
IMlUIIIIIIIIIIIIIIIIIIIIIMMIIIIIIIIIIIIIIIlUl 
DE86011515 Information is our business. 

TWO-STAGE PROCESS FOR CONVERSION 
SYNTHESIS GAS TO HIGH QUALITY 
TRANSPORTATION FUELS. FINAL REPORT 

OF 

MOBIL RESEARCH AND DEVELOPMENT CORP. 
PAULSBORO, NJ 

OCT 1985 

U.S. DEPARTMENT OFCOMMERCE 
National Technical Information Service 



Tailored to Your Needs! 

Selected 
Research In 
Microfiche 
SRIM ~ is a tailored information service that 
delivers complete microfiche copies of 
government publications based on your 
needs, automatically, within a few weeks of 
announcement by NTIS. 

SRIM ® Saves You Time,  Money,  and Space! 
Automatically, every two weeks, your SRIM ~ profile 
received by NTIS and the publications microfiched 

is run against all new publications 
for your order. Instead of paying 

approximately $15-30 for each publication, you pay only $2.50 for the microfiche version. 
Corporate and special libraries love the. space-saving convenience of microfiche. 

NTIS offers t w o  opt ions for  SR IM ® select ion criteria: 

Standard SRIM®-Choose from among 350 pre-chosen subject topics. 

Custom SRIM®-For a one-time additional fee, an NTIS analyst can help you develop a 
keyword strategy to design your Custom SRIM ® requirements. Custom SRIM ® allows your 
SRIM ® selection to be based upon specific subject keywords, not just broad subject topics. 
Call an NTiS subject specialist at (703) 605-6655 to help you create a profile that will retrieve 
only those technical reports of interest to you. 

SRIM ® requires an NTIS Deposit Account. The NTIS employee you speak to will help you set 
up this account if you don't already have one. 

For additional information, call the NTIS Subscriptions Department at 1-800-363-2068 or 
(703) 605-6060. Or visit the NTIS Web site at http://www.ntis.gov and select SRIM ® from 
the pull-down menu. 

• ,~,~0,~ I u.s. DEPARTMENT OF COMMERCE 
~r ~" "',,~,~ "~ I Technology Administration 

~ ,  ~1 NationaITechnical Information Service 
I Springfield, VA 22161 ('/'03) 605-6000 
I http:l/www.ntis.gov 



DE86 011515 
DOE/PC/60019-gA 
Dist. Category UC-90D 

APPENDIX - RESTRICTIVE DISTRIBbTION 
(Declassified, May 8, 1986) 

~.~, +, ~ ~ ,~ ~ 
~ ~ -,~, ~ ~.~-- 

Q ,~ c 

C U I ~-A= 

~ . I ~  ~ i~ ~_.,,_ ~ ~ u 

s~ ~ ~ = ~  ~ 

TW0-STAGE PROCESS FOR CONVERSION OF SYNTHESIS GAS 
TO HIGH QUALITY TRANSPORTATION FUELS 

Recei,; d OSTI 
FINAL REPORT 

JUN I 2 1986 

REPORT PREPARED BY_: J .  C. W. KUO , 
eb , - - .___ .  

Cr:NTRIBUT~RS : 

F .  P .  DI  SANZO 
W. E.  GARWOOD 
K. M. GUPTE 
C. K. LANG 
T.  M. LEIB  
M. ~ I  

T. MOLINA 
D. M. NACE 
J. SMITH 
N. TARALLO 
J. F. VAN KIRK 

MOBIL RESEARCH ANDDEVELOPMENT CORPORATION 
P A U L S ~ R O ,  NEW JERSEY 0 8 0 6 6  

OCTOBER 1985 

PREPARED FUR THE UNITED S T A T ~  
DEPARTMENT OF ENERGY 

UNDER CONTRACT NO. DE-AC22-SSPCSO019 

a" 

tlAST  
"I~%'TRIDUTiON OF THIS DOCUMENT I$ UNUMITEO 



I. 

III. 

TABLE OF CONTENTS 

L i s t  o f  T a b l e s  

L i s t  o f  F i g u r e s  

A b s t r a c t  

Summary 

I I .  P o ~ e n t i a l l y  P ~ t e n t a b l e  S u b j e c t  M a t t e r  

A. Task 2 - Scoping Studies of 
Fischer-Tropsch Reactor-Wax 
U p g r a d i n g  

B. Task  5 - D e v e l o p m e n t  o f  C o n c e p t u a l  
P r o c e s s  Schemes  

C. N o m e n c l a t u r e  

D. R e f e r e n c e s  

C o n t r a c t o r ' s  P r o p r i e t a r y  I n f o ~ t i o n  

A. Task  2 - S c o p i n g  S t u d i e s  o f  
F i s c h e r - T r o p s c h  R e ~ t o r - W a x  
U p g r a d i n g  

B. N o m e n c l a t u r e  

C. R e f e r e n c e s  

ARD-iii 

ARD-v 

aRD-vi 

ARD-I-1 

ARD-II-I 

ARD-II-I 

ARD-II-16 

ARD-II-42 

ARD-II-44 

. ~ l ) - I I l -  1 

ARD-I IT-1 

.Ai~D-I"rT-2 

AR])-TTT-2 

ARD-ii 



Table 

ARD-II- 1 

ARD-II- 2 

ARD-II- 3 

ARD-II- 4 

ARD-II- 5 

ARD-II- 6 

ARD-II- 7 

ARD-II- 8 

ARD-II- g 

ARD-II-IO 

ARD-II-11 

ARD-II-12 

ARD-II-13 

ARD-II-14 

ARD-II-15 

ARD-II-16 

ARD-II-17 

LIST OF TABLES 

Ti%le 

Hydrocrackin E of a Fischer-Tropsch 
Reactor-Wax (Mobil Proprietary Catalyst) 

Products from Hydrocracking of a Fischer- 
Tropsch Reactor-Wax (Mobil Proprietary 
Catalyst) 

Hydrocrackin g of a Fischer-Tropsch 
Reactor-Wax (Ketjen 742 Catalyst) 

Products from HydrocrackinE of a Fischer- 
Tropsch Reactor-Wax (Ketjen 742 Catalyst) 

Hydrodewaxing of a Fischer-Tropsch 
Reactor-Wax 

Products from Hydrodewaxing of a 
Fischer-Tropsch Reac%or-Wax 

F£scher-Tropsch Reac~or-WaxUpgradinE 
UsinE FCC 

Products from FCC UpEra~ing of a 
Fischer-Tropsch Reactor-Wax 

Comparison of Fischer-Tropsch Reactor- 
Wax Upgra~ing Methods 

Process Conditions -- Base Case 

H y d r o c r z ~ k e r  Feed  and P r o d u c t  Y i e l d s  

H y d r o c r a ~ k e r  C l l -  G a s o l i n e  Feed  t o  
Second-StzdEe R e a c t o r  

Second-Stad~e Product from Hydrocracker 
Gasoline 

Overall Product Yields 

Process Conditions -- Sensitivity Case 

FCC Feed and Product Yields 

MOGD Products from FCC Gasoline and Gas 

Pa~e 

ARD-II- 2 

ARD-II- 3 

ARD-I!- 6 

A~,D-II- 8 

ARD-II-IO 

ARD-II-11 

ARD-II-13 

ARD-II-14 

ARD-II-IS 

ARD-II-18 

ARD-II-19 

ARD-II-20 

ARD-II-21 

ARD-II-22 

ARD-II-23 

ARD-II-24 

ARD-II-25 

~O-iii 



TaSle 

ARD-II-18 

ARD-II-I@ 

ARD-II-20 

ARD-II-21 

ARD-II-22 

ARD-II-23 

LIST OF TABLES (Cont inued)  

Title 

Overall Material Balance (Base Case) 

Overall Material B~lance (Sensi%ivity 
Case) 

S l u r r y  F i sche r -Tropscb /ZSM-5  P r o c e s s  
M a t e r i a l  Ba l ance ,  React .or S e c t i o n  

S l u r r y  F i sche r -Tropsch /ZSM-5  P r o c e s s  
M a t e r i a l  B a l a n c e ,  D i s t i l l a t i o n  S e c t i o n  

S l u r r y  F i s che r -T ropsch /ZSM-5  P r o c e s s  
M a t e r i a l  B a l a n c e ,  Wax Hydroc rack in~  

S l u r r y  F i s c h e r - T r o p s c h / Z S ~ - 5  Concep tua l  
Des ign  P l a n t  Scoping  Cos% E s t i m a t e s  

ARD-II-27 

ARD-II-28 

ARD-II-35 

ARD-II-36 

ARD-II-38 

ARD-II-41 

ARm-lv 



LIST OF FIGDIRES ~ 

Figure 

ARD-II-I 

ARD-II-2 

ARD-II-3 

ARD-II-4 

ARD-II-5 

ARD-II-6 

ARD-II-7 

T i t l e  

Hydrocracking of a Fischer-Tropsch 
~eactor-Wax 

Process Scheme for High-Wax Mode 
Operation 

Slurry Fischer-Tropsch/ZSM-5 and 
Reactor-Wax LPHC 

Slurry Fischer-Tropsch/ZSM-5 and 
Reactor-WaxFCC/MOGD 

Slurry Fischer-Tropsch/ZSM-5 Reactors 
and  Reactor-Wax Separation 

Product Distillation Section 

Low P r e s s u r e  React .or-Wax H y d r o c r a c k i n g  

Page  

ARD-II- 5 

ARD-I I -17  

ARD-II-2g 

ARD-II-30 

ARD-II-31 

AP:D-II-32 

ARD-II-33 



ABSTRACT 

S c o p i n g  s t u d i e s  u s i n g  c o n v e n t i o n a l  r e f i n e r y  ~echno loKy  
t o  upKrade  F i s c h e r - T r o p s c h  r e a c t o r - w a x e s  were  c & r r i e d  o u t .  A 
Fischer-Tropsch reac~or-wa_~, unlike the petroleu~ residues and 
wa~es, is found very acceptable ~o conventional cra~king 
processes. It wa~ found that FCC followed by a Nobil proprietary 
olefins-to-(G.D) process g~ve the highest G~D yield and high G 
and D q~ality. Also described is a conceptual process design and 
s c o p i n g  c o s t  e s t i m a t e  f o r  a 3 0 , 7 0 0  BPD C÷D c o m a e r c i a l  p l a n t .  



I. Summary 

$coping studies of Fischer-Tropsch reactor-wax 
upgrading using convention refinery processes were performed 
starting in January 1984. The objective was to identify the 
processes which showed the greatest potential for commercial 
application and then to use it in a conceptual process design 
scheme. 

Low pressure hydrocracking over Ketjet 742 catalyst 
gave high quality distillate and good G÷D yields and was chosen 
for use in the base case wax upgrading scheme. Fluid Catalytic 
Cracking produced very low coke yields, moderate cetane index 
distillate, and highly olefinic light gas and gasoline. By 
applying Mobil's proprietary olefins-to-(G+D) process, excellent 
octane gasoline and the highest G+D yield among the processes 
studied was achieved. These two processes in series were 
therefore selected for the sensitivity case wax upgrading scheme. 
Hydrodewaxing gave acceptable quality distillate only at low 
conversions, so it was not considered further. 

U n l i k e  p e t r o l e u m  r e s i d u e s  and waxes ,  a F i s c h e r - T r o p s c h  
r e a c t o r - w a x  was found  v e r y  a c c e p t a b l e  t o  c o n v e n t i o n a l  c r a c k i n g  
p r o c e s s e s .  T h i s  i s  p r o b a b l y  r e s u l t e d  f rom i t s  u n i q u e  
s t r a i g h t - c h a i n  h y d r o c a r b o n  m o l e c u l e s .  The wax a l s o  c o n t a i n s  no 
n i t r o g e n  and  h e a v y  m e t a l  compounds t h a t  w i l l  t e m p o r a r i l y  o r  
p e r m a n e n t l y  d e a c t i v a t e  t h e  c r a c k i n g  c a t a l y s t .  

The investment cost of a battery-limit commercial plant 
w i t h  a c a p a c i t y  o f  3 0 , 7 0 0  BPD (G+D) was e s t i m a t e d  a t  $705 m i l l i o n  
( 1 9 8 5  S) u s i n g  t h e  b a s e  c a s e  wax u p g r a d i n  E, and  $7Z5 m i l l i o n  f o r  
t h e  s e n s i t i v i t y  c a s e .  

A p r o p r i e t a r y  m e t h o d  o f  u s i n g  a h i g h  g r a d i e n t  m a g n e t i c  
s e p a r a t o r  was s u c c e s s f u l l y  u s e d  t o  r e m o v e  t h e  s m a l l  amount  o£  t h e  
F i s c h e r - T r o p s c h  c a t a l y s t  i n  a F i s c h e r - T r o p s c h  r e a c t o r - w a x .  

\ 
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II. Potentially Patentable Subjec~ Ma~te r  

NOTE: This d o c u m e n t  copy ,  s i n c e  it i s  t r a n s m i t t e d  in a~vance of 
patent c!e~rance, is made available in confidence solely for use 
in performance of work under contract with the U.S. Department of 
E n e r g y .  This document is not to be published nor its contents 
oSherwise disseminated or used for purposes other than s p e c i f i e d  
~bove before patent approval for such release or use has been 
secured, upon request, from the Chief, Office of Patent Counsel, 
U.S. Department of Energy, 9800 South Cass Avenue, Argonne, 
Illinois 6)0439. 

A. Task 2 - S c o p i n g  S t u d i e s  o f  
F i s c h e r - T r o p s c h  R e a c t o r - W a x  U p ~ r a d i n g  

A . 1 .  Low P r e s s u r e  H y d r o c r L c k i n  K o£ a 
F i s c h e r - T r o p s c h  R e a c t o r - W a x  

Two sets o f  s c o p i n g  h y d r o c r a c k i n g  s ~ u d i e s  were  
performed in a microreactor containing 5-I0 cm 3 catalyst, using 
Run CT-256-4 reactor-wax. The solid content of this wax was 
reduced from 0.13 wt ~ to less than 0.015 wt S using & Mobil 
proprietary ~echnique described in Subsection III. A.I. Atoll 
o f  3 . 2  kg c l e a n  wax was p r e p a r e d .  The f i r s t  s e t  o f  t h e  s t u d i e s  
u s e d  a Mobi l  p r o p r i e t a r y  h y d r o c r a c k i n g  c ~ t a l y s t .  The c o n d i t i o n s  
we re  329-371"C,  4 . 5 8  MPL, 0 . 5 - 2  LHSV and 675 NL H2/L.  

The g a s  p r o d u c t  wa.s L n a l y z e d  u s i n g  Kas c h r o ~ t o & ~ & p h y .  
The l i q u i d  p r o d u c t  was d i s t i l l e d  i n t o  g a s o l i n e  ( t o  177"C) ,  
d i s t i l l a t e  (177-344"C)  and  r e s i d u e  (344"C+) .  The g a s o l i n e  m 
L n L l y z e d  f o r  PONA u s i n g  l i q u i d  c h r o ~ o E r ~ h y ,  and  t h e  o c t a n e  
numbers  were  o b t & i n e d  f rom a c o r r e l a t i o n  b a s e d  on i t s  
c o m p o s i t i o n .  The d i s t i l l a t e  f r ~ t i o n  w u  a n a l y s e d  f o r  p o u r  
p o i n t ,  and  t h e  c e t a s e  i n d e x  wLs d e t e r m i n e d  from • c o r r e l a t i o n  
u s i n g  t h e  d e n s i t y  Lnd t h e  s i a u l L t s d  d i s t i l l a t i o n  m i d p o i n t .  I n  
L d d i t i o n ,  h y d r o g e n  c o n s u m p t i o n  wLs e s t i m a t e d  f r ~  hydraq~vn 
b L l a n c e  u s i n g  t h e  h y d r ~ e n  c o n t e n t s  o f  t h e  h y d r ~ L r b o n  p r o d u c t s  
and the feed re~ztor-wax. The results are summarized in Tables 
ARD-II-1 and ARD~II-2. 

3) a r e  : 

The s ~ j o r  f i n d i n g s  f rom h i g h  s e v e r i t y  r u n s  (Runs 1 t o  

• 80 -100  wt  S c o n v e r s i o n  o f  344"C + b u t  m~ter&~e G+D y i e l d  
(47 -70  w~ S g a s o l i n e ,  1 -10  wt ~ d i s t i l l a t e ) .  

0 Increased G+D (48 to 80 w¢ ~) and decreased methane ÷ 
ethane yields (1.7 ¢o 0.2 w¢ ~) with decreasing severity 
(371 ¢o 329"C). 

ARD-II-I 



Tzble ARD-II-I 

Hydrocracking of a 
Fischer-Tropsch Reactor-Wax(l~ 
(Mobil Proprietary Catalyst, 
Run CT-256-4 Reactor-Wax) 

Run No. 1 2 3 

DOS 1.7 2.7 3.4 

Temperature, "C 371 344 329 

LHSV, cm 3 per hr/cm3-c~t. .5 .5 .5 

Recovery, wt ~ 95.3 105.2 93.8 

Conversion, wt ~C2) 98.9 98.0 80.0 

H 2 Consumption, NL/L Cony. 234 200 151 

S e l e c t i v i t y ,  wt ~ (C+D+C4-) 

C 1 0.5 0.1 0.1 

C2/C2= 1.2/0 0.3/0 0 .3/0  

C3-C 4 0 l e f i n s  0.7 0.6 0.4 

c3 7.5 4 . 0  

£C4 18.1 16.0 15.0 

nC 4 24.2 10.9 5.0 

C5-177" C 46.8 66.4 65.2 

177-344"C 1.0 2.4 I0 .0  
m 

Total 100.0 100.0 100.0 

4 5 

5.0 5.7 

330 329 

1 2 

98.4 97.7 

12.1 5.8 

- 34 

0 0 

o/.4 o/o 

.8 0 

7.3 4.9 

11.9 8.9 

1 . 4  0 

5 3 . 8  37.2. 

2 4 . 4  4 9 . 1  

1 0 0 . 0  1 0 0 . 0  

(1)5-10 cc c~ta lys% 4.58 MPs, 0.5 LKSV, 675 NL H2/L. 

(2)Based on 344"C - Product.  
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Table ARD- I I -2  

Products from Eydrocracking 
of a Fischer-Tropsch Re~ctor-Wax 

(Mobil Proprietary Catalyst,  
Run CT-236-4 Reactor-WLx) 

Run No. 

LHSV, ca 3 per hr/cm3-cat. 

Temperature, *C 

Dis t i l  l a te  

Cetane Index 

Pour Point ,  "C 

Raw Casoline 

Paraff in ,  wt S 

Olefin 

NLphthene 

Aromatic 

Octane Nuaber (it.,.O) 

1 2 3 4 5 

0 .~  0 .5  0 .5  1 2 

371 344 329 330 329 

34 - 65 51 59 

-52 -32 -36 - 11 - 2 

96.5 91 .$ 

.05 3.6 

.05 3.1 

2 .4  1.8 

I00.0 I00.0 

83 .9  80 .8  

89.7 

6.1 

4.1 
/ 

m m 

100.0 

73 .5  
a .  

w 

o 

m 
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O t h e r  m a j o r  f i n d i n g s  a r e :  

• Very  low c o n v e r s i o n  (6 -12  w~ ~ o f  344°C - p r o d u c t )  and 
high G÷D yields (78-86 wt ~) at low severity (1-2 LHSV). 

• Highly paraffinic, and consequentl., low to moderate 
octane number (74-84 R+O) gasoline. 

• High c e t a n e  i n d e x  (51-65)  b u t  h i g h  pour  p o i n t  ( -2  t o  
-36"C) distillate at low severity (329°C, I-2 LHSV). 

Significant increases in G÷D yield, distillate cetane 
index and distillate pour point, but a decrease in 
gasoline octane number with decreased severity (low 
temperature and hlgh LHSV). 

The v e r y  low c o n v e r s i o n  d u r i n g  low s e v e r i t y  (1-2  LHSV) 
o p e r a t i o n  i s  i n c o n s i s t e n t  w i t h  t h e  h i g h e r  s e v e r i t y  r e s u l t s .  T h i s  
is shown in Figure ARD-II-1, by plotting conversion versus LHSV. 
The dotted line is the expected theoretical curve for first ord~c 
kinetics. As shown, the 1 and 2 LHSV points are well below the 
expected conversions. For higher order kinetics~ the discrepancy 
is even larger. A possible explanation for this discrepancy is 
that the catalyst was not at the same state between these two 
groups of experiments, as approximately one month elapsed between 
them. 

In the second set of experiments, a Ketjen 742 catalyst 
was used. Six scoping runs were performed in a microreac~or 
containing 10 cm 3 catalyst. The conditions were 342-454"C, 4.58 
HPa, 0 . 5  LHSV, and 675 NL H2/L.  

The gas product was analyzed using gas chromatography. 
The liquid product was distilled into gasoline (~o 177"C), 
distillate (177-344"C) and residue (344"C+). The results are 
summarized in Table ARD-II-3: 

The m a j o r  f i n d i n g s  a r e :  

• The converison ranged from 3-72 wt ~ of 344"C +, with 
a c c e p t a b l e  c o n v e r s i o n  o n l y  a~ h i g h  t e m p e r a t u r e s  (>426" ) .  

0 

The G+D y i e l d  r a n k e d  f rom 86 -93  w~ ~ o f  G+D+C4- , and i t  
i n c r e a s e d  w i t h  i n c r e a s i n g  s e v e r i t y  ( t e m p e r a t u r e ) .  

The l i q u i d  p r o d u c t  was p r e d o m i n a n t l y  i n  t h e  d i s t i l l a t e  
r a n E e  (G/D o f  . 0 3 - . 2 1 ) ,  and t h e  G/D r a t i o  i n c r e a s e d  w i t h  
s e v e r i t y .  

The m e t h a n e  ÷ e t h a n e  y i e l d  r a n g e d  f rom 3 . 6 - 7 . 6  w~ ~, and 
i t  d e c r e a s e d  w i t h  i n c r e a s i n g  s e v e r i t y .  

AED-TI-4 
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Figure ARD.II.1 
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Table AED-II-3 

Hydrocracking of a 
F£scher-Tropsch,,Reactor-Wax(1 ) 

(Ketjen 742 Cata lys t ,  
Run CT-256-4 Reactor-Wax) 

Run No. 

DOS 

Te~.perature, * C 

Recovery, ~ 

Convers£on, ~ ~(2) 

S e l e c t i v i t y ,  lr~ ~ (G+D.C4-) 

C1 

C2/C2 = 

C3-C40Zet. 

C3 

iC4 

'¢4 

C 5-177" C 

177-344"C 

To1~1 

6 7 8 

0.8 1.7 2.6 

342 371 400 

98.9 101.3 99.3 

3.2 4.1 6.4 

9 10 11 

3.5 4.4 5.3 

414 426 454 

99.6  99.0 98.5 

11.0 18.9 71.5 

3.2 4.7 4.5 

4.4/0 1.614.9 3.5/0 

0 0 .8  0.7 

0 1.9 2.0 

1.6 0 2.5 

0 0 0 

8.2 2.7 5.0 

82.6 83 .4  81 .8  

100.0 100.0 100.0 

3.7 2 .6  1.9 

3.5/0 1.0/0 2.2/0 

0.9 0 0.3 

2.4 3.0 2.3 

3.1 1.9 0.2 

0 0 0.6 

3.9 7.5 16.2 

82.6 84.0 76.3 

100.0 100.0 100.0 

(1) ]0 c=3 cata.lys¢, 4.5S MPa' 0.5 LCSV, 67S ~ H2/L 

(2)Based o~ 344QC- 
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The G+D yields were better than those with the Mobil 
hydrocracking cmtalyst. The best yield is slightly lower than 
that reported by SASOL (Dry, 1976), i.e., 93 versus 95 wt ~. 

The g a s o l i n e  p r o d u c t s  from ~he ~wo h i g h  t e m p e r a t u r e  
runs (Runs I0 and ii) were ~n~lyzed for PONA using liquid 
chromatography, and the octane numbers were estimated by using an 
in-house blending model. Table ARD-II-4 shows that these 
gasolines are highly paraffinic. Furthermore, the analysis 
showed that ~he paraffins are mostly normal (80~), thus giving 
very low octane number. Hence, further upgrauling of this 
gasoline may be required. 

The distillate products were analyzed for pour point 
and their cetane indexes were estimated from a simulated ASTM 
distillation, ~nd from measured density at 1S*C. The results ~re 
also shown in Table ARD-II-4. At high severity, the distillate 
is of good quality, having very high cetLne index and acceptable 
pour point. 

The h y d r o g e n  c o n s u m p t i o n  was a l s o  e s t i m a t e d  f rom 
a n a l y s i s  o f  t h e  h y d r o g e n  c o n t e n t  o f  t h e  wax and l i q u i d  p r o d u c t s ,  
and f rom t h e  h y d r o g e n  c o n t e n t  o f  t h e  h y d r o c a r b o n s  i n  t h e  p r o d u c t  
g a s .  The e s t i m a t e  f o r  t h e  h i g h e s t  s e v e r i t y  i s  g i v e n  in  Tab le  
ARD-I I -4 .  The h y d r o g e n  c o n s u m p t i o n  f o r  l o w e r  s e v e r i t y  r u n s  c o u l d  
not he estimated with sufficient accuracy. 

I n  c o n c l u s i o n ,  h y d r o c r a ~ k i n  E o v e r  K e t j e n  742 c ~ t a l y l t  
gave  good  C+D y l e l d s  and c o n v e r s i o n ,  w i t h  m o s t l y  h i g h  q l a l i t y  
d i s t i l l a t e  and a m l l  y i e l d  o f  low octane g a s o l i n e .  Th i s  
p r o c e s s  i s  b e i n g  c h o s e n  f o r  our  c o n c e p t u a l  d e s i g n  s t u d y  i n  Task 
5. The t e m p e r a t u r e  u s e d  h e r e  i s  h i g h e r  t h a n  t h e  t e m p e r a t u r e  
n o m i n a l l y  u s e d  i n  p e t r o l e u m - b a s e d  h y d r o c r a c k i n E  w h i l e  t h e  
p r e s s u r e  i s  s u b s t ~ n t i a / l y  l o w e r .  We b e l i e v e  t h a t  f u r t h e r  
c ~ t a l y s t  e x p l o r a t o r y  m~y l e a d  t o  a l ower  t e m p e r a t u r e  c a ~ l y s t  and  
o p e r a t i o n .  

A .2 .  F i s c h e r - T r o p s c h  Rea~tor -Wax H~drodewaxinE 

S c o p i n g  hydrodewax~ng s t u d i e s  were  p e r f o r m e d  i n  • 
= i c r o r e ~ c t o r  c o n t a i n i n g  5 c ~  c a t • l y s t ,  u s i n g  Run CT-256-4 
r e a ~ t o r - w a x .  The c o n d i t i o n s  were  3 1 5 - 3 4 3 * C ,  2 . 8 6  MPa, 1 . O U ~ V  
and 422 N L H 2 / L .  The c a t a l y s t  wa~ a ZSM-5 c l a s s  Mob i l  
p r o p r i e t a r y  h y d r o d e w a x i n  E c L ~ l y s t .  

~3>-ZI-7 



~U~I NO. 

DOS 

Temperature ,  "C 

Convers ion ,  wt '~(1) 

H 2 Consumption, NL/L Cony. 

SeIectivitv, S (C÷D C4-) 

C4- 

C5-177" C Gasol ine  

177-343" C D i s t i l l a t e  

T o t a l  

P roduc t  P r o p e r t i e s  
m 

C5-177" C Caso l ine  

Parsd~in, wt 

Ole£in  

Naphthene 

Az-omatic 

T o ~ l  

R+O 

ITF-~3°C D i s t i l l a t e  

Ceta.ne Index 

Pour Point, "C 

Table ARD-II-4 . 

Products from Hydrocracklng o~ 
• ~ Fischer-Trops.ch Reactor-Wax 

(Ketj en 742 C a t a l y s t ,  
Run CT-256-4 Reactor-Wax) 

6 7 8 9 

.8 1.7 2 .6  3.5 

342 371 400 413 

3.2 4.1 6.4 11.0 

I0 

4 .4  

426 

18 .9  

11 

5.3 

4 5 4  

71.5 

110 

9.2 13.9 13.2 13.5 8.5 7.5 

8 .2  2 .7  5 .0  3 .9  7 .5  16.2 

82.8  83.4  81.8 82.6 84 .0  76.3 

100.0 I00 .0  100.0 I00 .0  100.0 100.0 

n 

m 

m 

o 

o 

63 .3  

14 .9  

9 . 7  

12.1  

100.0 

39 

. . . .  68 72 

4 3 -14 -1 -6 -16 

(1)Based on 343~C - P roduc t  

69.3 

3 .2  

13.1 

14.4 

I00.0  

35 
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The gas product was ~nalyzed using gas chrom~tx~raphy, 
the liquid product w~s analyzed using simulated distillation 
chromatography, and it was distilled into gasoline (to 177"C), 
distillate (177-344"C) and  residue (344"C*) fractions. The 
results of the analyses are summarized in T~51e ARD-II-5. The 
gasoline and distillate fr~ctions were also analyzed for their 
properties as described in the precedin~ Subsection. The results 
are summarized in Table ARD-II-5. 

The m ~ j o r  f i n d i n g s  a r e :  

15-71 ~c ~ c o n v e r s i o n  t o  344"C-  and m o d e r a t e  G+D y i e l d  
(53-61 wt  ~ g a s o l i n e ,  11-26  wt ~ d i s t i l l a t e ) .  

G+D y i e l d  i n c r e a s e d  o n l y  m o d e r a t e l y  (70 t~> 79 wt ~) 
w h i l e  c o n v e r s i o n  d e c r e a s e d  s i g n i f i c a n t l y  (71 t o  15 wt  ~) 
w i t h  d e c r e a s i n g  s e v e r i t y  (343 t o  316"C) .  

• Low h y d r o g e n  c o n s u m p t i o n  ( < 5 1 N L / L  c o n v e r t e d ) .  

• Highly paraffinic (52-61 w% ~) aad moderate octue 
number (81-88 R+O) gasoline. 

HiEh c e t ~ n e  i n d e x  (61 -68)  b u t  a l s o  r e l a t i v e l y  h i g h  p o u r  
point (6 to -30"C) distillate f rom low severity 
operation (<330"C reactor temperature). 

S i g n i f i c a n t  i n c r e a s e  i n  t h e  d i s t i l l a t e  c e t a n e  i n d e x  and 
t h e  E ~ s o l i n e  o c t a n e  number ,  b u t  a l s o  ~ e  i n c r e a s e  i n  
t h e  d i s t i l l a t e  p o u r  p o i n t  w i t h  l o w e r  r e a c t o r  
t ~ m p e r a t u r e .  

It a p p e a r s  ~ h a t  a c c e p t a b l e  d i s t i l l a t e  y i e l d s  can  o n l y  
be  o b t a i n e d  a t  v e r y  low c o n v e r s i o n s ,  t h i s  b e i n l  p r o b a b l y  due  t o  
t h e  s h a p e  s e l e c t i v i t y  o f  t h e  ZSH-5 c l a s s  c a t a l y s t .  T h e r e f o r e ,  no 
f u r t h e r  s c o p i n g  s t u d i e s  L re  p l a n n e d ,  t h e  e f f o r t  b e i n g  f o c u s e d  on 
o t h e r  more p r o m i s i n ~  r e a c t o r - w a x u p i T ~ i i n ~  schmnes .  

A . 3 .  F i s c h e : ~ T r o ~ s c h  R e a c t o r - W a x  C a t s l | r t i c  CrackinE 

S c o p i n g  s t u d i e s  we re  p e r f o r m e d  i n  & F l u i d  C & t & l y t i c  
Cracking (FCC) riser (UnitCT-180) usin s Run CT-~-4 re~or 
wax.  The c o n d i t i o n s  w e r e  1 s r e s i d e n c e  t i m e ,  4 . 2 - 5 . 5  c ~ t / o i l  
ratio, 478-524*Cmaximum t~mpcrature, 465-506*C t o p  %A~perLt~re, 
0 . 1 1  ~Pa o i l  p a T t i a l  p r e s s u r e .  The c ~ t a l y s t s  s e r e  ~ e r c i L 1  
e q u i l i b r i u m  and  coke  z e o l i t e  ( E n g e l h L r d H E Z - 5 3 )  and e q u i l i b r l u l  
Si/AI cracking c~talyst. 

ARD-II-9 



T~ble ARD-II-5 

Hydrodewax£ng of a 
F£scher-Tropsch Reactor -Wax (I) 

(ZSM-5 Class Catalyst, 
Run CT-256-4 Reactor.-Wax) 

Run No. I 2 3 

DeS 1.7 2.6 3.5 

Temperature,  ° C 343 330 316 

Recovery, w~ ~ 93.5 103.4 104.8 

Conversion, w~ ~;{2) 70.8 31.6 14.9 

H 2 Consumption, NL/L Cony. 51 - - 

S e l e c t i v i t y ,  wt ~ (G+D+C4") 

C 2" 1.0 0.6 0 .4  

C3-C 4 0 l e f .  1.0 3.3 4 .4  

C 3 6.T 6.1 7 .4  

£c4 l o . 6  7.2 6 .s  

nC 4 10.8 7 . 3  2 . 5  

C5-177 ° C 58.6 61.2 52. g 

177-344*C 11.3 14.3 25.9 

Tota l  100.0 100.0 100.0 

(1)5 cm 3 c z t ~ y s t ,  2.86 MPa, 1.0 LHSV, 422 NL H2/L 

C2)Based on 344*C - Product  

&E~-II-IO 



Table ARD-II-6 

P r o d u c t s  from Hydrodewax ing  o f  
a F i s c h e r - T r o p s c b  Reac~or-Wa.~ 

(ZSM-5 C l a s s  C ~ l y s ~ ,  
Run CT-256-4 Reac~or-W~x) 

Run No. 

Temperature, 

1 2 
m 

3 

"C 343 330 316 

D i s t i l l x t e  

Ceta~le I n d e x  

Pour  P o i n t ,  "C 

33 

-130  

61 

-30  

6 8  

6 

P~w G a s o l i n e  
l lm 

P a r a f f i n ,  
0 1 e £ i n  
N&ph~hene 
A r o m a t i c  

~ S  

0crAne No. (R+O) 

6 1 . 1  
7 . 9  
5 . 5  

2 5 . 5  

1 0 0 . 0  

8 0 . 7  

5 5 . 9  
2 7 . 0  

2 . 8  
1 4 . 3  

1 0 0 . 0  

8 2 . 3  

5 1 . 8  
3 9 . 6  

2 . 0  
6 . 6  

100 .0  

8 5 . 9  
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The g~s  p r o d u c t  was a n a l y z e d  u s i n g  gas  c h r o m a t o g r a p h y ,  
the liquid product was distilled into gasoline (to 194"C), 
distillate (Ig4-344°C) and residue (344°C +) fractions. The 
gasoline and the dlstillate fractions were also analyzed for 
their properties as mentioned in the Subsection ARD-II-A.1. The 
results are summarized in Tables ARD-II-7 and ARD-II-8. Note 
that the cetane indexes and pour points of the FCC distillate are 
those before distillate hydrotreating (DHT). With the conversion 
of the olefins to paraffins in the DHT, small changes in both the 
ce~ane indexes and pour points may be expected. 

The major findings are: 

• Very high (91-93 w~ ~) conversion and high G+D yields 
(75-81  wt ~ ) .  

High olefin content in light gas (75 wt ~ in C4- ) . 

Insensitivity of product distribution to severity 
(temperature variation and coked catalyst versus 
equilibrium catalyst). 

• Very low coke yield. 

High octane (90-92 R+O) but highly olefinic (63-79 w%~) 
gasoline. 

M o d e r a t e  c e t a n e  i n d e x  (49 -53 )  and  good pou r  p o i n t  ( -23 
to -34"C) distillate. 

The coke  y i e l d  i s  so  low t h a t  i n  a c o m m e r c i a l  FCC u n i t ,  o t h e r  
fuels, such as a sm~ll guantite of clean synthesis gas, will be 
n e e d e d  i n  t h e  FCC r e g e n e r a t o r  t o  p r o v i d e  s u f f i c i e n t  h e a t  f o r  the 
FCC r e a c t o r .  

The highly olefinic nature of the gasoline and light 
gas points to a route of further upgrading the FCC product using 
the Mobil proprietary MOGD process (TabakandKrambeck, 1985) for 
converting olefins to G+D. Table ARD-II-9 shows the MOGD can 
increase the G+D~o 91 wt~ of 344"C- product,and that potential 
liquid product yield (C3 ÷) to g8.2 w~ ~ of the product, which is 
comparable or better than that reported by Dry (1976) using 
hydrocrackinE. The MOGD yield was estimated from a Mobil 
proprie~.%rym~thematica! model. The results with Si/Al cracklng 
catalyst were inferior %o those with zeolite (Engelhard HEZ-53). 
Table ARD-II-9 also compares the three upgrading processes: 
hydrocra~king, hydrodewaxinE, and FCC ÷ MOGD. The FCC + MOGD 
gives the highest G+D yield and excellent gasoline octane number. 

[ 
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Table /LRI)-II-7 

Fiscbe r -Tropsch  
Rezc~or-~ax Upgradin~ Using FCC(1) 

Run No. I 2 

C a t ~ l y s t  HEZ-S3 (2) HEZ-53 

Ca t /Oi l  Ra t io ,  wt.. 4 .2 4 .2  

Oil  Res. Time, s I I 

T ~ x ,  "C 523 478 

Tto p,  "C 504 465 

Oil  P z r t i a l  P r e s s u r e ,  liPs 0.11 O . U  

Recovery, wt ~ 96.9 93.4 

Convers ion ,  wt ~(3) 93.0 91.4 

S e l e c t i , i % ~ ,  wt ~ (C+D+C4-) 

Coke O. 9 1.1 

C 1 I .  1 .6 

C2/C2 = 1.211.2 .71 .7  

C3-C 4 0 l e f .  17.7 13.0 

C 3 1.5 1. I 

iC 4 1.9 2.5 

nC4 .6 O. 6 

C5*-194"C 56.3 56.5 

194-344" C 17.6  23.2  

T o t a l  100.0 100.0 

(1 )Uni t  CT-180 E i s e r ,  Bun CT-256-4 R e a c t o r - | a x  

(2)coamerci~l  E q u i l i b r i u a  C ~ t a l y s t  

(3)]~sed on 344"0 - P roduc t  

~-II-13 

3 

COk~ 
B Z - ~  

4 . 4  

1 

524 

0.11 

93.1 

91.1  

~ . 6  

1.3 

1.s/1.s 

16.1 

1 .4  

1 .4  

0 . 8  

~ . 0  

19.8 

1 ~ . 0  



of 

T a b l e  ARD-II-8 

Products from FCC Upgrading 
Fischer-Tropsch Reactor-Wax 

Run No. 

Catalyst 

Tmax, "C 

2 

HEZ-53 HEZ-53 

523 478 

3 

Coked 
HEZ-53 

524 

Distillate 

Cetane Index 

Pour Point,'C 

51 53 49 

-23 -23 -34 

Raw Gasoline 

P a r a f f i n ,  
Olefin 
Naphthene 
Aromatic 

wt~ 

Octane  No. (R+O) 

2 0 . 7  
6 5 . 7  

4 . 0  
9 . 6  

100.0 

g 1 . 5  

24.9 
62.5 
4.0 
8.6 

100.0 

8@ .8  

12.9 
73.4 
2.9 

10.8 

100.0 

9 1 . 6  
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Tzble ARD-II-g 

Comparison of Fischer-Tropsch 
• eactor- |ax UpL~-ading Methods 

Catalyst  

Temperature, * C 

Pressure, UPa 

LHSV, c= 3 per hr /ca3-cat .  

Conversion, wt 

H 2 Consueption, NL/L Conv. 

S e l e c t i v i t y ,  wt 

Coke 

C3-C 4 0 l e f .  
LPG 
iC 4 
C5-177" C Casoline 
177-344"C D i s t i l l s t e  

Gasoline (C5-177" C ) 

Hydrocra~king Hydrodewaxing 

Mobil ZSM-5 Class 

329 330 

4.53 2.86 

0.5 1.0 

80 32 

1.51 0 

0.4 0.6 
0.4 3.3 
9 . 0  13.4 

15.0 7.2 
65.2 61.2 
10.0 ; 4 . 3  

m m 

100.0 100.0 

Po~, ,,t s 9o16/41o ~ / ~ / 3 / 1 4  
Octane No. (l+O) 74 82 

.Dis t i l l s t e  (177-344" C) 

FCC ( - i ~ )  

8EZ -53 

465-478 

0 . I I  

4.2/1( 1 ) 

91 

1.1(1.1) 
2.o(1.s) 

13.o(=.o) 
1.7(=.1) 
2.s(~=.s) 

s6.s(2) (u .s )  
• ~ .2 (2)  (sl.s) 

I 

100.0 

Pour Point ,  ° C -36 -30 -23 
Ce~ane Index 65 61 53 

(1)Cat to  o i l  weight r z t i o / o l l  residence time(s) 

(2)C5+-194"C Gasoline, 194-344"C D i s t i l l a t e  
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B. Task 5 - Development of 
Conceptual Process Schemes 

B.1. Introduction 

Based on the results of F-T reactor-wax upgrading 
reported in the preceding Section, two reactor-wax upgrading 
processes are chosen for this task: 

B a s e  C a s e  - Low P r e s s u r e  H y d r o c r a c k i n g  

Sensitivity Case - FCC ÷ MOGD + DHT 

B.2. Design Base Data for Fischer-Tropsch 
Reactor-WaxUpgradinE - Base Case 

In the base case, reactor-wax is upgraded into Easoline 
and distillate by low pressure hydrocracking using a Ketjen 742 
hydrocrackin E catalyst. The data is based on scoping 
hydrocracking studies in a microreactor (Run 11, Tables ARD-II-3 
and II-4). The process scheme is shown in Figure ARD-II-2 and 
the operating conditions are given in Table ARD-II-IO. The 
product yields, expressed as mol/lO0 mol of feed H2+CO are given 
in Tables ARD-II-11 to -13, while the overall product yields are 
given in Table ARD-II-14. Since the hydrocracklng gasoline has 
very low octane, i~ was assumed tha~ this gasoline can be co-fed 
with the overhead F-T product from the first-stage reactor into 
the second-stage ZSM-5 reactor. 

T h e  e s t i m a t e d  g a s o l i n e  + d i s t i l l a t e  s e l e c t i v i t y  is 87 
wt ~ of total hydrocarbons produced, including O.Swt ~ of 
imported isobutane, substantially higher than the 80 w~ ~ from 
the gasoline mode operation of the previous contract (Kuo, 
1983); the G/D ratio is 1.2/1. The gasoline hashigh octane (g3 
R+O) and the distillate has high cetane index (72). 

B.3. Design Bas e Data for Fischer-Tropsch 
Reactor-Wax Upgr~ing - Sensitivity Case 

In the sensitivity case, reactor-wax is upgraded to 
gasoline and distillate by FCC using an Engelhard HEZ-53 
catalyst. The da~a is based on scoping studies in a small riser 
reactor (Run 2, Tables ARD-II-7 and II-8). The highly olefinic 
FCC light gas and gasoline can be converted by the MOGD process 
into high quality gasoline and distillate. The MOGD data are 
estimated based on pilot plant studies with FCC oleflnic feeds. 
The process scheme is also shown in Figure ARD-II-2 and the 
operating conditions are given in Table ARD-II-15. The product 
yields expressed as mol/100 mol feed H2÷CO are given in Tables 
ARD-II-16 and ARD-II-17, while the overall product yields are 
given in Table ARD-II-14. 
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Figure ARD-II-2 
PROCESS SCHEME FOR HIGH-WAX MODE OPERATION 
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Table ARD-II-IO 

Process Conditions - Base Case 

First-Stage Second-Stage 
(F-T) (ZSM-5) H y d r o c r a c k e r  

C a t a l y s t  

Feed H2/C0, 
molar  

I n l e t  P r e s . ,  ~Pa 

I n l e t  Temp., *C 

0 u t l e t  Temp., *C 

Space V e l o c i t y  

Cons~ptlon, 

Heat  of Reaction, 
kJ/mol 
H2+CO in Feed 

I - B ( P p t d  F e /  ZSM-5 
Cu/K2C03) 

0 , 5  

2 .87  Cascaded 

227 371 

258 392 

3.50 8.0 
NL (H2+CO) / NL/ at-hr 
EFe-hr  

, Ket j  en 742 

M 

4.58 

454(1)  

NA 

0 . 5  
WHSV 

110 

56.3 0.6 HA 

(1 )Average  t e m p e r a t u r e  
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Table AiT~-I I -11 
HYDROCRACKL=R :EED AND PROOUCT YII~LDS 

(BASIS: 1110 M0L FEED H2-C0) 

M0L FEED MW SP. GR M0L PIt0O 

WATER 18 .O2 - 0 .e994 
HYDROGEN 1 . ~18S 2.02 - e . ~  
METHANE 16. O4 0.2396 
E'rHANE 3~ .  07 - • .  1446 
PROPANE 44.10 £. 5•77 8.1•E3 
PROPE]NE 42 .B8 8.$218 B.0eTl  
N-BUTANE 58.12 ID. S844 8.8222 
I-BUTANE SS. 12 • .~S31 8.  laSlB 
N-BUTENE S6.11 0.6011 0.1m48 
N-PENTANE 72. lS • .6312 0.0106 
Z-PEAITANE 72.1S 0.624B 0.0110 
CYCLOPENTANE 7e. 14 • .  ~ • . • 0 1 •  

I-HEXANE 86.18 O . ~  • . ~ 1 7  
N-HEXENE 8a .26 0 . ~  •.a@14 
~-THYLCYCLOPENTANE 84.26 0.7r~8 • .IW84 
CYCLOHEXANE 84.16 6.11~kl • . l l a l g  
BENZB~ 78.11 0.8041; • J r . 1  
N-HEPTANE leB.  21 £ .e882 • . ~ ?  
I..HEP'rN,,IE 1 ~ . 2 1  0 .BIIT8 m.U181 
N - H E P ~  N .  19 0.  ~ • . l e l ?  
DI~'THYL-CYCLOPENTANE gO. 19 II. 7498 • Jm4e 
METHYLCYCLOHEXANE ~;e. 19 • .  ~4 •  •.8B48 
TOLUI~IE 92.14 o . r t l 9  0 J 1 2 1  
N-0CTANE 11L .23 O . ~  • . ~  
I-0CTANE 114.23 II. ~161 • .IrJ[12 
N-0CllDE 112.21 0.7212 a . t ~ l e  
C8-N8 112.21 O. T?M • .  
C8-N8 112.21 0.7922 • .mOO 
M-X'fL~qE 186.17 I;.!1887 O . ~  
0-XYLEME 1B8.17 • .0848 • . •D IM 
E T H ~  188.17 O.B7~? O . ~  

128.26 • .717• • .8414 
I-NONN4E 128.26 • . 722S  • . • l l r ~  

126.24 • .71134 0 . ~  
C9-N8 126.24 0 . ~  • . ~  
C9-.N8 128.24 • .  79"rt • . I B I 7  
N - ~  120.20 • . m  • . d i l O  
ILrTHYL-ETHYL-D84Zi~E 12~.28 O . ~  • . ~  

N - O E ~  142.28 0.T441 I . I W f l l  
I-0ECJ~J4E 142.20 • . 7 t M •  • . ~  
N-DECENE 140.27 0.7461 • . ~  

14e.27 0 . ~  • . • i l l  
1411.27 II.INB1 0.001,3 
~ . 2 2  • . M 4 4  • . ~  

T E T ~ - t l E T H Y L ~  134.22 lh0011g • . g g S S  
D ~ Y I . B E [ ~ B ~  134.22 • . m  0 . ~  
C11-PARN=F2]H 186.31 • .7443  0 . ~  
177-~44oC 2 ~ . ~  0 . ~  0.7202 
RX-tlAX • .2414  1 1 2 1 . 4 1  0 . ~  - -  

TOTAL M0L 
WT 

1.31~99 
2/m.51; 

I.OlMO 
2gg.SS 
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Table ARD- I1-12 
HYDROCRACKER C l l -  GASOLINE FEED TO SECOND-STAGE REACTOR 

(BASIS: 100 MOL FEED B2-CO) 

PROPANE 
PROPENE 
N-BUTANE 
I-BUTANE 
N -BUTENE 
N-PEIC/ANE 
I-PE~ANE 
CYCLOPENTABE 
N-HEXANE 
I-HEXA~ 
N-HEXENE 
METHYLCYCLOPENTANE 
CYCLOHEXA~ 
BENZ~_.J~ 
N-HEPTANE 
I-HEPT~E 
N-HEPTS~ 
D~THYL-CYCLOPENTANE 
METHYLCYCLOHEXANE 
TOLUEI~ 
N-OCTAb~ 
I-OCTANE 
N-OCTENE 
C8-N5 
08-N6 
M-XYLENE 
0 -XYLBNE 
E T ~  
N-NONANE 
I-NOI~iNE 
N-NONBNE 
Cg-N5 
Cg-N6 
N-PROPYLHENZR~E 
METHYI~LTHYL-BEN~qE 
TRIMETHYL-BEN'~ 
N-DBCAI~ 
I-DECANB 
N-DECBNE 
CION5 
C10N6 
N-CA-]~IZENE 
TET~- I~_ , -BENZERE 

C11-PARAFFIN 

SP. GR MOL 
44.10 O. 5077 O. 1053 
42.08 O. 5218 O. 0071 
58.12 0.5844 O. 0222 
58.12 O. 5531 0.0058 
56.11 0.5011 0.0048 
72.15 O. 8312 0.0106 
72.15 0. 6248 O.0110 
70.14 O. 7505 O. 0010 
86.18 0.6640 0.0146 
86.18 0.6630 0.0017 
84.16 0.6805 0.0014 
84.16 O. 7505 0.0054 
84.16 0.7834 0.0008 
78.11 0.8845 0.0011 

100.21 0. 6882 O. 0337 
1OO.21 0.6830 0.0061 
98.19 0. 7035 0. 0037 
98.19 O. 7496 O. 0046 
98.19 0.7740 0.0048 
92.14 O. 8719 O. 0121 
114.23 O. 7068 O. 0508 
114.23 0.7061 0.0112 
112.21 0.7212 0.0040 
112.21 0.7700 0.0058 
112.21 0.7922 0.O060 
106.17 O. 8687 0.0068 
106.17 O. 8848 O.OOg4 
106.17 0.8717 0.0053 
128.26 0.7176 0.0414 
128.26 O. 7215 0.0101 
126.24 0.7334 0.0022 
126.24 O. 7500 0.0030 
126.24 O. 7977 0.0037 
120.20 0.8666 0.0016 
120.20 O. 8690 0.0036 
120.20 O.86g6 0.OO18 
14.2.28 O. 7341 O. 0078 
142.28 0.7340 0.0031 
140.27 O. 7451 O. 0008 
140.27 0.7954 0.0011 
140.27 0.8031 0.0013 
134.22 0.8646 0 . 0 0 0 2  
134.22 0.8900 0.0006 
134.22 O. 8700 0.0004 
156.31 0.7443 0.0014 

TOTAL MOL 
~T 

0.4412 
3g.08 
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Table A1~)-II-13 
SECOND-STA,G~ P1Rt~OUCT FROM HYI~ROCRMCKER GASOL][NE 

(BASIS: 1 N  M0L FEED H2*C0) 

m~ SP. C.q MOL 

~I'HANE 16.64 - e. Im27 
ETHAN( . ~MD. 67 - g. 8019 
PROPNNE 44.10 0. 9077 • .22S3 
PROPENE 42.06 0. $216 • .66M7 
N-BUTANE 68.12 0. $84a • .  0684 
Z-BUTANE 58.12 6. $63) 9.643Q 
N-BUTENE 66.11 6.6611 0.eeL2 
N-.PEN'I"~IE 72.1S 0.6312 • .9181 
; -PENTANE 72.15 e. 6248 • .0312 
N-PENTENE 76.14 0o6461 9 . ~ 7  
1 -PEHI"E]IE 79.14 6.6326 9.9197 
¢~rCLOPENTN~E 70.14 6.798S 9.9407 
N-~EXANE 86.18 9.6640 8.9188 
Z -NEXANE 86.18 O. 8679 9.0182 

84.16 0.6788 I I . IMrJ 
I -HEXENE 84.16 0.6722 O.g~44 
METHYLCYCLOPENTANE 84.16 9 .76•6  g. ID41 
CYCI.OHEXNE 84.16 • .  7934 • . I J82  
BI~IZE]I~E 78.11 g.8848 9 . ~ 7  
N--HIE]FT~ 188.21 6.6882 8 . •049  
Z-HIEPTANE 188.21 9.68,38 • J g U 6  
N-HBrrBME 98.19 9.7068 O.I043 
Z ~  9e .19 9.6992 e .a~ . l l  
D ' r k E 1 3 W l . - C Y ~ / ~ I E  96.19 9.7496 0.8~H~ 
kEXl, I~CYCLOHEXNME 98.19 g.  7/48 • . I r J ~  

92.14 • .  8719 • . f169 
N-0CTANE 114.23 • .7868  • . • r~4 
Z-0CTANE 114.23 9 .7 •1~  m.g840 
N-0CT'EHE 112.21 •.727'2 • .6844 
Z-0CTE~ 112.21 e.7180 #.0614 
C8-NG 112.21 • .  7729 • .  
C6.-N8 112.21 9.7841 • .8820  
P-XYLENE 196.17 6.8867 9.1024 
ti-XYLENE 188.17 • .8897 11.0130 
0 - ~  188.17 • .  8848 9. fL IM 
ETHYLBIB~ENE 188.17 9.8717 9.8879 
N--NONN~ 128.26 9.7176 I1.•809 
Z-I~I~NE 1211.26 B. 7 2 E O  #.1122 

126.24 9 . 7 ~  m .1828 
Z - N ~  ] .26.24 g . 7 ~  # . ~  
Cg-NG 12~. 24 9.  "/~46 • .  
cg--NB 1.28.24 9.T945 • .~#~7 

t2~ . :M 9 .6066  ~.8819 

M L ~ I f f l . - E l t f f L - B B ~ I E  t 2 ~ . ~  9 . 9 6 M  •.11114 
~ ~  22~.2~ 1 .734•  • . 1 1 1 4  
N.,0ECN~ 142.28 • .  741;1 • . 1 ~ 2  

134 .22  • .  7493 • .  41~.9 
I E T H Y L - Z ~  ]34 .22  9 .7gS*  • . ~  
~ - I J B q Z E N [  1.3.*. 22 9.1W78 • . ~ 1 •  
D ~ r r k ~ l - B ~ 4 E  134 o 22 9 .8788  • .  
C 1 1 ~  146.29 e . 9 9 ~  • . l ~ O  

TOTAL MOt. e. $980 
WT ~.II 
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Table ARD-II-14 

Over~ll Product. Yields 
(wt ~) 

Base  Case  
F-T/ZSM-5/LPHC 

Sensitivity Case 
F-T/ZSM-5/FCC/MOGD 

CI*C 2 6.3 4.8 
C2 = 1 1 1.4 
C 3 5 . 7  3 . 3  
nC 4 O. 5 -0. g 
~C" -0.6 -0.8 
104RVP (C4-177° C) 4 7 . 3  6 3 , 0  ~" 
i 7- 4-c 3 9 . 7  2 8 . 6 -  

Total I00.0 100.0 

Ga~ol~ne 

P/O/N/A, w~ 60/1A/7/19 56/22/6/16 
Octane, R+O 93 92 

Dist~llate 

Pour Point, "C -15 -25 
Cetane Index 72 50 

*MOGD Easol£ne ~o 166"C, distillate 166-344"C. 

.~ED-II-22 
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Table ARD-II-15 

Process Conditions - Sensitivit 7 Cue 

Catalyst 

Inlet Pres-, MP~ 

Inlet Temp., "C 

Outlet Temp., "C 

Sp~ce Velocity 

H 2 Circulation, NL/L 

Heat  of Reaction, 
kJ/mol Feea H2+CO 

Second-Stage (ZSM-5~ FCC MOGD (1) 

ZSM-5 HEZ-S3 ZSM-5 

Cascaded .11 (2) 5 .62  

371 478 205 

393 465 NA 

8.0 GHSV 4.2/I (3) I WSSV 

-- -- 4 0  

.57 NA NA 

(1)80 NL/L H 2 consumpt ion  f o r  h y d r o t r e a t i n E  MOGD d i m t i l l a % e .  
(2)0ii partial pressure. 
(3)Cat-oil ratio/res£aence time(s). 

ARD-II-23 
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Table AI:~-ZI-16 
FCC FF_._~ AND PRODUCT YZELD~ 
(BASZ$: I ~  ~t0L FEED H2 -¢0 )  

COKE 
WATER 
HYDROGEN 
eETHANE 
ETHANE 
ETHENE 
PROPANE 
PROPENE 
N-BUTANE 
I -BUTk'~E 
B~rF.NE 
N-PF-.NTANE 
Z-PEe,,'TAHE 
PE~I"F.J~ 
CYCLOPENTANF_ 
N-HEXANE 
Z-HEXANE 
HEXENE 
METHYLCYCLOPENTANE 
CYCLOHEXN~ 

N-I-IEPT~J~ 
"r -I.EPTN~IE 
HEPTENF. 
DZMETHYL-CYCLOPENTANE 
METHYLCYCLOHEXN~ 
TOLUEIE 
N-0CT~E 
Z-0CTN~IE 
0CTENE 
¢8--NS 
C8--N6 
M-XYLENE 
0-XYLENE 
ETHYLBENZF.N~ 
N-NON/U~ 
Z.-NONANE 
NONENE 
C9.-N5 
CS~-N6 

IL:THYL-ETHYL-BENZENE 
TRXkEIHYL-BENZENE 
N-.OECAI~ 
Z-0EC.A~ 
0EOENE 
C10N5 
C1DI8 
N-C4-BENZENE 
I, ETHYL.-C3-B~N2B~IE 
TETRA-METiC~L~ENE 
D Z E T H Y L B I ~ E  
I¢'UmCH~ENE 
C11-PARAFFZN 
Cl l -0LEFZN 
Cll-kLKYL-BENZENE 
194-34.4oc 
RX-WAX 

MOL FEED 

0 .2414  

T'~.'.~.el 
18.02 
2 .02  

16.0,:  
30.07 
28.05 
44.10 
42.08 
Se. 12 
5G. 12 
S6.1:1 
72.15 
72.15 
70.14 
70.14 
86.18 
86.18 
84.16 
84.16 
84.16 
78.11 

100.21 
100.21 
98 .19  
98 .19  
98 .29  
92.24 

114.23 
114.23 
112.21 
112.21 
112.22 
10S. 17 
106.17 
I 0 6 . 1 7  
128.26 
128.26 
120.24 
228.24 
226.24 
220.20 
120.20 
120.20 
I 42 .26  
242.26 
140.27 
140.27 
140.27 
134.22 
134.22 
134.22 
134.22 
128.17 
286.32 
184.30 
148.25 
298.00 
821.41 

SP.G~ 

0.5077 
O.5218 
0.  $844 
O.5631 
0.6011 
O.6312 
0 .6248 
0.6325 
o.  7605 
0.6640 
0.6540 
0 .6843 
0 .7605 
• .  7834 
0.8845 
0 .6882 
0 .0772 
0 .7008 
0 .7496 
0 .7740 
0 .8719 
0.7068 
• .7090 
0 .7272 
0.77E~J 
0.7922  
0.8687 
0 .8848 
0.8717  
0.7176 
• .  7215 
~.7334 
0 .7800  
0 .7977  
0 . 8 6 6 6  
0 . 8 8 9 0  
0 . 8 8 9 8  
0.7341 
0 .7340  
• .7451 
0 .7954 
0 .8031 
0 .8846 
0 .9824  
0 . 8 9 0 0  
• .8700 
0.9800 
0 .7443 
0.7S44 
0 .8800  
0 . 8 2 2 ~  
0 . 8 7 M  

TOTAL H0L 
WT 

O.2414 
198.26 

M0L RR00 
0 .2080 
0.0<~4 
B .0196 
O .0692 
B. 0429 
0 .0459  
0 .0468 
0 :2134 
0 .0191 
0 .0843 
0 .2922 
0 .0056  
0 .0314 
B. 1374 
O .0002 
O. 0076 
0 .0577 
0 .1996 
• .E~43 
0 . ~ 3  
0 . ~ 1 9  

0.0496 
0 .1716 
• .0037 
0 .0022 

.B187 
B . 0 0 4 6  

.0292 
0 .0991 
0 .0075  
~,..c~075 
0 .0180  
0 .0065  
O.0010 
0 .0036 
• .0237 
0 .  ~F172 

0 .0033 
0.0017 
O.Ol17 
0 .0093 
0.0021 
0 . 0 1 6 0  
0 . 0 4 8 8  
0 . 0 0 2 1  
0 . 0 0 2 1  
0 . 0 0 7 I  
0 .0016  
0.0016 
0 .0017  
0.0002 
• .0047 
0 .0168  
0 .0017  
0.2282 

2 • 4787 
296.26 

q•m. 
\ 
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Table ARO-ZZ-17 
U0GD PA~0UCTS FR0U FCC ~S0L]NE ~ND GAS 

(BASXS: 1#O UOL FE~D ~2-~0) 

vw SP. GR 1,101. lUq~O 
WATER' ~ - - - -  e . l lm)4 
MYDROGEN 2. e2 • .  I11'B6 
METHANE 16 .~1 I! .  Im92 
ETHANE ~ .  m 7 • .  11438 
ETHENE 28.8S • .  0322 
PROPANE 44.10 • .  ~377 • .  ~ $ 6  
PROPENE 42.00 £.  5218 B . r Jg8  
N-BUTANE S0.12 B. $844 B .~41 
I"-BUTN~E 88.12 • .  E631 • .  INi88 
BUTE]ME 66.11 0 . ( W l l  # .o426 
N-PENTAME 72.1S • .6312 B.IOS6 
Z-PENTANE 72.16 0.6248 e . ~ 1 4  
PE]4T~E 7 i .  14 8 .6326 B .8276 
CYCLOPENTANE 70.14 8 . 7 ~  @ .aB02 
N-HEXANE 86.18 • .  60,~1 e . ~ e  
Z ~  06 .18  0. ~K'~,4dl • .1B77  
H E ~ E  84.16 8.6843 B.gS99 
METHYLCYCLOP~TANE 84.16 0 7808 e.aB43 
CYCLOHEXANE 84.16 • .  7834 B.aB03 

78.11 0 .8046 8 .a119  
N-HEPTANE 1 M . 2 1  #.04R2 o .aBeo  
Z-HEPTN4E 1 ~ . 2 1  8 .6772 # . g M ~  
HEYrB4E Sm.19 B.71ml  g . ~  
DXI~'THYL .,.CYCLOPENTANE gO. 19 @. 7 4 N  @ . ~  
METHYLCYCLONEXN4E ~ .  18 8 .7740 • .  

92.14 • .  0719 • . ~ 0 7  
N-0CT.NkE 114.~1 8 . ~  8 .g~ l l8  
Z-0CTANE 1=4.2~1 @ . ~  I I .  g~JI. 
0CTENE 112.21 • . 7 2 7 2  0.@498 
C8-14S 112.21 t 1 . 1 ~  • . f ~75  
C•-N8 112.21 • .  7g~2 • . ~  
M - ~  1116.17 • .d iM?  • . • I B B  
0-XYLB~E ~ . 1 7  • . 8~48  #.gU~S 

1 M .  17 e .8717 e . M I ~  

Z ~  128.26 0 .TTIS 0 .0217 
N O N ~  120.24 8 . 7 ~ 4  8.#~MI8 
C~NS 126.24 • .  "/'EJ# 0 . ~  
¢9-4M8 126.24 • . 7 ~ 7  0 . ~  

120.20 • . O 0 M  • . • 0 1 7  
I~r l l f fL -EIHYL-DO4ZBE 120 .20  • . M O O  # .d l t l?  
~ ~  12~.Z~ O . O O O 8  0 . 0 0 0 ~  
N-0E£ANE 142.28 0.7|141 0 . ~ 1  
I -OECN~ 142.28 d I . T N  • . # X M  

1411.27 • .  7481 • . 9 2 4 4  
C I J I ~  14~.27 0 .7g$4 0 . ~ 1  
C1~N8 148.27 a . ~ :  0 .~1~2 
N-C4-11~IZlEI~ 1~1,4.22 0 .004~ • . ~ 7 1 "  
N E T H Y L ~  134.22 • . 8 8 2 4  • . g 0 1 8  
~ ~  L34.22 I . m  l . O m  
D I ~ W r l . E I ~ Z ~ E  1114.22 0 . 8 7 • 0  11 .~17 
IMJq4THN.~IE 120.17 O.g~O0 • . ~ I I ~  
Cll-PARAFF~M 1S8.31 0.744S O.INM7 
C l 1 ~  184.30 #.TEd~ # . g ~ 2  
C l l - N J ( Y L . ~  1411.28 • . 1 ~  I I . l l f l ?  
100q. ' -  ~ 1#0.00 0 .7310 •.11290 
108-344"C 2 ~ . ~  •.711~ • . ~  

TOTAL MOt. 1.41MI3 
tlrr i t 4 . 1 3  

A~D-II-2S 



The G÷D selectivity is 92 wt ~, includin~ 1.7 wt ~ of 
imported butanes, and the G/D ratio is 2.2. The gasoline has 
high octane number (g2 R+O) and the dis~illate has high cetane 
index (50) before hydrofinishlng. This c~se has the highest G+D 
selectivity, although the distillate yield is lower than that in 
the b a s e  case. 

B.4. Conceptual Process Schemes and 
Scopin~ Cost Estimates and Economics 

For convenience, the conventional engineerin E units a r e  
used throughout this Subsection. 

B.4a. Conceptual Process Design 

E.4a-1. Overall Material Balances 

I n  t h e  b a s e  c a s e ,  t h e  p l a n t  p r o d u c e s  17 ,806  BPD o f  10 
RVP gasoline and 12,925 BPD of diesel fuel. Import of isobutane 
at less than I~ the rate of finished gasoline produced is needed 
to maximize utilization of the light olefins. The overall 
materi~l balance is summarized in Table ARD-II-18. 

In the sensitivity case, the finished gasoline 
production increased to 23,369 BPD and the distillate production 
is reduced ~ 8,001BPD. The total liquid fuel production, 
however, is about 3~ higher than in the base case. The overall 
materi~l balance is summarized in Table ARD-II-19. 

B.4a-2. P r o d u c t s  quality 

I0 RVP Gasoline 
Sp. Gr./API Gr. 
Octane Number (R+O) 

Base S e n s i t i v i t y  

0.688/74.1 0.697/71.5  
93 92 

Distillate 350-560"F 
Sp. Gr./API Gr. 
Cetane Index 
P o u r  P o i n t ,  ( ' F )  

o. ss/48.  o.795/ .5 
72 50 

5 -13  

B.4a-3. Process Flow Scheme 

Figures ARD-II-3 and -4 are the process block flow 
diagrams of the base ~nd the sensitivity cases, respectively. 
The process schemes for t h e  reactors section and wax clean up for 
the base case is shown in Figure ARD-II-5. Figure ARD-II-6 is 
the process flow diagram for the distillation section and Figure 
ARD-II-7 is the process flowfor the wax hydrocra~kinE section. 
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Table ARD-II-18 

Overall Material B~lances 
,. ,.., ,, 

(Base Case) 

Feed Lb/hr Sp.Gr./(MW) BPSD/(MNSCFD) 

Synthesis Gas 2 ,111 ,070  /(19.77) /(WI.O) 
(Slurry F-T)(1) 

Synthesis Gas 33,273 " /(15.3) 
(shi~t) 

Steam ( S l u r r y  F-T) 121,629 /(18.02) 
Steam ( S h i f t )  17,822 " 

i-Butane 
n-Butane 

Total 

1,28o o .be~ / (bs .12 )  
272 . s s 4 / ( s 8 . 1 2 )  

2 , 2 8 5 , 3 4 6  

/ ( 6 1 . 3 )  
1 ( 9 . 0 )  

i s 6 /  
32/ 

P r o d u c t s  

Fue l  G~s(2) 405,827 / ( 1 5 . 2 5 )  
C02 1,516,043 /(44.01) 
C 3 LPG 17,703 /(44.1) 
10 RVP Gasoline 178,@91 0.688/(90.5) 
Distillate 147,998 0.785/ 
Waste WLter 19,084 1 . 0 / ( 1 8 . 0 2 )  

Tot~l 2 , 2 8 5 , 3 4 6  

/ (S42) 
/ (313)  

17,806/ 
12,925/ 

1 ,300 /  

(1)LHV = 343.7 Btu/SCF 

(2)LH~ r = 525.0  Btu/SC'F 
(See T&ble ARD- I I - 21  
composi t i e = )  

f o r  
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Table  ARD-II-19 

O v e r a l l  M a t e r i a l  Ba lance  
(Sensitivity Case) 

Feed Lb/hr Sp.Gr./(MW) 

S y n t h e s i s  Gas 2 , 1 1 1 , 0 7 0  / ( 1 9 . 7 7 )  
( S l u r r y  F-T) 

Synthesis Gas 13,920 " 
(Shift) 

Steam ( S l u r r y  F-T) 121,629 / ( 1 8 . 0 2 )  
Steam ( S h i £ t )  7 ,450  " 

i - B u t a n e  
n -Bu tane  

Total 

2,167 O. 563/(58.12)  
S,gSO O. ~ /  (58.12) 

2,263,205 

BPSD/(MMSCFD) 

/(97Z.0)  

/ ( 6 . 4 )  

/ ( s z . s )  
/ ( 3 . 7 )  

2 ~ /  
818/ 

Products 

Fuel Gas (1) 374,179 / (14.5) 
02 1,516,043 /(44.01) 

Propane  LPG 11,789 / (44 .1)  
10 RVP Gasoline 235,664 0.597/(93.2) 
Distillate 105,446 O. 795/ 
Waste W~ter .... Ig, 084 1.0/(18.02) 

Total 2,263,205 

/ (2a4) 
/(313) 
1,593/ 

9,065/ 
1,309/ 

(1)l/4V = 541.0 Btu/SCF 
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Tables ARD-II-20 and -21 give the material balances for 
reactor section, and distillation section, respectively. 

B.4b. Plant Description 

The plant consists essentially o£ three main 
sections: the reactor section, the reactor-wax upgrading section 
and the product recovery section. Only the reactor-wax upgrading 
section is described here. The reactor section is described in 
the main report. 

The reactor-wax upgrading s e c t i o n  contains the 
facilities to clean up the reactor-wax from particulates of F-T 
catalyst and ~iso the process units necessary to convert the 
clean wax into distillate and gasoline products. Two process 
schemes for upgrading are studied: in the base case, wax is 
upgraded using low pressure hydrocracking; in the sensitivity 
case, wax is FCC treated to produce G+D and olefins which are 
then converted to distillate using a proprietary Mobil HOGD 
process. 

B.4b-1. Base Case - Low Pressure 
Reactor-Wax HTdrocrackin E 

The wax hydrocracking process has the function of 
selectively crackinE the high molecular weight hydrocarbons in 
the "wax into distillate boiling range pa~affinic hydrocambons, in 
addition to saturating of the olefinic compounds produced in the 
cracking. 

The h y d r o c r a c k e r  d e s i g n  c a p a c i t y  i s  b a s e d  on  t h e  r a t e  
of wax produced in the slurry F-T reactors plus recycle of the 
unconverted wax. Total feed rate is 21,036 BPD or 266,786 Ib/hr. 

The combined wax from storage plus recycle wax is mixed 
with preheated recycled hydrogen gas and preheated further by 
exchanging against the hydrocracking effluent. The mixture is 
then further heated in a fired heater to 800°F and fed at the 
hydrocracker top. The reactor consists of four fixed bed 
sections with intermediate quench by recycle hydrogen gas. The 
quench gas flow is regulated by temperature control of the bed. 

The effluent from the reactor is successively cooled 
down by exchanging against t he  feed  wax, the recycle hydrogen 
gas, the condensate hydrocarbon from the low temperature 
separator and finally cooled to IIO°F by cooling w~ter. The 
vapor liquid mixture is disengaged in the low temperature 
separator vessel. The vapor phase which is mostly hydrogen feeds 
the suction side of the recycled gas compressorl High purity 
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Table AI~D-II-20 

82urry Fiecher-Tropsch/ZSM-5 Process 
Material BalancetReactors Section 

C~ 
I 

H 
H 
I 

W 
u !  

1 2 3 4 5 6 
Stream Syngas Reactor- 

Ho Feed Steam HC Vap. HC Llq., Water Wax 

8,742.2 6,~ 169.0 835.7 H20 
~ 31,853.0 0,674.0 1.4 

04,346.5 6,768.7 1.7 
002 2,360.0 34,368.7 79.1 
C 1 7,496.1 8,302.8 7.2 
0 " 21.4 170.8 0.~ 
C~ 341.7 430.5 2.2 
C3- 157.0 2.2 

482.4 7.2 
~ -  137.0 5.9 

236.5 8.2 
~ 4  258.0 9.0 
05_011 839.8 602.4(1) 
012 + 12.5 0.0(2) 
Max 232.2 
N 2 363.1 362.0 1.1 

Total: 
l b -eo l /h r  106,781.8 8,742.2 61,099,0 906.4 835.7 232.2 
lb/hr 2,111,070.0 121,494.4 1,998,573.6 65,799.4 15,058.0 100,752.2 
IN 19.77 18.02 32.7 72.6 18.02 821.4 

- - - 6,300.0 1,033.0 15,040,7 
IBIfICI~D 071.3 - 555.7 - - - 

= 178.1 

i , 
| 
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Table ARD-II-21 

Stream 
No. 

H2O 
H2 
O0 
002 
Ol 
c2". 

¢=4 
O4 
tO4 
C5-C11 
012 +. 
Gasolzne 
Distillate 
Alkylate 
N2 
TotM~ 
Ib-mol/hr 
lb/hr 
MW 
BPD 
MMSOFD 

7 
HO Vapor 
From 002 
Removal 

0.2 
0,674.0 
5,758.7 

50.0 
8,302.8 

170.8 
430.5 
167.9 
482.4 
137,0 
236.5 
258.9 
839.8 

12.5 

362.0 

26,77~0 
488,094.1 

18.23 
m 

243.5 

8 

. ,, 002 

34,318.7 

34,318.7 
1,610,306.0 

44.01 

312,2 

Slurry Fischer-Tropsch/ZSM-5 Process 
Material Balancet,,Distillablon.,,Section 

9 10 11 

Fuel Alkyl. iC 4 
Oas Produc~ I mpur~ 

12 
Gasoline 

to 
Blend 

9,575.4 
5,760.4 

129.1 
8,310.0 

171.5 
432.7 

28,8 
88.1 

2.9 
4.9 
8.4 

363.1 

22,0 
239.8 

24,872.4 
353,523.0 

14.20 
m 

226.2 

279.1 

279.1 
29,877.7 

107.1 
2,957. 

22.0 
1,280.5 

68.12 
156.0 

1,442.2 

1,682.0 
14E350.2 

88.2 
14,748.8 

13 

D i s t i l l a t e  

21.5 

21.5 
3,786.2 

176.1 
190.0 

14 
C3 
LPG 
Expor~ 

401.4 

401.4 
17,703.2 

44.10 
2,392,0 

15 

C4 
Impo~, 

4.7 

4.7 
272.6 
58.12 
32.0 

i 



hydrogen makeup is required to replace consumption. This is 
produced By steam shift of synthesis gas followed by PSA 
purification. 

The l i q u i d  h y d r o c a r b o n  phase  from t h e  low t e m p e r a t u r e  
separator is preheated by exchange a~inst the reactor effluent 
and the distilla~e tower Bottom before feeding ~he tower. The 
distillate tower produces a small quantity of llght naphtha as 
overhead liquid product which is mixed with the ZSM-5 reLc~ors 
feed stream for the purpose of improving its octane value. The 
intermediate cut from this tower is the distillate product 
fraction which is steam stripped Before sent to storLEe. The 
bottom stream is the unconverted wax which is recycled ~o the 
reactor feed. 

The h y d r o c r a c k i n g  p r o c e s s  f l o w  d i a6 ram i s  shown i n  
Figure ARD-II-7 and Table ARD-II-22 gives the corresponding 
material balance. 

B . 4 b - 2 .  Alkylation 

The y i e l d s  assumed f o r  t h e  a l k y l a t i o n  u n i t  a r e  t y p i c a /  
o f  Mobi l  e x p e r i e n c e  u s i n g  t h e  HF a l k y l a t i o n  p r o c e s s  f o r  C3/C 4 
o l e f i n s .  The p r o p o r t i o n  o f  t h e s e  componen t s  i n  t h e  r e a c t i o n  
p r o d u c t s  makes i t  n e c e s s a r y  t o  i m p o r t  a p p r o x i m a t e l y  8 p e r c e n t  o f  
t h e  total iC 4 r e q u i r e d  i n  t h e  c~se  of  wax h y d r o c r ~ c k i n g  and n e a r  
ll percent in the case of FCC-MOCD process scheme. 

B.4b-S. Sensitivity Case - FCC + MOGD + DHT 

The s l u r r y  F - T a n d  ZSN-5 r e a c t o r s ,  r e a c t o r - w a x  
r e c o v e r y ,  s l u r r y  F-T c ~ t a l y s t  p r e p L r a t i o n  and p r e t r e a t m e n t  ~nd 
d i s t i l l a t i o n  s e c t i o n s  a r e  e s s e n t i a l l y  i d e n t i c a /  f o r  b o t h  t h e  b a s e  
and the sensitivity case. 

The c l e a n  wax f rom t h e  s l u r r y  F-T r e a c t o r s  i s  FCC 
t r e a t e d ,  p r o d u c i n g  a h i g h l y  o l e f i n i c  p r o d u c t  r a t l i n e  f rom t h e  
l i g h t  t o  t h e  d i s t i l l a t e  rLuEe h y d r o c a r b o n s .  The FCC r e a c t o r  
e f f l u e n t  i s  t h e n  d i s t i l l e d  t o  s e p L r a t e  t h e  d i s t i l l a t e  b o t t ~ a  
p r o d u c t s  w h i l e  t h e  r e m a i n i n g  l i g h t e r  m s t e r i ~ l  (C3-C12) i s  u s e d  a s  
feed ~o ~ MO(~) unit to oliL~aerize the olefins into distillate 
and gasollne range products. 

The f e e d  t o  t h e  MOGD p r o c e s s  c o n s i s t s  o f  a l i q u i d  phsme 
light gasoline range product plus the vapor phLse hydrocArb@n 
from the FCC distillation tower overhead. The combined 
feedstreams are preheated and then fed to a series of fixed-bed 
reactors containing a proprietary Mobil ZSM-5 ~t~lyst. The 
reactor effluent is cooled and sent to distillation. 
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Table ARD-II-22 

Slurry Fischer-Tropsch/ZSM-5 Process 
Material Balance, Wax Hydrocrackin ~ 

I 
H 
H 
! 
t~ 
CO 

Stream 
No. 

!I20 
H2 
CO 
C02 
CI 
C2 
C3 
o4 
C5-Cli 
D i s t i l l a t e  

, /  
N 2 , 

Total: 
lb-mol/hr 
lb /hr  

BPD 
MMSCFD 

16 

W= 
Feed 

232.2 

17 

Recycle 
Wax 

g2.8 

18 19 20 21 
PSA 

D i s t i l l .  C3-C11 Purge Steam 
Product to ZSM-5 Gas Shift 

698.8 

108.1 
31.6 

284.7 

232.2 92.6 698.6 424.4 
190,752.2 76,034.0 145,727.4 37,619.6 

821.4 821.4 208.6 88.6 
16,040.6 5,995.0 12,734.7 - 

m m - - 

206.2 
20.2 

1,014.9 
118.1 

5.7 

5.7 

1,375.0 
48,307.8 

~o.1 

12,5 

g87.9 

987.9 
17,802.0 

18.02 

22 
Water- 
Gas 

Shift 

502.0 
1,014.2 

37.2 
118.1 

5.7 

5.7 

1,683.0 
33,272.9 

19.8 

15.3 

23 

Makeup 
Bydrogen 

I s289.5 
6.5 

t,296.0 
2,786.9 

2.2 

11.8 



The distillation section consists of a debutanizer 
tower that produces an overhead product 5o feed the alkylation 
unit. The 5ottom product feeds the Easoline-distillate splitter. 
The splitter overhead is gasoline pro~uc~ which is mostly used 
f o r  blending. The bottoms distillate product is combined wi~h  
the distillate from the FCC unit and sent to the distilla~e 
hydrotreaLer unit (DHT). Hydro~reating is required to increase 
the cetaae rating of the distillate ~o 5e sold as a premium 
diesel fuel. 

B.4c. Operating Requirements 

B.4c-l. Utilities for Base Case 

Slurry F-T/ZSM-5 
Reac to r s  + 
Activation 
CO 2 Removal 
LPHC + PSA 
A l k y l a t i o n  
D i s t i l l a t i o n  

Total 

355 p s i ;  Cool ing Demin. 
Steam Fuel  Water Water P o w e r  
Lb/hr  lalBtu/hr  CI~ CRI KW 

(2 ,191,210)  117 16,853 403 6,433 
1,100,000 - - 120 17,07S 

17,822 236 3,150 - 10,836 
69,900 - 5,824 15 192 

235,000 14,5 17,500 50 1,300 
m 

(768,488) 498 43,327 588 35,836 

B.4c-2. Initial Catal~st and Chemicals Requirmnts 
( ~ e  Case) 

F-T Catalyst (Lbs.) 
ZSM-5 (Lbs.) 
Potassium Carbonate So1., (Gal.) 
Hydrocrac.ker C~lyst (Lbs.) 

1,500,000 
1 8 8 , 0 0 0  
500,000 
3 8 0 , 0 0 0  

B .4c-3. 

Slurry F-T/ZSM-5 
Re a~:~:a"s ÷ 
A c t i v a t i o n  
CO 2 Reaova~ 
FCC 
M O ~  

DHT ÷PSA 

Disti l lation 

Total 

Utilities for Sensitivity Case 

3 ~ S p s i g  Cooling Deain. 
Steam Fuel  Water | a t e r  Power 
Lb/hr  laB'cu/hr Q'M Q'I/ IN 

(2 ,191,210)  117 16,853 403 6,433 
1,100,000 - - 120 17,075 

36,580 - 451 160 4,900 
- 5 0  4 7  - 6 1 4  

7,252 13 - - 631 
84,500 - 7,040 20 232 

 ,ooo s o  

C727,878) 325 41,891 753 31,1as 
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B.4c-4. Operating Over~ll Manpower 

Base Sensitiv!t F 

Total Manpower 55 66 

B.4d. Scopin~Cost Estimates and Economics 

The cost Basis of the battery limited facilities is 
instantaneous lg85 and a Wyomin g location. Following estimate 
adjustment factors for different sections of the plant are used 
to reflect the state of development of the proposed processinE 
technology: 

SFT/ZSM-5 Reactor Section 
LPHC + PSA 
C02 Removal 
Distillation 
Alkylation 
Blendin E 

40~ 
5~ 

20~ 
5~ 
O~ 

10~ 

O v e r a l l  SO~ 

These estimates do not include coal gasification, 
synthesis Eas clean up, utilities and offsites, slurry F-T 
catalyst m a n u f a c t u r e  and  catalys£ fill and royalties. 

I n c l u d e d  i n  t h e  c o s t  a r e :  e q u i ~ n t  b u l k  m a t e r i a l s  and 
l a b o r ,  f i e l d  i n d i r e c t s ,  c o n t r a c t o r  e n E i n e e r i n g  and  f e e s ,  owne r s  
e n g i n e e r i n E  and  p r o j e c t  managemen t  c o s t  ~nd c ~ p i t a l i z e d  s p a r e s .  
B e c a u s e  o f  Wyomin~ l o ~ t i o n ,  an  a l l u w a n c e  f o r  a c o n s t r u c t i o n  
w o r k e r s  camp i s  a l s o  i n c l u d e d .  A 30~ e s t i m a t e d  c o s t  a l l o w a n c e  i s  
a l s o  a ~ d e d  i n  t h e  f l n a l  i n v e s t m e n t s  t o  a c c o u n t  f o r  i m p e r f e c t i o n  
in costin E. 

Table ARD-II-2S summarizes the cost estimates and the 
percent of the total investment contributed by various units for 
the base and the sensitivity case. The investment cost of the 
sensitivity case is about 4~ hiEher than ~hat of the base case. 
It, however, produces about 3 wt~ more G+D per unit of synthesis 
Ea~ consumed. 

In order ~o compare the current low methane + ethane 
(hiEhwax) mode design with the gasoline-mode desiEnEiven in the 
Final Report of our earlier Contract (Kuo, 1983), the investment 
cost from the gasoline-mode desiEn is also included in Table 
ARD-II-2S. The cost estimate for that case ha~been revised so 
that its technical and economic Basis are consistent with those 
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T~ble ~£D-II-23 

S l u r r y  Fischer-Tropsch/ZSM-5 
Conceptual  Design P l a n t  Scovine Cos%.,,Estimates. 

CBattery Limi ted  F a c i l i t i e s )  

High Wax-Mode 

B u e  S e n s i t i v i t y  C u o l i n e  
Case Case Mode 

Inves tmen t  Cost 
(B~tter7 Limited, MM$*) 705 

Inves tmen t  Cost  D i s t r i b u t i o n :  

S l u r r y  F-T/ZSM-5 61 

LPHC 10 

PSA H 2 Pl,,--t " 1 

FCC, MOCD, DHT, FSA 

CO 2 lemov,,-1 18 

D i s t i l l ~ t i o n  5 

Al~71~tio. 4 

Blend ing  1 

100 

735 

6O 

13 

18 

4 

4 

1 

100 

68O 

65 

2O 

7 

7 

1 
m 

IO0 

*Tn~atmzeous 1985 Basis 
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of the current study. That plant was designed to produce 27,000 
and 2,400 BPD of gasoline and wax, respectively. The investment 
cost for the current high-wax mode operation is about 4~0 higher 
than the gasoline-mode. This difference is small, similar to the 
conclusion obtained by E1Sawy etal. (1984). 

Based on our e a r l i e r  e x p e r i m e n t a l  work in  a c h i e v i n g  low 
methane + ethane mode operation using the F-T Catalyst I-B, a F-T 
reactor pressure higher than that o£ the gasoline mode operation 
(365 psia versus 215 psiaH2+C0 partial pressure) (see Kuo, 1983) 
was needed. Consequently, a higher pressure reactor section was 
adopted for the current conceptual process design. However, in 
the latter experiments, we found that a lower pressure similar to 
the pressure used in the gasoline-mode operation was sufficient 
for obtaining the similarly low methane ÷ ethane (and high 
reactor-wax)yield (see Section IV.L). We, therefore, evaluate 
the effect of this lower reactor pressure on the process 
economics. A decrease of the operating pressure in the slurry 
F-T reactor section results in: 

• An elimination of  the f e e d - g a s  compressor. 

• An increase in steam export. 

e A decrease in the material cost  for the reactor section. 

• A d e c r e a s e  in the height o£ slurry F-T reactors with a 
corresponding increase in the total number of reactors. 

We expect an overall decrease o£ 2-5~ o£ the investment cost may 
result from this change. 

C. Nomenclature 

Tm~x 

Ttop 

ARD 

API 

ASTM 

BFW 

BGC 

FCCMaximumTempera tu re ,  (*C) 

FOG Top Tempera tu r e ,  (6C) 

Acronyms 

Appendix - Restrictive Distribution 

American Petroleum Institute 

American Society f o r  Testing and Material 

Boiler Feed Water 

British Gas Corporation 
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BP (S) D 

D 

DHT 

DOS 

FCC 

F-T 

G 

GC 

HC 

HF 

LHSV 

LHV 

LPG 

LPHC 

MOGD 

UW 

PONA 

PSA 

R+O 

RVP 

SASOL 

SCF (D) 

SFT 

WHSV 

Barrels Per (Stream) Day 

Distillate 

Distillate Hydrotreating 

Dmys-on-Stream 

Fluid Catalytic Cracking 

F i s c h e r - T r o p s c h  

Gaso i i ne 

Gas Chromatography 

Hydro-Carbons 

Hydro-Fluoric acid 

L i q u i d  Hour ly  Space V e l o c i t y ,  (c~ 3 per  h r / c m 3 - c ~ t . )  

Low Hea%ing Value, (Btu/SCF) 

Liquified Petroleum Gas 

Low Pressure Hydrocr~:king 

Mobil Olefin %o Gasoline and Dis%illLte Prxess 

Uolecular Weight 

Paraffins-Olefins-Naphthenes-AromLtics 

Pressure SwlnEAbsorber 

Lea~-Free Research Octane Number 

Reid Vapor Pressure 

South African Coal, 0il ~nd Ga~ Corp., Ltd. 

S t a n ~ r d  Cubic Feed (pe r  Day) 

S l u r r y  F i s c h e r - T r o p s c h  

WeiEht Hour ly  Sp~ce V e l o c i t y ,  (g per  h r / g - C ~ . )  
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III. ~obil's Proprietary Information 

Limited Rights in Proprie~aryData 

NOTE: T h i s  " p r o p r i e t a r y  d a t a "  f u r n i s h e d  u n d e r  C o n t r a c t  No. 
DE-AC22-83PC60019 w i t h  t h e  U n i t e d  S t a t e s  D e p a r t m e n t  o f  EnerEy m y  
be duplicated and used by the Government with the express 
limitations ~hat the "proprietary data" nay not be disclosed 
outside the Government, nor be used for purposes of manufacture, 
without prior permission of the Contractor: provided, however, 
that this "proprietary d~ta" may be disclosed tc other 
contractors participating in ~he Government's proEram of which 
this contract is ~ part, for use in connection wi~h the work 
performed under ~heir contract. 

These restrictions do not limit the Government's rights to use or 
disclose any data obtained from another source without 
restriction. This legend shall be marked on any reproduction of 
this data in whole or in part. 

A. Task 2 -Scoping Studies of 
Fischer-Tropsch ReLctor-WaxUpEradinl 

A . 1 .  T e s t i n K  o f  a High G r a d i e n t  K s c n e t i c  
S e p a r a t o r  (HGMS) f o r  C l e a n i n E R e a ~ t o r - W a x  

To a v o i d  p r o b a b l e  p r o b l e m s  i n  f u r t h e r  UPErad ing  o f  F-T 
reactor-wax containing c&talyst fines, a 3.2 kE b a t c h  of Run 
CT-256-4 reLctor-waxwas cleaned up by passinE it through & 
l a b o r a t o r y  HG~S. The s o l i d s  c o n t e n t  was r e d u c e d  f rom 0 . 1 3  wt  S 
t o  l e s s  t h a n  0 . 0 1 5  wt 5 .  

The s e t u p  i n c l u d e s  a h e a t e d  (120"C) g l a s s  t u b e  
c o n t a i n i n g  p a c k e d  s ~ e e l - w o o l  ~ - r o s s  w h i c h  L s t r o n g  = u ~ n e t i c  f i e l d  
is applied. In a bL%~ch operation t h e  re~ctor-wax cont~inlng 
catalyst fines is poured over steel-wool in the Elass tube and 
allowed to flow throuEh by ~rLvity. The hiEh-ITadient magnetic 
field traps the ferro-magnetic catalyst p~rticles, and clean 
rea~tor-wax flows to the bottom where it is collected. In this 
labor&tory setup no attempt was made to optimize the operatinE 
conditions to maximi=e the reactor-wax throuKhput. The 
controlling parameters are the read,or-wax temperature (i.e., 
liquid viscosity), feed rate, and magnetic field intensity. 
Continuous ~ setups are available commercially and are used in 
cleaning iron-ores and clays (see Oder and Price, 1973; and 
Oberteuffer, 1974). 

The c l e a n  r e a d , o r - w a x  was u s e d  as  & f e e d s t o c k  f o r  o t h e r  
u p g r a d i n g  p r o c e s s e s  d e s c r i b e d  i n  t h e  p r e c e d i n g  C h a p t e r .  
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B. Nomenclature 

Acronyms 

High-Gradient Magnetic Separator 

C. References 
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