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INTRODUCTION 

Production o f  r e f i n e r y  feedstocks and t ranspor ta t i on  f u e l s  from coprocessing 
l i qu ids  were the ob jec t i ves  o f  t h i s  study. Coal-heavy o i l  coprocessed 
products are s i g n i f i c a n t l y  d i f f e r e n t  from conventional petroleum. I n  most 
coprocessing schemes, the f i r s t  stage coprocessed products conta in  high 
concentrations o f  n i t rogen  and su l fu r ,  d i r e c t l y  i nhe r i t ed  from the feed coal 
and the feed heavy o i l .  N i t rogen and s u l f u r  must be removed from these f i r s t  
stage products by f u r t h e r  c a t a l y t i c  hydrot reat ing t o  produce a syn the t i c  
crude t o  be marketed d i r e c t l y  t o  e x i s t i n g  r e f i n e r i e s  f o r  f u r t h e r  upgrading. 
The inves t i ga t i on  o f  n i t rogen an.: s u l f u r  removal focused on producing 
r e f i n e r y  acceptable products w i th  reference t o  e x i s t i n g  r e f i n e r y  
speci f icat ions.  

An i n i t i a l  study o f  t ranspor ta t i on  fue l s  from coprocessing l i q u i d s  resu l ted  
i n  production o f  one gasol ine and two d iesel  products from d i s t i l l a t e  and gas 
o i l  f r ac t i ons .  They were engine tested t o  evaluate octane and cetane number 
and other  p roper t i es  which were then compared t o  the  Canadian Standard 
Speci f icat ions.  

The i s o t o p i c  analys is  o f  13C/12C r a t i o  provides in format ion f o r  quan t i f y i ng  
amounts of coal der ived matter incorporated i n t o  product s la tes.  I n  the  
coprocessing o f  coa l  and heavy o i l ,  both components o f  feed are upgraded 
simultaneously. Q u a n t i t a t i v e  assessment o f  coal t ransformat ion i n t o  product 
f ract ions would g i v e  k i n e t i c  and engineering data f o r  e f f i c i e n t  development 
o f  coprocessing schemes. Using i so top ic  mass balance techniques, coal 
incorporat ion i n t o  t h e  f i r s t  stage coprocessed yroducts (experimental feeds) 
and secondary upgraded products were ca lcu lated 

Consequently, t h i s  study consisted ' o f  (a) i nves t i ga t i on  o f  n i t rogen  and 
su l fur  removal f rom coprocessed l i qu ids ,  (b) p re l im ina ry  product ion o f  
t ranspor tat ion f u e l s ,  and (c )  quan t i t a t i ve  assessment o f  coal der ived 
mater ia l  incorporated i n t o  both f i r s t  stage and secondary upgraded products. 

EXPERIMENTAL 

Feedstock. Coprocessed s l u r r y  was obtained from a process development u n i t  
operated by Canadian Energy Developments Inc.  (CED). Feed t o  the  u n i t  
consisted o f  an A l b e r t a  subbituminous coal (Vesta) and an i r o n  based c a t a l y s t  
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s l u r r i e d  w i t h  Cold Lake vacuum bottoms. This s l u r r y  was then processed a t  
temperature above 400'C and pressure above 17 MPa. The coprocessed s l u r r y  was 
separated by d i s t i l l a t i o n  i n t o  naphtha (below 177'C), d i s t i l l a t e  (178 t o  
343'C) and gas o i l  (344 t o  508'C) f rac t i ons .  Table 1 gives the analyses o f  
s t a r t i n g  feeds and n i t rogen and s u l f u r  concentrat ion o f  d i s t i l l a b l e s  compared 
t o  r e f i n e r y  speci f icat ions.  These f r a c t i o n s  were secondary upgraded 
separately; the r a t i o  of hydrogen f l o w  t o  feed (vo l . /vo l .  r a t i o )  was 1000 
unless otherwise provided. 

m. Three comnercial ca ta l ys ts  were used: a NilMo f o r  hydrot reat ing,  
a d i f f e r e n t  Ni/Mo f o r  hydrocracking and p la t inum ca ta l ys t  f o r  reforming. 
Fol lowing p r e s u l f i d a t i o n  o f  the ca ta l ys t ,  and p r i o r  t o  
hydrotreatinglhydrocracking experiments, the ca ta l ys ts  were condit ioned f o r  a 
minimum 30 hours using a bitumen derived d i s t i l l a t e  feed. The p la t inum 
ca ta l ys t  was used as received. 

H v d r o t r e a t b .  A continuous f l o w  t r i c k l e  bed reactor  system was used, 
having a volume o f  100 m l .  For hydrot reat ing experiments o f  t he  naphtha 
f ract ion,  a two leve l  f r a c t o r i a l  experimental design was used. The two 
levels  o f  three var iab les were selected as fo l lows:  390 and 420'C, 8.3 and 
12.4 MPa, 1.0 and 3.0 h- . For the d i s t i l l a t e  and gas o i l  f r a c t i o n s ,  a 
Box-Behnken s t a t i s t i c a l  experimental design approach was used t o  study the  
simultaneous e f f e c t  o f  vary ing reac t i on  lemeerature (400 t o  440'C), pressure 
(6.9 t o  11.0 MPa) and WHSV (1.0 t o  4.0 h- ) 

b o d u c t  i n f  o r t a t i  W. For gasol ine pryduction, t he  
-ha was hy$otre%t 420':12.4 MPa, WHSV o f  3.0 h- fo l lowed by 
reforming a t  500'C, 3.5 MPa, 1.0 h- and H / feed (vo l . / vo l . )  o f  300. Two 
d iese l  products were obtained. One d i e i e l  product was produced by 
hyd ro t r fa t i ng  o f  the f i r s t  stage d i s t i l l a t e  f r a c t i o n  a t  440'C, 6.9 MPa and 
2.5 h- . The other was obtained from the gas o i l  f r a c t i o n  by hyd ro t rea t i ng  
a t  the same condi t ions used f o r  t he  d i s t i l l a t e  fo l lowed by f u r t h e r  
hydrocracking o f  t he  hydrotreated pas o i l  (which was separated by 
d i s t i l l a t i o n )  a t  420', 6.9 MPa and 1.0 h- 

I n  order t o  quan t i f y  the amounts o f  
coal der ived matter incorporated i n t o  product f i ac t i ons ,  an i s t o p i c  anglys is  
o f  13C/12C r a t i o  was c a r r i e d  out. 

. .  

ipn Qf !hJ Zn Product m. . . .  

The procedure i s  described elsewhere . 
RESULTS AND DISCUSSION 

(a) Ni t rogen and S u l f u r  Removal F r k  F i r s t  Stage Coprocessed Products. 

u. Table 2 sumnarizes the  r e s u l t s  o f  hyd ro t rea t i ng  o f  t he  naphtha 
f r a c t i o n s  and whether the r e s u l t i n g  products met r e f i n e r y  spec i f i ca t i ons  
(Table 1). Even though the experimental condi t ions were var ied f o r  a two 
leve l  s t a t i s t i c a l  analysis, the small  d i f ferences between concentrat ions o f  
heteroatoms i n  the  products o f  d i f f e r e n t  experiments d i d  no t  a l l ow  a 
meaningful analys is  o f  the ef fect  o f  hydrot reat ing condi t ions on n i t rogen  and 
s u l f u r  removal. Product spec i f i ca t i ons  f o r  n i t rogen were met under a l l  
operat ing condi t ions;  however, those f o r  s u l f u r  were not .  

l l a h .  The experimental r e s u l t s  o f  the three l eve l  t e s t  m a t r i x  f o r  
hydrot reat ing o f  the d i s t i l l a t e  f r a c t i o n  were f i t  us ing a quadrat ic  f r a c t i o n .  

. .  
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Figure 1 i l l u s t r a t e s  ca lcu lated response surfaces o f  change i n  concentrat ion 
o f  n i t rogen i n  t h e  t o t a l  l i q u i d  product against both reactor  temperature and 
WHSV f o r  hyd ro t rea t i ng  o f  the d i s t i l l a t e  f r a c t i o n .  These f i g u r e s  show the 
r e l a t i v e  order of e f fects  on n i t rogen removal f o r  t h i s  range o f  condi t ions t o  
be: WHSV > temperature > pressure. Also, some i n t e r a c t i o n  o f  the th ree  
parameters was noted; decreasing WHSV a t  400'C d ramat i ca l l y  decreased 
n i t rogen content o f  products but  had a lesser e f f e c t  a t  440'C. For a l l  o f  
t he  condi t ions studied, the n i t rogen concentrat ion o f  products was below 200 
ppm, meeting the  spec i f i ca t i ons  o f  n i t rogen  content. I n  terms o f  s u l f u r  
removal, the pressure requi red t o  produce acceptable r e f i n e r y  feeds was 6 . 9  
MPa, the  lowest i n  the e n t i r e  experiments studied. Figure 2 shows the 
re la t i onsh ip  between s u l f u r  concentrat ion i n  the products and hydrotreatment 
temperature w i t h  va ry ing  WHSV a t  a pressure o f  6 . 9  MPa. This f i g u r e  
i l l u s t r a t e s  the  s e n s i t i v i t y  o f  s u l f u r  content t o  reac t i op  temperature, 
espec ia l l y  above 410'C. Decreasing WHSV from 4.0 t o  3 .0  h- a l so  reduced 
s u l f u r  content bu t  f u r t h e r  reduct ion had l i t t l e  e f f e c t .  

Gas pil. Figure 3 gives the  response surfaces o f  n i t rogen content i n  
products o f  hyd ro t rea t i ng  o f  the gas o i l .  Increas ing temperature, decreasing 
WHSV and increas ing pressure maximized n i t rogen  removal. L i t t l e  i n t e r a c t i o n  
o f  t h ree  parameters was observed. The e f f e c t  o f  pressure on s u l f u r  removal 
from the  gas o i l  was neg l i g ib le .  F igure 4 gives contours o f  s u l f u r  
concentrat ion I t  provides a range 
of operating temperature and WHSV t h a t  would be ava i l ab le  t o  produce r e f i n e r y  
acceptable feeds a t  6 . 9  MPa. Also, us ing the  estimated values from these 
curves, a c t i v a t i o n  energy w i t h  respect t o  s u l f u r  removal was ca lcu lated 
using a f i r s t  order model g i v ing  an a c t i v a t i o n  energy o f  56 .3  kJlmole. 

i n  products w i t h  vary ing WHSV a t  6.9 MPa. 

the 

(b) P re l im ina ry  Study o f  Transportat ion Fuel Production From Coprocessed 
Liquids. 

I n  order t o  maximize the y i e l d  o f  value-added product such as d iesel ,  the 
conversion o f  gas o i l  t o  d i s t i l l a t e  should be high. The response surface i n  
Figure 5 shows the  y i e l d  o f  d i s t i l l a t e  from gas o i l  hydrot reat ing.  The 
r e l a t i v e  order o f  parameter e f fec ts  on t h e  y i e l d  was temperature > WHSV w i t h  
pressure having n e g l i g i b l e  e f f e c t .  Generally, increas ing temperature 
improved d i s t i l l a t e  y i e l d .  At  h igh temperatures, decreasing WHSV increased 
d i s t i l l a t e  y i e l d ,  w h i l e  a t  low temperature, the change i n  y i e l d  from a change 
i n  WHSV was n e g l i g i b l e .  

Selected f r a c t i o n s  from the products o f  secondary upgrading were f u r t h e r  
processed and tes ted  f o r  t h e i r  proper t ies as t ranspor ta t i on  fue l s .  Table 3 
shows t h e  r e s u l t s  o f  an ove ra l l  mass balance i n  the secondary upgrading 
experiments of f i r s t  stage coprocessed l i q u i d s .  The d i f f e rence  o f  2.0% 
between amounts o f  feed and those o f  upgraded products represents amounts o f  
gaseous products and some experimental e r ro rs  involved. 

Gasoline Product. The hydrotreated naphtha and the naphtha obtained from the 
product o f  hydrot reated d i s t i l l a t e  were combined and then reformed f o r  engine 
tes t i ng  as a gasol ine product. This product had an octane number o f  76 .6 ,  
s l i g h t l y  less than the  Canadian Spec i f i ca t i on  minimum o f  83 .6  (January, 
A lber ta) .  E i t h e r  b lending o r  d i f f e r e n t  re forming condi t ions would be 
requi red t o  produce an unleaded gasol ine product t o  meet the spec i f i ca t i ons .  
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W Product. Table 4 gives the proper t ies o f  d iese l  f r a c t i o n s  obtained 
from two d i f f e r e n t  sources compared t o  the Canadian spec i f i ca t i ons .  One 
d iese l  was from hydrot reat ing of  d i s t i l l a t e  f r a c t i o n  o f  f i r s t  stage, and the 
other from hydrocracking o f  hydrotreated gas o i l  f r a c t i o n .  Key measures o f  
d iesel  q u a l i t y  are cetane number and s u l f u r  concentrat ion. The r e s u l t s  o f  
engine t e s t i n g  o f  the f i r s t  d iese l  product (produced from the d i s t i l l a t e  
f r a c t i o n )  gave a cetane number o f  40.9, s l i g h t l y  exceeding the minimum 
s p e c i f i c a t i o n  o f  40. Sul fur  concentrat ion o f  t h i s  d iese l  was 349 ppm, much 
less than the 0.5% maximum speci f icat ion,  i n d i c a t i n g  t h a t  t h i s  d iese l  can be 
so ld t o  market d i r e c t l y .  The second d iese l  product (produced from t h e  gas 
o i l  f r a c t i o n )  had a low cetane number o f  28.6;  however, the s u l f u r  
concentrat ion was again w e l l  below the spec i f i ca t i on .  I n  order t o  increase 
the cetane number o f  t he  second d iese l  product, more hydrogen must be added 
i n t o  t h i s  f rac t i on ,  suggesting t h a t  f u r the r  process options must be 
invest igated.  Most o f  the other d iesel  s p e c i f i c a t i o n  parameters can be 
adjusted by add i t i on  o f  f u e l  improvers. 

(c) 

Using a combination o f  i so top i c  analysis, elemental analys is  o f  carbon and 
y i e l d  data o f  t h e  feeds and the hydrotreated products, t h e  concentrat ion of 
coal der ived carbon i n  each product f r a c t i o n  can be ca lcu lated.  F igure 6 
gives the  d i s t r i b u t i o n  o f  coal derived carbon incorporated i n t o  the f i r s t  
stage coprocessed products. Figures 7 and 8 i l l u s t r a t e  those o f  the 
hydrotreated products, i nd i ca t i ng  t h a t  the m a j o r i t y  o f  coal derived carbon 
ex is ted i n  the heavier f rac t i ons .  However, s i g n i f i c a n t  amounts o f  coal 
derived carbon ex is ted i n  the d i s t i l l a b l e  products. A f t e r  hydrot reat ing,  t he  
combined r e s u l t s  gave the fo l l ow ing  concentrat ions o f  coal der ived carbon i n  
the product f rac t i ons :  20.3% i n  naphtha, 9.2% i n  d i s t i l l a t e  and 15 .8  % i n  gas 
o i l .  

CONCLUSIONS 

The fo l l ow ing  was concluded from t h i s  study: 

1. Synthet ic  crude r e f i n e r y  feedstock spec i f i ca t i ons  f o r  n i t rogen  and 
content could be met f o r  the d i s t i l l a t e  and gas o i l  f r a c t i o n s  o f  

2.  The r e l a t i v e  ef fect iveness on n i t rogen removal dur ing hyd ro t rea t i ng  was 

3 .  On s u l f u r  removal dur ing hydrot reat ing,  temperature had the  greatest  

4. Hydrot reat ing o f  d i s t i l l a t e  f r a c t i o n  d i r e c t l y  produced a d iese l  which 

5. Hydrotreatment fo l lowed by hydrocracking o f  gas o i l  produced a d i e s e l  

6 .  Coal der ived carbon concentrat ions i n  the naphtha, d i s t i l l a t e  and gas 
product f r a c t i o n s  a f t e r  secondary upgrading were 20.3,  9 . 2  and 15.8 

D i s t r i b u t i o n  o f  Coal Incorporated I n t o  Product Slates 

su l fur  
coal-bitumen coprocessing. 

WHSV .. temperature > pressure. 

impact and pressure had a neg l i g ib le  e f f e c t .  

met several o f  the Canadian speci f icat ions.  

f r a c t i o n  which d i d  no t  meet the  cetane number spec i f i ca t i on .  

o i l  
% respect ive ly .  
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Plopcrly 1ypc 01 
Diesel A 

Igiiilion Qualsly 40 
CelJile Number 

Sullvl. 16 Ma58 M a .  0 5  

4 0  Flash Poinl 'C. Mi". 

-34 Cloud Poinl 'C. M a .  

Pour Poinl'C. Max. -39 

Itiiicmalic Viscosiiy 
ai IO'C. csr.  M,IL I 3  

MJX. 4 . 1  

Dislillalioir: 
90%blccovcrcd*C. Max. 315 

Total Acid Nuinbcr 14u 0.IU 

Table  1 ELEMENTAL ANALYSES OF FEEDSTOCKS 
AN0 REFINERY SPECIFICATIONS 

S t a r t i n g  m a t e r i a l  as r e c e i v e d ( Z 1  
C H N S  

Vesta Coal 49.7 3 . 2  0 . 9 4  0 .36  
Cold Lake V . B .  8 3 . 1  9 . 9  0 . 7 5  5 . 7 7  

1:rot,, Fro,,, 
Dislillale Gas Oil 

40.9 20.6 

0035  0019 

46.0 77.5 

-27 -22 

-30 4 5  

2.0,l 3 05 

314.5 323 

O.OU9 0 01 

Heteroatom concentrations o f  feeds and r e f i n e r y  s E c i f i c a t i o n s ( p p m )  
Feeds SSiecif i c a t  ions 

N-f N . f  .. - 
Naphtha(<l77 C )  770 5200 10 15 
D i s t i l l a t e ( 1 7 8 - 3 4 3  C )  3120 17500 200 1000 
Gas Oi1(>3444 C )  5200 24500 <E100 - 
Tota l  Blend ~ 3 1 0 0  

T a b l e  2 HON A l l 0  HOS: Hydrolrealing 01 Naphllla lrom CEO # 1  

Tenmcralvre "C 390 470 

Pressure (MPa) WHSV (hi.') 
0.3 1.0 N 

3 0  N 
S ? ? 
S ? ? 

s ? 0 
s 0 ? 

12.4 1.0 N 

3 0  N 

0: mccls relinery specilicalions 
*: does no1 meet 

Table 3 
MASS BALANCE 

(Based on slurry willroul waler a i d  gas) 

Oh Feed 16 Producl 

Naphiha Disllllale GO 
@asnlincl ldiescll 

Naplillla 4.9 4.9 * *  

.. Dislillale 14.7 
llydrolrcalillg 1.7 12.3 

Gas011 24.4 
Hydrolrealing 1.2 1.0 (20.7') 

'Itydrocraddi~g (0.4) (.I 3) (15.4) 

(SUblOlOl) 42  1n.1" I 5  4 
I 

Total 44.0 4 2  0 

* *  cnginr I P l l P d  
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F igu re  1 l l Y O l l O l l l C A T l N G  OF O I S ~ I L L A l E  rl lOMCOI'1IOCCSSING 1'11OUUL'IS: 
N111100EN C O N C E N T R A l I O N  I N  I ' I IOUUCIS 

F i g u r e  3 H Y O I I O T I I E A T I N G  O r  GAS OIL. FROM COPIIOCCSSINO I ' I IOIJUCIS: 
NITROGEN C O N C E N T n A l l O N  IN I ' I IODUClS 

G.9 MPa 

R-slluJre - 0.90 
F i q u r e  4 
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