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E X E C U T I V E  SliMPlARY 

Research here on the t o x  icologl’ca? properties o f  coal-derived 1 iquids 

focuses on characterizing the refining process and refined products. 

Pr inciale  attention i s  qiven t o  the potential tunorigenicity o f  coal-derived 

fue l s  and t o  the ident i f icat ion o f  means t o  further reduce tumorigenicity 

shou ld  t h i s  be found necessary, Hydrotreatment i s  stud i ed  most extensively 

because i t  w i l l  he almost cer ta in ly  requl’red t o  produce commercial products 

and because i t  i s  l ike ly  t o  a150 qrea t ly  reduce tumoriqenic ac t iv i ty  

re1 a t ive  t o  t h a t  o f  crude coal-1 iqu- id  feedstocks, 

Two approaches are used. F i r s t ,  products of  several levels o f  
hdrotreatment made h y  others u s i n q  rea1 i s t i c  conditions are subjected t o  

lonq-tern1 bioassay and are chel-iical l y  and physically characterized, 

S t  a r t i n q  materials are compared w i t h  products, and products derived from 

coal arts cornpared t o  nominal 1 y equ iv  a1 ent petrol em products Second, 

1 aboratory-scale treatments arid experiments are carried o u t  t o  bet ter  

understand the mechanisms o f  tmctricqen removal and t o  scope the u t i l i t y  o f  

a1 ternate  and sunplemental treatments. L a b o r a t o r y  studies Focus on the 

heavy o i l  component o f  coal l iquids .  

T h i s  report presents the r e su l t s  o f  a l i fe t ime C3H mouse s k i n  

tumoriqenicity assay of an ti-Coal se r ies  o f  o i l s  and considers the 

re1 ationships between tmor iqenic i ty ,  chemistry, and processing, L i f e t i m e  
assay r e su l t s  are reported for  an H-Coal syncrude mode l l ’ g h t  oilfheavy o i l  

blend, a low severi ty  hydrotreatment product, a h igh  severity hflrotreatrnent 

Droderct, a n a p h t h a  reformate, a heatinq o i l  a petrolem-derived reformate, 

and a petrolem derived heatinq o i l .  n a t a  are compared wjth t hose  f o r  an 

e a r l i e r  study o f  an SRC-II blend and products o f  i t s  hydrotreatment. 

Adequate d a t a  are presented t o  a1 l o w  an independent qual i t a t i v e  assessment 

o f  the conclusions while s t a t i s t i c a l  evaluation o f  the  d a t a  i s  being 

completed. The report a1 so documents the phys ica l  and chemicdl properties 

o f  the o i l s  tes ted.  

Results o f  the 1 i f e t i m e  tumoriqenicity assay c lear ly  denonstrate t h a t  

even low-severity h-flrotreatrnent dramatically reduces tunorigenicity. T h e  

hiqher sever i ty  hydrotreatinent exmined led t o  no further reduction i n  

tumariqenicity and may actually increase tmor iqenic i ty  sl i q h t l y .  The 

coal-derived n a p h t h a  refolrlnate pwpared by hydrocrackinq o f  t h e  h i g h  

x i  



seve;ri.ty hydrotreated product followed by c a t a l f l i c  reforming exhibited the 

lowest ( i f  any) tmor iqen ic i ty  o f  any material tested i n  th is  study. I t s  

tumorigenicity appears t o  be less  than  tha t  of the petrolem reformate 

studied for  comparison. The coal-derived heating o i l  i s  c lear ly  more 

trmorigenic than i s  the petrolem heating o i l  tested for comparison. Except 

for  the i n i t i a l  H-Coal blend and t o  a lesser  degree the coal-derived heating 

o i l ,  timior incidetice i s  very low and time-to-tunor i s  very long. 

Results o f  labortory studies reaffir-!n the u t i l i t y  of d i s t i l l a t i o n  for  

separating miataqens and tmoriqens i n t o  the higher boiling fractions o f  
coal -derived heavy o i l  s. I t  i s  a1 so  shown tha t  acid-wash treatment o f  heav,y 

o i l s  or vacuum gas o i l  material i s  very effect ive for- reducing mutagenicity 

b u t  n o t  tmor iqenic i ty .  Alkal ine-washing has no effect  on mutagenicity b u t  

may decrease tumorigenicity s l igh t ly .  None of the treatments exmined was 

found as effect ive as hydroqenation for i-educinq tumorigenicity b u t  evidence 

i s  presented t h a t  some treatments may improve t h e  efficiency of timorigen 

rediiction when used prior t o  hydroqenatian. 

Chemical and biological d a t a  continue t o  suggest tha t  polycyclic 

aromatic hydrocarbons (we1 l-known complete tunorigens) are  the primary 

tumorigenic agents o f  o i l s  containing heavy o i l  consti tuents.  Completely 

removing residual timoriqenicity may require treatments which can t o t a l l y  

eliminate complete tunorigens, or which can a l t e r  tmor promoting agents in 

addition t o  reducing tumor i n i t i a t o r s  i n  the  case o f  refined o i l s  which 

exhibit  low levels  o f  tumorigenicity. 

xi i 



2 .0  l i troduction 

This report ainmarizes the results o f  a 1 ifetiine rnoi-rse skin t m o r i q e -  

n i c i t y  study of  o i l s  produced b y  refininq an H-Coal l iqht  o i l l h e a v y  o i l  

blend and inteqrates the findinqs w i t h  thaw o f  chemical studies and o f  

research into al ternat ive refininq approaches. Results are a l s o  couipared 

with t h o s e  o f  an e a r l i e r  study o f  S K C - I 1  o i l s ,  The or iqin,  processing 

h i s t o r y ,  and nhysical/chewical properties o f  each of  the o i l s  studied i s  
documented i n  detai l  for future reference. 

The nature o f  the materials ;ubjected to 1 i f e l i m e  animal tes t inq i s  

discussed in Section 2.0 and detailed properties are i t m i z e d  i n  Appendix A .  
Discusrion centers upon t h e  influence o f  hydrotreatment on the b u l k  and 

overall compositional properties c i f  the o i l s .  Oils irsed irr laboratory 

s tudies  and used in ea r l i e r  skin p a i n t i n q  studies are also described. 

Results of the l i fe t ime s k i n  paintinq s t u d y  o f  W-Coal producLs and o f  
t w o  comparative oroducts of petroleurn refining are smrnarized i n  5 e c t i o n  

3.0.  Cumul at ive oercentage o f  animals developinq t m o r s  and t 4 c  tmor  

1 atencv are presented and comoared w i t h  those observed i n  re lated studies.  

The re1 ationrhio between 1 ifetirne tes t inq ,  ten-animal derrrial screeninq, and 

bacterial  rnutaqenicity meacurtments i s  a l so  discussed, 

Observations concerninq the relationship between tmnr iqenic i ty  and 

chemistry as they are affected b y  hydrotreat-nent are oresented i n  Yectiori 

4,O. Laboratory studies o f  the iiydroqenative e1 inination o f  pol  ycyc1 i c  

aromatic  hydrocarbon tumoriqws are also described. I m ~ l  i c a t i o n s  f u r  
raredictinq tumoriqml”cit y from chemical rneasiires arid for anproaches t o  

i mp r o v i n q t um or  i q en i c i t y r e d 11 c t i o n (1 re  p r e s en t ed . 
l a b o r a t o r y  surveys o f  non-hydroyenative methods for reducinq 

tmor iqen ic i ty  are d iscussed  i n  Section 5.0. IJsinq such processt=s d s  a 

pretreatment t o  hyroqenation i s  identified as  a potent i a i ’ l y  important  

avenue o f  research. 
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2.0 STUTdY MATERSALS ORIGIN AND PROPERTIES 

Severa l  su i tes  of materials were examined chemically and 

toxicologically in t h i s  study. The primary study materials are l i s ted  in 

Table 2.1.  Two su i tes  of-  crude and upgraded coal Iiquids were derived From 
the  H-Coal and Solvent Refined C o d  (SRC-11) processes. A reformed n a p h t h a  

and a home heating o i l  were refined only f r o m  the former. Comparative 

petroleum products were obtained from the American Petralem Ins t i tu te .  The 
origin and processing of each o f  these sample su i tes  i s  considered in detai l  

below, 

2.2 H-Coal Materials O r i g i n  and Processing History 

The primary su i t e  o f  samples used in t h i s  study was derived from the 

H-Coal process. Light and Heavy 9 i  Is were collected from the H-Coal pi lot  

platit a t  Catlettsburq, Kentucky, on September 25, 1981 b y  personnel o f  
Ashland Synthetic Fuels, lnc. I l l i n o i s  No. 5 coal was being processed i n  
t h e  synfuel mode o f  operation in r u n  no. 8. The o i l s  were shipped t o  the 

O a k  Ridqe Yatisnal Laboratory (QRNL), and two barrels  of the L i q h t  Oil and 

one of  the Heavy Oil were sent from ORNL t o  the Chevron Research Company, 

Richmond, Ca1 ifornia.  

The sequence of blendinq and upgrading  operation^ conducted on the 

Liqht and Heavy Oils and the  r e l a t i o n s h i p s  o f  the crude and refined samples 

are diaqratnmed i n  Fiqure 2.2. The Chevron Research Company blended the 

H-Coal Light and Heavy Oils i n  a 40/60 weight r a t i o  because process 

engineers considered such a blend t o  be representative o f  the principal 

product o f  a scaled-up commercial p l a n t .  T h i s  blend i s  designated as H-Coal 

Blend-Before Water Washinq (Rhild) (Sample Number 930) .  The sample nmber in 

parenthesis following a sanp'le nzme i s  the unique identifying nurnber 

dssSqned t o  t h a t  sample. 

Chevron performed a tnediign s e u e r i t y  h roqenation ("rneda'm'' severity 

o n l y  r e l a t ive  t o  the other hydroqenations co ucted on the t-l-Coa1 blends) t o  
meet a specification o f  a reduction o f  the to ta l  nitrogen content o f  the 

H-Coal Slend-SWW ( W Q .  930) t o  ca. 5C.O ppn, This o i l ,  designated as H-Coal 

Blend-Hydrotreated a t  Medim Severity (HOT/M) (40. 9331, was prepared i n  a 

bench-scale downffow t v h u l  ar  reactor whjch contained a c a t a l y s t  vol 



T a b l e  2 .1  

I..ISTING OF PRIMARY STUDY M A T E R I A L S  

tl-Coal Materials 

H-Coal E l  end - After Mater Wash [AMW] (No. 931) 
!-!-Coal B l e n d  - Hydrotreated a t  Isw Severity [HDP/L] (No. 934) 

H-Coal Blend  - H y d r o t r e a t e d  a t  M e d i m  Severity [HDT/M] (No. 933) 
H-Coal Blend - Hydrotreated a t  H i q h  Sevrr i ty  [tlDP/H] (No. 935) 

Il-Coal Reformed Naphtha (No. 935) 
H-Coal Home Hcatinq Oil (No. 9 i 8 )  

!!-Coal Heavy Oils (Nos. 695, 588, and 1334) 

Petroleum Materials 

Arnet-icat? Petrolem 1nst-Ftu-tr.r [ A P l ]  Light Catalyt ical ly  
Cracked Naphtha (No. 976)  

American P e t r o l e m  Ins t i t u t e  [ A P I ]  No. 2 Fuel O i l  (No. 975) 

SRC-I I Material s - 

SRC-I1 Riend - A f t e r  !Jatcr Wash [AWN] (No. 916) 
SRC-I1 Blend - Hydrotreated a t  low Severity fHnT/L]  (No. 917) 

5RC-11 f37end - Iivdrotreated a t  M e d i m  Ssveri ty  [ H D T / M J  (No. 918) 
CRC-I1 Blend  - Yydrotreated a t  t-liqh Severity [WDT/H] (No. 919) 



H-COAL LIGHT OIL 

1 
H-COAL HEAVY O I L  v 

1 40 wi.  Ox, 60 fit X J 
H COAL BLEND BEFORE WATER vVASHING 

NO. 930 

H D l-/MEDlAIU SEVE A ITY 
1 

H-COAL BLEND AFTER WATER WASI I ING H COAL U L E h  

Hi)f/HIGH SEVE AlTY 
I I 

I t 
1 

DEVOLATI LlZATlQN 

a 
HDT/HIGH SEVERITY 

i 
I 

I 
CATALYTIC R € f OHM I N :i 

B 

H COAL REFORMED NAPHTHA 

Figure 2.1. Diagram o f  H-Coal Blend Upgrading and  Relationship o f  
Sanipl es. 
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of  130 c d .  The h.ydrotreatment was conducted i n  an i so the rma l  mode w i t h  
gas r e c y c l e  and once-through f l o w  o f  -the c o a l  l i q u i d .  Table 2.2 summarizes 
t h e  r u n  c o n d i t i o n s .  

Because o f  process l i n e  p l u q q i n q  problms from t h e  ammonim c h l o r i d e  
produced i n  t h e  hydrotreatrnent o f  t h e  H-Coal Blend-BWW (No. 930),  t h i s  b lend 
was washed t w i c e  w i t h  equal weights  o f  water t o  reduce t h e  c h l o r i n e  con ten t  
f rom 105 t o  1 .2  p p  ( S u l l i v a n ,  1982).  T h i s  washed b lend  i s  des ignated as 
I-I-Coal B lend -A f te r  Water Washing (AWN) (No. 931).  It served as t h e  crude 
c o a l  l i q u i d  p recu rso r  o - f  t h e  f i n i s h e d  products .  Low and medium s e v e r i t y  
hyd ro t rea tmen ts  were conducted on t h e  H-Coal Blend-AWW (No. 931) ,  as 
sunmarized i n  Table 2.2. The s p e c i f i c a t i o n s  were t o  reduce t h e  t o t a l  
n i t r o g e n  con ten t  o f  t h e  b lend  b y  50% ( l o w  s e v e r i t y )  and t o  produce a home 
h e a t i n g  o i l  o f  30" B P I  s w c i f i c  g r a v i t y  ( h i g h  s e v e r i t y ) .  Chevron used t h e i r  
ICR 106 c a t a l y s t  a t  temperatures o f  338"-402°C (540-755°F) w i t h  ca. 2,300 
p s i a  o f  hydroqen f o r  a l l  t h r e e  h,@roqenat:ions. The s e v e r i t y  was v a r i e d  from 
low  t o  h i q h  b y  i n c r e a s i n q  t h e  c a t a l y s t  bed temperature and decreas ing the  
1 i q u i d  hour1.y space v e l o c i t y  t h rough  t h e  r e a c t o r .  The hyd ro t rea ted  p roduc ts  
a r e  des iqnated as H-Coal B lend-Yydrot reated a t  Low S e v e r i t y  (\1DT/L) (No. 
934),  and Ii-Coal 81 end-Hydrotreated a t  H iqh  Sever i  t .y ( l i @ T / H )  (No. 9 3 5 ) .  The 
hvdroqen i n c o r p o r a t i o n  f o r  ,the t h r e e  l e v e l s  o f  s e v e r i t y  were 900, 1,400, and 
3,000 SCF/SSC. Properties o f  these  m a t e r i a l s  a re  l i s t e d  i n  Appendix A. 
A n a l y t i c a l  methods a re  o u t l i n e d  i n  4poendix R .  

The q-Coal Slend-HDT/H (No. 935) was in tended t o  subs tan t i a1 l . y  meet t h e  
D r o p e r t i e s  f o r  a Wo. 2 f u e l  o i l  l i s t e d  i n  ASTY 17 395-80 Standard S p e c i f i c a -  
t i o n  f o r  Fuel n i l .  Yowcver, i t s  f l a s h  p o i n t  o f  28°C (83°F) i s  t oo  l ow  t o  
meet t h e  s p e c i f i c a t i o n  o f  38°C (100°F) minimum for- a No. 2 f u e l  o i l ,  which 
i s  used f o r  home h e a t i n q  i n  o i l - f i r e d  furnaces.  The M-Coal Rlend-HDT/M (No. 
935) was d e v o l a t i l i z e d  a t  ORIVI. u s i n g  a Kon tes -Var t i n  MK I V B  F r a c t i o n a t o r  (H.  
S .  Mar t i n ,  Inc. ,  Vineland, New Jersey)  equipped w i t h  a 30-p la te,  25 mm I D  
Oldershaw column. F i g u r e  2.2 shows t h e  equipnen.t s e t  up i n  a C a l i f o r n i a  
fune hood. T h i s  i s  a 4-1 capac i t y ,  bench-scale apparatus which i s  much inore 
r e l e v a n t  t o  i n d u s t r i a l  d i s t i l l a t i o n  than  t h e  usual  l a b o r a t o r y - s c a l e  s t i l l .  
A5 i n d i c a t e d  i n  Tab le  2.3, e i g h t  d i s t i l l a t i o n  c u t s  o f  14°C ( 2 5 ° F )  b o i l i n g  
range were d i s t i l l e d  f rom 3.2 kg o f  t he  blend. The r e s i d u e  ( d i s t i l l a t e  
f r a c t i o n  no. 9 )  Mas found t o  have a f l a s h  p o i n t  o f  63°C ( 1 4 S " F ) ,  which met 



SUMMARY OF HYDROTREATING CONDITIONS FOR H-COAL B L E N D a  

Parameter 

Catalyst 

Average Catalyst Temp., " C  ( O F )  

Total Pressure, p s i g  

Hz  Part ia l  Pressure, p s i a  

LHSV, V o l a  Feed/Vol. Catalyst/Hr. 

Recycle Gas Rate, SCFlBbl 

Approx.  el2 Consmption, S C F l B b l  

"Data from Sullivan (1983) 

Severity o f  Conditions 1 

" k. 0 W'[ 

I C R  106 

338 (640) 

2,500 

2,300 

4. .O 

15,000 

980 

'I Med i mi" 

ICR 105 

377 (710) 

2 500 

2,300 

1.0 

15,QQ)Q 

1,400 

I' H ighn8 

ICR 106 

402 (755)  

2,500 

2,308 

0 - 5  

15,000 

3 000 
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ORNL-PHOTO 5538-85 

. 

Ffgure 2.2. Kontes-Martin MK IYB Fractionator Used to  Distill Coal 
Liquids. 
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TABLE 2.3 

DISTILLATION OF VOLATILES FROM H-COAL BLEND-HDT/H (NO. 935) TO INCREASE 
FLASH P O I N T  TO MEET ASTM D396-80 SPECIFICATION FOR FUEL OILS 

D i s t i l l a t e  
F r a c t i o n  

1 

2 

3 

4 

5 

6 

7 

8 

9 

- 

D i  s t  i 11 a t  i o n  Range, 
"C  f " F I  

42-56 (108-133) 

56-70 (133-158) 

70-84 (158-183) 

84-98 (183-208) 

98-112 (208-234) 

112-126 (234-259) 

126-140 (259-284) 

140-149 (284-300) 

>149 (>300) 

O r i q i n a l  sample 

F l a s h  P o i n t  o f  Sample 
W t .  % With F r a c t i o n s  Re-Added, 

o f  Sample "C  (OF) 

0.068 

0.056 

0.16 

0.61 

1.45 

2.14 

2.47 

1.45 

91.6 

(100) 

a A f t e r  a d d i t i o n  of  o n e - t h i r d  o f  F r a c t i o n  5 t o  res idue .  

37a ( 9 9 ) "  
40b (104)b 

41 (105) 

49 (120) 

63 (146) 

28 (83) 

b A f t e r  a d d i t i o n  o f  o n e - t h i r d  o f  F r a c t i o n  5 t o  res idue ,  t h e n  d e v o l a t i l i z a -  
t i o n  by b u b b l i n g  a i r  t h rough  sample f o r  1 5  min. 
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t h e  s p e c i f i c a t i o n  b u t  was t o o  h i g h  t o  be t y o i c a l  f o r  a home h e a t i n g  o i l .  
D i s t i l l a t e  f r a c t i o n s  nos. 7, 6 ,  and o n e - t h i r d  o f  no. 5 were s e q u e n t i a l l y  
recombined w i t h  t h e  r e s i d u e  t o  produce a sample w i t h  a f l a s h  p o i n t  o f  37°C 
(99"F) ,  o r  j u s t  below t h e  s p e c i f i c a t i o n .  A i r  was then  g e n t l y  bubbled 
th rough  t h e  sample t o  remove t h e  most v o l a t i l e  components and r a i s e  t h e  
f l a s h  p o i n t  t o  40°C (104°F).  I n  a l l ,  on1.y ca. 0.7 w t  % o f  t h e  H-Coal Blend- 
HDT/H (No. 935) was removed i n  t h e  distillation/devolatilization. The 
p roduc t  i s  des ignated as H-Coal Home Hea t ing  O i l  (No. 978) .  

A re formed naphtha product  a l s o  was r e f i n e d  f rom t h e  H-Coal Blend-AWW 
(No. 931) .  Chevron conducted two sequen t ia l  hydrogenat ions on t h e  blend, as 
sunmarized i n  Table 2.4. The f i r s t  s tage  c o n d i t i o n s  were almost i d e n t i c a l  
t o  those  used i n  t h e  h i g h  s e v e r i t y  hydrot reatment  f o r  t h e  H-Coal Blend-HDT/H 
(No. 935); thus,  t h a t  sample m igh t  be considered as a p recu rso r  t o  t h e  
reformed naphtha. The naphtha r e s u l t i n g  f rom t h e  second stage 
hyd roc rack ing  was shipped b y  Chevron t o  t h e  Un ive rsa l  O i l  Products,  I nc .  
(UOP, now Signal  Research Center, Inc. ,  Des P la ines ,  I l l i n o i s )  f o r  c a t a l y t i c  
re forming.  The exact  c o n d i t i o n s  a re  p r o p r i e t a r y ,  b u t  t h e  process ing was 
conducted i n  a UOP p i l o t  p l a n t  u t i l i z i n g  a UOP commercial P la t fo rm ingB 
c a t a l y s t  under c o n d i t i o n s  " t y p i c a l  o f  a h i g h  pressure,  c a t a l y t i c  r e f o r m i n g  
o p e r a t i o n .  The h i g h  g a s - t o - o i l  r a t i o  was chosen t o  ensure s t a b l e  o p e r a t i o n  
d u r i n g  t h e  run'' (Lambert, 1985).  A t a r g e t  octane o f  96 was met ( a c t u a l  
96.1-96.9). The r e s u l t i n g  product  i s  des ignated as H-Coal Reformed Naphtha 
(No. 936) .  P r o p e r t i e s  and compos i t i ona l  d a t a  f o r  t h e  p roduc ts  a re  l i s t e d  i n  
Appendix A. 

Three o t h e r  H-Coal Heavy O i l  samples were used i n  t h e  l a b o r a t o r y - s c a l e  
s t u d i e s .  A l l  o f  t hese  heavy o i l s  were c o l l e c t e d  a t  t h e  H-Coal p i l o t  p l a n t  
d u r i n g  r u n  no. 8 on I l l i n o i s  No. 6 coa l  on t h e  f o l l o w i n g  dates:  No. 695 - 
September 24, 1981, No. 888-October 29, 1981, and No. 1334 - October 30, 
1981. 

2.2 Comparative P e t r o l e u n  Products  

Pe t ro leun -de r i ved  f i n i s h e d  p roduc ts  were used i n  comparat ive s t u d i e s  
a longs ide  t h e  c o a l - d e r i v e d  products .  The main s e t  o f  t hese  samples was 
o b t a i n e d  f rom t h e  American P e t r o l e u n  I n s t i t u t e  (API) ,  Washington, DC. The 
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Tab le  2.4 

S U ~ M A ~ Y  OF CONDIT IONS FOR 
HYDROCRACKED NAPHTHA FOR CR 

PREPARATION OF 
A L Y T  I C REFORM I N  a 

-----. 

F i r s t  Stage Second Stage 

Run C o n d i t i o n s  

Average C a t a l y s t  Temperature, "I: ( 'F )  406 (762)  313 (595)  
T o t a l  Pressure, p s i g  2,500 1,400 
H2 P a r t i a l  Pressure, p s i a  (Approx.) 2,275 1,225 
LHSV, Vol Feed/Vol Ca ta l ys t /H r  0.5 1.1 
Recyc le  Gas Rate, SCF/BBL 15,000 5,600 
Mode o f  Opera t i on  Once E x t i n c t i o n  

Through Recycle 
Recyc le Cut Po in t ,  " C  (OF) - 177 (350) 

- Per Pass Conversion 60 

% a t a  from S u l l i v a n  (1983) .  
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API s u p p l i e d  t w o  f u e l s ,  a no. 2 f u e l  o i l  composed o f  70% s t r a i g h t  r u n  m i d d l e  
d i s t i l l a t e  ( s t r a i g h t  r u n  d i e s e l )  and 30% l i g h t  c a t a l y t i c  cracked d i s t i l l a t e  
(FC l i g h t  c y c l e  gas o i l ) ,  and a l i g h t  c a t a l y t i c  cracked naphtha. These 
samples were assigned nunbers 975 arid 976, r e s p e c t i v e l y .  Other d e t a i l s  o f  
t h e i r  o r i g i n  and process ing a re  a v a i l a b l e  f rom t h e  A P I .  P r o p e r t i e s  o f  these 
p roduc ts  a re  l i s t e d  i n  Appendix A. 

2.3 SRC-I1 M a t e r i a l s  O r i g i n  and Process ing H i s t o r y  

A s u i t e  o f  c rude  and upgraded m a t e r i a l s  d e r i v e d  from t h e  S R C - I 1  process 
a l s o  was i n c l u d e d  i n  t h i s  study. SRC-I1 M i d d l e  and Heavy D i s t i l l a t e s  were 

c o l l e c t e d  i n  t he  p e r i o d  o f  A p r i l  4-6, 1980, a t  t h e  F t .  Lewis, Washington, 
So lven t  Re f ined  Coal P l a n t  b y  t h e  P i t t s b u r g h  and Midway Coal Min ing  Company. 
The p l a n t  was o p e r a t i n g  on Powhatan No. 6 c o a l  ( P i t t s b u r g h  seam) i n  t h e  
SRC-I1 mode. The d i s t i l l a t e s  were shipped d i r e c t l y  t o  Chevron. 

The b l e n d i n g  and upgrading o p e r a t i o n s  f o r  t h i s  s u i t e  a l so  were 
conducted b y  Chevron. As i n d i c a t e d  i n  F i g u r e  2.3, t h e  SRC-11 M i d d l e  and 
Heavy D i s t i l l a t e s  were s e p a r a t e l y  water-washed and then  blended i n  a 63/37 
(1.7/1)  w t . / w t .  r a t i o  t o  form t h e  SRC-I1 Blend-AWN (No. 916).  The S R C - I 1  
B lend EWW (No. 915) was n o t  d i r e c t l y  water-washed because i t s  d e n s i t y  was 
t o o  c l o s e  t o  t h a t  o f  water and severe emuls ion f o r m a t i o n  was a n t i c i p a t e d .  
The SRC-I1 M i d d l e  D i s t i l l a t e  was washed t w i c e  w i t h  equal volumes o f  water 
each t ime.  Some problems w i t h  eriiul s i ons  were exper ienced i n  water-washing 
t h e  SRC-I1 Heavy D i s t i l l a t e ,  and 50 n i l  o f  O r o n i t e  ( a  n o n i o n i c  s u r f a c t a n t )  
were added t o  a i d  i n  b reak ing  t h e  emulsion. A second water-washing was n o t  
performed, These washings reduced t h e  c h l o r i n e  con ten t  o f  t h e  SRC-I1 Blend 
f rom 205 t o  50 ppn ( S u l l i v a n ,  1981). 

The SRC-I1 Blend-AWW (No. 916) was h y d r o t r e a t e d  a t  t h r e e  l e v e l s  o f  
s e v e r i t y ,  as sunmarized i n  Table 2.5, t o  y i e l d  p roduc ts  w i t h  ca. 5,000, 
2,000, and 500 ppm t o t a l  n i t r o g e n .  These p roduc ts  a re  des ignated as S R C - I 1  
I31 end-HDT/L (No. 917), S R C - I  I B1 end-HDT/M (No. 918), and S R C - I  I 81 end-HDT/H 
(No. 919), r e s p e c t i v e l y .  The s e v e r i t y  was ad jus ted  b y  v a r y i n g  t h e  l i q u i d  
h o u r l y  space v e l o c i t y  t h rough  t h e  r e a c t o r  f rom 2.5 t o  0 . 9 .  The c a t a l y s t  f o r  
t h e  low s e v e r i t y  hydrot reatment  (ICR 113) was d i f f e r e n t  f rom t h a t  used f o r  
t h e  medium and h i g h  s e v e r i t y  t rea tmen ts  ( I C R  106) .  I n  general ,  t h e  
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ORN L-DWG 85-1 5082 

SRC-II M I D D L E  DIST ILLATE SRC-II  HEAVY DIST ILLATE 

63 wt. Yo 37 wt. % 

WAP 

1 I 
W A T E R -WAS C 

I 
I I 

ER-WASk! I NG 

I I SRC-II BLEND AFTER WATER-WASHING 
NO. 916 

HDT/I..OW SEVERITY 

S R C ~ I I  B L E N D  I-iD7- T O  4,900 ppm N 
NO. 917 I 

HDTIMEDIUM SEVERITY 

S R C - I I  BLEND WDT TO 1,400 pprn N I 
NO. 918 I 

WDT/HIGH SEVE H I T Y  

1 SRC II BLEND HDT TO 500 pprn N I No. 919 

F igure  2.3. Diagram o f  SRC-I1 Blend Upgrading and R e l a t i o n s h i p  
of Sampler;. 
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TABLE 2 . 5  

SUMMARY OF HYDROTREATING CONDITIONS FOR S R C - I  I BLENDa 

S e v e r i t y  o f  Cond i t i ons  

Parameter 

C a t a l y s t  

Average C a t a l y s t  Temp., " C  ( O F )  

T o t a l  Pressure, p s i q  

H2 P a r t i a l  Pressure, p s i ?  

LHSU, Vol .  Feed/Uol. Cata lys t /Hr .  

Rzc,vcle Gas qate,  SCF/Bbl 

Apnrox. Y? Consunption, SCF/Bbl 

"Low" 

I C R  113 

399 ( 7 5 0 )  

2,500 

2,250 

2.5 

15,000 

975 

"Med i urn" 

I C R  106 

398 (748) 

2,500 

2,250 

1 .0 

15,000 

1,450 

I' ti i g ha' 

I C R  106 

399 ( 7 5 0 )  

2,500 

2,250 

0.7 

15,000 

1,850 

W a t a  f rom 5 u l l i v a n  (1981) 
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c o n d i t i o n s  f o r  t h e  m e d i m  ?and h i q h  s e v e r i t y  hyr l ro t reatments o f  t h e  SRC-I1 
s u i t e  were v e r y  s i m i l a r  t o  those  used f o r  t h e  corresponding H-Coal s u i t e  
samples. The degree o f  hydrogen i n c o r p o r a t i o n  was s i m i l a r  i n  t h e  t. 
f o r  t h e  l ow  and m e d i m  h M r o t r e a t m e n t  s e v e r i t y ,  b u t  q u i t e  d i f f e r e n t  a t  t h e  
h i g h  s e v e r i t y :  1,950 SCFIBBL. f o r  t h e  S R C - I 1  Blend-MDT/H (No. 919) versus 
3,000 SCF/BBL f o r  t h e  M-Coal Rlend-YDT/H (No. 935) .  The p r o p e r t i e s  o f  t h e  
p roduc ts  a rc  l i s t e d  i n  Appendix A, and a re  d iscussed tpelow. 

Tab le  2.6 l i s t s  t h e  o t h e r  samples used i n  t h i s  stiudy. I nc luded  a re  
r-ogenated p roduc ts  from t h e  H-Coal process demonstrat ion u n i t  

(PDU) ,  t h e  Exxon Coal L i q u e f a c t i o n  P I  ant (ECI -P ) ,  and severa l  a d d i t i o n a l  
p e t r o l e m - d e r i v e d  f i n i s h e d  products .  

3 . 4  I n f l u e n c e  o f  Hydrogenat ion on B u l k  Composi t ion and P r o p e r t i e s  

Hydrogenat ion i s  conducted i n  p e t r o l e m  r e f i n i n g  t o  reduce t h e  
heteroatom c o n t e n t  o f  h i g h  s u l f u r  c rude  o i l s ,  t o  m i n i m i z e  c a t a l y s t  po i son ing  
and g e n e r a l l y  improve t h e  s u i t a b i l i t y  o f  t h e  o i l s  f o r  f u r t h e r  r e f i n i n g  i n t o  
useable f i n i s h e d  products .  The appl i c a t i o n  o f  hydrot reatment  t o  crude coa l  
l i q u i d s  l i k e w i s e  i s  accarnpanied by a decrease i n  heteroatom content ,  and an 
i n c r e a s e  i n  hydrogen con ten t ,  as shown i n  Table 2.7. A 58 pe rcen t  decrease 
i n  t h e  n i t r o g e n  c o n t e n t  o f  t h e  H-Coal Blend-AWN (No, 931) ( t h i s  was t h e  
s p e c i f i c a t i o n  f o r  t h e  p r o d u c t i o n  a f  i t s  low s e v e r i t y  h y d r o t r e a t e d  product, 
No. 934) r e q u i r e d  ca. 900 SCF/BDI- o f  hydrogen i n c o r p o r a t i o n .  It may be 
s i g n i f i c a n t  t o  n o t e  t h a t  v e r y  s i m i l a r  l e v e l s  o f  hydrogen i n c o r p o r a t i o n ,  975 
and 920 SCF/BBL, were r e q u i r e d  for  s i i i i i l a r  r e d u c t i o n s  o f  t o t a l  n i t r o g e n  i n  
t h e  S R C - I 1  Blend-AWN (NQ.  916) and i n  t h e  H-Coal D i s t i l l a t e  (No. 1681). 
However, t hese  two s t a r t i n g  m a t e r i a l s  c o n t a i n  69% more and 29% l e s s  
( r e s p e c t i v e l y )  t o t a l  n i t r o g e n  than  does t h e  H-Coal Blend-AWN (No. 931), and 
concep tua l l y ,  more and l e s s  hydrogen ( r e s p e c t i v e l y )  should be r e q u i r e d .  
However, f u r t h e r  r e d u c t i o n s  o f  n i t r c q e n  con ten t  r e q u i r e  d i f f e r e n t  l e v e l s  o f  
hydrogen i n c o r p o r a t i o n  f o r  the t h r e e  sample se ts .  To reduce t h e  t o t a l  

n i t r o g e n  l e v e l  o f  t h e  H-Coal Blend-AWN (No. 931) t o  < 8.1. ppn, 3,000 SCF/BBL 
o f  hydrogen was r e q u i r e d .  T h i s  i s  a g r e a t e r  i n c o r p o r a t i o n  o f  hydrogen than  
achieved i n  any o t h e r  sttiidy which i n c l u d e d  t u n o r i g e n i c i t y  measurements o f  
t h e  upgraded f u e l .  



Samp I e 

-- Coa I-Der lved L i  qu ids  - 
H-Coal D l s t l i l a t e  - Raw (No. 7601) 
H-Coa! Distillate - HDT/L (No. 1602) 
H-Coal Dlstl I l a t e  - HDT/M ( N O .  1603) 
H-Coal D i s t i  I late - HDT/H ()do. 1604) 

TABLE 2.6 

OESCRIPT10N OF OTHER SAMPLES INCLUDED IN STUDY 

EDS Spent Solvent (No. 1653) 
EDS 9ecycle Solvent (No. 1659) 

Vacuum Still Overheads {No. 1314) 
Vacucrn S t i l l  Overheads (No. 1310) 
Atmospheric S t i l l  Bottoms (Yo. 13131 
Atmospheric S t i l l  Bottoms (No. 1309) 
Atmospharlc Still Overheads (No. 1312) 
4tmospherlc S t i l l  Overheads (No. 1308) 

-- Petroleum-Derived L lqv lds  -- 
UOP Reformea L igh t  Arabian Naphtha (No. 973) 
UW Hydrocracked L lg t i t  Arabian Vacuum Gas 011 (No. 974) 
Petroluem Home Heating O i  I [No. 984) 
Unleaded Gasoline (Wo. 977) 

O r l q l n  Source 

Produced a t  +Coal PDU 
Hydrotreated by Mob1 I Under EPRl con t rac t  

Mobll Researcn and Development 
Corporation, Paulsboro, NJ 

Producted a t  EDS ECCP. Texas L i g n i t e  Exxon Research and Eng 1 neer 1 ng 
orocessg! i n  B o t t m s  and V G 3  Recycle %de on 8/17/62 Canpany, BayTom, TX 

H-Coal PDcl Run No. 7, Fuel Oi! Mode, 1 1 1 .  b. 6 Coal, 9/78 Hydrocarbon Research Inc. 
H-Coal PDU Rlrn No. 5, Syncrude Mode, I I I. No. 6 Coal, 11/77 iawrencev I ! le, NJ 
H-CoaI PDU Run No. 7, FUGI 011 Mode, I l l .  No. 6 Coal, 9/78 
H-Coal PDU Run No. 5, Syncrude Mode, I l l .  No. 6 Coal, 11/77 
H-Coal PDU Run No. 7, F u e l  01 1 Mode, 1 1  I. b. 6 Coal, 9/78 
H-Coai PDU Run Yo. 5, Syncrude Mode, I l l .  43. 6 Coal, 11/77 

Purchased In Knoxvl I le,  TN area 
Purchasd in  Knoxvi I le, TN area 

Universal  01 4 Products, Inc. 
Des Plalnes, IC 
Commercia I purchase 
Comnercl a l  purchase 
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The oxygen c o n t e n t  appears t o  be t h e  most d i f f i c u l t  t o  reduce w h i l e  t h e  
s u l f u r  c o n t e n t  i s  most r e a d i l y  reduced. The l a t t e r  dropped b y  > 99% v s  t h e  
50% f o r  n i t r o g e n  and 33% f o r  oxygen i n  H-Coal 81end HDP/C (No. 934). 
Hydrogen c o n t e n t  i nc reases  s t e a d i l y  w i t h  i n c r e a s i n g  hydrogenat ion s e v e r i t y  
b u t  b y  two o r  t h r e e  % t o  a t o t a l  o f  11 t o  13%* The c a t a l y t i c  r e f o r m i n g  step 

performed on t h e  ti-Coal Naphtha has decreased t h e  t o t a l  hydrogen c o n t e n t  
s l i g h t l y ,  as expected Prom t h e  f o r m a t i o n  o f  aromat ic  compounds i n  t h i s  
a per a t  ion.  

I n c r e a s i n g  s e v e r i t y  o f  h j d r o g e n a t i o n  a l s o  i s  accompanied b y  r e g u l a r  

changes i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  samples, The r e s u l t s  l i s t e d  i n  
Table 2.8 demonstrate t h a t  increases i n  the s e v e r i t y  o f  hydrogenat ion r e s u l t  
i n  decreases i n  d e n s i t y  and v i s c o s i t y ,  and i n  a l o w e r i n g  o f  t h e  b o i l i n g  
range  and f l a s h  p o i n t  o f  t h e  sample. I n  general ,  d e n s i t y  decreases b y  f i v e  

t o  lo%, v i s c o s i t y  drops b y  s i x  i o  73% and t h e  i n i t i a l  b o i l i n g  p o i t i t  
d iminshes b y  30 t o  100°C ( 5 4  t o  180°F) as  po la r ,  heteroatomic f u n c t i o n a l  
groups a re  removed, aromat ic r i n g s  a re  cracked, and as t h e  degree o f  
s a t u r a t i o n  increases.  The f i n a l  and average b o i l i n g  p o i n t s  do n o t  change as 
d r a s t i c a l l y  as do t h e  i n i t i a l  b o i l i n g  p o i n t s ,  suggest ing a r e s i s t a n c e  o f  t h e  
h i g h e r - b o i l  i n g  m a t e r i a l  t o  hydrogenat ion and c rack ing .  The i n f l u e n c e  o f  
hyd rogena t ion  upon pour p o i n t  i s  n o t  c l e a r ,  However, t h i s  p r o p e r t y  i s  
d i f f i c u l t  t o  measure p r e c i s e l y ,  and t h e  r e s u l t s  may r e f l e c t  t h e  l a c k  o f  

p r e c i s i o n  i n  t h e  de te rm ina t ion .  
The H-Coal Home Heat ing O i l  (No. 978) was processed t o  rep resen t  a 

c o a l - d e r i v e d  o i l  s u i t a b l e  f o r  home-heating i n  o i l - f i r e d  furnaces.  hi 

e q u i v a l e n t  p e t r o l e m  product ,  t h e  A P I  No. 2 Fuel  O i l  (No. 975) ,  was prov ided 

s p e c i f i c a t i o n s  f o r  a No. 2 Fuel  O i l  ( i n c l u d e d  i n  D 396-80) are compared w i t h  
t h e  measured p r o p e r t i e s  o f  t hese  two o i l s  i n  Table 2.9. B O l h  sanples meet 
t h e s e  s p e c i f i c a t i o n s ,  w i t h  t h e  p o s s i b l e  excep t ion  o f  t h e  temperature a t  t h e  
90% d i s t i l l a t i o n  p a i n t  f o r  t h e  H-Coal Horns Hea t ing  O i l  (No, 978) .  The d a t m  
shown f o r  t h i s  sample was detcrmined us ing  s imulated d i s t i l l a t i o n ,  i n s t e a d  
o f  t r u e  d i s t i l l a t i o n ,  b u t  f o r  h i g h l y  r e f i n e d  samples such a5 t h i s ,  t h e  two 
procedures g e n e r a l l y  y i e l d  e q u i v a l e n t  r e s u l  t s .  The H-Coal Home Heat ing O i l  
(No. 978) i s  s l i g h t l y  l i g h t e r  i n  n a t u r e  than  i s  t h e  A P I  No. 2 Fuel  O i l  (No. 
97’5), and e x h i b i t s  a lower  f l a s h  p o i n t  and pour p o i n t .  

b y  t h e  M e r i c a n  Pe t ro leun  I n s l i t u t e  for  d i r e c t  comparison. AS TM 
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Number 

93 1 

934 

933 

935 

936 

916 

917 

918 

919 

:531 

1 532 

t 605 

1504 

T a b l e  2.8 

INFLUENCE CE HYDROTREAP4EM ON PHYSICAL PROPERTIES 8F CRUOE COAL LIQUIDS 

Boiling Range, "C (OF) 

DescrIptIon 

H-Coal B lend  - AWW 

H-Coal B l e n d  - HDT/F 

H-Coa 1 31 end - ?iDT/M 

H-Coal B l e n d  - HDT/W 

H-Coa I B l  end - HDT/2X 

+ Cat. Ref. 

SHC-1 1 Bieno - AWW 

SRC- I I E31 end - HDT/L 

SRC-1 1 Biena - HDT/M 
SRC-I I B lend  - HDT/H 

H-Coat D i s t i i I a - t a  Raw 

+Coa 1 D i  st i I ! a t e  - WT/L  

H-Coal D l s t i  i late - HDT/M 

H-CoaI Distl I l a t e  - WDT/H 

D e n s i t y  Yiscocity, 
cSt a? 25OC g/cm3 8 25'C 

0.968 7.05 

0.934 4.82 

0.316 3.74 

0.867 2.68 

0.78 1 0.60 

0.989 9.39 

0.942 4.93 

0.913 2.76 

0.901 2.54 

0.955 3.89 

0.926 2.97 

0.92 1 2.73 

0.908 2.56 

I .  

ABP 

260 (500 1 

255 (493)  

249 (480)  

241 (466) 

'1 02 c 2 16) 

243 (459 1 

241 (4661 

228(442)  

225 i 437 1 

1 90 ( 374 1 

187(369) 

181 ( 3 5 8 )  

183(361)  

FBP 

396 I 7 4 5  1 

388(730)  

387 (729 5 

363( 685) 

198 (389 1" 

401 (754 1 

385 ( 725 1 

375 ( 707 1 

373 ( 703 1 

338 ( 640 1 

331 i 628) 

323(613) 

321 (610)  

Pour Po lnT  
*C("F)  

- 2 5 ( - l 3 )  

-16( 0.4 1 

-25( -  13) 

-28 ( - 1 8 J 

<-30(<-22) 

-39 ( -38 1 

-45(-49) 

-40(-40) 

-27 d - 17 1 

- 
- 
- 
- 

%ata D o i  n+ from Lamber? ( 19823. 



Table 2.9 

COMPARISON OF PROPERTIES OF H-COAL. HOME HEATING OIL (NO. 978) AND A P I  NO. Z 
FUEL OIL (NO. 975) WITH ASTM D396-00 STANDARD S P E C I F I C A T I O N  FOR FUEL OILS 

--̂ - 
Parameter, u n i t  

F lash  P o i n t ,  " C  ( O F )  

Pour Po in t ,  " C  ( O F )  

D i s t i l l a t i o n  Temperature 
a t  90% Point ,  " C  ( O F )  

K i n m a t  i c V i  scos i  t y 
a t  40°C (104"F), c S t  

S p e c i f i c  G r a v i t y  
a t  60/6O"F ( " A P I )  

S u l f u r ,  % 

H-Coal Home A P I  No. 2 
S p e c i f i c a t i o n  f o r  Heat ing O i l  Fuel  O i l  

No. 2 Fuel O i l  (No. 978) (No. 975) 

38 (100) Min. 

-6 (20) Max. 

282 (540) Min. 
338 (640) Yax. 

1.9 Min.  
3.4 Max. 

0.8767 Max. 
(30 m i n . )  

0.5 Max. 

40 (104) 65 (149) 

-33  ( - 2 7 )  -17 (1.4) 

754 (490)b 299 (570 )a  

2.19 2.16a 

0.8756 0.835a 
(30) (38) a 

<o. OOlC 0.03 

"Data prov ided h v  the A P I .  

bEst imated us inq  sirni-il ated d i s t i l l a t i o n .  

CData f o r  H-Coal Blznd-HnT/H (No9 935) .  
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Tab le  2.1.0 c o m ~ a r e s  t h e  b u l k  p h y s i c a l  and chemical  p r o p e r t i e s  o f  t h e  

c o a l -  and p e t r o l e u n - d e r i v e d  f i n i s h e d  p roduc ts .  The H-Coal Home Hea t ing  O i l  
(No. 978) i s  seen t o  have a s l i g h t l y  l ower  b o i l i n g  range than  does t h e  A P I  
No. 2 Fuel O i l  (No. 9751, c o n s i s t e n t  w i t h  t h e  r e s u l t s  presented i n  Table 
2.9. Other p r o p e r t i e s ,  i n c l u d i n g  t h e  d i s t r i b u t i o n  o f  aromat ics and 

s a t u r a t e s  ( a s  determined b y  t h e  f l u o r e s c e n t  i n d i c a t o r  assay, F I A )  are q u i t e  
s i m i l a r .  

The b u l k  o r g a n i c  compos i t i on  o f  the two f u e l  o i l s  a r e  compared by 
c a p i l l a r y  c o l m n  gas chromatography (GC) i n  F i g u r e  2.4. The n a t u r e  o f  these 
d i f f e r e n c e s  i s  l i s t e d  i n  d e t a i l  i n  Appendix Tables A.8 and A.13, and wi l l  be 
d i scussed  i n  S e c t i o n  4. Exper ience has i n d i c a t e d  t h a t  t h e  fuel can be 
q u a n t i t a t i v e l y  accounted f o r  u s i n g  G C .  The main conc l  u s i o n  o f  irnpartance 
h e r e  i s  t h a t  the b u l k  o r g a n i c  m a t r i x  o f  t hese  t w  f u e l  o i l s  i s  q u i t e  
d i f f e r e n t ,  even though t h e y  a re  very s i m i l a r  i n  b u l k  p h y s i c a l  p r o p e r t i e s  and 
g r o s s  compos i t i ona l  parameters. I h f  s p o i n t  ill u s t r a t e s  t h a t  s p e c i f i c a t i o n s  
based upon end use and eng ineer ing  performance do n o t  n e c e s s a r i l y  have a 
re1 a t i o n s h i p  t o  o r g a n i c  compos i t i on  when comparing f u e l s  r e f i n e d  from 

d i f f e r e n t  f o s s i l  sources. 
The sample m a t r i x  o f  t h e  p e t r o l e m - d e r i v e d  A P I  No. 2 Fuel  O i l  (No. 975) 

appears f o r  a l l  p r a c t i c a l  purposes t o  c o n s i s t  o f  a No. 2 d i e s e l  f u e l .  
F i g u r e  2.5 compares t h e  h i g h  r e s o l u t i o n  c a p i l l a r y  column GC p r o f i l e s  o f  t h i s  
sample w i t h  130th P h i l l i p s  Reference No. 2 D i e s e l  Fuel  (No. 1910) and a 
l o c a l  ly -purchased home h e a t i n g  o i l  (No. 984).  A I  1 t h r e e  a re  remarkably  
s i m i l  ar  i n  composi t ion,  c o n s i d e r i n g  t h e  d i v e r s i t y  i n  S Q ~ X ~ ~ S .  'fh e 
d i f f e r e n c e s  among t h e  samples a re  m a i n l y  q u a n t i t a t i v e ,  n o t  q u a l i t a t i v e .  

A reason f o r  t h i s  s i m i l a r i t y  o f  compos i t i on  o f  t h e  f u e l s  r e f i n e d  from 
p e t r o l e m  i s  suggested b y  t t i a  compwison  o f  ASTM S p e c i f i c a t i o n s  f o r  No. 2 

Fue l  O i l  (D 396-80) and No. 2 D iese l  Fuel  (957-81) l i s t e d  i n  Table 2.11. 1.t 
i s  seen t h a t  a f u e l  meet ing t h e  s p e c i f i c a t i o n s  for a No. 2 d i e s e l  f ue l  a l so  
c o u l d  n e e t  t h o s e  f o r  a No. 2 f u e l  o i l  i f  i t s  v i s c o s i t y  i s  not. a t  t h e  upper 
limit a l l owed  f a r  t h e  No. 2 d i e s e l  fuel, and i f  i t s  s p e c i f i c  g r a v i t y  i s  low 
enough. The r e v e r s e  i s  t r u e  i f  t h e  f u e l  o i l  does not  have a f l a s h  p o i n t  a t  
t h e  minimum allowed f o r  t h e  No. 2 f u e l  o i l ,  and i t s  cetane nunber i s  h i g h  
enough. 



TABLE 2.10 

COMPARISON OF PHYSICAL AND BULK CHEMICAL PROPERTIES OF PETROLEUM AYD COAL-DERIVED FINISHED PRODUCTS 

Naphtha Home Heat ing  Oil 

H-Coal A P I ,  Petrol em H- Co a1 H-Co a1 A P I ,  Fuel Oil 
Par meter (No. 936) (No. 976) (No. 935) (No. 978) (No. 975) 

-!litimate Analysis- 
C% 
HX 
N7 
S% 

87.5 85.2 87.77 - 
12.2 13.8 13.53 - 
a.01 0.03 a . 0 1  - 
<0.001 0.01 <O.O01 - 

85.9 
13.6 
0.02 
0.03 

POLIT Po in t ,  " c  ( O F )  <-30 ( -22)  <-40 (-40) -40 (-49) -33 (-27) -17 (1.4) 

Dens i ty ,  q/cc a t  25°C 0.781 0.730 0.867 0.876 (@ 16°C) 0.827 ru N 
Flash Point, "C ( O F )  (-10 (14) (-35 (-31) 28 (82) 40 (104) 65 (149) 

V i s c o s i t , y ,  cSt a t  25°C 0.60 0.57 2.68 2.2 ( @  38°C) 3.13 
Specific Gravity, " A P I  50 60 30 30.0 38.0 

-ASTM Simul ated D i  s t  .- 
I B P ,  " C  ( O F )  

ABP, " C  ( O F )  

F R P ,  " C  ( O F )  

-FZA Analysisa- 
Aromatic, Vol. % 
Olefin,  Vol. % 
Saturated, U o l .  % 

78 (172) 148 (298) 84 (183) 156 (313) 
102 (216) 154 (309) 241 (466) 234 (453) 
193 (389)a 197 (387) 363 (685) 333 (631) 

58.4 20.3 
0.9 29.6 

40.7 50.0 

180 (356) 

351 (664) 
261 (502) 

21.0 
7.8 

72.0 

"ata s u p p l i e d  by Chevron, t h e  American Petroleum I n s t i t u t e ,  and UOP, Znc. 
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TABLE 2.11 

COMPARISON OF ASTM SPECIFICATIONS FOR NO. 2 FUEL OIL 
AND NO. 2 DIESEL FUEL 

Re clu i r ern en t 

Min. or No. 2 Fuel O i l  
Parameter, U n i t s  Max. ASTM 396-80 

F l a s h  Po in t ,  " C  ( O F )  

Pour Po in t ,  "C (OF) 

Nater & Sediment, Vol % 
C r e s i d u e  on 10% bottoms, 

Ash, w t .  % 
D i s t i l l a t i o n  Temp, FJ 90% 

% 

Po in t ,  " C  ( O F )  

Seybolt  V i s c o s i t y ,  SUS 
f3 100°F 

K inemat i c  V i s c o s i t y ,  c S t  
@ 104°F 

S u l f u r ,  wt. % 
Spec i f i c Gr av i t y 

Cu S t r i p  Corrosion 
Cetane No. 

@ 50"/60"F 

M i  n 
M ax 
Max 

Max 
Max 

M i  n 
Max 

M i  n 
Max  

M i  n 
Max  
Max 

Max 
Max 
M i  n 

38( 100) 
- 2 1  (-5) 

0.05 

0.35 
- 

282( 540) 
338 (648) 

32.6 
37.9 

1.9 
3.4 
0.5 

0.8762 
No. 3 
I 

No. 2 D iese l  Fuel 
ASTM 957-81 

52 (125)  
- 
0.05 

0.35 
0.01 

282 (540) 
338(640) 

32.6 
40.1 

1.9 
4.1 
0.5 

- 
No. 3 
40 



Phys ica l  and qross  compos i t iona l  parameters o f  t h e  coal- and p e t r o l e m -  
d e r i v e d  naphthas are  compared i n  Table 2.10. Some d i f f e r e n c e s  i n  p r o p e r t i e s  
a r e  ev ident ,  such as t h e  g r e a t e r  s p e c i f i c  g r a v i t y  and lower b o i l i n g  r a n  
t h e  H-Coal Reformed Naphtha (No. 936) than  f o r  t he  API L i g h t  C a t a l y t i c a l l y  
Cracked Naphtha (No. 9 7 6 ) .  The former a l s o  i s  c o n s i d e r a b l y  inore aromat ic  
t h a n  t h e  l a t t e r .  T h i s  d i f f e r e n c e  i s  a t  l e a s t  p a r t l y  m i r r o r e d  i n  t h e i r  
c a p i l l a r y  co lunn  GC p r o f i l e s ,  shown i n  F i g u r e  2.6. The two f w l s  are  much 
inore a l i k e  than  are the f u e l  o i l s ,  b u t  t h e y  also e x h i b i t  some compos i t iona l  
d i f f e r e n c e s  (see Appendix Tables A.6 and A.10). These w i l l  be exp lo red  i n  
more d e t a i l  i n  Sec t i on  4 .  
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APO PETROLEUM NAPHTHA 
(NO 976) 

-COAL REFORMEQ NAPHTHA 
(NO. 936) 

I I 
20 4 

Figure 2.6. Comparison of M a j o r  Organic  Conipounds i n  A P I  L i g h t  
C a t a l y t i c a l l y  Cracked Naphtha (No. 976) and H-Coal 
Reformed Naphtha (No. 936). 
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3.0 Cornp a r  a t  iv e Tumor i q en i c i t  y 

The tmor iqen ic i t i e s  of the primary samples e x m i n e d  in t h i s  program 

h av e been d e t  erm i ned 

includes a blend of 1 

Kentucky H-Coal Pilot  

t I~K) petrol em-der iv ed 
hvdroqenation and of 

usinq a l i fe t ime rnoiise skin painting study. T h i s  
i g h t  o i l  and heavy o i l  produced a% the Catlettsburg, 

Plant, four refined o i l s  produced from the blend, and 

nominally equivalent products. Laboratory studies o f  

al ternat ive or supplemental treatments for  reducing 

tunoriqenicity have re1 ied upon l e s s  cost ly  b io loq ica l  measiires and chemical 

measures o f  Potential tmor iqenic i ty .  These incl iide Salmonel 1 a 

rnutaqenicity, ten-animal moi~se dermal tes t inq,  and measures o f  
benzo( a )  p y e n e .  

Results o f  the l i fe t ime tes t ing  are presented here i n  terms o f  gross 

cunulative tmor  incidence and, for  some sampler, in terms of  median time t o  

t m o r .  Histaloqical c lass i f ica t ion  of the tunors, b ios ta t i s t ica l  evaluation 

o f  the  data, and miscell aneous obse;pvations re1 ated t o  sys lmic  tox ic i ty  are 

beyond the scope of t h i s  report .  Sufficient data are presented t o  

i l l u s t r a t e  trends and t o  allow independent evaluation o f  the conclusions. 

3.1 Experimental Conditions 

The origin and properties o f  the o i l s  tested are described i n  detai l  in 

Section 2 o f  t h i s  report .  Oils schjected t o  long-term tes t ing  were ( a )  a 

water washed H-Coal L i q h t  OillHeavy Oil Blend (Sample No. 931), ( b )  a low 

severi ty  hvdrotreated p r o d u c t  (Sample KO.  934) o f  the blend, ( c )  a h i g h  

sever i ty  h,flrotreated product (Sample No. 935) of the blend, ( d )  a home 

heating o i l  (Sample No. 978) produced by laboratory devolatilimation o f  t h e  
hiqh severi ty  hHrrotreated o i l ,  ( e )  a naphtha reformate (Sample Fdo. 936) 

produced by a second staqe hyelroqenation and ca t a ly t i ca l ly  reforminq the 

hiqh severi ty  hydrotreated product, ( f )  a petr-olem-derived cracked n a p h t h a  

(Sample No. 976), and (4) a petrolem-derived nunher 2 fuel o i l  (Sample No. 
975) .  Laboratory studies of hgrogenation and a l ternat ive treatments were 
supported by 10-animal s k i n  tmor  screeninq. Tw heavy oi 1 s (Sample No. 888 

and 1334) produced a t  the Catlettsburq Kentucky H-Coal pi lot  plant, vacum 

g a s  o i l  (>S50°F/343"C boiling range) cuts o f  the heavy o i l s ,  and the H-Coal 

blend (No. 931) studied in the l i fe t ime assay were tested iisincj the 

lO-anirnal procedure. A middle d i s t i l l  a te  ( <65Q°F/343"C) o f  Heavy Oi 1 No. 
888 was also tested.  
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For  t h e  l i f e t i m e  study, qroups o f  25  female and 25  male i n b r e d  S p e c i f i c  

Pathoqen Free C3HfIRd m ice  were assiqned t o  t e s t  groups a t  10-11 weeks o f  
aqe. The animals were ma in ta ined  f i v e  pe r  caqe, Each m a t e r i a l  was t e s t e d  
a t  t h r e e  doses [ZOO% ( n e a t )  o i l ,  50% o i l ,  and 25% o i l 1  b y  a p p l y i n g  50 

m i c r o l i t e r s  o f  t h e  m a t e r i a l  t o  t h e  shaved backs o f  t h e  mice t h r e e  t imes  per  
week. Acetone was ured as t h e  d i l u e n t  t o  prepare t h e  50% and 25% t e s t  
rlosaqe. 5 k i n  p a i n t i n q  con t inued  for  each s u r v i v i n g  animal u n t i l  i t  was 
found dead. Animals e x h i b i t i n q  a tumor remained on t e s t  f o r  two weeks a f t e r  
t u n o r  appearance and were then  s a c r i f i c e d  t o  acqu i re  t i s s u e  f o r  
h i s t o p a t h o l o q y .  A1 1 major  organs were a l s o  taken  f o r  l a t e r  e x m i n a t i o n .  
Sody weiiqht, water  consunpt ion,  and evidence o f  d e r m a t i t i s  were mon i to red  
th roughou t  t h e  exper iment.  

Exper imenta l  c o n t r o l s  f o r  t h e  l i f e t i m e  s tudy  i nc luded  t h r e e  groups o f  
25 female and 75 male mice ( f o r  a t o t a l  o f  75  fernale and 7 5  male n i c e )  each 
exposed t o  benzo(a)pyrene i n  acetone a t  c o n c e n t r a t i o n s  o f  0.1%, 0.05%, and 
0.025% benzo( a)pyrene. Mu1 t i p l e  p o s i t i v e  c o n t r o l  qroups were * requ i red  
because v a r i o u s  qrouns o f  o i l s  were p laced on t e s t  a t  d i f f e r e n t  t imes.  I n  
a d d i t i o n ,  50 female and 50 male m ice  were exposed t o  acetone u s i n q  t h e  same 
r e q i m i n e  as used f o r  t h e  t e s t  o i l s  t o  p r o v i d e  a v e h i c l e  c o n t r o l .  A t o t a l  o f  
100 male and 92 female animals served as un t rea ted  room c o n t r o l s .  

F o r  t h e  10-animal screeninq, qroups o f  f i v e  female and f i v e  male 
C3llf/Bd were p a i n t e d  two t i m e s  pe r  week w i t h  t h e  neat (100%) o i l  and/or a 
56% suspension o f  t h e  o i l  i n  acetone again us inq  50 u l  a p p l i c a t i o n s .  H i g h l y  
v i s c o u s  s m D l e s  such as some vacuun qas o i l s  and some p roduc ts  o f  chemical  
t rea tmen t  c o u l d  n o t  be t e s t e d  neat .  The animals r m a i n e d  on t e s t  f o r  up t o  
11 months dependinq on t h e  stud,y o r  u n t i l  t m o r s  were observed. The ani i i ia ls 
remained a l i v e  f o r  t w o  weeks f o l l o w i n a  t ln io r  appearance and were t h e n  
s a c r i f i c e d .  Time t o  t u n o r  appearance was t h e  o n l y  d a t a  taken. 

3.2 Observat ions and Data f rom t h e  L i f e t i m e  Study 

The l i f e t i m e  s k i n  p a i n t i n q  t e s t  p r o t o c o l  used h e r e  was i n i t i a l l y  
desiqned as an 18-month s tudy  t o  compare w i t h  e a r l i e r  work b y  Ho l l and  e t  a l .  
(Holand e t  a l .  1979, 1981, 1984) on o t h e r  h y d r o t r e a t e d  coa l  and sha le  o i l s .  
The t e s t  was extended ( t o  l i f e t i m e )  when i t  was observed t h a t  many o f  t h e  
o i l s  were l i k e l y  t o  e x h i b i t  v e r y  low t m m - i q e n i c i t y  and t h a t  t h e  p rev ious  
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work by Ho l land  i n d i c a t e d  the f i r s t  appearance o f  t m o r s  f a r  some re lated 

samples t o  occur  a t  approx imate ly  50 weeks. P r a c t i c e s  common t o  t r u e  
“ l i f e t i m e ”  s t u d i e s  such as r e p l a c i n g  animals  d y i n g  e a r l y  i n  t h e  study, 

weekend s u r v e i l 1  ance t o  acqu i re  t i s s u e  o f  unexpected deceased animals  f o r  
h i s t o p a t h o l o g y ,  and s e r i a l  s a c r i f i c e  groups were n o t  i nc luded  i n  t h i s  
t e s t i n q .  Spec ia l  a t t e n t i o n  must t h e r e f o r e  he g i v e n  t o  s u r v i v a l  and t o  tennor 
i n c i d e n c e  o f  c o n t r o l  groups. For  v e r y  weakly  t m o r i g e n i c  samples ( t h o s e  
y i e l d i n g  t m o r s  o n l y  v e r y  l a t e  i n  t h e  t e s t i n g ) ,  tunor  i nc idence  must be 
c a r e f u l l y  compared t o  t h e  n m b e r  o f  ari imals s u r v i v i n g ,  ( i .e . ,  t o  
mortal  i t y ) .  

R e s u l t s  f o r  t h e  p o s i t i v e  c o n t r o l  s (benmo( a) pyrene) v e h i c l e  (acetone)  

c o n t r o l  group, and room ( u n t r e a t e d )  c o n t r o l  group a r e  simmarimed i n  Table 
3.1. The t m o r  i nc idence  for  animals  t r e a t e d  w i t h  benzo(a )pyene  i s  i n  good 

aqreement with t h a t  observed by Ho l land  ( i n  G r i e s t  e t  a l .  1983). Animals 
exposed t o  t h e  acetone v e h i c l e  ( d i l u e n t )  a d t hose  ma in ta ined  i n  t h e  same 
envi ronment  w i t h o u t  exposure t o  any t e s t  aqent (room c o n t r o l s )  e x h i b i t e d  no 
s k i n  timers. The median l i f e s p a n  o f  un t rea ted  C3H inice i s  approx imate ly  23 
months and t h e  maximum l i f e s p a n  i s  approx imate ly  32 months. Th is  i s  i n  
genera l  a q r e m e n t  w i t h  t h e  m o r t a l i t y  d a t a  (Table 3.1) f o r  b o t h  t h e  v e h i c l e  
and room c o n t r o l  qroups, Approx imate ly  80% o f  t h e  animals on t e s t  l i v e d  t o  
20 months, approx imate ly  50% t o  23 months, and approx imate ly  20 
24-25 months. The t e s t  p e r i o d  beycnd 20 months i s  accompanied b y  a r a p i d  
d e p l e t i o n  o f  t h e  nunber of animals a v a i l a b l e  f o r  t e s t  as t h e y  d i e  o f  n a t u r a l  
causes. The i n s u l t  p rov ided b y  exposure t o  t h e  t e s t  o i l s  can i n c r e a w  t h e  
n a t u r a l  m o r t a l i t y  r a t e  r e s u l t i n g  irr an even sma l le r  nunber o f  an imals  on 
t e s t  f o r  t h e  exposure qroups. 

The e m u l a t i v e  percentage o f  r i c e  w i t h  s k i n  tumors as a f u n c t i o n  o f  
t i m e  i s  smmar ized i n  Tables 3.2 and 3.3. The d a t a  i n  Tab le  3.2 compare t h e  
s t a r t i n g  Ii-Coal b lend  w i t h  t h e  p roduc ts  o f  hydro t rea tment  and c a t a l y t i c  
re fo rm inq .  Tab le  3.3 summarizes t h e  r e s u l t s  f o r  coa l -de r i ved  and p e t r o l e m -  
d e r i v e d  p roduc ts  o f  r e f i n i n g ,  The conven t ion  used i s  t o  beq in  w i t h  t h e  
month i n  which t h e  f i r s t  t m o r  i s  observed i n  e i t h e r  sex and t o  con t inue  t o  
t h e  month i n  w h i c h  a change i n  i nc idence  i s  observed o r  when t h e  t imber  o f  
an imals  a t  r i s k  ( o n  t e s t )  i s  i n s u f f i c i e n t  t o  m e a n i n g f u l l y  i n f l u e n c e  t h e  
r e s u l t s .  It should be noted t h a t  w i t h  a t o t a l  o f  25 an imals  o f  each sex 
on t e s t ,  a c m u ’ l a t i v e  i nc idence  of  4% i n  e i t h e r  sex group corre5ponds t o  
o n l y  one animal e x h i b i t i n g  a tunor.  



k s e  ( % I  
Study k n t h  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
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24 
25 
26 
27 
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T a b l e  3.1 
EXPE21MENTAL CONTROL DATA FCR H-COAL OILS MOUSE S K ! N  TWOF!IGENICITY STUDY 

C u m u l a t i v e  Percen tage  An imals  w i t h  S k i n  Tumorsa C u m u l a t i v e  P e r c e n t a g e  M o r t a l  I t y  

~ e n z o < a ) p y r e n e  Control b 

0.1% 
F M  

0 0  
0 0  
1 0  
9 1  

83 43 
97 91 
97 97 

- - -  
0.05% 

F M 

0 0  
t o  
3 0  

23 0 
67 20 

100 67 
100 89 
100 97 

- 
- -  

0.025% 
F M  

0 0  
0 0  
0 0  
1 3  

15 8 
55 21 
89 69 
36 93 
97 97 

- -  

V e h i c l e  

C o n t r o l C  
1 OO$ 
F M  

0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
O O  
0 0  
G O  
0 0  
0 0  
0 0  
G O  
G O  
0 0  
0 0  
0 0  
D O  
0 0  
0 0  
3 3  
3 0  
0 0  
0 0  
0 

OI - -  

Room Veh I c I e 

C o n t r o  i * Contro i 

0 0  
0 0  
0 0  
0 0  
3 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 3  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  
0 0  

0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 
4 
4 
8 
8 

36 
42 
50 
76 

92 
94 
96 

a8 

M 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
4 
4 

10 
15 
22 
34 
38 
48 
62 
74 
76 
92 
99 

- 

0 0  98 100 
98 0 

Room 
C o n t r o  I 
- 

F 

0 
0 
0 
0 
0 
0 
0 
0 
0 
G 
0 
0 
0 
0 
0 
4 
4 
6 

10 
22 
36 
48 
62 
74 
82 
84 
96 
96 

130 

- M 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4 

10 
10 
12 
16 
32 
44 
58 

74 
78 
88 
96 
IO0 

- 

58 

Study  Month 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

a 

aThe l a s t  number i n  each column Is t h e  c u m u l a t i v e  pe rcen tage  of mice w i t h  s k i n  tumors  a t  t h e  tima a l l  an ima ls  were s a c r i f i c e d  
o r  had d i e d  in t h e  s tudy .  
female animals.  dCornbined d a t a  for  t o h l  of 100 m a i s  and 92 f e m a l e  an imals .  *One anlmal  i s  stl 1 i S I  j ve  a t  t h i r t y  months. 

bCombined da ta  for t o t a l  of 75 ma le  and 75  fema le  a n i m a l s  per dose group. CFor 50 ma le  and 50  



33 

.-. m
 

m
 

IC
 
0
 

+
 
I
 

a
 

3
 
0
 

-2 

n
 

W
 



34 

0
 

a 1 6 0 O W
 

c > 
1c 

L
L
 

0
 

- w
 

W
 

4
 

b
- 
z
 

w
 

V
 

rf 
0%

. 
C

L
 

0
1

-
 

L
I 

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
v
0
0
0
0
0
0
0
~
O
a
0
0
0
 

g 
El 

I =I 
c
 

0
 
0
 
0
 
0
 
0
 
-

0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
Q

 
0

0
 n

 
U

 
'Q

 
Q

 
Q

 
0
 
d
 

,.- I
 

0
 
0
 
0
 o
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 .a 

n
 
0
 
0
 
0
 
0
 
0
 v
 
.u
 
d
 
0
 
'd

 
0
 

a
 

0
 
0
 
0
 
0
 
0
 
0
 0
 
0
 
0
 
0
 
0
 
0
 
0
 (3

 
0
 
0
 
0
 
0
 

co 
w

 
w

 
w

 
4

-
4

 

0
 
o
a
o
o
 0

0
 0
0
0
0
 o

o
o

o
o

o
a

~
c

r
 

N
N

N
N

 N
 

&
+

4
.
-

.
4

 

3
 

a
 

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
O
0
0
~
w
w
0
 

0
 

-4
-d

"r.A
 

N
 

h
 

L
L

I 
0
 
3
 
0
 
0

0
 0

0
 c
3
 
0
 
0
 
0
 
0
 u
 
0
 
0

0
0

 u
 
u
 * 

0
 

L
 
a
 



35 

A qeneral l y  accepted indicator t h a t  the  experimental tumoriqenicity 

observed i s  due t o  the test a q m t  applied i s  t h a t  there  be a c lear  

dose-response re1 ationship ( t h a t  atiimals exposed t o  a greater quantity o f  

t h e  aqent exhibit a greater incidence o f  tunors t h a n  those exposed t o  lesser  

quan t i t i e s ) .  A c lear  dose-response re1 ationship i s  observed f o r  the H-Coal 

blend (No. 931) ear ly  (e.g., 2-11 months) in the study and t o  a lesser  

extent ear ly  in the t e s t s  o f  several other o i l s .  ‘This relationship decays 

l a t e r  i n  the studby o f  the H-Goal blend (931) because the animals exhibiting 

tunors are sacrificed t o  obtain t i s sue  for histopathology analysis. Fewer 
animals remain i n  t h i s  g r o u p  t o  be a t  r i s k  t o  develop ti ors r e l a t ive  t o  

those q r o u p s  which exhibit t u n o r s  l a t e r  in the s tudy .  

Many o f  the t e s t  group5 exhibit very low levels  of tumor incidence very 

l a t e  i n  the  t e s t i n q  schedule. Ne current ly  view a n y  incidence o f  tianors in 

any dose q r o u p  as intl i c a t i n g  potential tunorigenicity because o f  the 

complete absence o f  t i m o r s  in both  vehicle and room control qroups.  This  
conclusion remains t o  be confirmed b y  s t a t i s t i c a l  evaluation o f  the d a t a .  

3 . 3  Product Comparisons 

‘Table 3.4 sunmarizes tunor incidence r e su l t s  f o r  the 100% (neat o i l )  

dose q r o u p  of a l l  the o i l s  tested in t h e  l i fe t ime study. Median t i m e  t o  

tunor  r e su l t s  were calciilated usinq the Weibull d i s t r ibu t ion  (see e.g. 
Voll and e t  a1 . 1981) corrected for  iion neopl a s t i c  mortal Sty for  each sex a t  

each dose q r a u p .  The largest  and smallest r e su l t  f o r  each o i l  i s  given i n  
Table 3.4. 

The H-Coal l iyh t  o i l h e a v y  o i l  b l end  (931) i s  found c lear ly  and 

s iqn i f icant ly  tmorigenic  with 7% o f  %he animals exposed t o  the neat o i l  

f o r  1 2  months exhibitinq tunors. The median time t o  t u n o r  o f  46-63 weeks i s  

well within the normal rnedian l i fe t ime (approximately 98 weeks) of C3W mice. 

Phis result. i s  very similar t o  t h a t  previously reported (discussed below) 

f o r  a blend o f  middle and heavy d i s t i l l a t e  from t h e  SRC-II process. I t  i s  

a l s o  consistent with the previously reported (Munro e t  a l .  1985) tmnoriqe- 

n i c i t y  of  heavy o i l s  f r o m  the H-Coal process since the blend tested consists 

o f  approximately 60% heavy o i l .  



T a b i s  3.4 

COMPARATIVE MOUSE SKIN W4CRlENIClM OF +-COAL OILS AM3 F'ETROLEN COMPARATIVE OILS 

M a t e r i a l  

H-CoaI L l g h t  O i  I/Heavy O i  I B land 

Low S e v e r i t y  H y d r o t r e a t e d  B l e n d  931 

H i g h  S e v e r i t y  H y d r o t r e a t e d  B l e n d  931 

Naphtha Reformate from H-Coal 935 

Fonle Heaging 01r from h-Coai 935 

Pei-roleum No. 2 Fuel  O i l  from API 

Pe t ro leum Cracked Naphtha f r o m  AP1 

Samp i 9 

Cod e 

93 1 

P 

934 

93 5 

936 

9: 3 

975 

976 

P e r c e m e a  An imals  w i t h  Tumor A f t e r  Month Number 
6 3 10 12 14 16 18 20 22 24 

20 44 60 72 82 -' - - - - 
0 0 0 0 2 2 4 1 9 1 4  - 
0 2 2 2 2 2 5 1 4 1 8  - 
0 0 0 0 0 0 0 0 0 0  

0 0 2 8 14 '16 22 28 29 - 
0 0 0 0 0 0 2 1 0 1 2  - 
0 0 0 0 0 0 0 4 6 6  

- 
I - - - -p. - - - - Median Time t o  Tumor 

I n  iJeeksb 

46-63 

109-MD 

96-1 16 

156-ND 

91-? 1 1  

104-ND 

116-ND 

V e h i c l e  (Acetone)  C o n t r o l  - 0 0 0 3 0 0 0 0 0 0  N0 

- Room < U n t r e a t e d )  C o n t r o l  0 0 0 0 0 0 0 0 0 0  NO 

ZTotat  of male plus female  an ima ls  for 100% (neat 0 1 1 )  dose g r o q ,  2 5  rnaie p l u s  2 5  fema le  C3H mice, 3 a p p l r c a t i o n s  per week. 

bRange l n c l u d l n g  a i !  dose groups  and b o t h  sexes. ND = none d e t e c t e d  ( for  ze ro  tumor i n c i d e n c e ) .  

=Dash I n d l c a t e s  a i l  t e s t  a n i m a l s  dead or i n s t i i f i c i e n t  number r e m a l n l n g  a l i v e  t o  s i g n i f i c a n t l y  I n f l u e n c e  r e s u i t .  

dpoo ied  r e s u l t s  from t h r e e  sxper imen fs  w i t h  t o t a i  of 75 ma le  p l d s  75 femala  C3H mice, 0.05% BaP i n  ace-tone, 3 a p p l i c a t i o n s  per 
waek. 

W 
cn 



The low  s e v e r i t y  h y d r o t r e a t e d  (50% r e d u c t i o n  i n  t o t a l  nitrogen con ten t  

w i t h  an approx ima te l y  900 SCF/BBL hydrogen c o n s m p t i o n )  product  (No. 934) 

y i e l d e d  no tumors u n t i l  the 1 3 t h  month a t  t h e  100% dose l e v e l  and reached a 
f i n a l  i n c i d e n c e  o f  14% ( 7  o f  50 animals) a t  t h e  21st  month. The h i g h  
s e v e r i t y  h y d r o t r e a t e d  ( a  home h e a t i n q  o i l  product  requi r incq approx ima te l y  
3000 SCF/BBL hflrroqen consumption) h y d r o t r e a t e d  product  (No. 935) e x h i b i t e d  
a s i m i l a r  t o  s l i g h t l y  qreatet- t u - . i o r i g e n i c i t y  t h a n  d i d  t h e  l ow  s e v e r i t y  
hyd ro t rea tmen t  product .  The r e l a t i o n s h i p  b e t  een the chen i i s t r y  and 
t i m o r i q e n i c i t i e s  o f  t hese  p roduc ts  i s  d iscussed i n  S e c t i o n  4 o f  t h i s  
r e p o r t .  

Results f o r  t h e  c o a l -  and p e t r o l e m - d e r i v e d  naph tha  re fo rmates  and 
h e a t i n g  o i l s  a re  sunmar-ized i n  Tables 3.4 and 3.5. The c o a l - d e r i v e d  naphtha 
( " 0 .  936) produced t h e  l owes t  tmoi- i n c i d e n c e  o f  any o f  t h e  o i l s  t e s t e d .  
One animal i n  t h e  l ow  dose qroup e x h i b i t e d  a sk in  tumor i n  t h e  22nd month of  

t h e  s tudy.  The petrole naphtha (PJo. 976) e x h i b i t e d  a. s l i g h t l y  g r e a t e r  
t l n i o r i q e n i c i t y  w i t h  t h e  100% dose g r o u p  c o n t a i n i n g  6 %  (3  o f  50) animals w i t h  
t m o r  a t  21  months and the 25% dose group c o n t a i n i n g  16% (8 o f  50) animals 
w i t h  t h e  t m o r  b y  t h e  25 th  rnonth. The f w l s  o i l s  e x h i b i t e d  a s i m i l a r  t r e n d  
e x c e ~ t  t h a t  t h e  c o a l - d e r i v e d  o i l  (Nu- 9 7 8 )  i s  c l e a r l y  t m o r i g e n i c  arid i s  

more so t han  t h e  Detroletm-derived o i l  (No. 975) .  The c o a l - d e r i v e d  o i l  
rsroduced one animal w i t h  a tunor i n  the 9 t h  month o f  t h e  s t u d y  and showed a 
good dose-response r e l a t i o n s h i p  t o  t h e  end ( 2 0 t h  month) o f  t he  t e s t .  The 
f i n a l  tianor incidence fo r  the c o a l - d e r i v e d  h e a t i n g  o i l  100% dose group was 

28% a t  20 months w h i l e  t h e  p e t r o l e m  f u e l  o i l  y i e l d e d  12% animals w i t h  tunor 

a t  t h e  22nd month 0.f t h e  s tudy  i n  i t s  100% dose qroup .  The rned.8a-i t i m e  t o  
tmor f o r  the: coa l -der ived  heat inq o i l  (No. 978) was found s i m i l a r  t o  t h a t  
o f  t h e  h iqh  s e v e r i t y  h y d r o t r e a t e d  product  (No. 935) and approx ima te l y  equal 
t o  t h e  expected median l i f e t i m e  o f  C3H mice. Results o f  t h e  1i fe. t i rne s tudy  
a r e  summarized as fo l l ows- .  

a) The s t a r t i n g  blend (No. 931) o f  ti-Coal l i g h t  o i l l h c a v y  o i l  i s  
c l e a r l y  and s i g n i f i c a n t l y  t i m o r i g e n i c  as would be p r e d i c t e d  from 
t h e  well-docmented t u n o r i g e n i c i t y  o f  c o a l - d e r i v e d  heavy o i l s .  

b )  Low s e v e r i t y  h j d r o t r e a t m e n t  ( i n  t h i s  study, a 50% r e d u c t i o n  o f  
t o t a l  n i t r o q e n  c o n t e n t  achieved by a hydroqen consumption o f  900 
s t a n d a r d  cubic f e e t  per barrel  f o r  t h e  s t a r t i n q  b lend  931) reduces 
t m o r i q e n i c i t y  t o  a l e v e l  s i m i l a r  to t h a t  o f  t h e  r e f i n e d  p e t r o l e m  
o i l s  s tud ied .  



Table 3.5 

COMPARATIVE TUMORIGEY4ICITYa OF H-COAL AN0 PETROLEUM PRODUCTS 

No. 936 H-Coal No. 976 API No. 978 H-Coal No. 975 A P I  
Par  amet e r  Ref. Nap. L t .  Cat. Cr. Yap. Home Heating O i l  No. 2 Fuel Oil 

M - F Curnul a t i v e  Tumor Incidencea, % Animals - 
a t  25% Dose 
a t  50% Oose 

4 4 
0 0 

a t  100% Dose 0 0 

aData for 1 i f e t i r n e  
qrou p/s uh s t  ance . o f  th ree - t imes  weekly a p p l i c a t i o n  t o  25 

Acetone so l ven t  f o r  50% and 25% doses. 

0 co 16 16 16 16 4 4 
4 12 20 28 12 16 

12 0 20 36 4 20 

m a l e  and 25 female C3H.mice per dose 
F = female and M = male. 
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e )  Hiqh severi ty  hydrotreatment ( t o  produce a hone heat-inq o i l  product 
f r o m  3000 SCF/BBL o f  hflwgen cons t ion)  o f  the  s ta r t ing  blend 
also qreat ly  reduces tumorigenicity b u t  t o  no greater degree t h a n  
did low severi ty  h.drotreatment. The high severi ty  hydrotreated 
product may be s l iqh t ly  moi*e tmorigenic  t h a n  i s  the  product  o f  low 
severi ty  h.@yclrotreatment. 

d )  Further h.@roqenation and ca ta ly t ic  reforming o f  the h i g h  severity 
hvdrotreated product (No. 935) prclduced a coal-derived n a p h t h a  
reformate (No. 936) exhibitinq the lowest ( i f  any) tmor igenic i ty  
o f  the  materials tes ted.  0n l .y  two o f  the 150 animals on t e s t  
developed a tunor  and tha t  occurred a f t e r  2 1  months. The petroleum 
cracked naphtha (No. 976) exhibited a detectable tmor igenic i ty  and 
c lear ly  greater t h a n  t h a t  produced b,y the  coal-derived naphtha (No. 
936). 

e )  The coal-derived heatiny o i l  (No. 978) exhibited a c lear ly  
detectable tmor iqenic i ty  and i t s '  trmorigjenicity i s  greater than 
t h a t  exhibited b.y the petrolem fuel o i l  (No. 975) .  The petrolem 
fuel o i l  yields a tmor iqenic i ty  very sirn-ilar t o  t h a t  o f  the 
petrolem ca ta ly t i ca l ly  cracked n a p h t h a ,  

3.4 Comparison w i t h  Related Materials and T e s t s  

Results o f  the  l i fe t ime li-Coal study as o f  1 2  months are  compared 

(Table 3-6) with those o f  a previaus (Griest e t  a l .  1983) 50 week skin 

paintinq study of similar S R C - I 1  csal-derived materials.  Yortali ty (non 
tumor related deaths) and dermatit is  ( c l in i ca l ly  observed inflammation in 

the  reqion o f  skin p a i n t i n q )  d a t a  are included with t h a t  f o r  tumor incidence 

t o  further the  comparison. 

The heteroatom content o f  t h e  s ta r t ing  blends and the hydrogen 

consunption a t  each level o f  hydrotreatiiient severi ty  d i f f e r  f o r  the H-Coal 

and  SRC-I I s tudies making di rec t  qhantitative comparisons impossible. The 
trends observed, however, are in excellent aqreement. The s ta r t ing  blends 

(931 and  916) are similarly tumoriqenic and low severi ty  hydrotreatment 

qreat ly  diminishes timoriqenicity, Fur t h er h yc! r o t  re a L m  en t a p pe a r  5 t o  
fur ther  reduce tmor iqenic i ty  o f  the SRC-I1 ser ies  very s l igh t ly .  I t  i s  

l i ke ly  t h a t  t h i s  conclusion would change i f  the SRC-I1 experiment had 

proceeded an additional six o r  twelve months. 

The s imi l a r i t i e s  in mortali ty and  dermatit is  observed suggest t h a t  

r e su l t s  o f  the  t w o  experiments can be confidently compared and combined in 

studies t o  ident i fy  re1 a t  ionships monq processinq, chemical properties, and 

t mori  qen i c i t y .  



Tab le  3.6 

CmMPARATiVE SKIN TMJMOF(1EENlCiTY OF HYDROTREATED W-CGAL AND SRC-II OILS 

Saap I e 

Number Uose Sic! n Tumors S x l n  Tumors Case Number SRC-I I P a t e r i a l s  
Samp I e 

-- H-Coal Hatarials 

- M - F - - 
L i g h t  Ol l /Heavy 011 93 1 100 80 54 14 0 
Blend, 5700 ppm N, 50 72 52 8 4 
Ha te r  Washed 25 28 20 0 2 

Low S e v e r l t y  HDT of 934 100 0 0 - 0 
931, 2700 ppm N, 50 0 0 - 4 
900 SCF H2/BBL 25 4 0 - 2 

Hiqh S e v e r i t y  HOT of 935 900 0 4 0 0 
931, 0.2 ppro N, 50 4 0 2 6 
3000 SCF H2/BBL 25 0 0 0 0 

C a t a l y t i c  ReformaPe of 935 1GO 0 0 - 0 
935, 0.1 ppm N 50 0 0 - 0 

25 0 0 - 2 

0 22 84 88 100 916 M l d d l o  D l s t l l l a t e /  
0 0 28 28 50 Heavy D1 st 1 I I a t e  
4 0 24 16 25 alend,  9800 ppm N, 

Water Washed 
-P- 
O 

917 LOW S e v e r l t y  HDT of 5 0 0 a 100 
6 0 8 G 50 916, 5300 ppm Id, 
0 0 4 0 25 975 SCF Hz/BBL 

2 2 0 0 100 918 Medium S e v e r i t y  HDT 
a 9 0 0 50 916, 1713 ppn N, 
0 0 0 4 25 1450 SCF b , / B B b  

2 0 0 0 IC0 919 High S e v e r i t y  HDT of 
2 0 0 0 50 916, 505 ppm N, 1850 
2 0 0 0 2 5  SCF H2/88L 

. .  



4.1 

B a c t e r i a l  m u t a q e n i c i t y  t e s t i n q  and ten-animal dermal t e s t i n g  were 
c a r r i e d  o u t  i n  o t h e r  p a r t s  o f  t h i s  program as i n d i c a t o r s  o f  p o t e n t i a l  
t i m o r i q e n i c i t y .  R e s u l t s  f rom these  t e s t s  a re  compared t o  those f rom longer  
term ( o r  l a r g e r  animal p o p u l a t i o n )  tec;t;ing i n  Table 3.7 f o r  m a t e r i a l s  
examined b o t h  ways. R a c t e r i a l  m u t a g e n i c i t y  was c a r r i e d  o u t  on DMSO/oil 
s l u r r i e s  us ing  Salmonel l a  s t r a i n  TA98 w i t h  A r o c h l o r  1254 induced S9 
a c t i v a t i o n .  The ten-animal  s t u d i e s  were c a r r i e d  o u t  us ing  f i v e  female and 
f i v e  ma le  C3H m i c e  dosed t w i c e  per  week (compared t o  t h r e e  t i m e s  per week 
f o r  t h e  f i f t y  animal per group s tudy )  w i t h  t h e  neat (100%) o i l  o r  a 50% 
d i l u t i o n  i n  acetone. 

I n  t e s t i n q  whole o i l s ,  m u t a g e n i c i t y  i s  c l e a r l y  observed o n l y  f o r  those 
m a t e r i a l s  which c o n t a i n  heavy o i l  ( h i g h  b o i l i n g  p o i n t )  components. Low 
s e v e r i t y  hydrot reatment  reduces m u t a g e n i c i t y  t o  an unde tec tab le  l e v e l .  More 
s o p h i s t i c a t e d  approaches such as chemical  c l a s s  f r a c t i o n a t i o n  and t e s t i n g  o f  
t h e  i n d i v i d u a l  f r a c t i o n s  a r e  r e q u i r e d  t o  d e t e c t  r e s i d u a l  m u t a g e n i c i t y .  The 
ten-animal  dermal screening method i s  no more s e n s i t i v e ,  however, t han  i s  
m u t a g e n i c i t y  t e s t i n q .  The dermal screening method a1 so responds o n l y  t o  
t h o s e  m a t e r i a l s  c o n t a i n i n g  heavy o i l  components. As i s  shown i n  S e c t i o n  5 
o f  t h i s  r e p o r t ,  t h e  u t i l i t y  o f  t h e  dermal screening i s  n o t  i t s  s e n s i t i v i t y  
h u t  r a t h e r  t h a t  i t  responds t o  t m o r - i g e n s  r a t h e r  than  mutagens. The d a t a  
( T a b l e  3.7)  suqqest t h a t  b o t h  b a c t e r i a l  m u t a q e n i c i t y  and ten-animal dermal 
sc reen inq  a re  a b l e  t o  d i s t i n g u i s h  between heavy o i l s ,  t h e  vacuum gas o i l  
component o f  heavy o i l s ,  and d i l u t e d  (e.g., b lends  w i t h  lower  b o i l i n g  
d i s t i l l a t e s )  heavy o i l s ,  Lonqer term s k i n  a p p l i c a t i o n s  f o r  t u m o r i g e n i c i t y  
sc reen inq  or more s o p h i s t i c a t e d  stmmple p r e p a r a t i o n  f o r  m u t a q e n i c i t y  t e s t i n g  
i s  r e q u i r e d  t o  d e t e c t  l ower  l e v e l s  o f  b i o a c t i v i t y .  As used i n  t h e  work 
r e p o r t e d  here, t h e  methods a t  b e s t  can d e t e c t  a r e d u c t i o n  i n  mu tagen ic i t , y  o r  
t i n o r i o e n i c i t y  r e l a t i v e  t o  t h a t  o f  a s t a r t i n q  m a t e r i a l  c o n t a i n i n g  a heavy 
o i l  cornoonent. 



kpprox ima te  Time 
Dose I $  M a t e r i a l )  

Ma te r  I a I 

H-Coal P i l o t  P l a n t  - 
Heavy 01 I 
Heavy O i  1 
Heavy Oi I 

L l g h t  O i  I 
Naphtha 
Naphtha 

L i g h t  01 I 

H-CoaI Upgrad i ng  - 
M i d d l e  Distillate o f  Heavy Oil 888 
Vacuum Gas O i l  (>650'FE o f  889 
Vacuum Gas O i l  (>65OoF) of 1544 
L i g h t  O i I /Heavy  Oil Blend  
Low S e v e r i t y  HDT of 939 
High S e v e r i t y  HDT o f  931 
Naphtha Reformate of 935 
Heatlng O i l  f rom 935 

Table 3.1 
UTILITY OF BACTERIAL MUTAGENICITY AND TEN-ANIMAL DERMAL SCREENING 

AS INDICATORS OF DERMAL TCBVICRIGENICITY 
Sa lmone l l a  

MGtagen i c  i t y  Cumu la t i ve  Percentage Mice w i t h  S k i n  T u r o r s  
F i f t y  Anima1 i u m o r i q e n i c i t y  &saya  Tes An !ma I Screen TA9B -t S9 

12 Months 16 Months 23  Months 40 Weeks 1 1  Months rev /ug  
50 100 50 100 50 100 50 100 50 100 

Samp I e  
Number - - - - - - - - - - 

- - -  - - - - - -  - -  - 
e 93 1 62 72 90 82d e 

934 0 0 6  2 10 10 
935 2 2 6  2 20 14 
946 0 0 0  c! 0 0 
975 2 8 4 16 24 28 

100 
100 

0.3 P 
IV 30 

67 
4.9 

<o. 1 
(0.1 
<0. 1 
<o. 1 

SRCl  I Upgrad ing  - - - - - - - - Middle/Heavy D i s t i l l a t e  Blend 916 28 86 - 1.7 
Low S e v e r i t y  HDT of 916 9 17 4 4 -  - - - - - - - <O. 1 
Medium S e v e r i t y  HDT of 916 918 0 3 -  - - - - - - - a. 1 
H i g h  S e v e r i t y  HDT o f  916 919 0 0 -  - - (0.1 - - - - - 

M i s c e l l a n e o u s  - - - - - - - Pet ro leum Rec luse  Crude O i  I CRM 5 - 15 - - 4 . 1  
Pe t ro leum Naphtha Reformate  9 76 0 0 0  0 6 4  - <0. 1 
Pe t ro leum No. 2 F u e l  O i l  97 5 0 0 0  0 10 8 - - - - (0.1 - 0.6 Paraho Sha le  Crude 011 4601 93 

- - - 
I - - - - s -  - 

a25 male p lus 25 female C3H mice, t h r e e  appl  i c a t i o n s  per week. 
CDash (-1 I n d i c a t e s  exper lmen t  n o t  c a r r i e d  out.  
m e a n i n g f u l l y  a f f e c t  r e s u l t s .  

b5 male p ! u s  5 f ema le  C3H mlce, two  a p p l  l c a t l o n s  per week. 
d A t  14 months. "No s u r v i v i n g  an ima ls  or i n s u f f i c i e n t  number t o  

. .  / .  . .  
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4.0 INFLUENCE OF HYDROGENATION AND REFINING 

Hydroqenation i s  f o u n d  t o  be .I very e f fec t ive  means of reducing the 

tunoriqenici ty  o f  crude coal l iquids .  4 complex ser ies  of chemical changes 

occurs i n  the  composition of the coal liquid as hydrogenation severi ty  

increases and as tunorigenicity and complete tmoriqens are reduced. 

However, the nature o f  the  bulk smple matrix also apparently influences 

tunoriqenicity,  suggesting tha t  besides complete tunoriqens, other factors 

are  i m p o r t a n t  i n  the expression o f  tunorigenicity.  Further research i n t o  

optimum ca ta lys t s  and conditions for elimination of tmor igenic i ty  i s  

s uq g es t  ed . 

4.41 Influence of H,ydrogenation 

The to t a l  nitrogen content of  the coal l iquids  was used as the main 

engineering parameter t o  specify the leve 

f o r  the low severi ty  hydrotreatment, a 

nitrogen content o f  the crude coal liquid 

object ive o f  t h i s  study i s  t o  evaluate t 
f o r  reducing the tunorigenicity of crude 

of hydrotreatment severity (e .g . ,  

ca. 50% reduction in the to ta l  

was specif ied) .  Because one major 

ie effectiveness of hydrotreatment 

coal l iquids ,  the relat ionship of  

the  to t a l  nitrogen content t o  tumorigenicity i s  o f  considerable in te res t  a 

The relat ionship,  i f  any, of t h i s  useful engineering parameter t o  

tunorigenicity can be determined by comparing mouse skin painting data from 

several studies w i t h  the to t a l  nitroqen content o f  the samples tested.  Data 

from three d i f fe ren t  skin-paintinq s t u d i e s  are l is ted i n  Table  4.1. 

Intercomparison of the data from a l l  three sets i s  prevented by the somewhat 

d i f fe ren t  experimental protocols used, which required different  methods o f  

expressing tumorigenicity: t m o r  incidence - the  cmula t ive  percentage o f  

animals rlevelopincl tunors i n  a spec-fied period o f  treatment ( a  larger X o f  

animal s means greater  tcmoriqenicity) , and tmor  I atency ("median 

time-to-tunor") - the period o f  time between the s t a r t  o f  the s tudy and the 

p o i n t  a t  which 50% o f  the f i n a l  nmber o f  tunors has appeared ( a  shorter 

period of  time suggests greater tunorigenicity) . 
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TABLE 4 . 1  

C O M P A R I S O N  OF HETEROATOM CONTENT AND TWO MEASURES OF TUMORIGENICITY FOR CRUDE AND UPGRADED 
H-COAL AND SRC-I1 SAMPLES 

Animals w i t h  S k i n  Tumors,b % ._. 

Sample 
No. 

916 
931 
917 
934 
918 
919 
9 35 

1314 
1310 
1313 
1601 
1309 
1312 
1602 
1308 
1603 
1604 

.... 

SRC-I1 Blend-AWW 
H-Coal 61 end-AWN 
S R C - I 1  Blend-MDT/L 
H-Coal Blend-HDT/L 
SRC-I1 Blend-HDT/M 
SRC-I1 Blend-HDT/H 
H-Coal Blend-HDT/H 

H-Coal VSOH-FO 
H-Coal VSOH-SC 
H-Coal ASB-FO 
H-Coal D i s t i l l a t e - R a w  
H-Coal ASB-SC 
H-Coal ASOH-FO 
H-Coal D i  s t  i 11 ate-HDT/L 
H-Coal ASOH-SC 
H-Coal D i s t i l l a t e - H D T / M  
H-Coal D i  s t i  11 ate-HDT/H 

Heteroatom Content Dose 

-. 100% 50% 
~ N, P P ~  -__- S,  PP - 0. X ....... .- ____ 

8,800 2,600 4.76 86 28 
5,200 1,100 0.58 72 6 2  
4,900 83 2.86 4 4 
2,600 < l o  0.39 0 0 
1,400 26 1.21 0 0 

5 00 (1 0 0.24 0 0 
<loo < lo  <0.01 2 2 

5,000 
4.200 
4,000 
3,700 
3,700 
3,000 
2,600 
1,700 
1,800 

600 

Med i an T i  me- to-Tumor , .d2~~- 

- Male 

129 
135 
382 
30 1 
199 

>420d 
450 

>47ijd 
462 

>112d 

F m a l  e 

123 
106 
350 
342 
185 

>420d 
>476d 

>47bd 
>476d 

_..___ 

>112d 

aAbbrev ia t ions :  

bData f o r  5 2  weeks o f  t h r e e - t i m e s  weekly t r e a t m e n t  o f  25 ma le  p l u s  25 female C3H mice  per 

%edian t i m e - t o - t u n o r  f o r  inale and female C3H m i c e  w i t h  t h r e e - t i n e s  weekly dose a t  50% 

dTiirnor n o t  d e t e c t e d  i n  t r e a t m e n t  p e r i o d .  

VSOH = Vacum s t i l l  overheads; ASB = Atmospher ic s t i l l  bottoms; ASOH = 
Atmospheric s t i l l  overheads; SC = Syncrude mode; FO = Fue l  O i l  mod? 

dose group/substance. Male and female mice  d a t a  conbined. 

c o n c e n t r a t  ion .  

per iod .  
La tency  l i s t e d  as g r e a t e r  t h a n  end o f  t rea tment  
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The main o b s e r v a t i o n  from t h e s f  d a t a  i s  t h a t  t m o r i g e n i c i t y  i s  h i q h e s t  

f o r  t h e  samples w i t h  t h e  h i q h e s t  t o t a l  n i t r o q e n  con ten t ,  and t u m o r i g e n i c i t y  
g e n e r a l l y  drops o f f  r a p i d l y  w i t h  decreas ing n i t r o q e n  con ten t .  The SRC-I 1 
Blend-AWN (No. 916) ,  t h e  H-Coal Blend-AWW (No. 931), and t h e  I-{-Coal Vacuum 
S t i l l  Overhead-Fuel O i l  blade (No. 1314) e x h i b i t  t h e  h i g h e s t  t o t a l  n i t r o g e n  
c o n t e n t s  and t h e  g r e a t e s t  t u n o r i q e n  i c i t y . .  However, t h e r e  i s  no c o n s i s t e n t  
r e l a t i o n s h i p  f o r  t h e  samples w i t h  'lower t o t a l  n i t r o g e n  con ten t ,  and o f t e n  
t w o  samples w i t h  s i m i l a r  t o t a l  n i t r o g e n  l e v e l s  a re  q u i t e  d i f f e r e n t  i n  
t m o r i q e n i c i t y .  I n  some cases, h i q h e r  t u n o r i q e n i c i t y  i s  observed f o r  a 
sample w i t h  l ower  n i t r o q e n  con ten t .  No tab le  comparisons a re  t h e  H-Coal 
Blend-AWW (No. 931) (5,200 ppll N and 78% neoplasm inc idence  a t  a 1QQ% dose) 
ve rsus  t h e  SRC-IT Blend-HDT/L (No. 917) (4,900 ppn N and 4% neoplasm 
i n c i d e n c e  a t  a 100% dose), and t h e  H-Coal Atmospheric ( t i l l  Bottoms, (No. 
1309) ( p i l o t  demonstrat ion un i t - sync rude  mode; 3,700 ppn N, 123-129 days 
t u n o r  l a t e n c y )  versus t h e  H-Coal D i s t i l l a t e  - Raw (No. 1601, a l s o  3,700 ppn 
N b u t  301 - 343 days t u n o r  l a t e n c y ) .  The e x p l a n a t i o n  f o r  t h e  g e n e r a l l y  poor 
c o r r e l a t i o n  between t h e  t o t a l  n i t r o g e n  c o n t e n t  and t u m o r i g e n i c i t y  p robab ly  
l i e s  i n  t h e  f a c t  t h a t  t h e  t u m o r i g e n i c i t y  o f  c o a l - d e r i v e d  l i q u i d s  i s  m a i n l y  
c o n t r i b u t e d  b y  PAH, n o t  by N-con ta in ing  species.  

S i m i l a r l y ,  t h e r e  do n o t  appear t o  be any c o n s i s t e n t  r e l a t i o n s h i p s  
between e i t h e r  t o t a l  s u l f u r  o r  t o t a l  oxygen c o n t e n t  and t u m o r i g e n i c i t y ,  
except  t h a t  t h e  two samples w i t h  t h e  h i q h e s t  l e v e l s  o f  t hese  heteroatoms 
a l s o  a re  the  most t m o r i g e n i r , .  As f o r  t h e  t o t a l  n i t r o g e n  content ,  
t u n o r i q e n i c i t y  drops r a p i d l y  as t o t a l  s u l f u r  and t o t a l  oxyqen decrease. 

Hydroqenat ion c r e a t e s  a complex s e r i e s  o f  changes i n  t h e  chemical  
compos i t i on  o f  a c rude  coa l  l i q u i d .  The b u l k  compos i t i ona l  decreases i n  
heteroatom con ten t  and inc reases  i t -  hvdroqen c o n t e n t  (Tables '2.6 and 4.1) 
r e s u l t  i n  a more saturated,  l e s s  aromat ic,  and less heteroatornic l i q u i d  than  
t h e  s t a r t i n g  c rude  o i l .  These chanqes i n  t h e  h u l k  c h a r a c t e r  o f  t h e  o i l  are 
a t t r i b u t a b l e  t o  chanqes a t  t h e  l e v e l  o f  chemical  c lasses  and s p e c i f i c  
chemical  compounds. Table 4.2 i n c l u d e s  d a t a  f o r  t h e  d i s t r i b u t i o n  o f  major  



Table 4.2 

INFLUEWE OF HYCROTREATVEhT ON CHEMICAL PARILVEIERS, MUTAGENICITY, AND i8YORIGEYICiTY 3 COAL LIQUIDS 

Samp I e 
Number Descr i ~t I on 

93: H-CoaI Bland - AWW 

934 H-Coai Blend - HDT/ i  

933 H-Coa! Blend - HDT/M 

935 H-Coal Blend - HDT/H 

936 H-Coa 1 91 and - +iDT/2X 

+ Car. Ref. 

9 .6  SRC-ti Riand - AWW 

917 S R C - I 1  Blend - HDT/L 

918 SRC-I I 9lend - HD-T/M 

919 SRC-II 31en3 - HDT/kI 

1601 A-Coa! Dis+l  

:602 +Coai D i s t i  

1603 + C o a l  D i s t i  

1604 ti-Coal D i s t i  

l a t e  Raw 

l a f e  - HDT/L 

l a t e  - HDT/M 
l a t e  - HDT/H 

Chemical Class Fractlona, w t .  % 

ESB 

3.3 

2.4 

0.6 

0.7 

0.1 

- 

5.0 

2.0 

0.7 

0.3 

1.5 

1.2 

0.6 

0.3 

E SA - 
1.5 

0.8 

0.6 

0.5 

0.6 

2.0 

0.2 

0.2 

(0.1 

i . 4  

0.2 

<O. 1 

(0.1 

Sat 

30.8 

38.3 

35.9 

50.9 

0.4 

__- 

26.7 

32.5 

39.2 

44.6 

12.7 

13.9 

15.6 

18.5 

Aro. 

56.7 

46.5 

46.7 

8.3 

13.1 

- 

47.7 

40.2 

27.9 

21.2 

48.9 

47.6 

47.9 

42.3 

Pol yare. 

5.8 

I .3 

0.8 

0.5 

0. 'I 

6.2 

2.1 

0.6 

0.3 

6.3 

3.3 

1.9 

1.4 

Qulnol  [ne, Phenol, 
u d 9  mg/o 

164 0.15 

6 0.13 

< I  0.13 

( 1  <o. 1 

< I  (0.1 

1,300 17 

203 6.0 

< 1  2.0 

< I  0.5 

Bsnzo( a )  pyrene, 

50 

0.6 

(1 

(1 

1.4 

60 

1.2 

0.9 

0.1 

57 

9 

3 

2 

Anlmals n/Skin Tumorsc,$ 
Oose (*t./vol.g) Mutagen I c I t y  

rev/clq 

4.9 

(0.1 

(0.1 

<0. 1 

(0.1 

?.7 

(0.1 

(0.7 

(0.1 

t.2 

0.3 

0.1 

(0.  1 

100 

72 

0 

- 

2 

0 

86 

4 

0 

C 

- 
- 
- 
- 

aESB = ether-soluble bases, ESA = ether-soluble acids, Sat. = saturates,  Aro. = mono/di-aromatics, Polyaro. = p o l y c y c l l c  aromatics. 
bTA-96 i S-9 ac t iva t ion .  
CDa+a f o r  52 weeks o f  three-f lmes weekly t reatment of 25 male p l u s  25 female C3H mice per dose group/suSstance. 

dData t o r  s + u d y  s l n i l a r  t o  ( c )  above, except 68 weeks dura t ion  w i t h  I O  male p l u s  10 female mice per dose group/subsfance, and so lvent  was 

Maie end femaie mice data combined. 
Acetone so I ven-t . 
xetone/cyclohexane. 
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chemical  c l a s s e s  (minor  i n s o l u b l e  p r e c i p i t a t e s ,  w a t e r - s o l u b l e  ac ids  and 
bases, and t h e  n e u t r a l  p o l a r  r e s i d u e  a re  n o t  l i s t e d )  and se lec ted  chemical 
compounds i n  c rude  and h y d r o t r e a t e d  coa l  1 i q u i d s .  Concomitant w i t h  
decreases i n  t h e  t o t a l  n i t r o g e n  content ,  t h e  percentage o f  e t h e r - s o l  u b l e  
base (ESB i n  Table 4.2) f r a c t i o n  a l s o  decreases. A l though t h i s  f r a c t i o n  i s  

t h e  main r e p o s i t o r y  o f  n i t r o g e n  cornpounds and m u t a g e n i c i t y  (Guer in  e t  a l . ,  
1980, Wilson, Pel roy,  and Cresto, 1980) i n  c o a l  l i q u i d s ,  t h e  percentage 
decreases i n  t h e  f r a c t i o n  f o l l o w ,  h J t  do n o t  e x a c t l y  p a r a l l e l ,  t h e  decreases 
i n  t o t a l  n i t r o q e n  o r  i n  m u t a g e n i c i t y  o f  t h e  whole o i l .  For  example, 50% o f  
t h e  t o t a l  n i t r o q e n  i n  t h e  H-Goal Rlend-AWW (No. 931) i s  reduced i n  producing 
t h e  H-Coal Blend-HDi/L (No. 934) ,  b u t  o n l y  27% o f  t h e  e t h e r - s o l u b l e  base 
f r a c t i o n  i s  removed. Q u i n o l i n e ,  a t y p i c a l  n i t r o q e n - c o n t a i n i n q  h e t e r o c y c l i c  
compound i s  reduced b y  96%, and d e t e c t a b l e  b a c t e r i a l  m u t a g e n i c i t y  i s  
e l  iminated. 

S i t n i l a r  comments a p p l y  t o  t h e  r e l a t i o n s h i p  between t h e  e t h e r - s o l u b l e  
a c i d  f r a c t i o n  ( E S A  i n  Tab le  4.2) arid t h e  t o t a l  oxygen con ten t .  However, a 
p o t e n t i a l l y  s i g n i f i c a n t  o b s e r v a t i o n  i s  t h a t  b o t h  t h e  t o t a l  oxygen con ten t  
and phenol ( a s  a r e p r e s e n t a t i v e  a c i d i c  oxygenated compounds) a re  reduced 
l e s s  r e a d i l y  t h a n  t h e  o t h e r  heteroatom c o u n t e r p a r t s .  The importance o f  t h i s  
o b s e r v a t i o n  l i e s  i n  t h e  f a c t  t h a t  phenols a r e  known (Sax, 1981) t o  a c t  as 

t m o r  promotors, and t h e  removal (by  a l k a l i n e  e x t r a c t i o n )  o f  a c i d i c  
compounds f rom a h i g h - b o i l i n g  c rude  coa l  l i q u i d  decreased i t s  t u n o r i g e n i c i t y  
( s e e  S e c t i o n  V ) .  The i m p l i c a t i o n  i s  t h a t  a c l a s s  o f  t u n o r  promotors may 
r e s i s t  hydrogenat ion,  r e 1  a t i v e  t3 o t h e r  heteroatom-conta in ing compound 
c lasses .  Evidence o f  r e s i d u a l  t u n o r i g e n i c i t y  i n  r e f i n e d  products ,  t o  he 
presented l a t e r  i n  t h i s  sect ion,  a l s o  suggests t h a t  promotors may s u r v i v e  
t h e  r e f i n i n q  o f  f i n i s h e d  products .  

The changes i n  t h e  p o l y c y c l i c  aromat ic  hydrocarbon (PAH) composi t ion 
upon hyr f roqenat ion o f  a c rude  coa l  l i q u i d  a re  o f  p a r t i c u l a r  importance 
because o f  t h e  known ( H o l l a n d  e t  al. ,  1984, Yahlun e t  a l . ,  1984) a s s o c i a t i o n  
o f  t h i s  c l a s s  o f  compounds (and p a r t i c u l a r l y  t hose  PAH i n  coa l  l i q u i d s  
f r a c t i o n s  b o i l i n g  above 343 t o  371°C [650-700°FJ [Mahlun e t  a l . ,  1984, 
Wi lson e t  al. ,  1982, Ho e t  a l . ,  19851) w i t h  t u n o r i q e n i c i t y .  As t h e  hydrogen 
c o n t e n t  o f  t h e  sample i nc reases  (Tab le  2 .6 ) ,  b o t h  t h e  p o l y c y c l i c  aromat ic 
compound f r a c t i o n  (wh ich  c o n t a i n s  PAH and n e u t r a l  n i t r o g e n  h e t e r o c y c l i c s )  
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and t h e  benmo[alpyrene decrease ( T a b l e  4.2) T u m o r i g e n i c i t y  a l s o  drops 
r a p i d l y .  As f o r  t h e  o t h e r  b ioac t i ve?  chemical  c l a s s  f r a c t i o n s ,  t h e r e  i s  n o t  
a c o n s i s t e n t  c o r r e l a t i o n  between t h e  percentaqe o f  t h e  p o l y c y c l i c  aromat ic 
compoiind f r a c t i o n  and benzo[ a lpy rene  c o n c m t r a t i o n ,  o r  between e i t h e r  o f  
t hese  and t h e  t m o r i g e n i c i t y .  The o n l y  major  t r e n d  i s  t h a t  t h e  samples 
h i g h e s t  i n  t h e  p o l y c y c l i c  aromat ic  compound f r a c t i o n  and henmo[a]pyrene a re  
t h e  most t u n o r i g e n i c .  These are t h e  c rude  samples, which contaain 50 t o  60 
ug/y o f  benmo[a]pyrene and 5 t o  6 w t . %  o f  t h e  p o l y c y c y l i c  aromat ic compoiind 
c l a s s .  Reduct ion o f  t h e  benzo[a]pyrene con ten t  t o  a l e v e l  below ca. 10 ug/g 
and t h e  p o l y c y c l i c  aromat ic  compound c l a s s  t a  2 o r  3% d r a s t i c a l l y  reduces 
t u i i u r i g e n i c i t y ,  b u t  t h e  d a t a  do n o t  c o r r e l a t e  w e l l  among i n d i v i d u a l  samples. 
P a r t  o f  t h e  1 ack o f  c o r r e l  a t i o n  between t h e  p o l c y c y c l  i c  aromat ic  compound 
f r a c t i o n  and benao[a]pyene i s  a t t r i b u t a b l e  t o  t h e  d i f f e r e n c e s  i n  t h e  ease 
o f  r e d u c t i o n  o f  t h e  v a r i o u s  p o l y c y c l i c  aromat ic  hydrocarbons. 

T h e  d a t a  suggest t h a t  the p o l y c y c l i c  aromat ic compounds a re  reduced 
more r e a d i l y  t h a n  t h e  mono/diaromat ic compounds. However, t h i s  apparent. 
t r e n d  may n o t  r e f l e c t  t h e  t r u e  s u s c e p t i b i l i t i e s  t o  r e d u c t i o n  o f  p o l y c y c l i c ,  
aromat ic  versus mono/diaromat ic compounds, because a1 k y l  ated mono/diaromat ic 
compounds can be formed from t h e  c r a c k i n g  o f  one o r  more r i n g s  i n  a l a r g e r  
p o l y c y c l  i c  aromat ic  compound. For  example, a l k y l  benzenes a re  formed 
(B rmmer  and 'Jdeller, 1979) f rom t h e  c r a c k i n g  and r e d u c t i o n  o f  one o f  t h e  
r i n g s  i n  1-methyl  naphthalene. As t h e  aroinat ic compounds a re  reduced, t h e  
percentage o f  s a t u r a t e d  compounds increases.  C o n t r i b u t i o n s  f rom t h e  
r e d u c t i o n  p roduc ts  o f  e t h e r - s o l u b l e  a c i d  and base f r a c t i o n s  a1 so may b e  
presen t  i n  the  sa tu ra tes ,  b u t  t o  a l e s s e r  e x t e n t  because o f  t h e  r e l a t i v e l y  
l ower  percentage o f  t hese  f r a c t i o n s  i n  t h e  s t n r t i n g  crude o i l .  The o v e r a l l  
r e s u l t  o f  hydrogenat ion i s  a more saturated,  l e s s  aromat ic,  and less 

he te roa tomic  o i l  which i s  more l i k e  p e t r o l e u n  crude o i l s  i n  n a t u r e  and 
i u n o r i g e n i c i t y  ( see  p rev ious  s e c t i o n ) .  

4.2 I n f l u e n c e  o f  R e f i n i n g  

TWO f i n i s h e d  p roduc ts  were r e f i n e d  f rom t h e  H-Coal Blend: a Home 

bleat ing O i l  (No. 978),  which was prepared b y  d e v o l a t i l i z i n g  t h e  H-Coal Blend 

HDT/bl (No. 935) t o  meet t h e  ASTM Flash p o i n t  s p e c i f i c a t i o n  f o r  Fuel  O i l s ,  



and the  H-Coal Reformed Naphtha (No. 936) which was prepared s imilar ly  t o  

b u t  separately from the H-Coal Blend-HDT/H (No. 935) and then hydrotreated 

once aga in  before ca ta ly t ic  ref.wming. Some of the more important 

toxicological parameters o f  these 5hree samples are compared in Table 4 .3 .  

The second hydrotreating and ca ta ly t ic  reforming conducted upon the H-Goa? 
Reformed Naphtha  (No. 936) have fur ther  reduced the content o f  the 

ether-soluble base and polycyclic aromatic compound fract ions,  and 

especial ly  the saturates  f ract ion.  The reduction in the l a t t e r  may he 

at t r ibuted m a i n l y  t o  the ca t a ly t i c  refominq operation. Interestingly,  the 

Percentaqe o f  the  mono/di aromatic compound fraction increased by ca. 50% 

and the  benzo[ alpyrene content increased approximately two-fold. The 
increase i n  benzo[alpyrene was surprising, and the analytical resu l t  

obtained from the sequential HPLC-HPLC procedure was verified by an 

i ndeoendent procedure u s i n q  cap i l l  a rv  col unn G C "  T h i s  increase in 

benzor alpvrene content a1 so i s  attributed t o  the ca ta ly t ic  reforming 

operation. The increased aromaticity suqqested by the higher benzo[a]pyrene 

level ( b u t  not by the polycyclic aromatic compound c lass  f ract ion r e su l t s )  

i s  consistent w i t h  the  decrease in t o t a l  hydrogen content o f  the sample 

(Table 7.6). The tumor incidence of the H-Coal Home Heatinq Oil (No. 978) 

aPpears s l i qh t ly  elevated over tha t  o f  i t s  immediate precursor, the H-Coal 

Rlend-HDT/H (No. 9351, b u t  the  tumor latency i s  the same. I n  contrast ,  

tumoriqenicity i s  eliminated i n  the H-Coal Reformed N a p h t h a  (No. 936). 

Data for  equivalent ( a t  l eas t  in intended usage) petroleum products are 

included i n  Table 4 . 3 .  I t  i s  seen tha t  some va r i ab i l i t y  i n  composition 

ex i s t s  f o r  products o f  a qiven type. For example, the benzo[a]pyrene 

content of  naahthas varies from undetectable (<0.002 uq/g)  i n  the  APT L i g h t  

Catalyt ical ly  Cracked Nanhtha (No. 9 7 5 )  t o  ca. 1 ug/q i n  the UOP Reformed 

Light Arabian  N a p h t h a  (No. 973) and i n  a local ly  purchased unleaded gasoline 

(No. 977) .  However, the henzoralp.rene content OF the two home heatinq 

o i l s ,  the API FJo. 7 Fuel Oil (No.  976) and the UOP Hydrocracked L i g h t  

Arabian VGO (Wo. 9741, b o t h  are v e r y  low. 

Differences i n  the  tmor iqen ic i ty  and PAH content of the four primary 

products are presented i n  more detai l  i n  Table 4 - 4 .  Several important 

differences are evident: 
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Table 4 . 4  

COMPARISON OF POLYCYCLIC  AROMATIC qYDROCARBON COVTEIVT AND T U M O R I G E N I C I T Y  
OF F I N A L  PQODUCTE; R E F I N E D  FROM COAL L I Q U I D S  AND PETROLEUM 

P a r  me te r  

Cmul ative Tumor Incidencea, 'X Animals 
a t  25% Dose 
a t  50% Oose 
a t  190% Dose 

Median Time-to-Turnorb, Weeks 

Renzo( a)pyrene, uq/q 

Sum o f  5 and 6 - P i n q  PAHC, uq/q 

No. 936 H - C o a l  No. 976 A P I  
Ref. Nap. L t ,  Ca t .  Cr. N a p .  

F M F M 
-4- -4- 16 E- 

0 0 4 1 2  
c1 (1 12 0 

1 5 6 - N D  116-ND 

1.4 <0.002 

22 (0.06 

N o .  978 H-Coal 
Home Heating O i  1 

F M 

2 0  28 
20 36 

16 

91-111 

0.8 

24 

No.  9 7 5  A P I  
No. 2 Fuel Oil 

F M 
4 4  
1 2  16 
4 20 

104-?ID 

0.04 

0.07 
E! 

atifetime d a t a  for three-times weekly application t o  25 male and 25 female C3H Rice per dose group/substance. 
Acetone solvent for  50% and 25% doses. F = fernale and 14 = male. 

bRanqe includinq a l l  dose q roups  and both sexes. 

C5um o f  benzo(b/j)fluorantRenes + benzo(k)fluoranthene f benzo( e)p.yrene + benzo(a)pyrene i- 

ND = none detected ( for  zero tumor incidence). 

dihenn( a, j )  anthracene -t i ndeno[l,2,3-cdl oyrene + d ibenz( a,c/a, h )  anthracenes i- benzo(ghi ) peryl ene. 
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t h e  H-Coal tlome Heat ing O i l  (No. 978)  produces a s i g n i f i c a n t l y  
h i g h e r  t m o r  i n c i d e n c e  and s h o r t e r  l a t e n c y  p e r i o d  than  does t h e  
14-Coal Reformed Naphtha (No. 936) , even though t h e  1 a t t e r  c o n t a i n s  
s i m i l  ar c o n c e n t r a t i o n s  o f  tunor- iqenic  PAH, 

t h e  A P I  L i q h t  C a t a l y t i c a l l y  Cracked Naphtha (No. 976) y i e l d s  a 
s h o r t e r  l a t e n c y  p e r i o d  and s l i g h t l y  e leva ted  t m o r  i n c i d e n c e  than  
does t h e  r-l-Coal Reformed Naphtha (No. 936) ,  al t t ionqh t h e  l a t t e r  
c o n t a i n s  h i g h e r  l e v e l s  o f  t u n o r i g e n i c  PAH, and 

t h e  H-Coal I4ow Heat ing O i l  (No, 978) causes a somewhat g r e a t e r  
t m o r  i n c i d e n c e  and a s l i g h t l y  s h o r t e r  l a t e n c y  p e r i o d  than does t h e  
API No. 2 Fuel  O i l  (No. 9 7 5 ) .  

These f i n d i n g s  decnonstrate t h a t  a smal l  r e s i d u a l  l e v e l  o f  t m o r i g e n i c  
a c t i v i t y  i s  c a r r i e d  over  i n t o  ( o r  c rea ted  i n )  f i n a l  products  r e f i n e d  from 
c o a l  l i q u i d s ,  and t h a t  i n  t h e  case o f  home h e a t i n g  o i l s ,  t h i s  coa l -de r i ved  
p roduc t  i s  s l i g h t l y  inore t m o r i q e n i c  than  an e q u i v a l e n t  p e t r o l e m  product .  
I n  c o n t r a s t ,  t h e  c o a l - d e r i v e d  naphtha i s  benign. The d i s p a r i t y  between 
r e l a t i v e  PAH c o n t e n t  and t m o r i g e n i c i t y  may be t h e  r e s u l t  o f  a t  l e a s t  three 

f a c t o r s  o p e r a t i n g  s i r r g l y  o r  i n  concer t .  
An hypothes is  f o r  which some f u r t h e r  evidence e x i s t s ,  i s  t h a t  t hese  

d i f f e r e n c e s  i n  t m o r i q e n i c i t y  ( e s p e c i a l l y  hetween t h e  H - C o a l  Home Heat ing 
O i l  [No. 9781 and t h e  H-Coal Reformed Naphtha [No. 9361) a r i s e  because o f  
d i f f e r e n c e s  i n  proiiiloting agents and tmor  promoting a c t i v i t y .  As noted i n  
S e c t i o n  4.1, t h e  phenols and o t h e r  oxygenated species appear t o  r e s i s t  
r e d u c t i o n  re1 a t i v e  t o  o t h e r  heteroatamic species,  and evidence f o r  t h e  
impor tance t o  t u n o r i g c n i c i t y  o f  a c i d i c  compounds i n  h i g h - b o i l  i n g  crude coa l  
l i q u i d s  has been ob ta ined  (see Sec t ion  V ) .  

Another hypo thes i s  i s  t h a t  t h e  apparent d i f f e r e n c e s  between t h e  
t m o r i g e n i c i t i e s  o f  t h e  ti& naphtha p roduc ts  and p o s s i b l y  between t h e  two 
home h e a t i n g  o i l  products,  ( b u t  not between t h e  home heat i r iy  o i l  and naphtha 
p roduc ts )  i s  a r e s u l t  o f  t h e  exper imenta l  u n c e r t a i n t i e s  associated w i t h  
measurements i n  t h e  low s lope  p o r t i o n  o f  a c l a s s i c a l  dose-response CIIIY’V~. 

Th i s  hypo thes i s  p robab ly  i s  most a p p r o p r i a t e  f o r  t h e  naphtha s;unples. 
An impor tan t  hypo thes i s  which can be t e s t e d  i s  t h a t  d i f f e r e n c e s  i n  t h e  

b u l k  sariple m a t r i c e s  a f f e c t  t h e  uptake and d i s t r i b u t i o n  o f  t umor igen ic  
compounds from t h e  samples. A s  shown i n  t h e  comparat ive c a p i l l a r y  colur in GC 
p r o f i l e s  o f  t h e  neat l i q u i d s  i n  F i g u r e  4.1, t h e  m a j o r  o rgan ic  compounds a re  
q u i t e  d i f f e r e n t  f o r  t h e  sample m a t r i c e s  o f  t h e  t w o  home h e a t i n g  a i l s .  As 
sunmarized i n  Table 4.5 (see Appendix F i g u r e  A.2 and Tables A.7 and A.12 f o r  
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Table 4 . 5  

COMPARISON OF MAJOR ORGANIC COMPOUNDS I N  H-COAL HOME HEATING OIL 
( Y O .  9 7 8 )  ANn A P I  NO. 2 FUEL O I L  (NO.  975) 

Major Organic Compounds 
~ ( I n  Decreasinq Order o f  Concentrat ion)  

H-Coal Yome Hea t ing  Oil (No. (378) A P I  No. 2 Fuel Oil (No. 975) 

Dec ahyd r o n  aphth a1 ene C7-C24 n - P a r a f f i n s  

C1-C4-nec ah fl ronaphth a1 enes Co-C5 4 apht t i  a1 enes 

Cg-Cq-C,yclohexanes CO-Cq-Benzenes 

C0-C4-Tetrnhydronaphthalenes Cl-Cq-Ind anes 

Ci-Cq- Ind  anes C o - C  1 -Phenanthrenes 

C7 -C75 n-P a r  a f  f i n s 

CO-Cq-Benzenes 
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a more detailed comparison), the ADI No. 2 Fuel Oil (No. 975) consists 

1 arqely o f  straiqht-chain paraffin!; and alkyl ated mono- and diaromatic 

hydrocarbons. I n  contrast ,  the  H-Coal Home Heating Oil (Nos 978) i s  made up  

of alkylated one and two-ring cycloparaffins. I t  may be s ignif icant  t o  note 

t h a t  a recent APX skin-painting study o f  petrolem d i s t i l l a t e s  (Lewis e t  

a l .  a 1984) suggested t h a t  mono and dicycloparaffins might accelerdte tumor 

ent and progression. The r e su l t s  observed here m i g h t  indicate t h a t  

cycloparaffins are metre e f fec t ive  than straight-chain paraffins (some o f  
which, l i ke  dodecane, are considered [Sax, 13811 as promstors i n  t he i r  own 
r i g h t )  i n  enhancing uptake of  tmoriyens t ~ r o u g ~  the skin, and otherwise 

acting as important cofactors i n  tunor igenic-ity. 

The content o f  benzene, @I and C2-benzenes, and some C3-benzenes 

i s  greateer for the H-Coal Home Heating 01’1 (No, 978) t h a n  for e i ther  the API 

No. 2 Fuel Oil  (No. 975) or a locally-purchased home heating o i l  (No. 984), 
a s  i l l u s t r a t ed  i n  Table 4.6. This  ti-end i s  expected from the more aromatic 

nature o f  the  parent H-Coal Blend versus typical petroleun crude o i l s .  

However, the difference i s  reversed ( a t  least  for  the A P I  No. 2 Fuel Oil 

[No. 9751) for most of  the C4-benzenes ( see  Figure A.2 and Tables A.7 and 

A.12 i n  the Appendix). These differences i n  the b u l k  composi t ion are 

ref lected in the inhaleable v o l a t i l e  organic compounds found in the 

headspace vapors o f  the 1 iquids.  

I t  should be noted t h a t ,  corssistent with the matrix-effects hypothesis, 

the  H-Coal and petrolem-derived naphthas, which are more similar in t h e i r  
weak tlmnorigenicity than are the home heating o i l s ,  also are more similar i n  
t h e i r  major organic compound composition. Figure 4.2 shows t h a t  the  H-Coal 

Reformed Naphtha (No. 936)  and the A P I  l i g h t  Catalyt ical ly  Cracked Naphtha  

(No. 976) share most o f  t he i r  majcr compounds, such as benzene, Cl-Cq- 
benzenes and @4-C7 saturated h rocarbons. The main differences a re  

quant i ta t ive,  n o t  qual i ta t ive.  The benzene, to1  uene, and xylenes 

composition o f  the  H-Coal Reformed Naphtha  (No. 936) i s  greater (Table 4.6 

t h a n  t h a t  o f  the A P I  Light Catalyt ical ly  Cracked Naphtha (No. 076) and the 

UOP Reformed L i g h t  Arabian Naphtha (No. 9 7 3 ) .  The API petrolem n a p h t h a  

appears more enriched i n  c 5 - C ~  saturated h rocarbons and t he i r  

unsaturated analogs ( see  Figure A . 1  and Tables A.6 and A.10 i n  the 

Appendix). These differences are expected f rom the nature o f  the i r  parent 

crude o i l s .  
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F i g u r e  4.2. Comparison of Major Organic Corripound Composition of No. 916 
API Light Catdlytically Cracked Naphtha and No. 936 H-Coal 
Reformed Naphtha. 
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An impor tan t  f i n d i n q  r e l e v a n t  t o  p o t e n t i a l  d i f f e r e n c e s  i n  t h e  
i n h a l a t i o n  t o x i c i t y  o f  c o a l -  and p e i r o l e u n - d e r i v e d  f i n i s h e d  p roduc ts  i s  
d e p i c t e d  i n  F i g u r e s  4.3 and 4.4, and q u a n t i f i e d  i n  Table 4.7.  .Ph e 
compos i t i on  o f  t h e  i n h a l e a b l e  cornpounds i n  the  headspace vapors r e f l e c t s  t h e  

compos i t i on  o f  t h e  b u l k  1 i q u i d s .  Cons is ten t  w i t h  t h e  b u l k  composi t ion 
s i m i l a r i t i e s  and d i f f e r e n c e s  d iscussed above, t h e  headspace vapors o f  t h e  
c o a l  - d e r i v e d  p roduc ts  c o n t a i n  h ighe r  concen t ra t  i o n s  o f  benzene and t o 1  uene 
t h a n  do t h e  p e t r o l e u n - d e r i v e d  products .  ‘the vapors o f  t h e  more v o l a t i l e  
naphthas, o f  course, , y i e l d  headspace vapors more concentrated b y  f a c t o r s  o f  
18 t o  100 o r  more than  do t h e  home h e a t i n g  o i l s .  These r e s u l t s  sugqest t h a t  
c o a l - d e r i v e d  reformed naphthas such as t h e  H-Coal Reformed Naphtha (No. 936) 
may Dresent a more t o x i c  i n h a l a t i o n  hazard t o  r e f i n e r y  personnel and users 
than  do t h e  p e t r o l e m - d e r i v e d  naphthas. 

4 .3  Cha1iistr.y o f  Tumoriqen l-lydroqenation 

n i f f e r e n c e s  between t h e  r e d u c t i o n  o f  benao[alpyrene and t h e  p o l y c y c l  i c  
aromat ic  covpound F r a c t i o n  may r e f l e c t ,  amonq o t h e r  t h i n q s ,  t h e  d i f f e r e n c e 5  
i n  t h e  ease o f  r e d u c t i o n  o f  benzora lpyrene and other  t u n o r i g e n i c  PAH. T h i s  
n o i n t  can be examined b y  ana lyz ing  coa l  l i q u i d s  f o r  se lec ted  derlnal 

t u n o r i q e n  PAH b e f o r e  and a f t e r  h f l rogcna t ion .  Table 4.8 pr-esents d a t a  
c a l c u l a t e d  from analyses o f  f o u r  p a i r s  o f  Famples. It must be noted t h a t  
o n l y  i n  t h e  case o f  t h e  Y-Coal qlcnd-PINW (Wo, 931) and H-Coal Blend-tlDT/L 
(No. 934)  was the hydr-oqcnation conducted o u t s i d e  o f  t h o  1 i q u e f a c t i o n  
Drocess s p e c i f i c a l l  y f o r  b e n e f i c i a t i o n  o f  t i m o r i q e n i c  a c t i v i t y .  I n  t h e  
o t h w  t h r e e  s m D l e  sets ,  t h e  h d r o q e n a t i o n  i s  condLicted as inteeqral p a r t  o f  
t h e  o v e r a l l  1 i q u e f a c t i o n  Dr’oceSs. I n  5 p i t e  o f  t h e  d i f f e r e n t  pr-ocess 

desiqns,  purposcs o f  hydroqenat ion,  and ( w o b a b l  y) hydroqenat ion c o n d i t i o n s ,  
some c o n s i s t e n t  t r e n d s  a re  observed f o r  the r e d u c t i o n  behav io r  o f  PA11 i n  
complex coa l  1 i q u i d s .  

Ease o f  hydroqenat ion v a r i e s  w i t h  t h e  nimber o f  rinqs, i n  t h e  PAH r i n g  
svstcm, w i t h  t h e  l a r g e r  PA11 q e n e r a l l y  be inq  reduced l e s s  r e a d i l y  t han  
s m a l l e r  PAW. Ben /o [q i i ] pe r l y lene ,  a s i x - r i n q  PAH, i s  more r e s i s l a n t  t o  
r e d u c t i o n  than i s  benz[a]anthraczne, a f o u r - r i n g  P,4H, and henzo[ a lp .yenc,  a 
f i v e - r i n g  PAH. The s u s c e p t i b i l i t y  t o  r e d u c t i o n  a1 so depends upon t h e  
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ORNL-DWG 65-45952 

Q 

INHALEABLE VAPORS 
API NQ 2 FUEL OIL 

(NO. 975) 

INHALE ABLE ‘4APORS 
H-COAL H.H.O. 

(NO. 978) 

1 I 1 
2Q 60 80 

Figure 4.3. Cap i l l a ry  Column Gas Chromatograms o f  Inha lab le  Vapors in 
the Headspace Vapors over A P I  No. 2 Fuel Oil  (No. 975) and 
H-Coal Hone Heating O i l  (No. 978) a t  2 5 O C .  
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INHALEABLE VAPORS 
4PI LT. CAT. CR. NAP. 

[NO. 976) 

E 
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IN HALE AB L E YA PO RS 
W-COAL REF: NAP. 

(NO. 936) 

0 20 

TIME bin) 
48 

F igu re  4.4. C a p i l l a r y  Callinn Gas Chromatograms o f  I n h a l a b l e  V o l a t i l e s  i n  
the Headspace Vapars over A P I  L i g h t  C a t a l y t i c a l l y  Cracked 
Naphtha (No. 976) and H-Coal Reformed Naphtha (No. 936)  a t  
25°C. 
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Tab;e 4 .5  

COlr lPARISON CF PERCENTAGE REDUCTION SF SELECTED FGUR-TO-SIX 9YNG PAH DERMAL T;JMDRIGENS 
I N  CRUCE COAL LIQUIDS BY C A T A L Y T I C  H I D W G E N A T I O V  

P AH 

Benz( a)anthracene 

ChrysenelTr i phenyl ene 

2-Methyl, Ch rysefiec 

Benzo(b / j ) f ldoran thenes 

Eenzo ( k ) f 1 i lor  ant hene 

8enzo( e)pyrene 

Benzo( a) pyrene 

3 i S e ~ z  ( a/ j ) anthracene 

I r : d e n o j 1 , 2 , 3 - ~ d ) p y r p , r , e  

Dibenz(a,h/a,c)anthracenes 

Genzo(ghi)perylene 

R e l a t i v e  
T u a o r i g m i c i t y a  

Percent  a g t  Removed Upon Hydrogenat i o n  

>99 

99 

97 

95 

>99 

92 

99 

> 79 

- 

>E9 

76 

99 

90 

87 

i 5  

>si8 

a i  

98 

82 

7: 

76 

74 

97 

98 

96 

91 

92 

38 

90 

71 

76 

35 

56 

7:. 

66 

65 

75 

46 

92 

49 

56 

5 

aCompi’ed ‘r0.n C m n i t t e e  orl P y r e i e  and Se lec ted  Arla’ogs (1983) ar,3 Lee e t  a l .  (1951).  

bCa;culdtea f r o m  % < i s o n  e t  al. (1984). ITSL = i n t e g r a t e d  two-stage l i q u e f a c t i o n  i n  normal ( N - 1 )  and off-norrca; ( 0 - 2 )  
opera t ion .  

cYay i n c l u d e  isomer ic  T e t h y i  benzanthracenes. 

d 4 c t i v i t i e s  i i s t e d  f o r  a,h and a,c -isomers, r e s p e c t i v e l y .  
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specif ic  s t ructure  o f  the  PAH, with d i f fe ren t  isomeric s t ructures  havinq 

d i f fe ren t  suscep t ib i l i t i e s  t o  reduction. For example, of the C2~W12 
(molecular weiqht 252)  isomers, the ease o f  reduction ranks approximately 

benzo[aIp.yene > benzo[ k]fl uoranthene I benzo[b/j]fl uoranthenes > henzotel- 

pyrene. There does not  appear t o  be any consistent relationship between the 

tumorigenicity o f  a PAH and the percentacle reduced upon hydrogenation. 

O f  the PAI-I analyzed, benzo[a]pyrene i s  one o f  the more readily reduced 

tumorigenic PAH. This observati3n indicates t h a t  benzo[a]pyrene i s  n 
conservative “indicator”  o f  the reduction of dermal tmorigen PAH. That i s ,  

i f  benzo[a]pyrene i s  not  reduced i n  a hydrogenation experiment, then these 

other PAH probably are not  s i p i f  icantly affected, e i ther .  However, 

complete removal of benzoc alpyrene by hjdrogenation does n o t  necessarily 

indicate t h a t  a l l  other tumorigenlic PAH are equally reduced. These 

differences in suscept ib i l i ty  o f  the various PAH t o  reduction, plus the fact  

t h a t  pa r t i a? ly  hydrogenated PAH (such as dihydrobenzo[a]pyrene) are 

recovered i n  the polycyclic aromat,ic compound f ract ion,  explains why the 

reduction o f  benzo[a]pyene concentratian i n  coal  1 iquids does not  closely 

cor re la te  with the reduction o f  the percentage o f  polycyclic aromatic 

compound fract ion.  

B o t h  the conditions chosen for conducting the hydrogenation and the 

nature of  the sample matrix can affect  the products obtained from PAH 
reduction. Figure 4.5 i l l u s t r a t e s  the differences in degree o f  PAW 
reduction which can be achieved under d i f fe ren t  ca ta lys t s  and conditions. 

Using a 300 rnl volme, no. 4561 Parr Mini-Reactor (Pa r r  Instrunent Company, 

Mol ine, IL) cd. 75 mg quant i t ies  o f  benzo[a]pyrene o r  dibenz[a,h]anthracene 

in 108 ml of  heptane were reduced with 10-15 mg o f  catalyst  under. the 

conditions 1 i s t e d .  The products were analyzed quantitatively using 

capi l la ry  column GC with flame ionjzation detection, and were identified hy 

GC-MS and NMR spectroscopy. A nearly quantitative (98%) yield of 4,5,7,8,9,  

10,11,12-octahydrobenzo[ alpyrene W ~ S  obtained us ing  a 10% pall adi 

charcoal catalyst  a t  1,200 psig o f  hydrogen pressure and 150°C for  one hr, 

while under lower pressure and temperature conditions, a 60% yield o f  4,s- 
dihydrobenzo[a]pyrene was achieved. A r u n  s imi la r  t o  the  l a t t e r ,  b u t  using 

a p l a t i n u n  oxide ca ta lys t  producxd instead a 71% y ie ld  of  7,8,9,?0- 
t e t r  a h d  robenzo[ a] pyrene. 
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Benzo ( a  1 pyrene 

l_._l_. 

4 , 5 - d i hydro ben zo [a ] py renc 
(60%) 

Pt02. atiii. press. 
room temp., 24  hr. 3 

7,8,9,10-tetrahydro- 
benzo[a]pyrene ( 7 1 % )  

..__ Pd/C, 1200 psig 
150"C, 1 hr. 

4,5,7,8,9 , 1 0 , l l  , 12-oc ta-  
hydrobenzo[a]pyrene (98%) 

D i  benm(a,h)anthracene 

hexademhydro-di benz[a, h]- 
anthracene (100%) 

p e r i  hydro-di benz[a ,h]- 
anthracene (1 00%) 

F i  gu re 4.5 e Hydroyena t i on of Ben zo ( a  ) pyrene a t7d D i  benz ( a ,  h ) anthracene 
iinder D i  Fferent C a t a l y t i c  Conditions. 



65 

Althouqh reactions with pure compounds are useful for  identifying 

reduction products, the presence o f  a complex mixture such as  a coal liquid 

fo r  the sample matrix can d ra s t i ca l ly  a l t e r  the product d i s t r ibu t ion  from 

hydrogenation. Table 4.9 compares the yield o f  three hydrogenated products 

fo r  reductions conducted with and without H-Coal Vacuum Gas Oil (No. 1334) 

present. Whereas the octahydrobenzo[a]pytene i s  the major product i n  the 

reduction o f  benzo[a]pyrene in a pure solvent, t h e  addition o f  a vacuum gas 

o i l  considerably a l t e r s  the reduction, and the main product identified i s  
the  dihydroderivative. These resulTs appear t o  be independent o f  the amount 

o f  benzo[aJpyrene spike used, and indicates that  components o f  the vaccun 
gas o i l  complicate the reaction by successfully competing w i t h  benzo[ a]- 

pyrene for  taking up hydrogen and/or poisoning the catalyst  so that i t  
cannot as  e f fec t ive ly  reduce benzo[a]pyrene. The e f fec t  th is  can have on 

the tunorigenicity o f  the  product i s  suggested by the mutagenic ac t iv i t i e s  

measured for the d i f fe ren t  reduction products o f  benzo[ alpyrene, u s i n g  

strain TA-98 w i t h  S-9 activation: benzo[a]py.ene, 58 rev./ug; 4,5- 
di hydrobenzo[ a] pyrene, 22 rev. /ug  ; 7,8,9,10-tetr ahydrobenzo[ alpyrene, 3.8 

rev. /ug ; and 4,5,7 8,9,10,11,12-oc t ahydrobenzor a] pyenez  0.2 rev I / ug  A 
greater  degree of hydrogenation r e su l t s  i n  a less  mutagenic product, w i t h  

mutagenicity being almost completely el  iminated at  the octahydro level of 

reduction. 

Ident i f icat ion of optimum hydrogenation conditions for  reducing 

twor igens  a t  the laboratory scale can provide infomiation useful f o r  

designing larger-scale, more industr ia l ly  relevant hydrogenation 

experiments. Laboratory scale hydrogenations were carried aut in a 

batch-reactor mode using a Parr Instrunent Company (Moline, IL) no. 4561 
Mini-Reactor, which i s  rated a t  a niaximm o f  2,000 p s i g  and 350°C (662°F) .  
The general procedure used was t o  react ca .  three g o f  H-Coal Vacuum Gas Oil 

(No. 1334: > 343"C/> 650°F) dissolved i n  150 m l  of heptane with hydrogen gas  

a t  elevated temperatures and pressures i n  the presence o f  ca.  300 mg o f  
ca ta lys t .  After the hydrogenation :-eactjon, the reactor was allowed t o  cool 

and was depressurized. The product suspension was f i l t e r ed  and a1 iquots 

were removed f o r  ana lys i s  o f  benzofa]pyrene as  an i nd ica to r  o f  tmorigenic  

PAH and o f  potential tunoriqenicity. The va r ious  ca ta lys t s  tested i n  t h i s  



Table 4.9 

IMPACT OF W O h L  VACUUM GBS 0 i L  ti0. 7334 (>3430C/>550eF) AS THE M A T R I X  MATERIAL @I ‘ME HfRROXNATiOM W BEN2O:a)PYRENE” 

Starting v i a t e r i a l  (5aP) (4 5-0 I h y d r o - E e  17 a 8,s) IO-Tetrahydro-BaP 1 (4,5,6,7,8,9,10,? 1 I 124ctahydre-BaP > JOTher 1 
I 

1OOd BaP (w i thout  a 
M a t r i x  M a t e r i a l )  

3aP ( 6 % )  Spiked in  
H-Coal No. 1334 VGO 

0 < I  < I  98 ( 1  

8aP (0.6%) Spiked In 25 
H-Coal No. 1334 VGO 

37 76 3 m 
43 cn 1 

15 5 1 54 

” A  general experlmental procedure for t h l s  m a t r i x  impact 5-rcd. j  as f o l  ions: One gram of H-Coal vacuum gas oll  splked w i t h  EaP wa5 dissolved in 150 
rn:- o f  heptane. 
fi-act!onate$ on a reversed-phase G‘LC coiumr, To obta in  B fraction conta in ing  h y d r o g e n a i d  produc-ts of Ba? atxi unreacred ESP. Their Iden i iP les  and 
q u a n t i f i e s  dere estdSI  lshed by 32 anG Gc/MS. 

Tne solu-tlon was then hydrogenated over P d / 3  under 1200 p s i s  (HZ and s o l v e n i l  a t  !50°2 .  The rescitnnP r e a c t i o n  mixture was 

b l n c l ~ d l n g  other hydrogenated BaP products which were not i d e n t i f i e d  because of lack of standard compounds. 



67 

s t u d y  are described in Table A.13 in the Appendix. Sulfiding of the 

ca ta lys t s  was kindly conducted by Mr. Gary Stieqel o f  the Pittsburgh Energy 

Technology Center, Pittsburgh, Pennsylvania. 

The effectiveness of several different  1 aboratory and industrial 

ca ta lys t s  were compared (Table 4.10).  The laboratory ca ta lys t s  are found t o  

be much more e f fec t ive  than the industrial  catalysts  for reducing 

benzo[a]pyrene under equivalent conditions. Raney Nickel i s  by f a r  the most 

e f f i c i en t  ca ta lys t ,  reducing more than 99% of the benzo[a)pyrene in one hr. 

a t  only 150°C. Poisoning may have limited the effectiveness of palladium an 

charcoal; t w o  hydrogenations w i t h  fresh catalyst  each time were required t o  
reduce 99% of the benzo[a]pyrene. 

None of the industrial  ca ta lys t s  were able t o  s ignif icant ly  reduce 

benzo[a]pyrene a t  150"C, even af ter  three sequential hydrogenations using 

fresh catalyst  each time or a f te r  sulfiding the Shell 324M catalyst .  T h i s  

r e su l t  would seem t o  ru l e  o u t  catalyst  poisoning as the cause o f  poor 
reduction efficiency a t  t h i s  temperature. The industrial  catalysts  are 

designed for  high temperature operation, and increasing the temperature t o  

320°C improved the reduction of benro[a]pyrene s ignif icant ly .  In addition, 

ca ta lys t  s u l f i d i n g  vast ly  increased the ac t iv i ty  of  the ca ta lys t ,  with the 

most e f f ic ien t  reduction (82% of t h E  benzoralpyrene reduced in a s i n g l e  one 

hr. hydroqenation) occurring w i t h  the  sulfided version o f  the  She1 1 324M 
ca ta lys t  a t  320°C. This r e su l t  compares w i t h  a 27% reduction of benzo[a)- 

pyrene at  320°C using the Shell 324M catalyst  in i t s  oxide form, and only an 
11% reduction usin9 the sulfided Shell 324M catalyst  a t  150°C. However, 

even w i t h  t h i s  most e f f ic ien t  combination of industrial  catalystlconditions,  

three sequential hydrogenations with fresh catalyst  each time were required 

t o  reach a level of reduction (97%) comparable t o  that  achieved (>99%) i n  a 

single hydrogenation a t  150°C using Xaney Nickel 

Comparison of the r e su l t  (97% reduction) for three separate 

hydrogenations using fresh catalyst  each time versus a single three-hour 
hydrogenation without catalyst  rep1 acment (87% reduction) p lus  the 

incremental improvements in the percent of benzo[ alpyrene reduced when 

fresh batches o f  any industrial catalyst  are used sequentially suggests t h a t  

ca ta lys t  poisoninq i s  a major factor limiting catalyst  efficiency for  

reducing PAH tmorigens a t  elevated temperatures. The Parr Mini-Reactor i s  
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Tab le  4.10 

EFFECIIVENESS OF DIFFERENT LABORATORY AND INDUSTRIAL CATALYSTS 
I N  REDUCING BaP I N  H-COAL. VACUIMJI GAS O I L  N O .  1334 (<343"C/65OnF) 

Cataly.st 

L a b o r a t o r y  C a t a l y s t  

Pd/C (1/10) 

Raney N i c k e l  

I_ Commercial C a t a l y s t s  

S h e l l  324 M 
(3% N i O ;  20% MoO3) 

Amocat 1 C  
(3% N i O ;  14% MoOj) 

HDS-1442A 
( 2 %  COO; 16% MoOj)  

S u l f i d e d  S h e l l  324 M 
( S  = 10.9%) 

S h e l l  324 M 
(3% NiO; 20% MoO3) 

S u l f i d e d  S h e l l  324 M 

Strein Chemical Co., 

(6% N i O ;  19% WO3) 
S u l f i d e d  

%Benzo[a]pyrene Remaining i n  H-Coal No. 1331 VGO 

N urn be r p_f-Hyd r o t  r e  atm en t s a 
A f t e r  Sequent i a1 H y d ~ o t ~ ~ e a J m ~ n ~ ~ - ~ - ~  .........._I_ 

lemperature,  
'C On e Two Three ....._I____ ~ ___ - 

150 63 1 1 

150 <1 <1 <1 

150 99 

150 94 

150 97 

150 39 

320 73 

320 18 

3 20 37 

95 

97 

94 

98 

10 

21 

97 

100 

93 

99 

3(13)b 

13 

aFresh c a t a l y s t  used i n  each s tep .  

b S i n g l e  t h r e e  hour hydro t rea tment  w i t h o u t  rep1 acaneiit o f  c a t a l y s t  



limited t o  a maximum temperature of 350°C. The efficiency of sulfided 

ca ta lys t s  a t  hiqher temperatures and pressures will be explored using a 

downflow tubular reactor which i s  being set  up. 

Other studies of fresh and used catalyst  provide additional evidence 

fo r  the catalyst  poisoninq hypothesis. Fiqure 4.6 shows the reduction of 

benzo[a]pyrene in H-Coal Vacuun Gas Oil No. 1334 (>  343"C/> 650°F) over a 

period of s i x  hours using sulfided Shell 324 M ca ta lys t  a t  320°C and 1,200 

psig of hydrogen in the Parr Mini Reactor. The hydrogenation was 
interrupted t o  take samples for  benzo[a]pyrene analysis. The decrease in 

benzo[ alpyrene concentration i s  roughly exponential, with a r a p i d  decrease 

in the f i r s t  hour of hydrogenation and a slow leveling off t o  10% o f  the 

benzo[ alpyrene. A second hydrogenation was conducted with fresh H-Coal 

Vacuum Gas Oil No. 1334 under the same conditions, b u t  with the used 

ca ta lys t  from the f i r s t  hydrogenation. The used catalyst  l e f t  65% o f  the 

benzo[a]pyrene a f t e r  two hrs and was unable t o  reduce any more o f  the 

benzo[ alpyrene a f te r  four hours  o f  hydrogenation. This study strongly 

indicates catalyst  deactivation as the major problem hindering more 

e f f i c i en t  reduction of PAH tunorigens. 

Examination of the temperature-dependence of the reduction of benro[a]- 

Pyrene can provide useful thermodynamic information and may a1 low estimation 

of the  minimum temperature required t o  reduce 99% or more of the benzo[a]- 

uyrene under the conditions of the batchwise hydrogenation in the Parr Mini 

Reactor. Table 4.11 presents the r e su l t s  o f  studies using b o t h  laboratory 

and industrial  catalysts .  Both the palladiun on charcoal and the Shell 324M 

ca ta lys t s  require a t  l eas t  320°C before appreciable percentages of benzo[a]- 

pyrene are reduced. A least-squares f i t  t o  an Arrhenius-type plot o f  the 

percentaqe of benzoralpyrene reduced in one hour a t  the  indicated 

temperature versus the reciprocal of the hydroqenation temperature in "K 
allows an estimation of the apparent activation enerqy for  the reduction of 

benzo[a]pyrene in t h i s  complex mixture. The activation energy for the 

reduction with palladiun on charcoal i s  ca. 2 kcal/rnole, and ca. 6 

kcal/mole for  the sul fided She1 1 324M ca ta lys t .  These differences r e f l ec t  

the lesser efficiency of the industrial  catalyst  under these conditions. 

However, more data points are needed t o  construct a bet ter  plot and 

calculate  more precise activation energies. Extrapolating the curves t o  a 
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Table 4.11 

THE EFFECTS OF HYDROTREATMENT TEMPERATURE ON THE REDUCTION OF BaP I N  
H-COAL VACUUM GAS OIL NO. 1334 (>343"C/>650°F) BY VARIOUS CATALYSTS 

% Benzo[a]pyrene Remaining i n  H-Coal No. 1334 VGO 
A f t  e r  H vd r o t  r e  atm en t 

Cat a1 v s t  

Pd/C (1 /10)  

S h e l l  324 M 
(3% NiO; 20% MoO3) 

S u l f i d e d  S h e l l  324 Y 
( S  = 10.9%) 

20" c 100" c 150" C 240" C 320" C 

83 70 63 - 7 

- - 99 - 73 

- - 89 85 18 
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99% reduction o f  benzo[ alpyrene suggests t ha t  temperatures o f  ca. 350°C 

(662°F)  would be required for  batchwise reductions such as are conducted 

using the Parr Mini Reactor. Certainly much research remains for  the 

optimization o f  tunorigen P A H  reduction conditions and ca ta lys t .  
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5.0 ALTERNATIVE AND SUPPLEMENTAL TREATMENTS 

The s t u d i e s  r e p o r t e d  i n  t h e  p rev ious  s e c t i o n  c l e a r l y  demonstrate t h a t  
hydro t rea tment  i s  v e r y  e f f e c t i v e  f o r  v i r t u a l l y  e l  i r n ina t i ng  t h e  t m o r i g e -  
n i c i t y  o f  c rude c o a l  1 i q u i d s .  However, hydro t rea tment  i s  r e 1  a t i v e l y  
expens ive  (Wu e t  a l .  1968, Maruhnich e t  a l .  1982) and t h e  main i ssue  now i s  
one o f  economics. The c e n t r a l  q u e s t i o n  i s  whether o t h e r  t rea tmen ts  may be 
e f f e c t i v e  and economical i n  rep1 ac ing  o r  supplementing hydro t rea tment  i n  t h e  
t o x i c i t y  b e n e f i c i a t i o n  o f  c rude  coa l  l i q u i d s .  T h i s  s e c t i o n  d iscusses  and 
eva lua tes  seve ra l  a l t e r n a t i v e  and supplemental t rea tmen ts  t e s t e d  i n  t h i s  
l a b o r a t o r y  f o r  coa l  l i q u i d s  i n  terms o f  t h e i r  t u n o r i g e n i c i t y  r e d u c t i o n .  
B a c t e r i  a1 mu tagen ic i t y ,  ten-animal  dermal screening, and benzo( a ) p y e n e  a r e  
used as t u n o r i q e n i c i t y  measures. 

5 . 1  A l t e r n a t e  Upgrading Treatments 

The two qenera l  approaches t o  reduce t h e  t o x i c i t y  o f  complex o rgan ic  
m i x t u r e s  a re  t o  e i t h e r  remove o r  c h e m i c a l l y  chanqe t h e  o f f e n d i n g  chemical 
c o n s t i t u e n t s .  Thermal separa t ion ,  ac id /base washinq, p r e c i p i t a t i o n ,  so l ven t  
e x t r a c t i o n ,  and adso rp t i on  a re  common p e t r o l e u n  upgrading methods f o r  
rernov i ng non-des i r a b  1 e rn a t e r  i a1 s . Chemic a1 r e a c t i o n s  i nvo l  v i ng h y d r o t  r e a t  - 
ment, o x i d a t i o n ,  and c a t a l y t i c  c o t v e r s i o n  a re  qenera l  p e t r o l e m  r e f i n e r y  
processes f o r  e f f e c t i n q  chemical change. 

A1 thouqh w e l l  develoPed, p e t r o l e u n  r e f i n e r y  processes (Gruse e t  a l .  
1960, Chem Tech 1972) a re  n o t  s p e c i f i c a l l y  designed f o r  e l i m i n a t i n g  t h e  
t o x i c i t y  o f  c rude  pe t ro leun .  It i s  l o g i c a l  t o  eva lua te  such a v a i l a b l e  
p e t r o l e u n  r e f i n e r y  processes f o r  dea l  i n q  wi th  t h e  t o x i c i t y  problems caused 
b v  crude c o a l  l i q u i d s  because t h e y  a re  l i k e l y  t o  be used t o  p repare  f i n a l  
p roduc ts .  Seven a l t e r n a t i v e  t r e a t n e n t s  r e l a t e d  i n  some way t o  processes 
commonly c a r r i e d  o u t  i n  a p e t r o l e u n  r e f i n e r y  were chosen and eva lua ted  f o r  

t h e i r  e f f e c t i v e n e s s  i n  reduc inq  t h e  t m o r i q e n i c i t y  o f  coa l  1 i q u i d s .  These 
seven t rea tmen ts  (Ho e t  a l .  1984, 1995) were: 

1. D i s t i l l a t i o n  ( the rma l  separa t ion)  
2. Ac id  Treatment (washinq) 
3. A l k a l i n e  Treatment (washing) 
4.  Pentane Deasphal t i  nq ( p r e c i  7 i  t a t  i o n )  
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5. Pent ane/Fur f  u r  a1 P a r t i t i o n  ( s o l  ven t  e x t r a c t i o n )  
6. C1 ay Perco l  a t  i o n  ( adso rp t i on )  , and 
7. A i  r/H202/H202-Cat a1 y s t  Ox i d  a t  i o n  (ox i d a t  i o n )  
The degree o f  e f f e c t i v e n e s s  o f  t hose  t rea tmen ts  was determined based on 

p roduc t  y i e l d ,  m u t a q e n i c i t y ,  and t u n o r i g e n i c i t y .  Product y i e l d  was measured 
b y  weighing t h e  p roduc t  a f t e r  t h e  t rea tmen t .  M u t a g e n i c i t y  was determined b y  
t h e  Ames b a c t e r i a l  assay and t u n o r i g e n i c i t y  was measured b y  a 40-week C3H 
mouse s k i n  p a i n t i n g  assay. 

D i s t i l l a t i o n  i s  t h e  most common r e f i n e r y  process. It separates 
p r o d u c t s  o r  process stream m a t e r i a l s  on t h e  b a s i s  o f  b o i l i n g  range. T h i s  
process was i n v e s t i g a t e d  u s i n g  a l a b o r a t o r y  l a r g e  s c a l e  s t i l l  ( f o u r - l i t e r  
charge c a p a c i t y ) .  About f o u r  l i t e r s  o f  each o i l  sample was f i r s t  mixed w i t h  
anhydrous c a l c i u n  c h l o r i d e  t o  remove suspended water. ( I t  i s  v e r y  impor tan t  

t o  remove water i n  o r d e r  t o  prevent  water-bunping d u r i n g  a vacuum 
d i s t i l l a t i o n . )  A f t e r  t h e  f i l t r a t i o n ,  t h e  d r i e d  o i l  sample was placed i n  a 5 

L c a p a c i t y  d i s t i l l a t i o n  f l a s k .  The o i l  sample was then  d i s t i l l e d  i n  a 
K o n t e s - Y a r t i n  YKIV-R  F r a c t i o n a t o r  s y s t m .  T h i s  system c o n s i s t s  o f  a 1 M 
lonq, 25 rnm Oldershaw colunn and a temperature c o n t r o l l e r / m o n i t o r .  The 
c o l m n  has 30 p h y s i c a l  p l a t e s  e f f i c i e n c y .  Vacurm was qenerated e i t h e r  b y  
a s p i r a t o r  o r  o i l  punp. Ourinq t h e  d i s t i l l a t i o n ,  t h e  h i g h e s t  p o t  temperature 
d i d  n o t  exceed 265°C (530°F) a t  1 rnm o f  pressure.  The b o i l i n q  ranges o f  
f r a c t i o n s  c o l l e c t e d  a re  s o e c i f i e d  i n  t h e  accompanying t a b l e s  as t h e  
atmospher ic e q u i v a l e n t  temperature.  Four o i l  samples (H-Coal Heavy O i l  No. 
695, 888, and 1334, and H-Coal Rlend No. 931) were subjected t o  
d i s t i l l a t i o n .  H-Coal Heavy O i l  No. 695 was d i s t i l l e d  i n t o  s i x  f r a c t i o n s  
w h i l e  t h e  o t h e r  t h r e e  o i l  samples were d i s t i l l e d  i n t o  two f r a c t i o n s .  

The r e s u l t s  o f  m u t a q e n i c i t y  and t m o r i q e n i c i t y  t e s t i n q  o f  each 
d i s t i l l a t e  f r a c t i o n  a re  summarized i n  Table 5.1. The d a t a  c l e a r l y  shows 
t h a t  b o t h  m u t a q e n i c i t y  and t u m o r i g e n i c i t y  a re  l o c a l i z e d  i n  d i s t i l l a t e  
f r a c t i o n s  b o i l i n g  above ca. 343°C (650°F) .  Th i s  f i n d i n g  i s  expected f rom 

t h e  b o i l i n q  p o i n t s  o f  known mutagens and tuno r igens ,  such as benzo[a]pyrene 
( b . p .  495°C). D i s t i l l a t i o n  i s  aqain conf i rmed as an e f f e c t i v e  means (Wi l son  
e t  a l .  1982a, 198%; Yo e t  a l .  1984, 1985) o f  seg reqa t inq  mutagens and 
t u n o r i g e n s  f rom c rude  coa l  l i q u i d s .  From each o f  t h e  f o u r  M-Coal o i l  

samples f r a c t i o n a t e d  i n  t h i s  study, 70% t o  80% o f  t h e  o r i q i n a l  mass had a 
b o i l i n q  ranqe o f  l e s s  than  343°C (650°F) and was v i r t u a l l y  n o n - t m o r i g e n i c  
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TABLE 5.1 

SEGREGATION OF MUTAGENS AND TUMORIGENS I N  H-COAL OILS 
BY A LABORATORY LARGE SCALE OISTILLATION 

Sample 

H-Coal HO, No. 695 
1 s t  Cut o f  H-Coal HO, No. 695 
2nd Cut o f  H-Coal HO, No. 695 
3 r d  Cut o f  H-Coal HO, No. 695 
4 th  Cut o f  H-Coal HO. No. 695 
5 th  Cut o f  H-Coal HO, No. 695 
6 t h  Cut o f  H-Coal HO, No. 695 

H-Coal HO, No. 888 
M i d d l e  D i s t i l l a t e  o f  H-Coal HO, 

Vacuun Gas O i l  o f  H-Coal HO, 
No. 888 

No. 888 

H-Coal Blend, No. 931 
Midd le  D i s t i l l a t e  o f  H-Coal 

Vacuun Gas O i  1 o f  H-coal 61 end 
Blend, No. 931 

No. 931 

H-Coal HO, No. 1334 
Midd le  D i s t i l l a t e  o f  H-Coal HO, 

Vacuun Gas O i l  o f  H-Coal HO, 
No. 1334 

No. 1334 

6o i  1 i n g  Ranqe 
'C F 

227-504 440-940 
193-246 380-475 
241-268 465-515 
271-310 520-590 
316-341 600-645 
335-371 635-700 

~~ 

>371 >700 

Y i e l d  
fi 
100 
9.2 
19.2 
19.3 
20.3 
17.3 
11.1 

% o f  Animals 
w i th  Mutag. 

( rev /ug )  Neoplasmsa 

5.5 - 
0 
0 
0 
0 

- 
- 
- 
- 

12 - 
78 - 

-- Female Male 

221-488 430/910 100 9.8 60b 60b 
204-343 400-650 79.2 0 Ob Ob 

>343 >650 19.2 30.1 100 100 

193-454 380-850 100 2.7 - 
182-343 360-650 78.0 0 - 

>343 >650 19.5 6.7 - 

-- Female Male 

220-396 428-745 100 22.0 60 40 
<343 <650 74 0.3 0 0 

>343 >650 25 66.7 100 100 

aF ive  male p l u s  f i v e  female C3H mice  per  group, 2 x per  week, 40 weeks o f  t o p i c a l  

bNeat sample (100% dose) .  

a p p l i c a t i o n ,  50% dose group except as noted. 
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and non-mutaqenic. Thus, s imp le  d i s t i l l a t i o n  a l l ows  r e c o v e r y  o f  more than 
70% o f  t h e  mass o f  each Heavy O i l  o r  o f  t h e  Y-Coal Blend s t u d i e d  i n  a f o r m  
t h a t  i s  t o x i c o l o q i c a l l y  acceptable f o r  d i r e c t  use o r  o n l y  r e q u i r i n q  a m i l d  
upqradinq. D i s t i l l a t i o n  may be a q e n e r a l l y  d e s i r a b l e  f i r s t  s t e p  i n  t h e  
t u m o r i g e n i c i t y  h e n e f i c i a t i o n  o f  crude coa l  1 i q u i d s .  

Seqregat inq twnor igens b y  b o i l  i n q  ranqe i s  h e l p f u l  b u t  n o t  s u f f i c i e n t .  
Up t o  30% o f  t h e  heavy o i l  product  i s  l o s t  t o  t h e  usable product  s l a t e  i f  
i t s  t o x i c o l o q i c a l  p r o p e r t i e s  p rec lude  f u r t h e r  use. Vacuum Gas O i  1 (>343"C/ 

650°F)  f r a c t i o n s  o f  severa l  H-Coal Heavy O i l  p roduc ts  were prepared t o  
e v a l u a t e  hyd roqena t i ve  and o t h e r  t rea tmen ts  which promise t o  reduce t h e i r  
t m o r  i g en i c i t y  . Non- hyd r o q  en a t  i v e procedures t e s t e d  are smmar i zed as 
f o l l o w s :  

a. Concentrated S u l f u r i c  Acid Treatment. One hundred qrams o f  each 
vacuum qas o i l  and 450 rnL o f  benzene were s t i r r e d  and heated t o  ca. 
70°C i n  a b o t t l e .  A t o t a l  o f  8.2 q o f  concentrated H?SO4 ( 9 8 % )  
was added dropwise, and t h e  m i x t u r e  was s t i r r e d  o v e r n i g h t .  The 
r e a c t i o n  m i x t u r e  was f i l t e r e d  t o  separate t h e  Dhases and t h e  ac id  
r e s i d u e  was washed w i t h  benzene. The benzene i n  t h e  combined 
f i l t r a t e  and s o l v e n t  wash was removed b y  r o t a r y  evaporat ion,  and 
t h e  remain inq o i l  was weiqhed. 

b. Sodium Yydroxide Treatment. One hundred grams o f  c o a l - d e r i v e d  
l i q u i d  ( v a c u m  qas o i l  and heavy o i l  samples) were placed i n  a 500 
ml- f l a s k .  One hundred mL heptane and 100 mL o f  10 N NaOH were 
added and t h e  m i x t u r e  was r e f l u x e d  ( 98°C) and s t i r r e d  o v e r n i q h t .  
The r e a c t i o n  m i x t u r e  was f i l t e r e d  th rouqh  a coarse f i l t e r  paper, 
and t h e  r e s i d u e  was washed w i t h  500 mL o f  benzene. The f i l t r a t e  
was t r a n s f e r r e d  t o  a separa to ry  funnel  and t h e  NaOH l a y e r  was 
d r a i n e d  o f f .  The benzene l a y e r  was washed w i t h  100 mL o f  2 P4 NaOH, 
and t h e n  t h r e e  t imes  w i t h  50 mL Dor, t ions o f  water. The benzene 
1 ayer was d r i e d  over  c a l c i u n  c h l o r i d e ,  f i l t e r e d ,  r o t a r y  evaporated, 
and weiq hed . 

c .  Pentane Deasphal t inq.  A 100 qram a l i q u o t  o f  vacuum gas o i l  was 
mixed w i t h  60 mL o f  benzene i n  a 4 L b o t t l e  us ing  a t e f l o n - c o a t e d  
s t i r r i n q  ba r  a t  room temperature.  Three l i t e r s  o f  pentane was 
added and t h e  m i x t u r e  was a l lowed t o  stand o v e r n i g h t .  A f t e r  
f i l t r a t i o n  th rouqh  w e - p l e a t e d  0.195 rnm t h i c k  f i l t e r  paper, t h e  
s o l v e n t  was removed b y  r o t a r y  evapora t i on  and t h e  r e s i d u e  was 
weiqhed. 
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d.  Pentane/Furfural Parti t ioning. A 100 gram quantity of vacuum 
qas o i l  was s t i r r ed  viqorously a t  room temperature in an extraction 
bot t le  along with 100 mL of furfural .  A 100 mL volume of furfural- 
saturated pentane was added dropwise below the oil-solvent 
interface. The pentane phase was collected by decantation. The 
combined pentane phases from eight se r ia l  extractions were f i l t e red  
t h r o u q h  f i l t e r  paper and evaporated t o  obtain the  pentane-soluble 
material. The furfural phase was evaporated t o  col lect  the 
furfural-soluble product. 

e. Clay Percolation. Twenty-five qrams of Attapulgis c lay (50-80 
mesh) was packed in a glass column of 1.0 cm ID using benzene. Two 
qrams of vacum qas o i l  dissolved in f ive  mL o f  benzene was placed 
on the  column, and was eluted with 200 m l  o f  benzene. The column 
eluate  was collected, evaporated using rotary evaporation, and 
we i g hed . 

f. Air/H70?/H?O?-Ascorbic Acid (Three-Step Oxidation). A 5.42 
warn aliauot of sample dVG0 - 2  of H-Coal No. 8881 was extracted 
thoroughly with boil'inq iieptane. T h e  extract  was evaporated t o  
obtain a viscous o i l  which dissolved completely in 163 mL o f  
heptane. This solution was purged with heptane-saturated a i r  a t  
room temperature for  two weeks, and then was f i l t e r ed  t o  remove the 
black precipitate.  The  f i l t r a t e  was s t i r red  with f ive  mL o f  10% 
H202 for  one week a t  room temperature, and then was f i l t e red .  
The heptane layer was reacted w i t h  10 mL of 5% H202 for  one 
week at  room temperature. Small amounts o f  ascorbic acid catalyst  
(Marren 1943, Kauffmann 1951) were added dai ly  ( a  to ta l  o f  1.1 9). 
T h e  dark precipi ta te  was f i l t e r ed  and the straw-colored heptane 
layer was evaporated t o  obtain 2.69 g (72.1% yield) of viscous 
o i l .  

Results o f  mutagenicity tes t ing are sunmarized in Table 5.2. The data 

c lear ly  indicate tha t  concentrated H2SO4 treatment, pentane deasphal t- 
inq, pentane/furfural par t i t ion,  and clay percolation a l l  are capable of 

reducing the mutaqenicity of high rnutaqenicity vacum gas o i l  samples. Acid 

treatment i s  par t icular ly  effective.  These findings are consistant with 

what i s  known of the  oriqin of mutagenicity in coal l iquids.  Aromatic 

amines have been identified as the determinant mutagens (Guerin e t  al. 1980, 

Wilson et a l .  1980) in crude coal l iquids,  and t h e i r  basici ty  would cause 

t h e m  t o  be extracted b y  acidic medias (e.g., H2SO4). Because they also 

are  aromatic, t h e y  will preferentially d is t r ibu te  into furfural  rather than 

pentane phase. The polar and aromatic character o f  aromatic amines also 

aids in t h e i r  adsorption on clay. The decrease in mutagenicity upon 

deasphaltinq suqqests that  the aromatic amines are pa r t i a l ly  percipitated 



TABLE 5.2 

EFFECT OF ALTERNATE UPGRADING TREATMENTS ON MUTAGENICITY OF H-COAL VACUUM GAS OILS 

V G O - 1  ( >343"C/650°F) VGO-2 (>399"C/75OoF) VGO ( >371°C/700"F) VG0 o f  (>343"C/65OoF) 
o f  H-Coal HO o f  H-Coal YO o f  H-Coal HO o f  H-Coal HO 

NO. aa8 NO. 8aa No. 695 No. 1334 

Y u t  aq . a Mutag. a Mut ag . a Mut ag. a 
Treatment % Y i e l d  ( r e v / u g )  % Y i e l d  ( r e v / u g )  % Y i e l d  ( r e v / u g )  % Y i e l d  ( r e v / u g )  

Non- t rea ted  VGO 100 30 100 75 100 7% 100 67 

--- -- Conc. H2SO4 Treatment a2 0 57 0 54 0 

-- 73 54 10 N NaOH Treatment --- -- --- -- --- 

Pentane Deasahal t i n q  SO 20 72 5 75 5 
-4 m --- -- 

Pent ane /Fu r fu r  a1 P a r t i t i o n  

--- -- Pentane Phase 5 1  2 2 l b  1 2gb 1 

F u r f u r a l  Phase 52 44 --- -- azb 22 --- -- 

aSa lmone l la  s t r a i n  TA98 w i t h  A r o c h l o r  1254 induced  S9 a c t i v a t i o n .  

bA s i n q l e  p e n t a n e / f u r f u r a l  (1/1) D a r t i t i o n .  
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o u t  o r  occ luded w i t h  t h e  asphaltenes. Aromat ic  amines a r e  n o t  e x t r a c t a b l e  
b y  a l k a l i n e  media; thus ,  NaOH-treated v a c u m  gas o i l  s t i l l  e x h i b i t s  a v e r y  
h i g h  mut a q e n i c i  ty. 

I t i s  wor th  n o t i n g  t h a t  a l though p e n t a n e / f u r f u r a l  p a r t i t i o n  was b y  f a r  
one o f  t h e  most e f f i c i e n t  procedures f o r  removing mutagenic a c t i v i t y ,  i t  was 

a l s o  t h e  l e a s t  e f f i c i e n t  i n  r e c o v e r i n g  upgraded produc t  (20-50% i n  t h e  
pentane phase) which d e f i n i t e l y  reduces i t s  p r a c t i c a l  a p p l i c a b i l i t y .  

Tab le  5.3 smmar i zes  t h e  s k i n  t u n o r i g e n i c i t y  d a t a  f o r  vacuum gas o i l s  
a f t e r  a l t e r n a t e  upgrading t rea tments .  The r e s u l t s  show t h a t  a c i d  o r  
a l k a l i n e  t rea tment ,  deaspha l t ing ,  and p e n t a n e / f u r f u r a l  p a r t i t i o n  do n o t  
s i g n i f i c a n t l y  d i m i n i s h  t h e  o v e r a l l  t u m o r i g e n i c i t y  even though t h e y  do 
e l i m i n a t e  o r  reduce m u t a g e n i c i t y  (above) .  T h i s  f i n d i n g  i s  n o t  s u r p r i s i n g  
s i n c e  t h e  t m o r i g e n i c i t y  o f  c rude coa l  l i q u i d s  i s  m a i n l y  due t o  p o l y c y c l i c  
a romat ic  hydrocarbons ( i n c l u d i n g  h e t e r o c y c l i c s )  (Ho l l and  e t  a l .  1984) which 
a r e  n o t  a f f e c t e d  b y  a l k a l i n e ,  o r  acid, o r  deaspha l t i ng  t rea tments .  A l though 
p o l y c y c l i c  aromat ic  hydrocarbons p r e f e r e n t i a l l y  d i s t r i b u t e  i n t o  t h e  f u r f u r a l  
phase i n  t h e  p e n t a n e / f u r f u r a l  p a r t . i t i o n i n g  t rea tment ,  t h e  e x t r a c t i o n  i n t o  
t h e  f u r f u r a l  phase i s  n o t  complete (See Tab le  5.4) ,  and concen t ra t i ons  o f  
dermal t m o r i g e n  p o l y c y c l i c  aromat ic  hydrocarbons l e f t  behind i n  t h e  pentane 
phase a re  s u f f i c i e n t  t o  induce tuno rs .  

The d a t a  (Tab le  5.3) a l s o  show t h a t  c l a y  p e r c o l a t i o n  and t h r e e - s t e p  
o x i d a t i o n  t rea tmen ts  a re  n o t  e f f e c t i v e  f o r  reduc ing  benzo[ a lpyrene 
c o n c e n t r a t i o n s .  It i s  p r e d i c t e d  t h a t  no t u m o r i g e n i c i t y  r e d u c t i o n  w i l l  be 
achieved b y  these  t rea tmen ts  (no  s k i n  t u m o r i g e n i c i t y  assay has been 
c a r r i e d  o u t  f o r  t h e  samples t r e a t e d  b y  these  two methods). 

Resides t o t a l  apparent t u n o r  nunbers, i t  i s  a l s o  v e r y  impor tan t  t o  
compare t m o r  1 a tenc ies  o f  t r e a t e d  m a t e r i a l s  b e f o r e  drawing conc lus ions  
about t h e  e f f e c t i v e n e s s  o f  a l t e r n a t e  upgrading t rea tmen ts  (Tab le  5.3). 
Tab le  5.5 sunmarizes t h e  t m o r  l a t p n c i e s  o f  t r e a t e d  H-Coal vacuum gas o i l s .  
I n  t h e  case o f  t h e  V G O - 1  o f  H-Coal HO No. 888, none o f  t h e  t rea tmen ts  d e l a y  
t h e  tmor -deve lopment .  I n  t h e  case o f  NaOH t r e a t e d  VGO o f  H-Coal HO No. 

1334 t h e  percentage o f  t m o r - d e v e l o p n e n t  e a r l y  i n  t h e  t e s t  i s  l e s s  than  t h a t  
o f  t h e  non- t rea ted  coun te rpa r t .  T h i s  f i n d i n g  may i n d i c a t e  t h a t  t h e  
compounds ( a c i d i c )  removed b y  NaOH may e x h i b i t  a tumor promot ing e f f e c t .  
T h i s  i s  f u r t h e r  suggested b y  t h e  f i n d i n g  (Tab le  5.6) t h a t  VaOH-treated Heavy 
O i l  1334 i s  l e s s  tumor igen ic  than  i t s  un t rea ted  parent .  
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Tab le  5.4 

DERMAL TUMORIGEN DISTRIBUTION BETWEEN THE PENTANE AND FURFURAL 
PHASES OF VG0-1 (>343"C!65OoF) OF H-COAL HO, NO. 888 

Compound 
Pentane Phase F u r f u r a l  Phasea 

(K3b-J) ( u d g )  

Benz( a) anthracene 
C h r ys e ne 
Benzo( a) p,yrene 
Renzo( b )  f 1 uor anthene 
Senzo( k ) f l  uoranthene 
I ndeno ( 1 , 2,3-cd) p w e n e  
Senzo( q h i )  oer.yl ene 
n i  benz( a,h) anthracene 

30 

30 

40 
40 
43 

57 
60 
NDb 

1000 

670 
160 
40 

131 
275 
235 

63 

a I t  was es t ima ted  t h a t  25% o f  t h i s  f r a c t i o n  was n o t  s o l u b l e  i n  a 1:l 
m i x t u r e  o f  hexane and methvlene c h l o r i d e .  Th is  may have caused t h e  
a n a l y t i c a l  r e s u l t s  t o  be b iased low. 

h D  = n o t  detected.  



Tab le  5.5 

TUMORIGENIC LATENCIES OF H-COAL VACUUM GAS OILS TREATED BY ALTERNATE UPGRADING METHODS 

C u m u l a t i v e  Percen tage  o f  M i c e  w i t h  S k i n  Neoplasmsa 

VGO-1 (>J430C/650°F) o f  H-CoaI HO, No. 888 VGO (>343OC) o f  H-CoaI HO, No. 1334 
Pentane Pentane Phase F u r f u r a l  Phase 10N k O H  Conc. H2SO4 

Non- t rea ted  Trea tment  - Month Non- t rea ted  Trea fment  D e a s p h a l t i n g  ( P e n t a n d F u r f u r a I  Part.) ( P e n t a n d F u r f u r a I  Pa r t . ]  

0 

0 

0 

0 

20 

30 

60 

100 

0 

0 

0 

20 

30  

60 

60 

1 00 

0 

0 

0 

0 

20 

20 

60 

100 

0 

0 

10 

40 

60 

90 

90 

1 00 

0 

0 

0 

0 

30 

60 

80 

100 

0 0 

0 0 

20 10 

30 10 

60 30 

80 70 

100 90 

90 

a F i v e  male  p l u s  f i v e  female C3H mlce per  group, 2 X  p e r  week, 50% dose. 



Table 5.6 

TUMORIGENICITY OF ACID-DEPLETED H-COAL HEAVY OIL NO. 1334 AND ITS VACUUM GAS OIL FRACTION 

Month 

1 
2 
3 
4 
5 
6 
7 
8 
9 

so 
11 

Cumulat ive Percentaqe o f  Mice w i t h  S k i n  Tumora 

H-Coal HO No. 1334 VGO (>343"C/650°F) o f  H-Coal HO, No. 1334 
Non-treated HO Ac id  Depleted HOD Non-treated VGO Ac id  Depleted VGOB 
- -  50%C loo%! 5 0%C 100%C 50%C 50%C 

0 0 
0 0 
n 0 
0 20 
0 30 
0 30 

20 30 
20 70 

51) 
50 

50 10Od 

0 
0 
0 
0 
0 

10 
10 
10 
10 
10 
10 

0 
0 
0 
0 

18 
20 
40 
50 
60 
90 
90 

0 
0 

20 
30 
60 
80 

lOOd 

0 
0 

10 
10 
30 
70 
90 
90 
90 
90 
90 

aFive male p l u s  f i v e  female C3H mice  per qroup, 2X p e r  week. 

bTreated w i t h  10 N NaOH. 

cDose ( w / v )  i n  percentaqe. 

d100% t u n o r  inc idence,  no animals remain ing f o r  t e s t .  

co w 



84 

5.2 Supplemental Treatments 

From t h e  above, i t  i s  c l e a r l y  shown t h a t  a l t e r n a t e  upgrading processes 
t e s t e d  he re  a re  n o t  ab le  t o  e l i m i n a t e  o r  s i g n i f i c a n t l y  reduce t h e  
t u m o r i g e n i c i t y  o r  t u n o r i g e n s  i n  c o a l - d e r i v e d  vacuun gas o i l s .  However, 
t h e s e  processes used as p re t rea tmen ts  t o  hydroqenat ion may improve t h e  
e f f i c i e n c y  o f  d e t o x i f i c a t i o n  b y  r m o v i n q  cornpounds which poison t h e  c a t a l y s t  
and which a c t  as a "hydroqen s i n k " .  

S ince  benzo[alpyrene (BaP) i s  u s e f u l  as a q u a l i t a t i v e  i n d i c a t o r  f o r  
s k i n  t u n o r i g e n i c i t y ,  t h e  e f f e c t i v e n e s s  o f  t h e  s u p p l m e n t a l  ( p r i o r  t o  
h.@roqenation) t rea tmen ts  i n v e s t i q a t e d  i s  based on t h e i r  a b i l i t y  t o  reduce 
BaP. Hydroqenat ion was c a r r i e d  o u t  i n  a s t a i n l e s s  s t e e l ,  300 mL P a r r  "Mini ' i  
Reactor.  The hydroqenat ion procedure i s  desc r ibed  i n  Sec t i on  4 o f  t h i s  
r e p o r t .  The appl i e d  t m p e r a t u r e  and p ressu re  a re  r e 1  a t i v e l y  l o w  (compared 
t o  De t ro leun  hydrot reatment  c o n d i t i o n s )  s i n c e  t h i s  s t u d y  i s  o n l y  desiqned 
f o r  comparison purposes and n o t  f o r  op t ima l  c o n d i t i o n  development. 

The a c i d i c  t rea tmen t  i s  v e r y  e f f i c i e n t  i n  removing b a s i c  n i t r o g e n  
compounds (mutaqens) and a l k a l i n e  t rea tmen t  i s  v e r y  e f f e c t i v e  i n  removing 
a c i d i c  oxyqen compounds ( t u m o r i g e n i c  promoters) .  Since n i t r o g e n  and oxygen 
compounds a l s o  e a s i l y  po i son  hydroqenat ion c a t a l y s t s ,  a c i d i c  and a l k a l i n e  
t r e a t m e n t s  were chosen as supplemental t rea tmen ts  f o r  i n i t i a l  study. 

The procedures f o r  b o t h  10  N a l k a l i n e  and 1 0  N a c i d  p re t rea tmen ts  i s  
s i m i l a r  t o  t h a t  shown i n  t h e  a l t e r n a t e  upgrading t rea tmen t  s e c t i o n  ( 1 0  N 
Na0H t r e a t m e n t ) .  4n a l i q u o t  o f  t h r e e  grams o f  p r e t r e a t e d  o r  non- t reated 
vacuum qas o i l  was r e a c t e d  f o r  one hour i n  a P a r r  "M in i '@ Reactor w i t h  1,200 
p s i q  o f  hydroqen i n  150 mL o f  heptane o r  dodecane a t  150°C ( o r  320°C) ove r  
300 mq o f  c a t a l y s t .  

Tab le  5.7 summarizes t h e  percentaqe o f  BaP reduced b y  Pd/C o r  s u l f i d e d  
Shel 1 324 M c a t a l y t i c  hydrot reatment  w i t h  and w i t h o u t  a c i d / a l k a l  i n e  
p re t rea tmen t .  Pd/C c a t a l y t i c  hydrot reatment  was c a r r i e d  o u t  a t  m i l d  
temperature (150°C) b u t  s u l f i d e d  Shel 1 324 V c a t a l y t i c  hydrot reatment  was 
c a r r i e d  o u t  under more severe c o n d i t i o n s  (320°C). I n  Sec t i on  4, i t  was 
shown t h a t  comrnercial c a t a l y s t s  should be t e s t e d  under severe c o n d i t i o n s  i n  
o r d e r  t o  determine t h e i r  e f f e c t s  on t h e  r e d u c t i o n  o f  BaP. The d a t a  (Tab le  
5 .7)  c l e a r l y  i n d i c a t e  t h a t  t h e  percentaqe o f  BaP reduced by t h e  i n d u s t r i a l  
c a t a l y s t  ( s u l f i d e d  S h e l l  324 M )  was u n a f f e c t e d  b y  t h e  a c i d i c  p re t rea tmen t  o f  

A sample was taken f o r  benzo[a]pyrene a n a l y s i s .  
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Tclble 5 . 7  

THE INFLUENCE OF AC D I C  NO A L K A L I N E  SAMPLE PRETREATMENTS ON THE 
REDUCTTON OF BaP IN VFO (>343"/650"F) OF H-COAL HO NO. 1334 

Cat a1 y s t  

Sanpl e P re t r ea tmen t  

% BaP Remaining After Hydrogenation 
PdIC Sul  f i d e d  

( 1 / 1 O )  a S h e l l  324 Mb 

rJ o ne- P re t  r e atm e n t  

10 N H2SO4 P re t r ea tmen t  a t  91°C 
and 1 4 . 7  p s i 9  (1 atm.) 

18 N NaOH Pre t r ea tmen t  a t  91°C 
and 1 4 . 7  p s i q  (1 atm.) 

2 N NaOH Pretreatrnentc  a t  33°C 
and 14.7 p s i q  ( I  atrn.) 

2 N NaOH Pre t r ea tmen td  a t  343°C 
and 2,400 p s i g  

63 

5 

18 

16 

34 65 

49 I 

82 ... 

aHyrllroqenation f o r  one hour a t  150°C and 12001'psiq. 

hijyrjroqenation f n r  one hour  a t  3 7 0 " ~  and 1 2 Q n j p s i q .  

CPretreatment  c a r r i e d  o u t  a t  room t empera tu re  ( w i t h o u t  s o l v e n t  ref1 u x i n o )  (. 

dThe h i q h  t m n e r a t u r e  and pressure Pre t r ea tmen t  c a r r i e d  o u t  i n  a Parr 
" M i n i "  Q e a c t o r .  
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the sample, b u t  t h i s  pretreatment dramatically improved the reduction o f  BaP 

by Pd/C under milder conditions. The alkaline treatments have no 

s ignif icant  posit ive e f fec ts  and, under some conditions, appear t o  produce 

compounds which in te r fe re  in the hydrogenation o f  BaP with both  commercial 

and laboratory catalysts .  
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6.0 Conclusions 

Hydrotreatment i s  confirmed t o  be a very e f fec t ive  means for reducing 

the tmor igen ic i ty  of coal l iquids .  Tumoriqenicity i s  not t o t a l l y  

eliminated b y  hydrotreatment b u t  i t  can be reduced t o  levels  comparable t o  

those exhibited b y  petroleun equivalents. Removing residual tmor igenic i ty  

completely may require treatments which t o t a l l y  el iminate complete 

tmorigens,  o r  a l t e r  t m o r  prorioters in addition t o  reducing tmor 
i n i t i a t o r s .  Variations in ca ta lys t ,  hydrotreatment conditions, or combining 

pretreatments with hydrogenation may a1 l o w  a practical further reduction i n  
t mor i g en i c i t y . 

Physical specifications are inadequate t o  predict the tumorigenicity of 

refined products. Measures of benzo( a)pyrene o r  bacterial  mutagenicity and 

ten-animal dermal tmor iqen ic i ty  screening are useful a t  h igh  levels  o f  
tumorigenicity found i n  refined products. T h e  re1 ationship between these 

measures remains inadequately defined. Lifetime skin paintinq bioassays are 

current ly  required t o  quantitate tunoriqenicity of refined products. 

Dis t i l l a t ion  i s  e f fec t ive  f a r  reducing the mutaqenicity and 

tumoriqenicity o f  o i l s  by seqregatinq t h e  bioactive consti tuents into t h e  
vacuum gas  o i l  boilinq ranqe material. The concentrated bioactive materials 

must subsequently be t reated,  however. Other treatments such as acid o r  

a lkal ine washinq, furfural  par t i t ion,  and c l a y  adsorption exhibit varyinq 

degrees o f  success f o r  seqregatinq tumoriqens. None are as effect ive as i s  
hydrotreatment. 
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APPENDIX A 

Chemical and Physical Properties o f  Oils 

The physical and chemical properties o f  samples considered i n  t h i s  

report are sunmarized here f o r  future reference and t o  allow the readers 

assessment o f  the relevance o f  the samples t o  petroleun equivalents. 

Details o f  major organic  composition are included f o r  further 

docmentat ion. 
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ORNL-DWG 85-15084R 

0 

4 API PETROLEUM NAPHTHA 
(NO. 976) 

H-COAL REFORMED NAPHTHA 
(NO. 936) 

13 

!9 44 

20 
TIME (min) 

40 

Figure  A.l .  C a p i l l a r y  Column Gas Chromatography Major Composition 
P r o f i l e s  o f  a )  No. 976 API L i g h t  C a t a l y t i c a l l y  Cracked 
Naphtha and b )  No. 936 H-Coal Reformed 'Naphtha. (Peak 
i d e n t i f i c a t i o n s  a r e  l i s t e d  i n  Tables  A.6 and A.lO.) 
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TABLE A . l  

ORIGIN, PROPERTIES, AND COMPOSITIONAL DATA FOR H-COAL BLEND AFTER WATER WASHING 
(No. 931) 

O r i g i n :  40/60 (w t . /w t . )  b lend o f  L i g h t  dnd Heavy Oils c o l l e c t e d  at  t h e  ti-Coal 
P i l o t  P l a n t  (Ca t le t t sbu rg ,  K Y )  on September 25, 1981, d u r i n g  r u n  no. R 
on Ill. No. 6 Cod1 in t h e  Synfuel  mode. 

Upgrading: Blended and water-washed by t h e  Chevron Research Company (Richmond. 
CA) . 

U1 t imate  An a1 y s  i s 

c, w t .  x 
ti, wt. % 
N, PPn 
s. Ppn 
0, w t .  % 

Phys i ca l  Pdrameters 

sa. 67 
10.12 

5,200 
1,100 

0.58 

S imula ted  D i s t i  11 a t  ion 
I B P ,  " C  ( O F )  193 (379) 
ABP, " C  ( ' F )  260 (500) 
F E P ,  " C  ( O F )  396 ( 7 4 5 )  

Dens i t y .  g / c d  @ 25-c 0.968 
Viscos' l ty,  c S t  @ ?5"C 7.05 
PDLII' P o i n t ,  ' C  ( O F )  -25 ( -13)  
f l a s h  Poir;t, " C  ( O F )  96 (205) 

Chemical Class F r a c t i o n s  

Ether-Soluble Bases, w t .  % 3 . 3  
Ether -So lub le  Acids,  w t .  % 1.5 
Saturates,  u t .  % 30.8 
i%no/Diaroindtics, wt .  X 56.7 
Polyaromat ics,  w t .  X 5.8 

Se lec ted  Compounds 

Benzo( a)pyrene, ug/g 50 
Phenol, mg/g 0.15 
o-Cresol ,  mg/g 0.55 
Qu ino l i ne ,  ug/g 164 
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TABLE A.2 

O R I G I N ,  PROPERTIES, AND COYPOSITIONAL DATA FOR H--COAL 
BLEND-HYDROTREATED AT LOW S E V E R I T Y  (NO. 934) 

O r i g i n :  40/60 ( w t . / w t . )  b lend o f  L i g h t  and Heavy O i l s  c o l l e c t e d  a t  t h e  H-Coal 
P i l o t  P l a n t  ( C a t l e t t s b u r g ,  K Y )  on Sept. 25, 1981, d u r i n g  r u n  no. 8 o n  
Ill. No. 6 Coal i n  t h e  Synfuel  mode. 

Upgrading: Blended, water-washed, and h y d r o t r e a t e d  a t  low s e v e r i t y  (900 SCF 
Hz/BBL) b y  t h e  Chevron Research Company (Richmond, CA). 

U l t i m a t e  A n a l y s i s  
~ l...l...lllllll 

c, wt. x 
H, w t .  % 
N, P P  
5. P P  
0. w t .  r. 

Sirnut ated O i s t i l l  a t  i o n  
IBP, 'C ( O F )  
ABP, 'C ('F) 
FBP, 'C ( 'F)  

Dens i ty ,  g/cm3 @ ?5'C 
V i s c o s i t y ,  c S t  @ 25'C 
Pour Po in t ,  'C ( O F )  

F l a s h  P o i n t ,  'C  ( ' F )  

88.16 
11.19 

2,600 
<lo  

0.39 

125 ( 2 5 7 )  
256 (493) 
388 (730) 
0.934 

4.82 
-18 (0 .4)  
66 (151) 

E t h e r - S o l u b l e  Bases, w t .  % 2.4 
Ether -So lub le  Acids, w t .  % 0.8 
Satura tes ,  w t .  % 38.3 
Mono/Diaromatics, w t .  % 46.5 
Polyaromat ics ,  w t .  % 1 . 3  

Selec ted  Compounds 

Benzo( a )  pyrene, u g / g  <0.6 
Phenol, mg/g 0.13 
o-Cresol ,  mg/g 0.36 
Q u i n o l i n e ,  ug/g 6 
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TABLE A . 3  

ORIGIN, PROPERTIES,  AND COMPOSITIONAL DATA FOR H-COAL BLEND-HYDROTREATED AT 
MEDIUM S E V E R I T Y  (No. 933)  

O r i g i n :  40/60 (w t . /w t . )  b lend o f  L i g i t  and Heavy O i l s  c o l l e c t e d  a t  t h e  H-Coal 
P i l o t  P l a n t  ( C a t l e t t s b u r g ,  KY)  on September 25, 1981, d u r i n g  r u n  no. 8 
on Ill. No. 6 Coal i n  t h e  Synfuel mode. 

Upgrading: Blended and hyd ro t rea ted  a t  m e d i u n  s e v e r i t y  (1,400 SCF H2/BBL) b y  
t h e  Chevron Research Company (Richmond, CA) 

U l t i m a t e  A n a l y s i s  

c, w t .  x 
H, w t .  % 
N, Ppn 
5. PPn 
0, w t .  % 

Phys ic  a1 Par m e t e r s  

S i m l  a ted  D i  s t  i 11 a t  i o n  
IBP, 'C ( ' F )  
ABP, 'C ( O F )  

FBP. 'C ( ' F )  
Dens i t y ,  g / c d  @ 25'C 
V i s c o s i t y ,  cS t  @ 25'C 
Pour P o i n t ,  'C ( O F )  

F l a s h  Po in t ,  'C ('F) 

88.81 
11.64 

500 
< l o  

<o .01 

Chemical C1  ass F r a c t i o n s  

E the r -So lub le  Bases, w t .  % 0.6 
E the r -So lub le  Acids ,  w t .  % 0.6 
Satura tes ,  w t .  X 35.9 
Mono/Diaromatics, w t .  % 46.7 
Polyaromat ics,  w t .  % 0.8 

Se lec ted  Compounds 

Benzo( a)pyrene, ug/g 
107 (225) Phenol, mg/g 
249 (480) o-Cresol  , mg/g 
387 (729) Q u i n o l i n e ,  ug/g 

0.916 
3.74 

-25 ( -13)  
48 (118) 

< I  
0.13 
0.41 

<1 
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TABLE a.4 

O R I G I N ,  P R O P E R T I E S ,  AND COMPOSITIONAL DATA FOR 14-COAL BLEND-HYDROIKEATED 
A T  H I G H  S E V E R I T Y  (No. 935) 

O r i g i n :  40/60 ( w t . / w t . )  b lend o f  L i g h t  and Heavy O i l s  c o l l e c t e d  a t  t h e  H-Coal 
P i l o t  P l a n t  ( C a t l e t t s b u r g ,  KY) on Sept. 25, 1981, d u r i n g  r u n  no. 8 on 
Ill. No. 6 Coal i n  t h e  Synfuel  mode. 

Upgrading: Blended, water-washed, and h y d r o t r e a t e d  a t  h i g h  s e v e r i t y  (3,000 SCF 
Hz/BBL) b y  t h e  Chevron Research Company (Richmond, CA). 

Chemical C1 ass Fractjons- ___ U l t i m a t e  A n a l y s i s  

c, wi. x 87.77 Ether -So lub le  Bases, w t .  % 0.7 
H, w t .  % 13.53 Ether -So lub le  Acids, w t .  % 0.5 

N, PW (100 Satura tes ,  w t .  % 58.9 
s ,  PPT <10 Mono/Di aroi i iat ics, w t .  % 8.3 
0, w t .  I (0.01 Po lyaromat ics ,  w t .  % 0.5 

P h y s i c a l  Par aine t e r s  

Simulated D i s t i l l a t i o n  
I E P ,  'C ( " F )  
AEP, ' C  ( O F )  

FBP, 'C ( O F )  

Dens i ty ,  g / c d  @ 25'C 
V i s c o s i t y ,  c S t  @ 25°C 
Pour P o i n t ,  'C  ( O F )  

F l a s h  P o i n t ,  'C ( ' F )  

Se lec ted  Compounds 
~ ~ ..... 

Benzo( a) pycene, ug/g <1 
84 (183) Phenol, mg/g <o. 1 

241 (466)  o-Cresol ,  m g / g  C O . 1  
363 (685)  Q u i n o l i n e ,  ug/g <1 

0.867 
2.63 

-28 (.-18) 
-40 ( -40)  
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l A Y L E  A.5  

O R I G I N ,  NOPERTIES, AND COMPOSITIONAL UATA FOR t i--COAL REFORMED N A P H T H A  (No. 936) 

O r i g i n :  40/50 ( w t . / w t . )  blend o f  L i g h t  ,ind Heavy Oi l s  co l lec ted  a t  the  H-Coa l  Pilot 
P l a n t  (Ca t l e t t sbu rg ,  K Y )  on Sept.. 25, 1981, during run no. 8 on 111. No. 6 
Coal i n  the  Synfuel mode. 

Upgrading: alended, water-washed, hydrotreated a t  h i g n  sever icy ,  and hydrocracked 
by the  Chevron Research Compmy (Richmond, C A ) .  Ca ta ly t i ca l ly  reformed 
by llniversal O i l  Products In t : .  (Now t h e  Signal Research Center, lnc., 
Des Pla ines ,  I L ) .  

Ultimate Anal&? -l-i__l_.- 

c ,  w t .  x 
H ,  w t .  9; 

N, P P  
s ,  P P  
0. w t .  % 

Physlcal Parameters 

87.5 
12.2  

<lo0 
(1 
0 . 3  

S i m u l  ated D i s t i l l a t i o n  
I B P ,  'C ( O F )  78 ( 1 7 2 )  
ABP, 'C ( O F )  102 (216) 
FBP, 'C ( O F )  198 (389ja  

Density, gIcm3 @ 25'C 0.781 
Viscosity,  cSt 8 25'C 0.60 
Four  Poin t ,  'C ( " F )  <-30 ( < - 2 2 )  
Flash Poin t ,  'C ( O F )  (-10 ( < 1 4 )  

Chfnizal C1 ass Fractions 
--__I_ 

Vola t i les .  w t .  X 
Ether-Soluble Bases, w t .  X 
Ether-Soluble Acids, w t .  % 
Satura tes .  w t .  X 
Mono/Di arornat i c s ,  w t  ~ % 
Polyaroinatics, ,wt. X 

Sel ec t ed  Compounds 

Benzo( a )  pyrene, ug/g 
Benzene, mqlg 
Toluene, mglg  
Fthyl Benzene, mg/g 
m-Xylene. m g l g  
p-xylene,  m g l g  
o-Xylene, mg/g 
1-Propyl Renrene, mq/g 
n-Propyl Brnrene, m g l y  

66.6 
0.1 
0.6 
0.4 

13.1 
0.1 

1.4 
49.7 

23.6 
89.0 
37.7 
47.4 

1.4 
7.5 

1 a0 

1,3,5-Trimethyl Benzene, mg/g 15.6 
n -Bu ty l  Benzene, m9/g 0 .5  

aUOP d a t a .  
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Table A.6 

Beak 
No. a 

1 
2 
3 
4 
5 
6 
7 

8 
9 

1 0  
11 
17 
13 
14  
15 
16 
17 
18 
19  
20 

31 
22 
23 
24 

- 

IDENTIFICATION OF MAJOR ORGANIC COMPOUNDS I N  H-COAL 
REFQQMED NAPYTHA (NO. 936) BY GC RETENTION AND/OR GC-MS 

I d e n t i  f i c a t  ionb  

i - c 5  H12 
n-C5 H12 
c5 H12 
Cg Hiq,  p o s s i b l y  2,3-Dirnethyl C4 and/or 2-Methyl C 5  

n-C6 H14 
Benzene 

c7 116 
C7 Hl f i ,  rna,@e 3-Yethy1 C6 

To1 uene 
E t h y l  Benzene 
m- and/or p-Xylene 

0-Xyl ene 
n-ProDyl Benzene 

c6 H14, maybe 3-Methyl C5 

n-C7 H l 6  

C3-Benzene 
1,3,5-?rinethyl Benzene 
C3-Benzene 
C3-Senzene 
C3-Benzene 
I n d  ane 

Cq-Benzene ( 6  i somers) 
C 1 - I  nd ane 
Naphtha1 ,one 

aSee F i q u r e  4.1 

bSrsec i f ic  isomer named i f  r e t e n t i o n  t i m e  and mass s p e c t r m  match au then t i c  
standard. Other assignments p o s s i b l e  where only  qener i c  isomer 1 i s t e d .  
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TABLt  A . 7  

O R I G I N ,  PROPERTIET,  AND COMPOSITIONAL DATA FOR H-COAL HOME HEATING OIL  (No. 978) 

O r i g i n :  40/60 (w t . /w t . )  b lend  o f  L i g h t  (ind Heavy O i l s  c o l l e c t e d  a t  t h e  H-Coal 
P i l o t  P l a n t  ( C a t l e t t s b u r g ,  K Y )  on September 25, 1981, d u r i n g  r u n  no. 8 
on Ill. No. 6 Coal i n  t h e  Synfuv l  mode. 

Upgrading: Blended, water-washed, and h y l r o t r e n t e d  a t  h i g h  s e v e r i t y  (ca.  3,000 
SCF Hz/BBL) b y  Chevron Research Company (Richmond, CA). 
D e v o l a t i l i z e d  t o  meet A S M  f l a s h  p o i n t  s p e c i f i c a t i o n  f o r  No. 2 Fue l  
O i l  b y  t h e  Oak Ridge N a t i o n a l  Labora to ry  (Oak Ridge, TN). 

Phys i ca l  Parameters 

Simulated D i s t i l l a t i o n  
IEP,  " C  ( ' F )  
ABP, "C  ('F) 
FBP, 'C ( O F )  

Dens i ty ,  g/cm3 @ 16'C (6C"F) 
V i s c o s i t y .  cSt  @ 38°C (1CO"F) 
Pour P o i n t ,  'C ( O f )  

F l ash  Po in t ,  'C ( ' F )  

Se lec ted  Compounds 

Benzo( alpyrene, ug/g 
Benzene, mg/g 
Toluene, my/g 
E t h y l  Benzene, mg/g 
m+P-Xylenes, mg/g 
o-Xyl  ene, mg/g 
i -Propyl  Benzene, mg/g 
n-Propyl  Benzene, mg/y 
1,3,5-Trimethyl Benzene, ng/g 
n-Buty l  Benzene 

156 (313) 
234 (453) 
333 (631 

0.8747 
2.19 

40 (104 
-33 (-27 

0.08 
2.9 
3 . 3  
2.6 
3.5 
1.5 
1.3 
2 .4  

(0.5 
<1 
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Table A.8 

Peak 
No. a 

1 
2 
3 
4 
5 
6 
7 

8 
9 

11 
1 7  
1 3  
1 4  
1’5 
16 
1 7  
1 8  
19 
20 
2 1  
2 2  
2 3  
2 4  
75 
26 
77 
28 
29 
30 
3 1  
37  
33  
34 
3s 

--- 

i n  

IBEWTIFICATION OF MAJOR O R G A N I C  COMPOUNDS Ihl Y-COAL HOME HEATIqG O I L  
(NO. 978) BY GC RETEWTION AND/OR GC-MS 

I d e n t  i f i c a t  i onb  _- --- 
C 1 - C yc 1 o p ro  pan e 
Benzene + Cyclohexane 
C 1  -C yc 1 o hex ane 

C 1 - C,yc 1 oh ex an e 
C 2 - - C yc 1 o p ro  pan e 
To1 uene 
C2-Cyc 1 ohex ane 
C 3 - C,yc 1 o p r o  pan e 
C3-Cycl opropane 
C7 - C yc 1 o hex an e 

C2-Cvclohexane 
C 2  -C YC 1 o hex an e 
C2-Cycl ohex ane o r  C3-Cycl opropane 
Eth v l  Benzene 
m- and/or  xylene 
C3-Cyclohexane 
0-X,yl ene 
C3-C,yclohex ane 
C3-Cyclohexane 
C3-Cyclohexane 
C 3 -. Be n z e n e 
C3-Cyclohexane 
C4-Cyc 1 opropane 
C3-Benzene 

m / z  124, oossib1.y 1-H, octah,ydroindene 
C3-Benzene -+ Cq-Cyclohexane 
C4-Cyclohexane 
Unsaturated Y.ydracarbon, maybe C10 H i 3  
C4-Benzene 
C4-Cyclohexane 
I nrl ane 
C4 I_ Be n z e n e 

n-C7 HI&, 

n-r.8 H18 

C3-Benzene 
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Table 19.8 (Cont'd) 

Peak 
No. a 

36 
37 
38 
39 
40 
41 
43 
43 
44 
45 
46 
47 
48 
49 
59 
51  
52 
53 
54 
55 
56 
57 
5 8  
59 
60 
61 
62 
63  
64 
65 
66 
67 
68 
69 
70 
7 1  

- 

IOENTIFICATION OF YAJOR ORGAVIC COMPOIJNDS IN H-COAL HOME HEATING OIL 
(NO. 978) BY GC RETENTION AND/OR GC-MS 

'dent i f i c a t  i onb 

Cq-Benzene 
t r  ans-Decah ydronapht ha1 ene 
C1-Indane 
cis-Decahydronaphthalene 
C1-Decahydronapht ha1 ene 
C1-Decah ydronapht ha1 ene 
C1-Dec ah.d ronapht h a1 ene 
C1-Decahytironapht ha1 ene 
C1- Ind ane 
C1-Oecah.flronapht ha1 ene 
C 1 -  I nd ane 
Cq-qaapht ha1 ene 
C2-Decahydronaphthal ene 
C2-Dec ahydronaphthal ene 
C2-Dec ahyd ronaphthal ene 

C1- I nd ane 
C1-Tetrah ydronapht ha1 ene, p o s s i b l y  2-Met hyl i somer 
C2-Dec ah.yd ron aphtha1 ene 
mlz 168 
C 1 -  I nd ane 
C 1 -  Ind me 
Cl-Tetrah ydronaphthal ene 
m / z  166 
C1-  Ind ane 
C1-Tetr ahvdronaphthalene 

n-Cl3 H28 
bicyclic hylrocarbon, possibly bicyclohexyl 
CpBenzene 
C3-Decahydronaphthalene 
C3-Indane 
m/z 182 
m/z 178, poss ib ly  nodecahydrofl uorene 
C3-Indane 
C4-Dec ah ydronaphthal ene 

n-Cl4 H30 

n 4 1 2  H26 
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Peak 
No. a 

72 
73 
7 4  
75 
76 
7 7  
78 

79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
9 1  

-~ 

Table A.8 (Con t ' d )  

IDENTIFICATION OF AJOR ORGANIC COMPOUNDS I N  H-COAL HOME HEATING OIL 
(NO. 978) BY GC RETENTION AND/OR GC-MS 

_.  dent i f i c a t  i onb  

mlr 192 
I h k n o w n  
C4-Decah.~ydonaphthal ene 
C4-I nd ane 
m l m  192 
m l z  192 
m l m  192 
n - c 1.5 '-1 3 2 
m l m  192 
m l z  192 
C4-Di h y l r o n a p h t h a l  ene 
Cq-D ih~r ronaph tha lene  
n - C M  H34 
mlr  218 
n-C17 Y36 
n-Cl8 H38 
n-C19 H40 

n - Q 2  H44 
n-C22 H46 

n-CZ0 H42 

aSee F i q u r e  A . 2  

h S a e c i f i c  isomer n m e d  i f  r e t e n t i o n  t i m e  and mass spect run match a u t h e n t i c  
standard.  Other assiqnments p o s s i b l y  where o n l y  gener i c  isomer 1 i s t e d .  
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TABLE A.9 

O R l G I N ,  PROPERTIES,  AND COMPOSITIONAL DATA FOR APT 
L IGHT CATALYTICALLY CEACKED NAPHTHA (No, 976) 

O r i g i n :  P e t r o l e m - d e r i v e d  produc t  A P I  runber  81-04 suppl  ied by  the  American 
Pe t ro le im  I n s t i t u t e  (Washingtor,  OC). 

Upgrading: "Producted b y  d i s t i l l a t i o n  r;f p roduc ts  from a c a t a l y s t i c  c r a c k i n g  
process . " a  

-. U l t i m a t e  Ana lys i s  

c ,  u t .  % 
H, w t .  X 

N, P P  
s ,  Plrn 
0, w t .  z 

P h ys i c a1 P ar m e t  et-s--- 

Sirnul a ted  D i  s t  i 11 a t  i o n  
IBP,  'C ( O F )  

ABP, "C  ( O F )  

FBP, 'C ( O F )  

Dens i t y ,  g / c d  @ 25.C 
V i s c o s i t y ,  cS t  @ 25°C 
Pour P o i n t ,  'C ( " F )  
F l a s h  P o i n t ,  'C ( O F )  

Chemical C 1  ass F r a c t i o n s  
_I____ 

85.2 V o l a t i l e s ,  wt. % 
13.8 E the r -So lub le  Bases, w t .  % 

250 E the r -So lub le  Acids,  w t .  % 
< l o  Satura tes ,  w t .  % 

0.97 Mono/Diatomatics, w t .  % 
Po lyaromat ics ,  w t .  % 

Se lec ted  Compounds 

Benzo( a)pyrene, ug/g 
148 (293) Ben rene , mg/g 
154 (309) Toluene, mg/g 
197 (387) E t h y l  Benzene, niylg 

0.730 wp-Xy lenes ,  mg/g 
0.57 o-XyI ene, mg/g 

<-40 ((-40) n-Propyl  Benzene, mg/g 
<-35 ((-31) 1,3,5-Tr imethyl  Benzene, mg/y 

62.9 

<O. 1 
1.0 

12.1 
(0.1 

(0.1 

<o .002 
7.4 

43.1 
14.1 

58.6 
20.2 

3.6 
12.3 

aOesc r ip t i on  supp l i ed  w i t h  t h e  sample b y  t h e  A P I .  
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Tab le  A.10 

IDENTIFICATION OF MAJOR ORGANIC COMPOUNDS I N  A P I  LIGHT 
CATALYTICALLY CRACKED NAPHTHA (NO. 976) BY GC RETENTION AND/OR GC-MS 

1 
2 
3 
4 
5 
6 

7 

8 
9 

10 
11 
l ?  
1 3  
1 4  
15  
16  

18  
1 9  
20 
2 1  
2 2  

23 
74 
25 
26 
2 7  
75 
79 
3 0  
3 1  
32 
33 
34 

i r  

---___._____ I d r n t i  f i c a t i o n b  

i -C5 H i 2  
c6  H14 
C5 Hi0 ( 2  i somers )  
c6 H14 
c6 H l d  
n-C6 H l 4  
Cg H i 2  ( 4  i somers )  
C 1 - C yc 1 o p r o  pan e 
Benzene 
c7 H l 6  
C7 1116, maybe 3 -Ye thy l  Cg 
C?-Cycloprooane ( 3  i somers )  
c7 H16 
C7 H i 4  ( 4  i somers )  
c7 H l ?  O r  c 8  Ii16 
c8  H18 
To1 uene 
c8  H18 
C2-CyclohPxane 
C8 H18 
C2-Cyclohexane 
C2-Cyclohexane 
E t h y l  Benzene 
rn- and/or* p -Xy lene 
0-Xyl ene 
n-Propy l  Benzene 
C 3  -Be n zenc 
1,3,5 -T r  i me t h yl Ben zene 
C3-Senzene 
C3-Benzene 
C3 -Be n zene 
Indane 
Cq-Benzene ( 5  i somers )  
C 1 -  I nd ane 

aSee F i q u r e  A . l  
b S p e c i f i c  i somer  named i f  r e t e n t i o n  t i m e  and mass spectrm match a u t h e n t i c  

s tandard .  Other  assignments p o s s i b l e  where o n l y  g e n e r i c  isomer 1 i s t e d .  
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TCiqL: 4.1 I 

O R I G I N ,  PROPERTIFS, AND COMPOSITIOLAL l14TA FOR API NO. 7 FUEL OII (No. 975) 

O r i g i n :  P e t r o l e m - d e r i v e d  produc t  suFpl i e d  b y  t h e  American Pe t ro leun  I n s t i t u t e  
(Washington, O C ) .  A P I  n m b e r  83-02 

Upgrading: 70% S t r d i g h t  r u n  m i d d l e  d i s t i l l a t e  ( s t r a i g h t  r u n  d i e s e l  [ Y P S  #5 
s t r i p p e r .  82-3808) p l u s  30% l i g r i t  c a t d l y t i c a l l y  cracked d i s t i l l a t e  (FC 
l i g h t  c y c l e  gas o i l ,  82-3843). 

U l t i m a t e  Ana lys i s  

c, w t .  % 
H, w t .  % 
N, Ppn 
s,  PP" 
G ,  w t .  % 

P h vs i c a1 Par m e t e r s  

Simul ated D i st i 1 1 a t  ion 
IBP, "C  (OF) 
ABP, " C  ('F) 
FUP, "C ( O F )  

Dens i ty ,  g/crn3 @ 25°C 
V i s c o s i t y ,  cSt  @ 25°C 
Pour P o i n t ,  "C  ( O F )  

F l a s h  P o i n t ,  "C ( O F )  

85.9 
13.6 
200 
2 80 

0.4 

Chanical  Class F r a c t i o n s  

E the r -So lub le  Bases, 
E the r -So lub le  Acids, 
Saturd tes ,  w t .  % 
Mono/Uiaroinatics, w t  
Po lyarorna t ics ,  w t .  % 

Sel ec t ed Compounds ____ 

Eenzo( a)pyrene, ug/g 
180 (356) Benzene, mg/g 
261 (502)  Toluene, 'rng/g 
351 (664) E t h y l  Benzene, mg/g 

0.827 m - X y l  ene, my/g 
3.13 p -Xy l  eiie, mg/g 

-17  ( 1 . 4 )  o - x y l  ene, mg/g 

w t .  % 0.1 
w t .  % 0.3 

69.8 
% 12.5 

1 . 2  

0.04 
(0.02 
0.3  
0.2 
1.3 
0.8 
0.6 

65 (149) i - P r o p y l  Benzene, mg/g (0.3 
n-Propyl  Benzene, rng/g 0.2 

n -Bu ty l  Benzene, mg/g (0 .7  
1,3,5-Tr i inethyl  Benzene, ing/g <2 
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Tab le  4.12 

Peak 
N0.a 
I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19  
;In 
2 1  
2 2  
2 3  
24  
25  
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 

IOENTIFICATION OF MAJOR DRGAlVIC COMPOUNDS IN A P I  No. 2 FUEL OIL 
(NO. 9 7 5 )  BY GC RETENTION AND/OR GC-MS 

I d e n t i  f i c a t  ionb  

n-c7 w16 
C 1 -C,yc 1 o hex ane 
To1 uene 
C2-C.vcl ohexane 
n-C8 H18 
C2-C yc 1 o hex an@ 
C3-Cyc 1 ohex ane 
E t h y l  Benzene 
rn- and/or p-Xylenes 
C3-Cyc 1 ohex ane 
o-Xyl ene 

Satura ted  Hydrocarbon 
Satura ted  14yd r o c  arbon 
n-Propyl  Benzene 
C3-Benzene 
1,3,5-Trinethyl Benzene -t Sa tura ted  Hydrocarbon 
C3-Aenzene 
C3-Benzene 

Cq-Benzene 
C4-Benzene 
C4-Benzene 
C4-Benzene 
C4-Be n zene 
n-Buty l  Benzene 
Cq-Benzene -I- Satura ted  Hydrocarbon 
Cq-Benzene 
Cq-Benzene 
rj-c11 H24 
C4-Benzene 
C4 - Be n ze ne 
C 1 - I  ndane 
C4-Benzene -+ C1-Indane 
Satura ted  Hydrocarbon 

n-@9 H20 

n-Qn H23 



Tab le  A.12 (Con t ' d )  

IDENTIFICATION OF MAJOR ORGArVIC COMPOUNDS I N  A P I  NO. 2 FUEL O I L  
(NO. 975)  BY GC RETENTION AND/OR GC-MS 

Peak 
N0.a en t i f i c a t  i o nb 
I_ 

36 
37 
38 
39 
40 
4 1  
42 
43  
44 
45 
46 
47 
48 
49 
50 
5 1  
52 
5 3  
54 
55 
5 6  
57 
58 
59 
60 
6 1  
52 
63 
64  
65 
66 
67 
68 
69 
79 
7 1  
72  

Sa tu ra ted  Hydrocarbon, p o s s i b l y  3-Me C 1 1  
Cg-Benzene 
Naphthal ene 
C2- I nd ane 
C2 - I nd ane 

Sa tu ra ted  Hydrocarbon 
S a t  u r  a t  ed Hyd r o c  a r  bo n 
C2-Indane 
Sa tu ra ted  Hydrocarbon, p o s s i b l y  ?-Me C12 
Sa tu ra ted  Hydrocarbon 
Sa tu ra ted  Hydrocarbon 
n-C13 H28 
2-Yethy l  Naphthal ene 
1. -Yet h yl 4 ap h t h a1 ene 
C4- I nd ane 
S a t  ur a t  ed H vd r o c  a r  bo n 
Sa tu ra ted  Hydrocarbon 
S a t  u r  a t  ed Yyd r o c  arbon 
5 a t  u r  a t  ed H yd roc a r  bo n 
n-C14 H30 
2-Eth y l  Naphthal ene 
1,3-Dimethyl Naphtha1 ene 
1,5 -0 i met h yl FJ aph t h a1 ene 
1,4-D ime t  h y l  N aoht h a1 ene 
CZ-NaDhthalene 
Sa tu ra ted  Hydrocarbon 
Sa tu ra ted  Hydrocarbon 
n-Cl5 H32 
C3-Waphthalene 
C34aph tha lene  
C3-N aphth a1 ene 
C3-Yaphthalene 
C3-FJaphthalene 
Sa tu ra ted  Hydrocarbon 
C 3 4 a p h t h a l e n e  
G3-Vaphthalene 

n-C12 H26 
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Table A.12 (Con t ' d )  

Peak 
rvo. 

73 
74 
75 
76  
77 
78 
79  
80 
8 1  
82 
83 
84 
85 
56  
87 
88 
89 
90 
9 1  
92 
93 
94  
95 
96 
97 
98  

IDENTIFICATION OF MAJOR ORGANIC COMPOUNDS I N  A P I  NO. 2 FUEL O I L  
(NO. 975)  BY GC RETENTION AND/OR GC-MS 

I d e n t i f i c a t i o n b  

Ya tu ra t  ed Hydrocarbon 
C3-Naphtha1 m e  
F luo rene  + Unknown 

Sa tu ra ted  Hydrocarbon 
S a t  u r a t  e d H yd r o c  ar  bo n 
Saturated Hydrocarbon, p o s s i b l y  3-Me C16 
Cg-Naph t h a l  ene 
n -C17  H36 
P r  i s t  ane 
l - Y e t h y l  F1 uorene d. C2-Acenaphthene/Bi phenyl 
Saturated Hydrocarbon 
S a t  u r  a t  ed Hyd r o c  ar  bo n 
3-Methyl C17 
Phenanthrene 
n-Cl8 H38 
Ph,ytane 
Saturated Hydrocarbon 
Saturated ti vdroc arbon 

2-Meth y l  Phenanthrene 
Phthal  a t e  
n-CZfl H42 

n-C22 H46 
n-C23 H48 

n-Cl6 H34 

n-C19 H40 

n 4 2 1  y44 

aSee F i g u r e  A . 2  

b S p e c i f i c  isomer named i f  r e t e n t i o n  t i m e  and mass s p e c t r m  match a u t h e n t i c  
standard.  Other assignments p o s s i b l e  where o n l y  gener i c  isomer s t r u c t u r e  
i s  named. 
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TABLE A.13 

O R I G I N ,  PROPERTIES, AND COMPOSITIONAL DnTA FOR SRC-I1 BLEND - AFTER WATER WASHING 
(No .  916) 

O r i g i n :  1.7 t o  1 (w t . /w t . )  b lend o f  Midd le  and Heavy D i s t i l l a t e s  produced at  t h e  
SRC-I1 p i l o t  p l a n t  ( F t .  Lewis, WA) on A p r i l  4-6, 1980, d u r i n g  SRC-11 
mode r u n  w i t h  Powhatan No. 5 cc.al. 

Upgrading: Blended and water-washed b y  t h e  Chevron Research Company (Richmond, 
CA) . 

U1 t i m a t e  Ana= 
_____I 

C, w t .  % 
H, w t .  % 
N, PPn 
s ,  P l m  
0, w t .  x; 

Phys ica l  Parameters 

Sirncl l  a ted  D i s t i l l  a t  i o n  
IBP, 'C ( O F )  

ABP, 'C ( O F )  

FBP, 'C ( O F )  

Dens i t y ,  g / c d  0 25'C 
V iscos i t y ,  c S t  @ 25'C 
Pour P o i n t ,  'C ( O F )  

F l ash  Po in t ,  'C ( O F )  

85.36 
8.74 

8, aoo 
2,600 

4.76 

147 (297) 
243 (469) 
401 (754) 

0.989 
9.39 

-39 ( -38 )  
88 (190) 

Chemical C 1  ass F r a c t i o n s  ___ 

E the r -So lub le  Bases, w t .  X 5.0 

Saturates,  w t .  X 26.7 

Po lyaromat ics ,  w t .  4: 6.2 

E the r -So lub le  Acids, w t .  X 2.0 

Mono/Diaromatics, wt. X 47.7 

- Selec ted  Compounds 

60 Benzo( a)pyrene, ug/g 
Phenol, mg/g 17 

12  o-Cresol ,  rng/g 
Q u i n o l i n e ,  ug/g 1,300 
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T4BLF A .14  

O Q I G I N ,  P R O P E R T I E S ,  AND COMPOSITIONAL DATA FOR SRC-I1 BLEND-HYDROTREATED 
AT LOW SEVERITY (No. 917)  

O r i g i n :  1.7 t o  1 blend o f  Midd le  and Heavy D i s t i l l a t e s  p r o d u c d  at  t h e  SRC-I1 
p i l o t  p l a n t  ( F t .  Lewi;, HA)  on A p r i l  4-6, 1980 d u r i n g  SRC-I1 mode run  
w i t h  Powhatan No. 5 coa l .  

Upgrading: Blended, water-washed, and hyd ro t rea ted  a t  low s e v e r i t y  (975 SCF 
H z / B B L )  by t h e  Chevron Research Company (Richmond, CA) 

U l t i m a t e  Ana lys i s  ___ ..... . 

c, w t .  % 
H ,  w t .  % 
N 9  Ppn 
s ,  P p n  
0, w t .  % 

Phys ica l  Parameters.. 

Simulated D i s t i l l a t i o n  
I B P ,  'C  ( O F )  

ABP, 'C  ( O F )  

FBP, 'C ( O F )  

Dens i ty ,  g/cm3 Q 25'C 
V iscos i t y ,  c S t  Q 25'C 
Pour Po in t ,  'C ( O F )  
F lash  Po in t ,  'C  ( O F )  

86.74 
9.90 

4,900 
83 

2.86 

76 (169) 
241 (466) 
385 (725) 

0.942 
4.93 

-45 ( -49 )  
35 (95)  

Chemical Class F r a c t i o n s  

E the r -So lub le  Bases, w t .  % 2.0 
E the r -So lub le  Acids, w t .  % 0.2 

Mono/Diaromatics, w t .  % 40.2 
Satura tes ,  w t .  % 32.5 

Po lyaromat ics ,  w t .  X 2.1 

Se lec ted  Compounds 

Benzo( a)pyrrne, ug/g 
Phenol, ing/g 
o-Cresol, mg/g 
Q u i n o l  ine, ug/g 

1.2 
6.0 
7.6 

200 
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TAHLE A . 1 5  

ORIGIN, PROPERTIES, AND c o M P o s i r I m x  DATA FOR SRC-11 BLEND-HYDROTREATED 
A T  IYEDIIJM S E V E R I T Y  (No. 918) 

O r i g i n :  1.7 t o  1 b lend o f  M idd le  and Heavy D i s t i l l a t e s  produced a t  t h e  SRC-11 
p i l o t  p l a n t  ( F t .  Lewis, WA) on A p r i l  4-6, 1990, d u r i n g  S R C - I 1  mode r u n  
w i t h  Powhatan No. 5 coa l .  

Upgrading: Blended, water-washed, and hyd ro t rea ted  a t  m e d i m  s e v e r i t y  (1,450 SCF 
H2/BBL) b y  t h e  Chevron Research Company (Richmond, CA) 

U l t i m a t e  Ana lys i s  

c, w t .  % 
H, w t .  % 
N, PPn 
5, P P  
0, w t .  x 

Phys ica l  Par m e t e r s  

S imula ted  D i s t i l l a t i o n  
I B P ,  'C ( O F )  

ABP, "C  (OF) 
FBP, " C  (OF) 

Dens i ty ,  g/crn3 r;t 25'C 
v i s c o s i t y ,  c s t  @ 25'C 
Poiit- Po in t ,  'C ( O F )  

F l ash  P o i n t ,  'C ( O F )  

87.87 
10.78 

1,400 
26 

1.21 

75 (167) 
228 (442) 
375 (707) 

0.913 
2.7b 

-40 (-40) 
25 (77)  

Chemical C 1  ass F r a c t i o n s  

E the r -So lub le  Bases, w t .  % 
E the r -So lub le  Acids, w t .  % 
Sa tura tes ,  w t .  X 
Mono/Diaromatics, w t .  % 
Po lyaromst ics ,  w t .  X 

Selec ted  Compounds 
__II__--- 

Benzo( a)pyrene, ug/g 
Phenol, mg/g 
o-Cresol ,  mg/g 
o u i n o l  ine,  ug/g 

0.7 
0.2 

39.2 
27.4 

0.6 

0.9 
2.0 
4.2 

<1 
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TABLE A.16 

O R I G I N ,  PROPERTIES,  AND COMPOSITIONAL O A r A  FOR S R C - I 1  BLEND-HYDROTREATEO 
AT H I G H  S E V E R I T Y  (No. 9 1 9 )  

O r i g i n :  1.7 t o  1 b lend o f  M idd le  and Heavy D i s t i l l a t e s  produced a t  t h e  SRC-I1 
p i l o t  p l a n t  ( F t .  Lewi:, WA) on A p r i l  4-6. 1980 d u r i n g  SRC-I1 mode run  
w i t h  Powhatan No. 5 coa l .  

Upgrading: Blended, water-washed, and hyd ro t rea ted  a t  h i g h  s e v e r i t y  (1,850 SCF 
H z / B B L . )  by  t h e  Chevron Research Company (Richmond, CA) 

U l t i m a t e  Ana lys i s  

c ,  w t .  % 
H, w t .  % 
N, PP 
s, PPn 
0, w t .  % 

Ph ys  i c a 1 P.ay_me t e r s  

S imula ted  D i s t i l l a t i o n  
I B P ,  'C ( 'F)  
ABP, 'C ( 'F )  
FBP, "C ( ' F )  

Uens i ty ,  g/cm3 @ 25°C 
V i s c o s i t y ,  cS t  !3 25'C 
Pour P o i n t ,  'C ( ' F )  
F lash  P o i n t ,  "C (OF) 

88.25 
11.46 

500 
<lo  

0.24 

75 (167) 
225 (437) 
373 (703) 

0.901 
2.54 

-27 (-17) 
24 (75)  

. . .. Chemical ._._. C1 a s c r a c t i o n s  

E the r -So lub le  Bases, w t .  X 
Ether -So lub le  Acids, w t .  % 
Sa tura tes ,  w t .  % 
I"lono/Di aromat i cs ,  w t .  % 
Po lyaromat ics ,  w t .  % 

Se lec ted  Compounds 

Benzo( a) pyrene, ug/g 
Phenol, mg/g 
o-Cresol, mg/g 
Q u i n o l i n e ,  ug/g 

-I_- 

0.3 
(0.1 
44.6 
21.2 

0.3 

0.1 
0.5 
2.2 

<1 
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TAHLE A . 1 7  

PHYSICAL AND CHEMICAL PROPERTIES OF TEST CATALYSTS 

B u l k  Dens i t y ,  g/cm3 
P e l l e t  Dens i ty ,  g/cm3 
Pore Volune, cm3/g0 
Pore Volune > 1000A, % 
S i i r f a c e  Area, m2/g . 
Average Pore  D i m e t e r ,  A 

Mesopore 
M a(: r o po r f 

Meta ls ,  w t .  'I; 
N i O  
Moo3 
co 0 
W 03 

A12 03 
p2  05 

g/cm3 o f  C a t a l y s t  
A c t i v e  Metals Loading 

S h e l l  324Mb 
______1_1 

0.770 
1.400 
0.425 

_ _ _  
174 

113 
--- 

3.18 
19.5 

--- 
--- 

63.5 
6.42 

0.175 

h o c  a t  1 C  

G.621 
1.084 
0.649 

14.2 
182 

120 
2400 

2.92 
14.13 
--- 
--- 

72.91 
--- 

0.106 

HDS-1442A 

--- 
1.020 
0.634 

23.5 
3 1  3 

48 
3500 

_ _ _  
16.0 
2.4 

71.6 
--- 

--- 

--- 

"Data s u p p l i e d  by  P i t t s b u r g  Energy Technology Center, except where noted. 

bS-content o f  sulfided S h e l l  324Y i s  10.816. 

C D a t a  ob ta ined  from S t r e m  Chemical Company c a t a l o g .  
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Appendix B 

Chemical and Physical Characterization Procedures 
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Chemic a1 and Ph.ysi c a1 Ch a r  act er  i z a t  i on Procedures 

Physical PropertieslEngineering Parameters. These properties were 

measured t o  define the samples and t o  allow comparison o f  the s imi la r i t i es  

a f  coal- and petroleun-derived products. S tanda rd  or pub1 ished procedures 

were used whenever possible. Non-standard or  unpublished procedures are 

b r i e f ly  described 

Ultimate Analysis: C , H  by ASTM D 2178-73 
N,S by combustion with oxygen in a P a r r  
Bomb and ion chromatoqraphy o f  the oxides 
0 was calculated by difference 

Den s i t y: h 10 ml volmet r ic  flash i s  weiqhed before 
and a f t e r  f i l l i n q  with the sample a t  the 
i nd i c  ated temper a t  ure 

Simul ated Di st i 1 1 a t  ion ASTM 0 2887-73 

Viscosity: P,?TFVl n 445-53T 
Po iir Po i n t : P.STM D 97-55 
Flash point: P.STY D 56-70 

Benzo[a]~y~ene Determination. RaP was used as an indicator of dermal 

ttmorigen PAH and o f  potential re1 at ive tmor igenic i ty .  RaP was determined 

in the raw and upgraded coal l iquids  by a sequential H P L C - H P L C  (high 

performance 1 iquid chromatoqraphy) procedure (Tomkins e t  a1 1981). 

Briefly,  the  coal o i l  was diluted with methylene chloride and spiked with a 
known ac t iv i ty  o f  carbon-14 labeled BaP. A BaP-enriched fraction was 

isolated using semipreparative scale,  nortnal phase H P L C .  The BaP was 

measured using analytical scale, rederse phase (Zorbax octadecyl s i 1  ane) HPLC 
w i t h  fluroescence detection a t  360 nm (exci ta t ion)  and 425 nm (emission). 

The recovery o f  the QaP was determiiied by liquid sc in t i l l a t i on  spectroscopic 

measurement o f  the  radiotracer.  The radiotracer was omitted when analyzing 

hiqhly refined products, and the recovery was assumed t o  be quantitative.  

Previous experience with hiqhly upgraded samples indicated t h a t  such an 

assmpt  ion was reasonable. 

Four t o  Six-Rinq PAH Derlnal Tumorigens Estimation. Selected four t o  
six-rinq dermal tunoriqen PAH were determined f o r  a more complete 

characterization o f  known tmoriqer. ic agents. These PAW were analyzed in 

the  crude and upqraded H-Coal samples u s i n g  normal phase, semipreparative 



scale HP1.C t o  obtain a PAH-enriched fract ion,  followed by capi l la ry  colmn 

q a s  chromatography ( G C )  w i t h  flame ionization detection (samples nos.  931, 

934, 1658 and 1659) .  The Drocedures are described i n  de ta i l  elsewhere 

(Tomkins e t  a l .  1982). The home heating o i l  samples were analyzed 

similarly.  The concentrations o f  selected PAW dermal tmorigenr  in t h e  
n a p h t h a  samples were estimated by GC-YS.  Yeat smples  of the naphthas wcre 

spiked with deuterated PAH internal s t a n d a r d s ,  and were analyzed by GC-MS 
u s i n g  a s p l i t l e s s  injector,  a 38 m x 0.25 mm ID, 0.25 m film DB-5 bonded 

phase, fused s i  1 ica raDi 11 at-y col mri. The col mn temperature was programmed 

from 150°C (hold 5 r n i n . )  t o  280°C a t  2 " / m i n .  $elected ion monitoring and 

the  method o f  internal s t a n d a r d s  were used f o r  quantitation. Electron 

impact ionization a t  70 eV was employcd. 

Major Composition Profile.  __ Csmnarative compositional prof i les  o f  t h e  

major compoijents of the home heatinq o i l  and n a p h t h a  samples were made t o  

characterize differences i n  t he  b u l k  matrix o f  the sai-nples, These prof i les  

were obtained b y  capi l la ry  colmn G C ,  usinq s o l i t  injection ( 2 O O : l  s p l i t )  o f  
the  rleat smanplc, a 61) rn x 0 .25  rnm ID x 0.25 urn f i l m  DB-5 bonded phase, fused 
s i l i c a  capi l la ry  colmn, and  f l m e  ionization detection. The colmn was 
tenrperature r r o g r m m e d  from 40°C (hold 10 m i n . )  t o  275°C a t  2"/min.  
Components were tentat ively identified by co-chromatograpy, and were 

confirmed by GC-mac,s spectroscopy utidcr similar chromatoqraphic conditions 

and electron impact ionization a t  70 eV. 

___c_.--_I__I 

Inhaleable Volatile Organic Compounds. Comparative analyses were made 

of the cornposition of the headspace vamrs from the finished coal and 

oetrolem-derived products t o  determine i f  differences i n  the composition o f  
the  bulk liquid samples would be reflected i n  the composition of t h e  vapors  

t o  which a ref iner  o r  user m i g h t  be exposed. Two rnl alicjuots of each sample 

were p q u i l  ibrated w i t h  2 2  ml o f  headspace i n  a sealed vial  a t  25°C for  one 

hr. A f ive  111 ( n a p h t h a )  o r  0 .5  m l  (home heating o i l )  volme o f  the  

headspace was w i t h d r a w n  by s y r i n q ~  and was injected and cryothermally 

collected i n  a loop a t  t h e  head o f  a 60 in, O W  mi thickness DB--5 fused 

s i l i c a  cap+l la ry  colmn. The temperature o f  t h e  column was programmed from 

25°C t o  700°C a t  2"C/min. ,  and t h e  separated components were detected by 

flame i o n i z a t i o n .  O u a n t i t a t i o n  was accomplished by the method o f  e x t e t - n a l  

stand a r d  s . 
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Senzene/Al kyl Benzene Ana lys i s .  The con ten t  o f  benzene and s e l e c t e d  
a l k y l  benzenes were measured b y  c a p i l l a r y  column G C ,  us ing  t h e  method o f  
i n t e r n a l  s tandards.  A 0.2 ml a l i q u o t  o f  sample was d i l u t e d  w i t h  d i e t h y l  
e t h e r  t o  10.0 m l  a long w i t h  1.6 m q  o f  t e t r a c h l o r o e t h y l e n e  i n t e r n a l  standard.  
The sample was analyzed b y  s p l i t l e s s  i n j e c t i o n ,  c a p i l l a r y  column GC us ing  a 
60 m x 0.25 mrn I D  x 0.25 I J ~  f i l m  DB-5 fused s i l i c a  column, temperature 
programmed from 20°C ( h o l d  1 5  min.)  t o  100°C a t  2"/min. Flame i o n i z a t i o n  
d e t e c t i o n  was employed. 

Phenols.  Phenol and o -c reso l  were determined by a procedure ( Y e a t t s  e% 
a l .  1983) i n v o l v i n g  e x t r a c t i o n  f o l l o w e d  by I iPLC.  A 25 mcj saqple o f  coal 

l i q u i d  was d i s s o l v e d  i n  a 3 m l  o f  methylene c h l o r i d e  and a known a c t i v i t y  o f  
14C- labeled phenol was added. The s o l u t i o n  was e x t r a c t e d  w i t h  3 m l  o f  
0 .1 V NaOH, and t h e  aqueous e x t r a c t  was n e u t r a l i z e d  w i t h  g l a c i a l  a c e t i c  
ac id ,  d i l u t e d  t o  a known vol ime, and sampled f o r  l i q u i d  s c i n t i l l a t i o n  
c o u n t i n g  I k - p h e n o l  r e c o v e r y  measurement. An a1 i q u o t  o f  t h e  n e u t r a l  i zed  
e x t r a c t  or o f  an aqueous sample (no t rea tmen t  r e q u i r e d )  w a s  i n j e c t e d  onto a 
hiqh1.y loaded, end capped C18-reversed phase HPLC c o l m n  e l u t e d  w i t h  40% 
a c e t o n i t r i l e  i n  water ( h e l d  a t  pH 4.6 w i t h  ace ta te  b u f f e r ) .  Phenols were 
d e t e c t e d  b y  f l uo rescence  a t  270 nm e x c i t a t i o n  and 300 nm emission, 
Q u a n t i t a t i o n  was b,y e x t e r n a l  s t a n d a r d i z a t i o n .  The procedure was evaluated 
w i t h  NBS. 

Q n i n o l  i n e .  The qiuinol i n e  i n  the' c o a l  o i l s  was t e n t a t i v e l y  i d e n % i f i e d  
and measured us ing  a GC equipped w i t h  a n i t r o q e n  s e l e c t i v e  the r ia ion i c  
d e t e c t o r .  A 200 mq a l i q u o t  o f  t h e  sample was d i l u t e d  i n  10 m l  o f  
t e t r a h y d r o f u r a n ,  and a 2 u l  p o r t i o n  o f  t h e  r e s u l t i n g  s o l u t i o n  was i n j e c t e d  
i n t o  t h e  i n s t r u n e n t  w i t h o u t  f u r t h e r  t rea tmen t .  The colunin used was a t h r e e  
meter  x 3.3 mm OD glass column packed w i t h  3% (w/w) D e x s i l  400 on 

Supelcopor t  (100/120 mesh). The i n s t r m e n t  used was a Perkin-Elmer Sigma I ,  

which was operated tinder t h e  f o l l o w i n g  c o n d i t i o n s :  i n j e c t o r  temperature 
300°C; d e t e c t o r  temperature 329°C; he1 i m  c a r r i e r  gas f low r a t e  26 ml/min; 
c h a r t  speed 7 mm/min. The t h e r m i o n i c  d e t e c t o r  ( n i t r o g e n - s e l e c t i v e  mode) 
response was oDt imized w i t h  a h,ydroqen f l o w  o f  1.9 ml/rnin, a i r  f l o w  o f  110 
ml/min,  and a bead v o l t a q e  s e t t i n q  o f  400. The oven was prograrnrned f rom 
90°C ( h o l d  f o r  8 m i n )  t o  275°C ( h o l d  f o r  1 5  m i n )  a t  a r a t e  o f  Z"C/rnin, f o r  a 
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to ta l  analysis time o f  a b o u t  128 m i n .  The d a t a  system o f  the S i g m a  I was 

used t o  ident i fy  and quantitate thirty-one aromatic nitrogen compounds u s i n g  

the method o f  external standards. 

Chanical C1 ass D i s t r i b u t i o n .  The procedure o f  chmical c l a s s  

separation h a s  been described i n  detai l  elsewhere (Guerin e t  a l .  1981). I n  

b r i e f ,  each sample was s t i r red  i n  diethyl ether and reacted overnight w i t h  1 

N H C l  i n  a continuous extractor.  Volatile mates-ial ( V O L )  was removed from 

some o f  the s m ~ l e s  p r i o r  t o  t h i s  s t e p  by r o t a r y  evaporation. A f i v e  g 

a l i q u o t  o f  o i l  was typical ly  processed usinq 250 m l  o f  ether and 50 rnl o f  
aquwus phase .  The aqueous extracts  were adjusted t o  ptl 11 and were 

extracted w i t h  250 1111 o f  diethyl ether.  The basic consti tuents were t h u s  

back-extracted i n t o  ether t o  yield ether-soluble bases ( E S E ) ,  and a basic 

precipi ta te .  The a c i d  cons t i twn t s  o f  the ether phase were s imilar ly  

removed b y  extraction w i t h  1 W NaOH, then back-extracted into ether t o  yield 

ether-soluble acids ( E S A ) ,  and a acidic precipitate.  The neutral 

consti tuents rmaininq i n  the ether phase were then separated using Sephadex 

LY-90 into aliDhatic ( S A T ) ,  mono/di  aromatic ( A R O ) ,  and polycyclic aromatic 

( >  3 fused aromatic rinqs, P o l y )  f ract ions by isopropanol and followed by 

acetone elution o f  a residue (N-Pes)  elution as has been described. Elution 

solvents were removed by r o t a r y  evaporation and the residue w a s  weighed t o  

a l l o w  calculation o f  each fraction a s  a weight percentaje o f  the original 

SmDle. 

I 
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