ catalysts was assumed to arise from the synergy between the
solid acid sites on the zeolites and the hydrogenation active sites on the MoS clusters loaded on dispersed TiO»
particles. The synergy prevented the formation of inert coke on the catalyst at the early stage prior to reaching
steady catalytic activity in the bench-scale reactor experiment.

Keywords
Hydrocracking, Titanium modification, USY zeolite, Residual oil, Mesopore, Nickel molybdenum catalyst

g MEHAMOEEMIE T T ITHI L EZERON D, R,

il

E!TWEWX@EHH#%%LHH%H%EP DAL DHAE DL L
AMOFTATENIZ OV T, FHMIZZZLOLREEH 2 D <Y o2H, HHEAS, FZEMmIIOWTI@ LA,
DO, B2 BRI TR EN G & 5 l,f:“w 05 At 7 tE:ﬁ&’E{ft@%ﬂ?ﬁ%ﬁ G ETFREIATY

BALT 2 EImCH B — ), EEHEZRLLETLIEY
A LT,
WKEEsdo g

Bk PR & i & 3 A BRI O 75 BEAE N 1Y i
ENb, 2oz, BRI, FHRMOs

T & OEE A RE L F 1
X DfTbILTWwWAD,

* To whom correspondence should be addressed.
™ (Present) Fuel Cell Research Dept.,
Chidoricho, Naka-ku, Yokohama 231-0815, JAPAN
™ (Present) Central Technical Research Laboratory, Nippon Oil fig 12
Corp., 8 Chidoricho, Naka-ku, Yokohama 231-0815, JAPAN

ZHMELTEY, G5 PR T OmE I BIF &1

Nippon Oil Corp., 8
TOEALYEATEYY,

IDWTIEE { OEEIR UGB D HE LT b2,

239

i EEA S % (FCC) 7ut
FCC 77Ut A3 AV ) v#lEsF
EA%
woﬁfw\m7utxu%%ﬁw¢ﬁ%%§ﬁ®ﬁfﬂr
BT H A TR O K F L5
L2 L

15) (Present) Sakaide Refinery, Cosmo Oil Co., Ltd.,
Midori-cho, Sakaide, Kagawa 762-8503, JAPAN
™ (Present) Research & Development Center, Cosmo Oil Co., Ltd.,
1134-2 Gongendo, Satte, Saitama 340-0193, JAPAN

™ (Present) 6-3-5 Aobadai, Ichihara, Chiba 299-0117, JAPAN

™ (Present) Research & Development Dept., Idemitsu Kosan Co.,
Ltd., 3-1-1 Marunouchi, Chiyoda-ku, Tokyo 100-8321, JAPAN

1-1 Bannosu-

J. Jpn. Petrol. Inst.,

BHG, T— 7 FiEME % & O T TR ERIE T % R %
AT RBATE 70 2 LA S, FRIMOKFE(LG W 7 1 A 3@
DEER G TIERIETE 2V, 20720, FliconwTi,

BRI AT IE U CHEEs L 7 A% 5 il O A 2 5T BE 7 I 3R IR,
AT =K EO T APERELENTVLIZIEE > T

62)0

Vol. 47, No.4, 2004



240

4tk L DREOBCEERIC & AR EILS M7 1 A
EHEL T B 720121, FIaR O FE & S B PR RE AR O B %
PUETH L, COBEI»OHPETIEINE TIZH EH I
SREARFFEALE % IS HFZEAM T, EIlE LSS E O —
AL R & oM L - R 5 DB RE e S A S R
TWBY N, Lo Lahs, FiloEERKFRSH 7 21 A
DRETNNE T o T, A, BRI S EATIIZERL A 12
GlEdbe s, R IeH T RE 7 5k SR AL 50 7 fildit o B 58 %
ToT&7, TOMKR, 77 B USY ¥4 T4 MZE) T
FUREFELAZES T A b (MTZ) 2%, FIEFKHOKELS
BB B TE VAR, SRS, seil7 27
TNT ER EENEREE R T RRHY THL2ICL
72o F72, MTZ SEE MO KFEL G BN - EiE 4 R 3 3
HIZUTOZHICH s L eEE LT,

(1) AV RTHERHOMLE

BHG SO 2 e & L b1z, KEoT oz e
LR & 2 @R T 2 M %,
(2) BTV 3= 02 X 5 ERRE O HIH

O—=F 27K B, S O RC X % HE
DETABIERITELT T A b EOBBI RS ZHET 5,
(3) KRFACHERED 512 X B ZHERE D FEBL

AYVRTRHDT & =7 kT L INKRFACEER S 2 EA L, 5
FEREPER AN O IEKEMRIC L Y, a—F > 7, @y
&2 B % o

KT TR, D MTZ &\, 58 R R RO e 12
HIC X BB DB IOV TRE L7s BT/ A Y —
VTMTZ 2B L7722 8h0, FTEMUICLELR AT —
T TSR MTZ Bk 5 (MELSEM R ) 120w Tk
AP, METSEMEELICL IR L7 MTZ 2SRk CRREL L 72
YA T4 b EFEBROMRE, FBBEATL I EE2MRA LT, X
2, MTZ &7V I FNA 0 &= 5 iR % 34 L 724,
= v Ve EY 7T V% incipient wetness 512 X D HFFL T
Ni-Mo/MTZ-ALOs filifi: (NIMo/MTZ) % FH# L 72,

WIERH (AR) & W7oV F BUBSEE I & 2 Al gEaT
MOFEF:, Ni-Mo/MTZ \EHIHLD USY €+ T4 b EN—=2 &9
% RFEAL SR (NIMo/USY1) & 2 W ISHEERLEEIC & - C
A RT R E EARBELE R AT o784 T4 FaR—R L
T2 RE R (NiMo/AZ) & bl L CENMEREE /R L
72DT, KL TIEZORRERLE LTHET 2,

2. ® E&

2.1, FRIEERR

2.1.1. FEUEHELFT A ORAR

FEE AT A ME, wrERE, mlo usYy €474~ OR
) —, HSZ-330HUA, LLF USYL &id) #HW/A, MTZD
TENL, AiEkE FER, T UBMiB LR 7T VKO 2 T
BIZX > T o 720

T4, 60g D USYI ZHilkT & v KEH 2.5 2R mL, 2
CIFALZDS 30C T2 REHME L, K% 45C ICHFIRZ S
S 2RI A IR A B MRS L 720 BRERT &~ KL 0.03~
0.10 mol/l DL FEFEPA TGS L7z, MIR T, A5V —% A
B L, 100 ml ® 0.1 mol/l TR T L7zo AMICHTEEA 4 ~

J. Jpn. Petrol. Inst.,

Vol. 47,

PR E N B ETA 4 R THE L7214, 120C T
3 REMRERE, B2 2R T 500C, 3MFRIBER L, LT
WL CH—RF 5 vttt 74 MilE (DU, TZ) &L
726

2.1.2. BEUTFUHEEBFEEHES T FORAR

T TF BT B A S A4 N (LUF, MTZ) O
L, RIS ICREOBETITY, TZ40g12E8) 77 0 2
AT L 72 2B, WAL 4 HBEE L,

2.1.3. TRERALIEE AT 1 M DFRAR

LT ¥ BB LT ) 77 VORI EEZB S 02T
572012, USYl ZIGERE L, T4 Y 5fiE4 74 F &itw
AlSi # FEOMMBILE Y+ 7 4 ~ (LUF, AZ) 3L 7z,

LB T 8 ARSI O ISR E R & -, A
BT OFIMES 0.1 mol/l HEEEIEE & B\ 7213213 T 5 156
EFEBRICAT 725 0.16 mol/] Biifs TRULER L 7230k & AZ-1, 0.13
mol/l Bk CULEE L 723k % AZ-2 & L7z,

2.1.4. BREIEDRHSR

BT L 72 MTZ, AZ B X OVUSY1 # 5k & LT, FE
PR BIG  F D B BUK R AL 53 g % S L 72

T, AEHKFOEF T4 PEFERFSOWN LD LD,
MTZ-N1, MTZ-N2, AZ-1, AZ-2, USYl 10g &, Wilio 7 v
IFNL UF— (FXR=<A N, TVIFEERT%, BIE
(PWZIHE LTHEEED) 13332 RAL, #moA 4
VIR R IMA TR—A MRE L72tE, 1324 2 FOIn5
UM LR L7z, AR, 120°C T 2 Wpies)E L 7214,
WEIRZER S, 550C T2 WEMBERL L 72, DT, Incipient
wetness I L DV =y IV BLX R 7T e &R L. &7
FOMEEIZ A LT NiO 254 wt%, MoOs A8 16 wt% &7 5 &9
JBEE % FAE L 72 Ni(NOs), & (NHa)eMo7Oas D A 7K % 1R
k16 g I2&R L, —BilitEDE, 120C T 2 Bk, 4
HRZEE AT, 550C C 2 REBERL L 72e RV F UL HEE 12
WS EEIZ OV, AR OIRREE, SEHEFEO TRO R 7
=& 10 R L L7z,

2.2, FREEMMERTEE

YA T4 FoWtkE, RIS LRk E RS, SHREEE
% (NH:-TPD), ®EFBAMEEBIE (TEM), B XMurdkc
fiolze ¥4 T4 bBLXOBAfEED Al, Si, Ti, Mo, Ni®
I ICP B o (KA a—4 AV Ay, SPS-
1200) 12X Y3RD7z, 6 FALD Al & 4 BLRLD Al DEE X VAL
MAS NMR il %2 (Varian, Unity Inova 400) (2 & 1) k@ 7z,
NMR 7€ Ze1%, 1354 7000 Hz, AE5E[A1% 256 [0], 2 &
L, 1t 7 F55ppm (FIEDO Y — 2 % 4L, 0ppm fifiEd
Y—2r% 6Bl LCZOmMIL2r OB L, ¥4 54 M E
DF 5 =T ORI X BOLE T e (XPS, 7N
v 7774, PHIS500) 2L OllE L, H-KEIZHT 2 Tiisi
W&V o Tisi b & i L Tias L7z,

AN F S E A bV TS B v 72 AL —ik
W L7z, 110C T 9 RIS L Tofric vz, 71—F
VW AROCR ST (LECO CHN-1000) % W
WE L7z Ni, V72w Fa 3 oA il & [EER ICP 365547 12
L0, FEfk, MILAFIIERWRAETICL T Lz, MALE
PR (%) &, BEfEoMILAER it o M2 R X

No. 4, 2004



Table 1 Properties of Feedstock
AL-AR-HDM Kw-AR-HDM

Density [g/cm’] 0.941 0.936
AR fraction [wt%] 90 92
Sulfur [wt%] 1.7 1.1
Nitrogen [wt%] 0.17 0.19
Basic nitrogen [wt%] 0.048 0.050
Asphaltene [wt%] 1.0 1.3
Metal (Ni,V) [wtppm] 12 26
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Fig. 1 Effect of Concentration of Titanium Sulfate on the

Properties of TiSOy-treated Zeolites
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Table 2 Properties of Ti-modified Zeolites

TZ-N1 TZ-N2 TZ-5" TZ-6" USY1
TiSO, conc.”) [mol/l] 0.05 0.04 0.05 0.10 —
Al/Si 0.027 0.058 0.026 0.065 0.339
Ti [wt%] 4.3 8.2 4.7 5.5 —
Crystallinity® [%] 28 51 43 65 83
U.C.DY [nm] 2.424 2.430 2.438
Acidity? [mmol/g] 0.50 0.94 0.80
Mesopore volume® [cm¥/g] 0.104 0.085 0.075
Surface area [m%g] 793 740 803 833 586
(Ti/Si){/(Ti/Si)p” 1.8 11.8 —
Octahedral Al® [%] 13 54 38

a) TiSO4 concentration (mol/l) applied for the preparation.
of NH3.
2) Measured by ’AI-MAS-NMR.
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e) Mesopore volume with diameters of 5-30 nm. f) (Ti/Si);; measured by XPS.
h) Data from a previous paper®.
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c) Unit cell dimension. d) Measured by TPD
(Ti/Si)y; measured by chemical analysis.
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(a) MTZ-N1 x 250,000, (b) MTZ-N2 x 250,000, (c) MTZ-N1 x 1,500,000, (d) MTZ-N2 x 1,500,000.

Fig. 2 TEM Photographs of Mo Supported TiSOs-treated Zeolites

Table 3 Properties of Mo Suppoted Ti-modified Zeolites and H.SOy-treated Zeolites

MTZ-N1 MTZ-N2 AZ-1 AZ-2 USY1
TiSO4(H,SOy) conc.” [mol/I] 0.05 0.04 0.16 0.13 —
Al/Si 0.025 0.055 0.030 0.056 0.339
Ti [wt%)] 3.8 8.2 — — —
Mo [wt%] 1.4 2.1 — — =
Crystallinity® [%] 20 47 28 61 83
U.C.D.9 [nm] 2.419 2.428 2427 2.427 2.438
Acidity? [mmol/g] — — 0.33 0.73 0.80
Mesopore volume® [em?/g] 0.102 0.106 0.090 0.100 0.075
Surface area [mzlg] 763 777 628 795 586
Octahedral Al” [%] 24 34 10 — 38

a) TiSO4(H2SO4) concentration (mol//) applied for the preparation. b) Relative to NaY (= 100). c¢) Unit cell dimension. d) Measured
by TPD of NH;. e) Mesopore volume with diameters of 5-30 nm. ) Measured by *’A-MAS-NMR.

AZ filiE S FRC (1), (2) Z2HAREWE L TWDH 2 EA9rn Bo 72, M—OTIVIFNA V=% Hwizlz, HWKHME,

572, HALBER IO W TORMEH OZE L /NS W L b 5,
Bk o B EIA & MTZ-N1, MTZ-N2, AZ-1, AZ-2, USY1 IZ 3.3, FhEEEME SR

= v, B 7T R0 L 72RO 1% % Table 4 1I27RT 3.3.1. #—bIL—TRICERER
WO BRI D IZITFTE R OSBRSS HE S AT BRI D F — b 2 L — TR TSR (FUEHE; AL-AR-
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Table 4 Properties of Ni and Mo Supported Extrudate-type Catalysts

Catalyst NiMo/ NiMo/ NiMo/ NiMo/ NiMo/
¥ MTZ-N1 MTZ-N2 AZ-1 AZ-2 USY1
NiO [wt%] 3.7 3.7 3.8 3.7 3.7
MoOs? [wt%] 14.0 15.0 14.2 14.0 14.3
Pore volume [cm3/g] 0.55 0.55 0.45 0.50 0.51
Surface area [m%g] 340 399 369 357 350
a) Containing Mo supported on zeolites.
Table 5 Catalytic Activity Tests Using an Autoclave
Catalyst NiMo/ NiMo/ NiMo/ NiMo/ NiMo/
y MTZ-N1 MTZ-N2 AZ-1 AZ-2 USY1
AR conversion [%] 38 54 27 50 45
Gas yield [wt%] 3.8 4.1 3.1 4.1 3.6
Naphtha yield [wt%] 8.5 15.5 59 139 15.5
Middle distillate yield [wt%)] 32 38 25 36 31
Feedstock: AL-AR-HDM.
HDM) % Table 512733, ¥4 714 b ® AUSi sk % 100 » 420
LHSV 0.5h LHSV
W NiMo/MTZ-N2, NiMo/AZ-2 1% NiMo/USY1 & 1) b &\ AR — 030" { 410
_ — [ ] i '
BALE AR L 720 72, NIMOMTZN2 12 NIMo/AZ2 £ D b 80 [ |2 Vao vemeraien > |0 B
AR BEALR DS 0o 720 —F7, ¥ F T4 F O AUSI AT < B My ield :'; .
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. N . - [ ] 0,00
LIRS, F 70 & RO B bk 8 . EEQSS..'. eotpe A
I Ol I:] o
GREFHENS LS L bh s, SOYAD, NiMOMTZ. 8 40 F e} aa {30 2
N1 & NiMo/AZ-1 & 1) 5\ AR #Efbs &R L 72, S (HL , 2
© a8 AaaadAadAy  Asaapa 1360
AFACS AR T2 AR BEALER & & 1T PR 43 00 ae et : &
A ' B
DD 51D o AR IEALAIZ DV TR 0 4 5 st : 0
1 MEAREHDO LI LEIZX o ThLREON LT 0 : ' : : 340
0 200 400 600 800

5h5, W R Rfiki74b®m%w‘m%* KA
%o L7205 T, Table 5 DFERIE, ¥4 T A b ORFEAI#E
FERET LIS L ClRRIBME LW E LM% 1T 5 72
NiMo/MTZ-N1 & %\ $ NiMo/AZ-1 8 & DR TW5D 2 & %R
LTwb,

3.3.2. NOFRICEBRER
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SRS L, #9400 Htf"ﬂﬁl_fx B E o Tze &
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Time on stream (h)

Fig. 3 Hydrocracking of AL-AR-HDM over NiMo/MTZ-N1
Catalyst with Time on Stream (using a bench-scale
unit)

BOGIRE [ 650 Ry S8 %, SOUGIREE 410C OIREE T LHSV
% 03h' & L7236, ARTALEIT 70% 123 L, VR,
VGO B DUrAbHR L B L7275, HRE 5 oI i%ﬁ[ﬁi@“,
A FTHREFONEPIKE CHMLZz, 2hid, LHSV &
TUCh, BEEGD»SHA - F 7RG~ DOKFACT R
HERMNEATT 720, L L CRBERY T % P IEH
SFOPFEEMEL RN EE2/RLTWA, LHSV 0.3 h™! DIRFE
TRIBIRE % 400C & L72861d, £ 0omfbs, R
LHSV0.5h™, 410C D& & LIFFHEL L o7z,

NiMo/MTZ-N2, NiMo/USY1 |22\ T AL-AR-HDM % J5R} &
L ClHRD N Y F RIS FEERZAT o 725K % Figs. 4, 51277,
WENOMEOBE S, IS 2 5 300~400 R H#aE 3 %
F T AR ALEDB AL, DBRERK T TOD 715~740 R
OHHFIL LR L7 S TEAYTS 5 /2, LHSV 0.5h7!, 410C
DEFIRIEIZ BT 5 AR L L, NiMo/MTZ-N2 (67%) >
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Fig. 4 Hydrocracking of AL-AR-HDM over NiMo/MTZ-N2
Catalyst with Time on Stream (using a bench-scale

unit)
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Fig. 5 Hydrocracking of AL-AR-HDM over NiMo/USY1
Catalyst with Time on Stream (using a bench-scale
unit)
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Fig. 6 Relationship between AR Conversion and Middle
Distillate (MD) Yield over the Catalysts (using a
bench-scale unit and AL-AR-HDM as feedstock)
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Fig. 7 Comparison of AR Conversion over the Catalysts
(using a bench-scale unit and Kw-AR-HDM as feed-
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Fig. 8 Relationship between AR Conversion and Middle
Distillate (MD) Yield over the Catalysts (using a
bench-scale unit and Kw-AR-HDM as feedstock,
LHSV=0.5h™)
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3.4. MTZ #RW/-iEE AZ 2 BV - OMEEHES
LDt
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L7zCEICERRLTWwWLEEZOND,
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En, BlEREHERICEDIRT 2898 L 72 F 5 B8 0
MU EEEZ SNb,

3.5. EREAREOYE

N YT SR % A il O W) tE % Tables 6, 7 1R, Bk
{12 AL-AR-HDM % J{\ 72 SO T, BylEEfEIE 715~854 I
BITh 525, WTFNLOMEE 12D 28 wi% FEEED A — K v A57-
WIELTB Y EPR LNV, 72, WIFR oMl d JB#EO
MIFLAR AR 1A LT 30% REFEICmA LTB Y, Ml
DTSN FUENIIEAKEZILL A 7 )V - Bl 2 T
Wh7280, Ni & VorzuwEsEld 1wt% LT TH -7z, FEEHl
|2 Kw-AR-HDM % 72 G O il &, AL-AR-HDM % Jit
Brm e L7236 RIS, BRI ITRO Sz o7z,
WML , R T SUREEROFEHIN Tl G E O K

50 TIER NG o7z End, RICHHOMEESLEZ 5] &k
%e TRI I -5 7 Eds b0, MHLHZC2ELS L
540— AA...
A [
.5 30 A
@
e Aa Table 7 Properties of Catalysts Used for Hydrocracking of
§ 20 | ageing 400°C Kw-AR-HDM
c i - i -
0l ® NiMo/MTZ-N2 Catalyst NiMo/MTZ-1 NiMo/AZ-1
A NiMo/AZ-2 Time on stream [h] 1003 572
0 1 ! 1 1 Carbon® [Wt% ] 25 25
i b) 0,
0 10 20 30 40 50 Ni+V [wt/)] 1.0 0.3
Time t h) Pore volume [em™/g] 0.17 0.16
on stream { Pore volume of fresh cat. [cm*/g] 0.50 0.45
Remaini 1 % 34 36
Fig. 9 Initial Deactivation of NiMo/MTZ-N2 and NiMo/AZ-2 CMAIMITE pore volume (%]
Catalysts (using a micro-scale unit and AL-AR-HDM a) Measured by elementary analysis. b) Measured by
as feedstock) inductively coupled plasma spectrometry (ICP).
Table 6 Properties of Catalysts Used for Hydrocracking of AL-AR-HDM
Catalyst NiMo/MTZ-1 NiMo/MTZ-2 NiMo/USY1
Time on stream [h] 854 740 715
Carbon® [wt%] 27 29 28
Ni+ V? [wt%] 0.6 0.3 0.6
Pore volume [em®¥g] 0.17 0.15 0.15
Pore volume of fresh cat. [cm3/g] 0.55 0.55 0.51
Remaining pore volume [%] 31 28 29

a) Measured by elementary analysis.
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b) Measured by inductively coupled plasma spectrometry (ICP).
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