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INTRODUCTION 

Anthracene o i l  was hydrotreated us ing f low-through t r i ck le -bed  reactors  con- 

t a i n i n g  Co-Mo-alumina ca ta l ys ts  (3). 
Samples o f  the feedstock and f o u r  reac t i on  mixtures were separated us ing cat ion,  

anion, and complexation chromatography (4) .  
percents o f  the i nd i v idua l  homologs present i n  the acid, base, neutra l  n i t rogen,  
and hydrocarbon + ether  (neu t ra l )  f r a c t i o n s  were determined from high- and low- 

reso lu t i ons  FI /MS and h igh-resolut ion 70-eV E I / M S .  
were subjected t o  GC/MS analys is .  

The condi t ions are spec i f i ed  i n  Table I. 

The compound types and the weight 

The basic and neu t ra l  f r a c t i o n s  

RESULTS AND DISCUSSION 

The s a l i e n t  r e s u l t s  are summarized. Hydrocarbons con ta in ing  three aromatic 

The parent member o f  the -18(H)Z r i n g s  account f o r  E. 40% o f  the feedstock. 
se r ies  (C H ) was p repara t i ve l y  i s o l a t e d  using GC and i d e n t i f i e d  as 2 9 8 %  
phenanthrene. 
low-temperature coal t a r s  has been p rev ious l y  noted (5-10). 
assumably i t s  a l ky la ted  homologs comprise the -18(H)Z se r ies  and account f o r  15.6% 

o f  the feedstock. 
The data i n  Table I 1  demonstrate the occurence o f  extens ive phenol deoxygena- 

14 10 
The dominance o f  phenanthrene over anthracene i n  both high- and 

Thus, phenanthrene and 

t i o n .  
i s  ind icated t o  be independent o f  the experimental condi t ions.  However, the 
weight percents f o r  the lower -Z(O) and -Z(02) ser ies reveal  t h a t  the increased 

reac t i on  time d i d  no t  overcome the e f f e c t  o f  a decrease i n  temperature upon r e a c t i v i -  

ty. 
cates a very small ne t  e f f e c t  o f  decreases i n  both H2 pressure and space t ime and 

c a t a l y s t  change on deoxygenation. 
The ac id  f r a c t i o n  contains s i g n i f i c a n t  amounts o f  -Z(N) compound types. These 

compounds and a l so  the ones present i n  the neutra l -n i t rogen-conta in ing f r a c t i o n  are 
i nd i ca ted  t o  conta in  the  p y r r o l e  nucleus based upon the chemistry associated w i t h  the 

separation and both the molecular weights and fonnulas f o r  the f i r s t  homolog observed 

The r e a c t i v i t y  o f  -18(0) through -22(0) and -18(02) and -22(02) compounds 

Comparison o f  the data i n  columns 6 and 7 w i t h  those i n  columns 3 and 4 i n d i -  
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for each compound type. 
the first homolog in the -9(N), -15(N), and -21(N) series are those expected for 
indoles, carbazoles, and benzocarbazoles, respectively. Comparison of the weight 
percents in columns 4 through 7 with the ones in column 3 of Table 111 reveal a 
net nonreactivity for compounds containing the pyrrole nucleus under the specified 
conditions. 

The base fraction from the feed was found to contain -5(N) through -23(N) and 
-27(N) compound types. 
composed of compounds possessing the pyridine nucleus based upon the chemistry 
associated with the separation, the formulas for the first homolog observed in 
each series, and GC/MS analysis. 
is the most abundant one, accounting for 28.8% of the base fraction. The principal 
components are assumably isomeric azaphenanthrenes and variously a1 kylated homologs 
possessing up to 5 alkyl carbons. 

one, accounting for 9. 23.5% of the base fraction. The first members of this 
series, quinoline and isoquinoline by GC/MS, account for 0.9 percent of the feed- 
stock .  I t  i s  interesting to note that isoauinoline accounts for 1/2 to 2/3 of 
this total. 

pound types. The molecular formulas correspond to compounds containing both 
furan and pyridine nuclei. 
in excess of 40 heterocyclic compounds containing two nitrogen atoms (11). 
appears to be the first report of numerous CNH2N+Z(N )N2 compounds in coal liquids 
and only the second instance (12) in which dinitrogei compounds have been observed 
in these materials. 

base fractions is significantly increased under all conditions used (see Table I) 
in hydrotreating the anthracene oil. 
tant and product bases comprising the 129-139 molecular-weight series. The moles 
of quinoline (I) and isoquinoline (11) in the feed are 9. L Z X ~ O - ~  and 4.4X10-3, 
respectively, by GC/MS. In addition, GC/MS reveals the absence of I 1  in the reac- 
tor bases. 
hydroquinoline (IIIa) and the absence of both 5,6,7,8-tetrahydroquinoline (IIIb) 
and tetrahydroisoquinolines (IV). Finally, the GC/MS analyses confirm the pres- 
ence of minor and significant amounts of 2-propylaniline ( V )  in the feedstock 
and reactor-1 bases, respectively. 
consistent with those obtained from reaction o f  I with H2 a) in a batch reactor 

For example, as seen in Table 111, the carbon number for 

These specific -Z series are indicated to be principally 

The-l7(N) series ranging from C13HgN to C18HlgN 

The -11(N) series ranging from C9H7N to Cl6HZ1N is the second most abundant 

The feedstock base fraction also contains -11 (NO), -19(NO), and -21 (NO) com- 

It is interesting to note that this fraction contains 
This 

The mass spectral and the GC/MS data demonstrate that the complexity of the 

Table IV presents mole data for the reac- 

In  regard to C9H11N, GC/MS indicates the presence of 1,2,3,4-tetra- 

These results are at least qualitatively 
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using MoS2 as the catalyst (13) and b) in a high-pressure/high-temperature 
liquid-phase reactor using a variety of metal catalysts (14) and from the MoS2 cata- 
lyzed reaction of I1 with H2(13). 

IIIa and IIIb. The apparent presence of IIIa and the apparent absence of IIIb 
in the products is at least qualitatively consistent with the considerably 
greater reactivity of the latter compared to the fonner (14). 
reactivity relationships provide a preference for hydrogenolysis of the N-C(2) 
bond rather than the C(8a)-N bond in IIIa producing V rather than 3-phenylpro- 
pylamine. Both IIIa and IIIb are converted to decahydroquinoline (VI), mass 139; 
the rate constant for the latter conversion is significantly greater than the one 
for the former (14). The absence of significant amounts of VI in the products is 
consistent with its facile conversion to hydrocarbons and NH3(13,14). 

The only nitrogen containing compounds observed from the MoS2 catalyzed re- 
action of H2 and I1  were IV and decahydroisoquinoline (VII) (14). 
product. 
Hydrogenolysis of either the N-C(3) bond or the N-C(2) bond in IVa produces either 
2-ethylbenzylamine (VIII) or 2-(2-methylphenyl)ethylamine (IX), respectively. 
Since VI11 and IX contain a benzylic and aliphatic NH2 group, respectively, their 
denitrogenation should be facile. In contrast, the NH2 group in V, see Scheme 1, 
is aromatic and, hence, as observed would be expected to undergo hydrogenolysis 
less readily. Alternatively, hydrogenation of IVa and IVb produces VI1 which in 
turn suffers hydrogenolysis producing hydrocarbons plus NH3. 

Table V lists the furan- and thiophene-compound types present in the neutral 
fractions from the feed and the products. 
identified by GC/MS. Carbon-number distributions for these compound types in the 
feed and in selected reactor samples are also given in Table V. Table VI presents 
carbon-number distributions for the hydrocarbons in the feed and reactor sample 1. 

The weight percents in Table V indicate that the furans were markedly resis- 
tant to both hydrogenation and hydrogenolysis under the experimental conditions. 
It should be noted that on a lOOg basis the moles at C-16 and C-17 in the -22(0) series 
are 2.8X10-3 and 1.8X10-3 less in product 1 than in the feed. 
crease approximates the increase of 1.8X10-3 and lX10-3 moles of C-16 and C-17 
homologs in the -18(0) series in product 1. 
reactor-sample 3. 
produces tetrahydroderivatives. 
least hydrogenation appears surprising. 

As shown in Scheme 1 (14), rapid catalytic addition of H2 to I produces 

Structure- 

VI1 is a minor 
As shown in Scheme 2, I1  reacts with H2 producing either IVa or IVb. 

Dibenzofurans and dibenzothiophenes were 

However, this de- 

Similar results are observed for 
This result suggests the hydrogenation of benzonaphthenofurans 

The apparent unreactivity of the furans towards at 
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The weight presents in Table V demonstrate that the thiophenes were very re- 
active toward sulfur removal under all experimental conditions. The absence of 
partially hydrogenated thiophenes in the products is consistent with the mechanism 
of dibenzothiophene desulfurization(l5). 

sample 1 in Table VI reveals that the hydrotreating process significantly a) reduced 
the amount of aromatic and b) increased the quantity of hydroaromatic hydrocarbons. 
The occurrence o f  compound crossover in a number of these series, e.g., -14(H), 
-18(H), and -20(H), does not negate this conclusion although it complicates data 
interpretation. However, the following examples illustrate the qualitative infor- 
mation which can be deduced concerning the chemical processes occurring during 
hydrotreating. Dihydrophenanthrene (C14H12), tetrahydrophenanthrene (C14H14), and 
octahydrophenanthrene (C14H18) which are produced in chromia-alumina hydrotreating 
of phenanthrene(l6) were identified in the product mixtures. Other C-14 compounds 
(16) involved in this process are 2-ethylbiphenyl, -14(H), 2-butylnaphthalene, 
-12(H), and 6-butyltetralin, -8(H). Reactor-sample 1 contains g. 0.03 more moles 
of C-14 compounds in the -8(H) through -16(H) series than does the feed on a lOOg 
basis. The former contains 0.018 fewer moles o f  phenanthrene than does the latter. 
This result suggests that the mechanism for hydrogenation o f  phenanthrene over 
chromia-alumina is at least qualitatively applicable to the conditions specified 
in Table I and that other compounds must contribute to the C-14 pool. 
gard, phenanthrene is a product in the hydrocracking of pyrene(l7). 

of the CIZH10 hydrocarbons in the feed and reactor-sample 1, respectively. On a 
100g basis, these values combined with the weight percents in Table VI result in 
a decrease of 14 millimoles in acenaphthene and an increase of 16 millimoles in 
tetrahydroacenaphthene between feed and products. This surprisingly good agree- 
ment suggests that the former is hydrogenated to the latter. 
duct mixture contains s. 6 millimoles more biphenyl than does the feed. 
sult is not inconsistent with the expected formation of 4 millimoles from desulfuri- 
zation( 15) of di benzothiophene. 

the feedstock to 7.0 in reactor-sample 1 and the distributions of weight percents 
across both the -8(H) and -12(H) series cannot be entirely explained by hydro- 
genation in the naphthalene family(l7). Rather these results point to hydro- 
genationlhydrogenolysis of higher-mol ecular-weight hydrocarbons and/or heteroatom- 
containing compounds. 

Comparison of the carbon-number distributions for the feedstock and reactor- 

In this re- 

By GUMS, acenaphthene and biphenyl account for 94% and 6% and 43% and 17% 

Furthermore, the pro- 
This re- 

Finally, the increase in the weight percent of the -8(H) Z-series from 0.4 in 
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TABLE I 

CONDITIONS FOR HYDROTREATING ANTRACENE OIL 

REACTOR-SAMPLE 

1 2 3 4 

Reactor Temperature (OF) 700 600 700 700 

Reactor Pressure (ps ig )  1000 1000 1020 507 

Space t ime ( h r s )  1.48 2.50 0.75 0.75 

Ca ta l ys t  Nalco Spher icat  Harshaw HT 400 

474 

TABLE I 1  

SUMMARY DATA FOR OXYGEN-CONTAINING ACIDS I N  
FEEDSTOCK AN0 UPGRADED ANTHRACENE OIL 

-2 Parent Weight Percent i n  
Formula Feedstock Reactor-Sampl es 

1 2 3 4 

'sH6' 

C9H1 0 

C12H100 

'1 OH8' 

C13H100 

C14H100 

'1 6H1 2' 

C16H100 

'1 ZH8O2 

'1 4H1 0'2 

C16H1002 

4.0 

0.5 

1.0 

1.5 

1.2 

0.3 

0.4 

0.1 

2.8 

0.1 

0.1 

0.1 0.9 0.3 0.8 

0.2 0.5 0.4 0.2 

c 0.0 c 0.1 0.0 0.0 

c 0.1 0.5 0.3 0.3 

0.1 0.5 0.3 0.3 

0.0 c 0.1 0.0 0.0 

0.0 0.2 0.1 0.2 

0.0 0.1 0.1 c o . 1  

0.0 0.4 0.0 < O . l  

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 
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TABLE 111 

SUMMARY DATA FOR CNH2N+Z(NIN COMPOUNDS 
I N  THE A C I D  AND NEUTRAL-NITROGEN FRACTIONS FROM 

FEEDSTOCK AND HYOROTREATEO ANTHRACENE OIL 

- Z ( N )  Parent Range I n a  Weight Percent I. 

Formula N Feedstock Reactor-Sampl e” 
1 2 3 4 

9-12 0.2 <0.1 0.1 0.1 0.1 

12-16 1.8 1.6 1.4 1.9 1.6 

9 C8H7N 

15 ‘1 1H7N 

17 C13HgN 14-17 0.2 0.2 0.2 0.4 0.1 

19 C13HllN 14-18 0.2 0.2 0.1 0.1 0.1 

16-17 0.3 0.3 0.2 0.2 0.1 21 ‘1 gHgN 

aValues f o r  feedstock. bCondit ions spec i f i ed  i n  Table I .  

TABLE I V  

MOLES OF BASES AT MOLECULAR WEIGHTS 129-135 
I N  FEED AN0 REACTOR-SAMPLE 1 

Mass Formula MolesaX103 In 
Feedstock Reactor Sample l b  

129 C9H7N 6.6 0.4 

0.2 1.1 133 CgH1 1 
135 CgH1 3N 0.2 1.8 

139 ‘gH1 7N 0.006 

TOTAL 7.0 3.3 

aCalculated per lOOg o f  feed. bCondit ions spec i f i ed  i n  Table I .  
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SCHEME 1 
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SCHEME 2 

H.C. + NH3 

IVb VI I 
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