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CHAPTER 1

General Introduction

Since the so-called oil shock in 1973, coal has been reassessed as an
important source of energy or hydrocarbons which will replace petroleum. As
coal-producing districts are impartial and coal deposits are greatly larger
than oil deposits, the development of the effective utilization methods of
coal is a very dimportant problem, above all, hydrocracking has been watched
as one of the most practical methods all over the world (especially in U.S5.A.).

Although the detailed structure of coal has never been clarified, some
structural analyses suggest that coal is the natural polymer possessing several
sfruct‘ral units consisted of mainly condensed rings.  Comsequently, in order
to obtain liquid fuels from coal, it is desirable to use the catalyst which
accelerate the decomposition of the condensed rings in addition to the scission
of the bonds between the structural units.

In view of this background and standpoint, this work was carried out
for the purpose of developing a new catalyst system of coal liquefaction and
obtaining the fundamental findings of coal research.

The new catalyst system was prepared by the addition of metal chloride
to zinc chioride which has been expected as a promising catalyst for coal. In
order to obtain the fundamental data with regard to the catalytic action of
molten salts for coal, it is convenience to use model substances. The
chracteristics of the model substances used in this study were as follows. 1)
A heavy anthracene oil (Chapter 2). This is considered to be a mixture of
many polynuclear aromatic hydroéarbons. The general catalytic activity of
molten salts will be deduced on the product distribution. 2) A pure substance
(Chapters 3 and 4). The properties of the starting material are known and the

reaction process will be easily deduced. 3) Solvent refimed coal (Chapter 5).
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This is considered to be representative of structure of coal.
This thesis will describe the results obtained from the hydrocracking
of coal related substances mentioned above and Yubari coal (Chapter 6) in the

presence of the molten salt catalysts.

The contents of this thesis are composed of the following papers.

1) Active molten salts catalyst for hydrocracking of anthracene
S.Kikkawa, M.Nomura, T.Kubo, and Y.Nakatsuji, Chem.Lett., 1976, 1383.

2) The hydrocracking of a heavy anthracene oil over molten salt catalysts
Y .Nakatsuji, S.Fujioka, M.Nomura, and S.Kikkawa,
Bull.Chem.Soc.Jpn., 50, 3406 (1977).

3) The hydrocracking of polynuclear aromatic hydrocarbons over molten
salt catalysts
Y.Nakatsuji, T.Kubo, M.Nomuras, and S.Kikkawa,
Bull.Chem.Soc.Jpn., 51, 618 (1978).

4) The hydrocracking of alkyl-substituted polynuclear aromatic hydrocarbons
over ZnCl,/CuCl molten salt catalyst
Y.Nakatsuji, YfIkkaku, M.Nomura, and $.Kikkawa,
Bull.Chem.Soc.Jpn.,_éi, 3631 (1973).

5) Hydrogenation of Japanese coals supported with metal halides
T.Ida, M.Nomura, Y.Nakatsuji, and S.Kikkawa, Fuel, in contribution.

8)- The hydrocracking of solvent refined coals over molten salt catalysts
Y.Nakatsuji, Y.Ikkaku, M.Nomura, and S.Kikkawa,

Bull.Chem.Soc.Jpn., in contribution.



CHAPTER 2

The Hydrocracking of a Heavy Anthracene 0il over Molten Salt Catalysts

2~1 INTRODUCTION

The ring structures of the constituent units of bituminous coals are
highly aromatic, and the average-sized configur#tion is considered to be
three or four rings.l’z) In order to obtain a high yield of gasoline from
coal, it is neceséary to hydrocrack the constituent units to benzene and
its derivatives. From this standpoint of view, the hydrocracking of model
compounds, which are supposed to be constituent units of coal, has been

- ) X
2-11) Zielke et al.4>had shown molten zinc chloride to be

investigated.
a superior catalyst for the hydrocracking of pyrene and coal extracts
when used in high concentrations. Incidentally, intensive investigations
have been under way in our laboratory on the catalytic action of molten

12)

salts in several organic reactioms. As a part of this study, the hydro-
cracking of a heavy anthracene oil, which thus seems to be a kind of model
substance, will be described in this chapter. 1In addition, the change in

the hydrocracking activity of zinc chloride by the addition of another

metal chloride will be shown.

2-2 EXPERIMENTAL

- The NMR specira were recorded by means of a JEOL JNM-PS-100 spectro-
meter, using tetrémethylsilane as the internal standard. The GLC analyses
were performed on a Shimadzu GC-3AH for gaseous products and on a GC-4BPTF
for liquid and solid products. The GC-MS spectra were taken with a Hitachi
RMU-6MG spectrometer at 20eV connected with a Hitachi M 5201 apparatus using

a 3m x 3mm column of 5% Silicone 0V-1l on Uniport KS. The zinc chloride and



potassium chloride were obtained from Wako Pure Chemical Industries,Ltd.

The copper(Il) chloride was obtained from Nakarai Chemicals,Ltd.

(1) Characterization of Feed.

A heavy anthracene oil (obtained frqm Osaka Gas Co.,Ltd., Specific
gravity (SO/4°C) 1.142; moist;re 0.5%, distillation test (dehydrated sample)
0-360°C: 28.0%) was separated into three fractions and a residue by means
of vacuum distillation. The characterization of these fractions is showm
in Tables 2-1 and 2-2.

Table 2-1. Characterization of Feed

Frac- Distillation Elemental analysis (wt%,)
tion  conditions

) No. (°C/mmHg) M.W. C H N S o

I —130/10 147 92.18 6.57 0.39 — 0.66
Ir 120—170/5 182 92.29 5.68 0.92 0.19 0.92
III 120--190/10- 203 92.21 4.86 1.07 0.25 1.61
IV the residue 242 92.07 4.88 1.45 0.31 1.28

a) Difference

Table 2-2. Main Components in Feed Identified

by Means of GC-MS

Frac-
tion Main component (wt%)
No.

1 & oo et oeR @O e e~er
A

30 14 14 9 33 7

o o . .
1 & &o R@«@“@_C@@»@?
) 6 6 4

¥ e 7 7
R
m go*- G
29 23 2 7 §¥
v Benzopyrenes @©@© R zMe. &t
k 56 29 Rz H.Me

a) Containing phenanthrene-type compounds.

Small amounts of heterocaromatics {indole, quinoline, carbazole,
benzocarbazoles, and dibenzothiophene) were found in the feed and were
identified using GC-MS. The type—analyses undertaken according to the

Speight methodl3)(Tab1e 2-3) gave results in good agreement with the results



based on the information obtained from GC-MS.

Table 2-3. Type Analyses by the Speight Method

Fraction Cs/Csa Csz/Cp Cp/Ca Ra

No.

I 1.2 . 0.79 2.0
11 1.1 0.10 0.70 2.9
111 1.1 0.07 0.61 3.9
iv 1.2 0.06 0.61 4.5

(2) Genaral Procedure.

All the experiments were carried out in a stainless steel (SUS 32)
autoclave with a capacity of 500ml, shaken in a horizontal direction (70
strokes/min). A stainless steel vessel containing feed (about 20g) and the
catalyst were placed in the autoclave. The air in the autoclave was replaced
by hydrogen, and then the system was filled with hydrogen to the determined

ressure. The rate of the temperature rise was controlled to about 3°C/min
to 400°C. The témperature was then held at the desired level for 3h. After
the systvem had been cooled te room temperature, gases were admitted into a
gas holder and analyzed by GLC (60-80mesh Siiica gel column 3m x 3mm).

Solid samples from the reaction products were dissolved in a proper solvent
and analyzed by GLC (4.5m x 3mm column packed with 20% SE-30 on Uniport B

60-80mesh) . The liquid products were also analyzed by GLC. The mixture of

coke and catalyst obtained after the extraction of the products was washed

with water and refluxed in hydrochloric acid to remove the catalyst. The
hydrogen sulfide evolved was trapped by the use of an iodine solution, and
its quantity was determined by titrating the resulting solution with a sodium

thiosulfate solution.

(3) Analysis of Products.
The prodcuts were mainly identified using GC-MS; in"order to characterize

the activities of the molten salt catalysts, they were conveniently classified
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into fourteen groups as follows, 1, C,~-C, gases, 2, Cs—C; alkanes, 3,
cycloalkanes, 4, monocyclic aromatics, 5, indans ana tetralins, 6, bicyclic
aromatics, 7, partially hydrogenated compounds of tricyclic aromatics,
fluorenes and benzindans, 8, tricyclic aromatics, 9, partially hydrogenated
compounds of pyrenes and fluorantheneé; 10, pyrenes and fluoranthenes; 11,
hydrochrysenes and its isomers, 12, chrysenes,; 13, benzopyrenes and their
hydrogenated compounds, and 14, coke. Some representative constituents
are shown in Table 2-4.

Table 2-4. Representative Products Identified

by Means of GC-MS

Representative product

1. CHg CpHg CaHg n-andi-C4Hig CiHg  S3Ms
2 n-and i~ CgHyp 2.3-dimethyibutane 3-methyipentane

O oMe UEi UPr UMez o) GMe OE! gMez

O

t o o™ gt G G GHe Gue G Mes
5 GO oM CoMe ©0 ©Me C©Me @‘5

5 oo com 08" 6™ g™ oo GO
78 680 C@{@ @@UMe BCBMe
g OB He MeZEt s
B g
11 @éa;) @é@:}m @ON@@-Me
12 Me

a) Phenanthrene-type compounds were not listed in this
table.




2-3 RESULTS AND DISCUSSION

Fractions II-IV are especially éupposed to be better model substances
for the hydrocracking of coals. The résults of hydrocracking are showm in
Table 2-5, along with thé reaction conditions used. Table 2-6 describes the
composition of the gaseous products (1. C,-C, gases).

Table 2-5. Reaction Conditions and Results

Run No. 1 2 3 n 5 6 7 8
Feed (FractionNo) 11 I r m bidd m v w
Catalyst ‘zac, 20— zac. za, BCY zeoy  zeay,
Cat. ratio® 1.0 1.0 — 1.0 1.0 1.0 1.8 7
Initial hyd
prmf;e"gij'c‘m,) 1 100 100 60 100 100 100 100
1 16.4 21.9 5.9 23.7 17.4 9.7 49.4 229
2 3.6 5.6 r 1.0 1.2 05 0.9 0.9
3 4.6 168 0.1 4.8 7.0 2.7 54 53
4 4.6 233 0.3  10.3 6.6 3.2 109 55
5 13.3 145 0.6 56 6.6 4.2 6.5 7.9
6 8.6 4.4 1.1 5.0 3.6 4.1 6.0 5.3
Products 7 2.9 4.1 7.1 5.6 8.1 1L5 3.9 5.3
(w1%) 8 0.7 L7 8.7 5.5 9.5 1.4 3.0 4.8
3 1.6 0.6 21.3 1.9 6.1 7.6 0.7 2.9
b 3.1 2.2 380 18.7 2556 3t.4+ 81 13.8
11 0.4 0.2 9.5 2.3 4.9 7.3 0.4 4.8
12 - — 68 3.0 2.1 3.1 0.8 8.3
13 _ _— — — — —_ 1.7 1.4
4 0.2 4.7 v 12.6 1.3 0.3 0.3 0.9

a) ZnCl,: CuCl=60: 40 (mol%); ZnCl,+ CuCl/Feed=1.0. b} ZnCl,: KCl=560: 40
(mol%); ZnCl,/Feed=s].0.  ¢) Catalyst/Feed (mol/mol} average moiecular weights
were used,

Table 2-6. Composition of Gases in 1 (wtZ)

Run No.
= 2 3 4 5 6 7 8
CH, 8.5 9.7 23.7 15.2 8.4 20.0 20.0 15.7
CH, 18.6 14.1 68.4 18.9 31.1 48.1 30.7 31.4
C,H, —_ — — 2.0 — — — —
CH; 23.1 23.2 5.9 24.83 26.5 16.4 22.5 22.9
C,H, — — — 2.9 — —_— — —
-CH,o 37.1. 39.3 tr 22.4 21.9 2.9 12.5 8.2°
n-CH,, 7.8 9.3 tr 7.3 4.1 12.6 9.2 16.1
C,H, 4.9 4.4 — 6.5 7.9 r 5.1 5.7

In the hydrocracking of Fraction 11 (ans 1 and 2), the difference in

the catalytic activity between zinc chloride and the binary mixture of zinc
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chloride and copper(I) chloride was examined. The yield of benzene and its
derivatives (4) in Run 1 (14.6%) is lower than that in Run 2 (23.3%), and

the combined yield of higher aromatics (7-11) in Run 2 (B.SZ) is lower than
that'in Run 1 (28.7%). This result suggests that the catalytic activity of
ZnCl,/CuCl molten salt is superior to that of ZnCl,. Since aromatic-type
bonds are not expected to be thermally cleaved at 400°C, the single C-C bonds
of hydroaromatics are considered to be ruptured in the course of this
hydrocracking. Therefore, it is necessary that aromatic rings are hydrogenated
before they receive catalytic cracking by acidic molten salts. From this
standpoint, the capabilities of both hydrogenation and cracking are demanded
for the hydrocrécking catalyst. On the basis of the product distribution,

it is possible to estimate which acts predominantly in this hydrocracking.
For example, the ratio of 5/6 is supposed to be a measure of the hydrogenating
activity of the catalyst. The higher ratio of 5/6 in Run 2 than in Rum 1
would demonstrate the iﬁprovement of its hydrogenating activity upon tﬁe
addition of copper(I) chloride to zinc chloride. On the other hand, the
ratio of isobutane to butane in the gaseous products was found to be not so
changed by the addition of copper(I) chloride to zinc chloride. As the ratio
of isobutane to butane is supposed to be a measure of the cracking activity
of acidic molten salts, this finding shows that the intrinsic cracking
activity of zinc chloride according to its Lewis acidity is not so much

14)

changed by this addition of copper{I) chloride. Kenney et al. demonstrated
that the catalytic activity of zinc chloride was lowered by the addition

of metal chlorides, su¢h as KCl, NaCl, and AgCl, in the hydrogen chloride
elimination of isopropyl chloride, the principal exception was copper(I)

chloride.  Imn addition to the results similar to their findings, as an

improvement in the hydrogenating activity was found in this investigation.



In the hydrocracking of Fraction IIL (Runs 3-6), the change in the *
cracking activity of zinc chloride caused by.the addition of potassium chloride
and the effect of the imnitial hydrogen pressure on the hydrocracking were
examined. By comparing the result of Run 5 with that of Rum 6, the binary
mixture of ZnCl, and KCl was found-not to display any app?eciable‘catalytic
activity. In the hydrocracking of hydroaromatics in this temperature range,

5)

two different reactions can occur. The first of them is thermal cracking
under‘a hydrogen atmesphere, which proceeds by means of a free radical
mechanism; the other is catalytic cracking, which proceeds by means of a
carbonium ién mechanism. When the hydrocracking proceeds by means of the
latter mechanism, the ratio of iso to normal isomers is higher than that in
a thermodynami; equilibrium. From this standpoint, the low yield of branched
alkanes found in the case of Run 6 describes the lowering of the cracking
activity of zinc chloride by the addition of potassium chloride. As the
catalytic action of ZnCl; is attributed to its own molecular character, the
formation of ionic complexes (such as K,ZnCl,) lowers the intrinsic cracking
activity of molten zinc chloride, This is consistent with the result of

14)

Kenney et al. In the absence of an acidic metal chloride {(Run 3), small
amounts of gases (most of them are methane and ethane) are obtained, and sp
the hydrogenation of aromatics is considered to govern this reaction., The
effect of the hydrogen pressure is also shown in Runs 4 and 5. At higher
hﬁdrogen pressure, the formation of coke is found to be suppressed té a
significant extent. This result indicates that the formation of coke may
proceed via intermolecular dehydrogenation, and that hydrogen may act to
capture active intermediates, such as species leading to coke with lesser
amounts of hydrogen. The reason for the lowering of cracked products at

higher hydrogen pressure may also be attributed to this stabilization.

The quantity of the catalyst is one of the most important factors

-9 -



dominating this hydrocracking (Runs 7 and 8). For example, the change in
the conversion according to the quantity of the catalyst is remarkable in
the yields of gaseous products. rom this‘finding, the lowering in the
cracking activity upon the addition of potassium chloride to zinc chloride
mentioned above is attributable to the decrease in the aﬁounts of effective
parts of the catalyst.

In all the rums, cata—condensed polycyelic aromatics (anthracenes,
phenanthrenes, and chrysenes) were hydrocracked more effectively than peri-
condensed poiycyclic aromatics (pyrenes). Therefore, benzopyrenes were
hydrocracked to pyrenes, which were relatively resistant to the hydrocracking
in the molten salt catalyst. Also, the reactivity of fluoranthenes was found
to be fairly high.

In the hydrocracking of Fraction IV with a higher S content, the
behavior of S was examined. Most of the S was found in the form of zinc
sulfide. Attention was not given to the behavior of N and O, but the contents

of hetero atoms in the products were found to be lower than in the feed.
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CHAPTER 3
The Hydrocracking of Polynuclear Aromatic Hydrocarbons over Molten

Salt Catalysts

3-1 INTRODUCTION

The hydrécracking of the quel compounds, which are supposa& to be
structural units of coal, has frequently been carried out in order to examine
the function of catalysts and the reaction proceés. In the investigation

1)

reported by Qader,”” the hydrocracking of naphthalene, anthracene, and pyrene
was found to proceed through az sequential occurence of hydrogenation,
isomerization, and cracking reactions over silica-alumina-based dual-
functional catalysts, which are extensively used in the industrial processing

2y . L
‘ had shown molten zinc chloride to

of petroleum feedstocks. Zielke et al,
be a superior acidiec catalyst for the hydrocracking of pyrene and coal extracts
when used in high concentrations.

3

As a part of a study of organic reactions in molten salts,”’ the cataiytic
activity of molten salts was examined in the hydrocracking of.a heavy
anthracene oil. 1In the experiment, a binary mixture of ZnCl, and CuCl was
found to be more effective than ZnCl, alone in obtaining many lower-boiling
fractions, both the analysis of the starting oil and the confirmation of the
products were also carried out extensively. However, in the hydrocracking

of the heavy anthracene o0il, the behavior of the representative constituents

of the starting oil, that is, anthracene, phenanthrene, chrysene, pyrene,

and fluoranthene, could not clarified in detail. Concerning the hydrocracking
of anthracene, the efficient catalytic activity of the binary mixture of

4)

ZnCl; and CuCl was reported in a preliminary paper.4 In addition to the
above results, this chapter will describe the application of this catalyst

to the hydrocracking of phenanthrene, chrysene, pyrene, and fluoranthene and

-12 -
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their characteristic properties. The effects of two different-batch autoclave
systems on their product distributions are also investigated. Moreover, the
probable reaction routes for the respective reactions of phenanthrene, chrysene,

and fluoranthene will be offered and discussed.

3-2 EXPERIMENTAL
(1) Product Analysis.

The GLC analyses were performed on a Shimadzu GC-3AH for the gaseous
products and on a Shimadzu GC-4BPTF for the liquid and solid products. The
GC—ﬁS spectra were taken at 20eV with a Hitachi RMU-6MG spectrometer connected
with a Hitachi M 5201 gas chromatograph by using a 3m x 3mm column of 5%

Silicone OV-1l on Uniport KS. The main products were isolated on a Shimadzu

[y
}-—l
o
o8
[a¥]
' od
i
Q
]

GC-3BT using a 3m x 3mm cclumn ¢ luronic L 84 on Neopack IA (for products
from phenanthrene) or a 3m x 3mm column of 20% Silicone DC 550 on Celite 545
(for products from pyrene, chrysene, and fluoranthene). The NMR spectra were
recorded on a Jeol JNM-PSflOO spectrometer, using tetramethylsilane as the
internal standard. CCl, was used as the solvent for all the compounds. The

UV spectra and the IR spectra were taken with a Hitachi 124 spectrometer and

a Jasco IR-E spectrometer respectively.

(2) Materials.

The chrysene (G.R.), fluoranthene (E.P.), and phenanthrene (E.P.) were
obtained from the Tokyo Kasei Kogyo Co.,Ltd. The pyrene (G.R.) and anthracene
(E.P.) were obtained from Nakarai Chemicals,Ltd., and Wako Pure Chemical
Industries,Ltd., respectively. The anthracene and phenanthrene were re-
crystallized from ethanol. The fluoranthenme (98% purity by GLC) contained
a small amount of cyclopenta[j,k]phenanthrene. This impurity was noit removed

before use. The zinc iodide and copper(I) bromide were obtained from the

- 13 -



Mitsuwa Chemicals Co.,Ltd., while the other metal halides used in this
investigation were obtained from Nakarai Chemicals,Ltd. These salts were

dried before use at 40Q°C for lh in nitrogen.

(3) Genaral Procedure.
All the experiments were carried out in the two different systems (A an

B) as follows.

A) A stainless steel vessel containing 8g of feed and an equimolar amount
of the catalyst was placed in a stainless steel (SUS 32) autoclave with a
capacity of 200ml. The system was flushed and filled with hydrogen to 100
kg/cm?; then the autoclave was heated up to the desired temperature. The time
taken to reach the stage was from 60 to 70min. The reactiocn system shaken
in a horizontal direction (68strokes/min) was maintained at 400°C for the
desirgd reaction period. No attempts were made to maintain the hydrogen
pressure at a constant‘level during the reaction.

B) A stainless steel vessel containing 10g of feed and an equimolar
amount of the catalyst was placedvin a stainless steel (SUS 32) autoclave
with a capacity of 500ml. Hydrogen was introduced into the autoclave to
100kg/cm®. The rate of the temperature rise was controlled to about 3°C/min
up to 400°C, after which the temperature was held for the desired reaction
period, The autoclave was shaken in a horizontal direction (70strokes/min).
No attempts were made to maintain the hydrogen pressure at a constant level
during the reaction.

After the system (A or B) had been cooled to room temperature, gases
were collected in a gas holder and analyzed by GLC (60-80mesh Silica gel
column) ., When the products were obtained in a solid state, they were dissolved

in a proper solvent and analyzed by GLC (4.5m x 3mm packed with 207 SE-30

on Uniport B 60-80mesh, programmed from 30-270°C, 5°C/min, TCD, H, Carrier).

- 14 «



The products obtained in a liquid state were also analyzed by GLC in neat.

The actual quantitative interpretation of a chromatogrgm is based on the peak
area. The weight correction factors were determined by the measurement of the
relative areas of authentic compounds. The values conveniently used in this
study were as follows. reténtion time, 0-11 min, 0.9, 11-32min, 1.0, 32-37min,
1.1, 37-42min, 1.2, 42-50min, 1.3, SOmin- > 1.4 (Figs.3~1 = 3-5). The mixture
of coke and catalyst obtained after the extraction of the products was washed
with hydrochloric acid in order to remove the catalyst. The céke obtained

in this manner was dried and weighed.

{(4) Classification of Products.

In order to characterize the activity of molten salt catalysts, the
products were conveniently classified into 27 groups as follows. I, C,-C, gases,
I1I, C5~C;, alkanes, III, cycloalkanes; IV, monocyclic aromatics; V, indans and
tetralins, VI, bicyclic aromatics; VII, dihydrophenanthrene; VIII, tetra-
hydrophenanthrene and its isomers, IX, octahydrophenanthrene and its isomers,
X, phenanthrene, XI, higher~boiling»compounds; %11, coke; XIII, benzindans,
tricyclic aromatics, and their hydrogenated compounds, XIV, perhydropyrenes,
XV, decahydropyrenes, XVI, tetrahydropyrene, XVII, hexahydropyrenes, XVIII,
dihydropyreée; XI¥X, pyrene, XX, dodecahydrochrysene and its isomers, XXI,
octahydrochrysene and its isomers, XXII, dihydrochrysene, XXIII, hexahydro-
chrysene and its isomers, XXIV, tetrahydrochrysene and its isomers, XXV,

chrysene, XXVI, tetrahydrofiuoranthene, XXVII, fluoranthene.

3~3 RESULTS AND DISCUSSION
(1) Identification of Products.
The mass spectra of all the products in this study were obtained by means

of GC-MS. The molecular weights of the products are given, and the chemical
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structures can be fairly deduced when specific cleavage patterns are found‘
in the mass spectra. The results of the identification of the hydrocracked
products of anthracene by considering their mass spectra in combination with
the eluted brdar on the gas chromatogram estimated from their boiling products
were previougly published.s) In that case, the isomerization of the skeleton
of anthracene seemed not to occur. However, the isomerization between sym-
octahydroanthracene and sym—octahydropﬁenanthrene was clearly found in this

4,6) S0 additionai

hydrocracking of anthracene over acidic molten salts,
analytical methods werevconsidered necessary for more detailed analyses. The
main products were isolated by preparative GLC and analyzed by using NMR
spectrometry. The NMR spectral data obtained for the isolated products were

as follows: 6-butyltetralin,$=0.92(3H,t), 1.08~1.68(4H,m), 1.78(4H,m), 2.46
(24,t), 2.66(4H,m), and 6.6-7.0(38H,m); 1,2,3,4,42,9,10,10a~octahydrophenanthrene,
6.90(4H,8); 1,2,3,4,5,6,7,8~octahydrophenanthrene, 1.75(8H,m), 2.48(4H,m),
2.65(4H,m), and 6.60(2H,s),; 9,10-dihydrophenanthrene, 2.81(44,s), 7.02-7.33
(6H,m), and 7.48~7.72(2H,m)i 1,2,3,4~tetrahydrophenanthrene, 1.82(4H,m), 2.88
(24,m), 3.07(2H,m), and 6.96-7.96(6H,m); 1,2,3,3a,4,5,9,10,10a,10b~decahydro-
pyrene, 6.5-7.0(3H,m); 1,2,3,32,4,5,5a,6,7,8~decahydropyrene, 6.64(2H,s),
4,5,9,10~tetrahydropyrene, 2.84(8H,s) and 6.92(6H,s), 1,2,3,3a,4,5~hexahydro-
pyréne, 1.2;2.4(6H,m), 2.6-3.4(5H,m), and 6.8-7.7(5H,m); 1,2,3,6,7,8-hexa~
hydropyrene, 2.01(4H,m), 3.0(8H,t), and 6.92(4H,s); 4,5-dihydropyrene, 3.24
(4H,s) and 7.16~7.68(8H,m), 5,6,8,9,10,ll‘hexahydrobenz[a]anthracene, 1.80
(48,m), 2.72(8H,m), and 6.76-7.80(6H,m); 1,2,3,4,5,64hexahydr°chtysene: 1.84
(4H,m), 2.73(8H,m), and 6.8-7.7(6H,m); 8,9,10,11-tetrahydrobenz[alanthracene,
1.80(4H,m), 2.92(4H,m), and 7.3-8.6(8H,m); 1,2,3,4-tetrahydrochrysene, 1.96
(4H,m), 2.94(2H,m), 3.16(24,m), and 7.2-8.8(8H,m); 5,6~dihydrochrysene, 2.86
(2H,m), 3.20(2H,m), and 6.8-8.1(10H,m), 6-phenyltetralin, 1.82(4H,m), 2.77

(4H,m), and 6.9-7.6(8H,m); S-phenyltetralin, 1.76(4H,m), 2.56(2H,m), 2.80
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(2H,m), and 6.8-7.5(8H,m). When the NMR spectrum of an isolated compound *

is complicated, the information about ﬁhe molecular weight obtained from

the mass-spectral measurements and the ratio of aromatic hydrogen to n§n~
aromatic hydrogen from the NMR method often gave the correct strucfure (

e.g,; the distinction between 1,2,3,3a,4,5,9,10,10a,10b~decahydropyrene and
1,2,3,3a,4,5,5a,6,7,8~decahydropyrene). When the amount of a compound isolated
was small, UV spectrometry was conventionally used for the structural confirma-
tion. The type of aromatic hydrocarbon (that is, benzene, naphthalene,
biphenyl, anthracene, phenanthrene, pyrene, fluoranthene, chrysene, ana 80 on)
is clarified based on the characteristic absorption bands. For example, the
absorption wave numbers of phenanthrene, 4,5~dihydropyrene, 1,2,3,4-tetra-
hydrochrysene, and 8,9,10,11-tetrahydrobenz{a janthracene differed to some
degree, but their characteristic absorption bands were similar. This indicates
that these compounds all have a phenanthrene skeleton. Of course, IR spectro-
meter played an important role in the analysis. The cleavage patterns of the
mass spectra of the com?ounds identified by using these analytical methpds could
then be applied to other compounds. The GC charts of the hydrocracked ?roducts
are shown in Figs. 3-~1 - 3-5, where the structures chracterized or assumed are
listed. The structures of benzindan derivatives and their hydrogenated compounds
are not cerfain because the distinction between 2,3-dihydro-lH-benz[e]indene
and 2,3-dihydro~1H-benz[f]indene is not clear only by considering their m;ss
spectra. Consequently, the structures for these compounds listed in these
figures are chesen for convenience. By this éxhaustive analysig, the probable
reaction process can be estimated and the éifference in catalytic activity

among the molten salt catalysts can be clarified.
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Fig. 3-1. Gas Chromatogram of Hydrocracked Products of Polynuclear Aromatic

Hydrocarbons

40min 43 39

Fig. 3-3. Gas Chromatogram of Hydrocracked Products of Pyrene
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Fig. 3-5. Gas Chromatogram of Hydrocracked Products of Fluoranthene

(2) Hydrocracking of Phenanthrene.
The most probable reaction process is shown in Fig.3-6. The most
important characteristic of the hydrocracking of phenanthrene is the isomeri-

zation between sym-octahydrophenanthrene and sym-octahydroanthracene. The

isomerization was also found in the hydroecracking of anthracene in the presence

. .o 4,8 . . .  q sty .
of a Lewis acid. ) A constant ratio of them in equilibrium was observed,

so this isomerization is considered to be reversible. This finding is

. . . . 7 ,
consistent with that observed over aluminum chloride by Schroeter. ) On the

other hand, this isomerization was not observed in their hydrogenation in the

presence of alkali metals.g) These findings suggest that the decomposition
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Fig. 3-6. Probable Reaction Process of Phenanthrene

piocess of sym-octahydroanthracene must also be considered in the hydrocracking
of phenanthrene over acidic catalysts.

The formation of l-cyclohexyl-2~phenylethane was found in the products
[8=2.56(2H,t,J=8Hz) ]. unsym-Octahydrophenanthrene is considered to be cleaved
and hydrogenated to that compound, judging from the similarity of the structures
of these two compounds. In the presence of aluminum chloride, secondary alkyl-

2 If this

benzene was dealkylated in preference to primary alkylbenzene.
finding is extended to the case of unsjm—octahydrophenanthrene, the preferable
scission ofﬁits céa—céb bond to produce l-cyclohexyl-2Z-phenylethane may be
reasonable. Although the above decomposition process has never been indicated
in this connection, it is one of the wost important decomposition routes in
the hydrocracking of phenanthrene.

The product distributions are shown in Table 3~l; From the s;andpoiﬁt
of the distribution of gaseous prodidcts, -especially the ratio of iso to normal
isomers, the catalytic actiom of molten salts was discussed in chapter 2. The

constituents of the gaseous products in Run 2 were as follows. methane, 8.0wt%,

ethane, 7.5%; propane, 33.6%, isobutane, 38.0%, butane, 9.3%, butenes, 3.6%.



Table 3-1. Hydrocracking of Phenanthrene

Reaction conditions: initial hydrogen pressure, 100 kg/cm?; reaction temperature, 400 °C; reaction
system A: Catalyst/Feed==1.0 (mol/mol), Hydrogen/Feed=18.8 (mol/mol); B: Catalyst/Feed=1.0,
Hydrogen/Feed=26.7.

Run No.
1 2 -3 4 5 i} 7
Catalyst ZnCl, ZnCl,/Cu(l Znl,/KI  ZnCl,/NiCl, — ZnCl, ZnCl,/CuCl
(mol: mol) (60:40) (80:20) (90:10) (60:40)
Reaction system A A A A B B B
Reaction time (h) 3 3. 3 3 1 1 1
I 0.4 27.7 0.2 i1.2 2.0 1.6 3.2
I — 7.2 — 1.4 — - 0.3
II1 — 7.0 0.1 7.5 —_ — 2.2
v 0.1 33.2 — 10.5 - 0.3 3.3
v 0.1 12.4 2.2 11.5 0.1 0.9 10.9
Product Vi 0.4 2.2 0.1 1.0 0.6 0.4 0.6
(wt %) Vil 8.0 0.5 14.2 9.8 13.8 21.2 14.8
VIII 3.5 1.4 13.7 6.9 5.7 9.5 7.5
X — 1.1 5.2 4.8 3.5 7.0 22.6
X 87.5 1.4 63.4 33.4 74.3 55.5 24.9
XI — 1.3 0.9 2.0 — 3.2 5.0
© XII —_ 4.6 — — — 0.4 4.7

Since the ratio of isobutame to butane is higher than that in the thermo-
dynamic equilibrium, this hydrocracking is considered to proceed by means of a
; . . 10)
carbonium~ion mechanism.
The catalytic activity of the binary mixture of zinc iodide and potassium
iodide is superior to that of zinc chloride in the hydrogenation of phenanthrene
(Runs 1 and 2). 1In this case, attention must be paid to the fact that the
intrinsic cracking activity is lowered by the addition of potassium iodide

11 o
) The conversion in the

becausé of the formation of the complex ions.
presence of the zinc chloride containing 10mol” nickel(II) chloride is lower
than that in the presence of zinc chloride containing 40mol¥ copper(I) chloride,
but the product distributions obtained over these two catalysts are similar
(Runs 2 and 4). Therefore, the decomposition process of phenanthrene over
ZnCl,/NiCl, is considered to be intermediate between that over ZnCl, and that

over ZnCl,/CuCl. This finding suggests that zinc chloride has a good intrinsic

cracking activity under these reaction conditions, but its hydrogenating
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activity is not so high. The addition of a good hydrogenating catalyst to

zine chloride will p%oduce an excellent catalyst for the hydrocracking of

polynuclear aromatic hydrocarbons. Consequently, these molten salt catalysts

act as dual?functionél catalysts, and appropriate molten mixtures of metal

salts with the hydrogenating activity may be able to become effective catalysts.
A remarkable catalytic action of ZnCl,/CuCl was observed in this in- |

vestigation (Runs 1 and 2). The hydrogenating activity of zinc chloridevis

very low in this temperature range (Run 1). The intrinsic cracking activity

of zinc chloride may not be able to operate bhecause phenanthrene is little

hydrogenated. The addition of copper(I) chloride to zinc chloride must

contribute to the improvement of the hydrogenating activity of the catalyst.
The difference in the yield of octahydrophenanthrene and its isomers (IX)

between Run 6 and Run 7 indicates this improvement in the hydrogenating activity.
By comparing the results of Run 1 and Run 6, phenanthrene was foun& to

be more hydrogenated in Run 6 than in Run 1. From this fact, it can be seen

that the ratio of hydrogen to the feed must affect the product distributioms.

In addition, the material, the bapacity, the stirring paitern, and the memory

effect of the autoclave ares also important factors in dominating these

reactions. Therefore, even if the pressure, the temperature, and the ratio

of hydrogen to the feed should be maintained at constant levels in the

different systems, similar results may not be obtained.

(3) Hydrocracking of Pyrene.

Pyrene is liable to accept the hydrogenation (Runs 1 and 9), but is
fairly stable to the catalytic cracking (Runs 2 and 10), compared with
phenanthrene. If the decomposition of dihydropyrene to phenanthrene takes
place, the hydrocracking may occur easily. In practice, however, alﬁydropyrene

was converted further to highly hydrogenated pyrenes, and so the probable
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Table 3-2. Hydrocracking of Pyrene

Reaction conditions: initial hydrogen pressure, 100 kg/em?; reaction temperiture, 400 °C; reaction
system A: Catalyst/fFeed=1.0 (moljmol), Hydrogen/Feed=21.3; rcaction system B: Catalyst/
Feed=1.0, Hydrogen/Feed=30.5.

Run No.
8 9 10 11 12 13 14
Catalyst — Zn(Cl, ZnCL/CuCl  Znl,/K1 ZnBr,/CuBr  ZnCl, ZnCl,/Cull
(mol: mol) N (60:40) - (80:20)  (60:40) (60:40)
Reaction system A A A A A B B
Reaction time (h) B 3 3 3 3 3 3
I — 0.7 13.7 —_ 22.8 6.4 11.3
1T — — 1.1 — 4.4 0.3 2.3
111 — — 1.9 — 9.7 2.9 6.3
v — — 3.0 - 5.1 2.0 3.8
v — —_— 3.2 — 4.3 2.1 5.7
Vi — — tr- — tr 9.2 0.1
X111 4.3 0.4 3.8 1.6 3.5 2.1 3.2
oot | Xy — — 1.2 3.5 2.3 4.3 48
° XV —_ 1.5 7.5 16.7 4.5 20.4 14.4
XVI 1.0 3.0 2.5 3.5 1.5 4.3 3.5
XVIii 3.6 8.5 21.3 40.4 7.7 31.1 20.9
XVIi 16.7 23.7 13.5 15.8 4.3 9.6 7.8
XIX 78.2 62.2 19.7 18.5 4.6 8.5 6.0
X1 - — 3.9 - 2.2 4.8 8.2
X1 — - 3.8 — 21.0-- 1.0 1.5

decomposition routes of pyrene could not be clarified in detail in this
investigation. In the hydrocracking of pyrene, a binary mixture of zinc
bromide and copper(I) bromide was used for the purpose of examining the effect

of the difference of halide (Run 12). A high catalytic activity was found,

but a fairly large amount of coke was also formed. This is probably the reason
~why the reaction conditions are not adeéuate for this catalyst. There is

still ﬁuch room for an examination of the reaction conditions. ©No remarkable
difference in the product distributions of Runs 13 and 14 was observed because
the large amount of hydrogen and the other factors mentioned above might

serve to make uniform the characteristics of these two catalysts. This may

be considered to be indirect evidence for the improvement of the hydrogenating

activity by the addition of copper(I) chloride. The binary mixture of zinc
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iodide and potassium iodide displayed an excellent hydrogenating activity

and a lack of the cracking activity (Run 11).

(4) Hydrocracking of Chrysena.

Table 3-3. Hydrocracking of Chrysene

Reaction .conditions: initial hydrogen pressure, 100
kg/cm?; reaction temperature, 400 °C; recaction
system  A: Catalyst/Feed=1.0, Hydrogen/Feed=
24.1; reaction system B: Catalyst/Feed=1.0, Hydro-
gen/Feed=34.4.

Run No.
15 16 17 18
Catalyst znCl, 2 znal, Z2CL
(mol: mol) {60:40) {60:40)
Reaction system A A B B
Reaction time (h) 3 3 3 3
1 2.3 28.2 6.7 7.0
i1 —  10.7 — 3.7
994 — 175 1.3 19.5
v — 252 0.6 8.3
Vo 0.4 10.1 4.5 241
VI - 1.0 0.6 2.2
Product X1 3.6 3.4 12.0 243
(wt %) XX — — 5.1 4.0
XXI 2.3 0.3 2.9 0.5
XXIT 8.6 — 7.5 0.2
XXIII 7.3 0.3 14.8 2.2
XXIV  11.3 0.4 26.0 2.0
XXV 64.2 0.1 9.2 —
X1 _ — 7.7 —
XII 2.7 1.1 2.0

The results of the hydrocracking of chrysene are shown in Table 3-3.
Chrysene is hydrogenated to hydrochrysenes, which then isomerize to hydrobenz-
[a]anthracenes (Fig.3-7). For example, 1,2,3,4,5,6~-hexahydrochrysene (
containing a sym~octahydrophenanthrene skeleton) isomerizes to 5,6,8,9,10,11-
hexahydrobenz[a]anthracene (containing sym-octahydroanthracene skeleton) in
thé presence of a Lewis acid. The formation of 8,9,lO,ll;tetrahydrobenz—
[a]anthracene is attributed to either the isomerization of 1,2,3,4~tetra-

hydrochrysene or the dehydrogenation of 5,6,8,9,10,11-hexahydrobenz{a]-
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Fig. 3-7. Probable Reaction Process of Chrysene

anthracene, it is not certain which ocurred in practice. The main decomposition
pathways of hydrochrysenes and their isomers are probably the formation of
butylphenanthrene and the hydrogenated compounds. These phenanthrene-type
compounds are hydrocracked in a manner similar to that described in the
hydrocracking of phenanthrene. The decomposition route from dodecahydrochrysene
and benz[a]anthracene to 5- and 6-(2~cyclohexylethyl)tetralin respectively
becomes faigly important in the B system (Run 18), because the extent of the
hydrogenation is relatively high. Of course, the saturated six-member rings

of tetra~,,octa—, dodecahydrochryéenes, and hydrobenz[a]anthracenes isomerize

to five-member rings. The probable réaction process of chrysene is showh

in Fig.3-7. A high catalytic activity of ZnCl,/CuCl was also observed in the
hydrocracking of chrysene. Chrysene accepts hydrogenation relatively easily

in comparison with phenanthrene (Runs 1 and 15).

(5) Hydrocracking of Fluoranthene. | .

In order to examine the initial decomposition process of fluoranthene,
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1h was used as the reaction time. The results are shown in Table 3-4. The"
tetrahydrofluoranthene formed by the hydrogenation of fluoranthene is ruptured
to 5-phenyltetralin in the presence of hydrogen, followed by isomerization
to-6~phenyltetralin. Consequently, the amounts of biphenyl derivatives were
fairly large. The great formation of biphenyls.in the hydrocracking of a heavy

anthracene oil may be attributed to this decomposition pathway. The decempbsi~

tion process of fluoranthene is shown in FigsB—S.lz)

Table 3~4. Hydrocfacking of Fluoranthene

Reaction conditions: initial hydrogen pressure, 100
kg/cm?; reaction temperature, 400 °C; reaction
system A: Catalyst/Feed=1.0, Hydrogen/Feed=
21.3; reaction system B: Catalyst/Feed=1.0,
Hydrogen/Feed=30.5.

Run No.
e N
19 20
Catalyst Zn(Cl, ZnCl,/CuCl
(mol: mol) (60:40)
Reaction system A A
Reaction time (h) 1 1
I — 14.9
11 — 3.3
111 — 5.8
4% : — 10.4
v — 7.9
VI — 5.4
X111 2.4 31.5
XXV1 15.6 C 4.2
XXVII 80.4 5.2
XI 1.6 6.1
XII — 5.3

_\’<—~

Fig. 3-8. Probable Reaction Process of Fluoranthene
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(6) Hydrocracking of Anthracene.

The detéils of the hydrocracking of anthracene have been reported in a
preliminary study.A) Anthracene is more easily hydrogeﬁated than pheranthrene.
The product distribution of anthracene is gimilar to that of phenanthrene when
the hydrocracking proceeds to some degree. Tﬁis phenomenon is attributable
to the fact that the marginal hydrogenated ring is ruptured in preference
to the central ring in a dihydro derivative, for the c¢leavage of a saturated
single C-C bond of dihydroanthracene or phenanthrene should result in a differ-
ent’type of compound. In addition, it is necessary to take into account the
fact that the isomerization between sym-octahydroanthracene and sym-octahydro-

phenanthrene does away with the difference in their product distributions.

3~4 CONCLUSION

Concerning‘the reaction routes over these molten salt catalysts; the
findings in this investigation may be outlined és follows. 1) the isomerization
between sym~octahydrophenanthrene and sym-octahydroanthracene in the hydrocracking
of phenanthrene and anthracene, and a similar isémerization in the hydro-
cracking of chrysene, 2) the decomposition of unsym-octahydrophenanthrene to
l-cyclohexyl-2-phenylethane in the hydrocracking of phenanthrene and a similar
cleavage in the hydrocracking of chrysene; 3) a depomposition pathway leading
to biphenyls in the hydrocracking of fluorantheﬁe. On the other hand,
ZnCl,/CuCl molten salt, which is considered to act as a dual-functional
catalyst, displayed a more efficient catalytic éctivity for cata-condensed
aromatic hydrocarbons (phenanthrene, anthracene, andkchrysene) than
for peri-condensed aromatic hydrocarbons (pyrene). Moreover,rthese results
(listed in Figs.3-1 - 3~5) were useful in the identification of the hydrc;

cracked products of Yubari coal.lé)
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CHAPTER 4
The Hydrocracking of Alkyl-substituted Polynuclear Aromatic Hydrocarbons

over ZnCl;/CuCl Molten Salt Catalyst

4-~1 INTRODUCTION

In the previous chapter, polynuclear aromatic hydrocarbons {anthracene,
phenanthrene, pyrene, chrysene, and fluoranthene), which were supposed ﬁo be
structural units of bituminous coal, were used as the model substances. The

“detailed prcduétidistfibutions'énd'aifferéﬁtes'of the catalytic activities
among some molten salts were presented and discussed. The ZnCl, /CuCl molten
salt was found to be one of the superior hydrocracking catalysts for poly-
nuclear aromatic hydrocarbons.

In the study of structural uniﬁs of coal, one of the major problems is
to understand the behavior of the substituents which attach fo the condensed
aromatic rings in the hydrocracking reaction. TFrom this standpoint, the
findings reported’in the previous cha?ter will be applied to interprete the
results obtained in the hydrocracking of alkyl-substituted polynuclear
aromatic hydrocarbons, in order to clarify the effect of the alkyl substi-
tuents on the product distributions. The characteristic behavior of the
alkyl groupé on the starting material and the decomposition process will be

described in this chapter.

4-2 EXPERIMENTAL
(1) General Procedure.

A stainless steel vessel containing 8g of feed.(in the case of the
unsubstituted aromatic hydrocarbon) and an equimolar aﬁount of the catalyst
(ZnClzICuCl=60molZZ&Omcl%)vwas placed in a stainless steel (SUS 325 autoclave

with a capacity of 200ml. TIn the hydrocracking of an alkyl-substituted
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or dihydro aromatic hydrocarbon, the quantity of feed used was equimolar

with the unsubstituted derivative containing the same condensed rings.
Hydrogen was imtroduced into the autoclave to achieve a pressure of 100kg/cm?;
then the‘autoclave was heated up to the desired temperature. This took

from 60 to 70min. The reaction system was shaken in a horizontal direction
(68 strokes/min) and maintained at 400°C for 3h. No attempts were made to
maintain the hydrogen pressure at a constant level during the reaction. The
identification and the determination of the products were carried out
according to the methods described previously.

(2) Materials.

The naphthalene(TIa), 2,6~dimethylnaphthalene(Id), and fluorene(VII) were
obtained from Wako Pure Chemical industries,Ltd. The l-methylnaphthalene(Ib),
2-methylnaphthalene(Ic), anthracene(IlIa), and 9,10-dihydroanthracene(Va) were
obtained from Nakarai Chemicals,Ltd. The phenanthrene(IIIa) and chrysene(IV)
were obtained from Tokyo Kasei Kogvo Co.,Ltd. 9-Methylanthracene(IIb) and
9~Qropylanthracene(11c) were prepared by the reaction of anthrone with
| 1)

methylmagnesium iodide and propylmagnesium bromide respe&::tively.‘L 2-Methyl-

anthracene(IId) was prepared by the reduction of 2-methylanthraquinone with

2) 9,10-Dihydro~9-methyi-~

3)

zinc dust in NaOH aqueous solution and toluene.
anthracene(Vb) was prepared from Va and methyl iodide by using Buli.
Similarly, 9,10-dihydro-9,10~dimethylanthracene(Vc) was synthesized by using
Vb as the starting material. 9-Methylphenanthrene(IIIb) was prepared from

4)
9-Bromo~-

9-bromophenanthrene and methyl iodide in the presence of BuLi.
phenanthrene was prepared by the addition of bromine to IIIa, followed by

thermal elimination of hydrogen bromide. 9,10-Dihydro~-9-methylphenanthrene
(VI) was prepared by the reduction of IITb by using Li in liquid NH; in the
4)

presence iron{I1I) chloride. All the purities of these compounds, determined

by GC, were more than 957%7. The zinc chloride and copper(I) chloride were



obtained from Nakarai Chemicals,Ltd. The mixture of ZnCl, and CuCl was

dried before use at 400°C for lh in nitrogen.

(3) Classification of Products.

In order to clarify the reactivity of the starting material over the
molten salﬁ,»it is necessary te-know the product distriburion. The products
were classified for convenience into seven groups as follows. 1, C,~-C, gases,
2, Cs-C7 alkanes, 3, cycloalkanes; 4, monocyelic aromatics; 5, indanms, tetraliné,
and bicyclic aromatics,; 6, dihydrobenzindenes, tricyclic aromatics, and their

hydrogenated compounds, 7, coke.

4-3 RESULTS AND DISCUSSION

Table 4~1 shows the product distributions according to the classification
method described in the experimental section. The reaction conditions were
decided by considering the extent of the progress of the hydrocracking, because
a high‘conversion is required in order to discuss the reaction process of

hydrocracking based on the product distribution.

(1) Influence of the Number of Rings in the Condensed Aromatic Hydrocarbon.
Table A»l shows that the yield of cycloalkanes (3) increases with

increasing number of ringé, from the comparison of the results of naphthalene
(Run 1), pheaanthrene (Run 9), and chrysene (Run 11). Here, the yield of 3
'in the hydrocracking of naphthalene is much lower than that in the hydrocrack-
ing of anthracene, phenanthrene, and chrysene. This finding strongly indicates
that the cleavage of the C-C bonds of the central rings in highly hydrogenated
polynuclear aromatic hydrocarbons containing more than three rings (ex. unsym-
octahydroanthracene, unsym-octahydrophenanthrene, and so on) is one of the

main decomposition pathways. Actually, the decomposition of unsym-octahydro-
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Table 4-1. Distribution of Hydrocracked Products

Reaction conditions: ZnCl: CuCl=060: 40 (mol: mol); Feed/Catalyst=1.0 {mol/mol); initial hvdrogen
pressure, 100 kgfcm?; reaction time, 3 h; reaction temperature, 400 °C.

Run No.
I 2 3 4 5 6 7 8
Ma Me Me » Me n-Pr Me
m O
Feed Ia b e 14 1a m ol 11d
1 45.7 33 .4 739.3 40.7 38.1 423 25.7 28.8
) 2 3.7 6.6 5.5 7.2 7.9 7.9 10.3 10.7
c 3 1.5 2.0 1.8 1.5 10.8 7.8 8.5 10.3
Podws 14 s64 477 453 48 2.7 243 27.6. 4.6
”° 5 2.2 9.3 5.4 5.5 8.9 19.5 15.2 15.2
| s — - - - 2.5 5.0 11.3 10.3
L7 0.5 0.5 0.5 0.2 4.1 2.4 1.4 0.1
Rum No.
9 10 1 12 13 14 15 18
' Me Me ®)
S o0 oo oo e
oS co oo oo el oL
X il
Faad Hia 11Tb v Va Vb Ve Vi VIl
o1 27.7 1.4 282 = 42.0 35.9 35.5 41.7 30.6
2 7.2 7.7 10.7 7.2 8.5 7.8 6.7 4.2
) 3 7.0 6.4 17.5 8.6 8.3 3.9 5.4 6.5
iy 4 33.2 34.0 5.2 29.5 24.5 28.0 30.1 25.0
e 5 14.5 6.0 1.0 9.1 14.5 3.0 10.0 14.3®
5 5.7 3.3 4.5 2.4 7.2 1.3 5.0 17.5
U 45 1.2 2.7 1.2 0. 0.4 9.1 1.9
T a) containing tetracyclic compounds (1.195).. b) containing biphenyls {10.5%])

phenanthrene to l-cyclohexyl-2-phenylethane in the hydrocracking of phenanthrene

and g similar cleavage in the hydrocracking of chrysene were found and reported

in the previous chapter. This finding also demounstrates that the contribution
of the pathway via decalin to the decomposition process of naphthalene is
minor,s) and that this type of catalyst is relativelyvinactiv for the hydro-
genation and hydrocracking of monocyclic aromatics. The laiter seems to be

£

desirable for obtaining a high yield of gasoline.o)

(2) Influence of Kinds of Alkyl Groups in the Hydrocracking of Anthracenes.

Table 4-2 and 4-3 describe the composition of gases (1) and monocyclic
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Table 4-2., Composition of Gases (molZ%)
Run No.
. 2 3 4 5 B 7 3 9 ¥ 10 11 12 13 14 15 16
Feed Ta b Ic Id Ta ITb I1c 11d Ila i1 IV YVa Vb Ve Vi Vil
;i 335 22.8 23.8 228 20.8 29.5 2073 26.1 209 214 210 17.7 403 504 341 23 4
LoV }2.8 9.9 11.4 11.5 12.2 89 93 84 105 78 85 108 78 69 90 127
C3% 25.6 30.8 31.4 28.6 293 276 457 220 319 34.6 268 322 223 196 268 339
C4 28.1 36.5 334 37.1 37.7 34.0 24.7 43.5 36.7 36.2 43.7 39.2 296 23.1 30.1 '30’.]
a) Methane. - b) Ethane. ¢} Propane. d) Butanes and butencs.
Table 4~3. Composition of Monocyclic Aromatics {(molZ%)
Run Ne.
1 2 3 4 5 8 7 8 3 1 i1 12 13 14 15 16
Feed Ia Ib Ic 1d IIa IIb Ile IId IIfa IlIb IV Va L% Ve Vi o ViX
AN 68.9 25.7 25.9 7.9 41.7 27.9 41.4 19.9 38.4 230 39.1 391 263 190 22.1 479
B™ 16.5 34.4 35.3 33.7 26.3 27.8.28.8 31.8 23.4 31.0 263 24.4 27.1 25.1 29.2 26 8
() 11.3 28.3 27.9 31.3 17.5°24.0 163 226 23.3 286 27.5 24.7 299 32.5 295 19.3
DY 1.9 9.0 85 2.0 7.7 13.7 87 13.7 82 112 73 70 08 17.5 139 438
£9 1.4 2.6 1.9 7.1 52 66 4.8 120 6.7 6.2 48 4.8 60 59 5.3 1.1
RO T 4.18 0.75 0.72 0.23 1,55 1.00 1.44 0.63 1.64 0.74 1.49 1,680 097 0.76 90.78 1.79

oo

!

a) Benzene. D) Toluene c¢) Ethylbenzene and xylenes (C, alkylbenzenes).
d) Cs alkylbenzenes. e) Alkylbenzenes containing more than C,.
f) R=benzene/toluene (mol/mol).

aromatics (4) respectively. The behavior of the alkyl group can be deduced
by using th;se results, because the difference in the composition of 1 or 4
between the alkyl-substituted polynuclear aromatic ﬁydrocarbon and the
corresponding umsubstituted compound is apparent. First the results for
anthracene derivatives wili be discussed -and the reactivity of IIb will be
compared with that of IIc. Two experiments (Runs 6 and 7) were carried out

to investigate the difference of the composition of the products in accordance
with the change in the alkyl group. The relative content of methane in Run 6
is higher than that in Run 5.

Similarly the relative content of propane in

Run 7 is quite a bit higher than that in Run 5. These findings show that the



alkyl group is eliminated in the course of hydrocracking. 1In the case

of methyl—substituted-?olynuclear aromatics, the ratio of benzene to

toluene (R) is supposed to indicate the exteﬁt of demethylation, because

the value may increase with increasing demethylation according to the main
reaction scheme, as shown later (cf.Fig. 4~1), and this ratio was used as

a convenient measure of demethylation. The comparison of R in Rﬁn 6 with R

in Run 5 shows that the methyl group of IIb is conserved in monocyclic aromatics
in the course of hydrocracking. The ratio of the yield of unsubstituted
tricyclic compounds to that of alkylated tricyclic compounds was 8.9 in the

case of IIc and 2.3 in the case of IIb. In addition, the composition of

h

monocyclic aromatics in Run 7 was very similar to that in Run 5. All o
these findings indicate that the propyl group is dealkylated more easily
than the methyl group. Similar phnomena were observed in the hydrocracking

N These findings may

of alkylbenzenes in the presence of acidic catalysts.
be explained by considering that propylanthracene possesses the possibility
of isomerization to isopropylanthracene and that the secondary alkyl group

)
7>8) The similarity

can be dealkylated in preference to the primary alkyl group.
between IIa and IIc in the composition of monocyclic aromatics would demon-
strate that the propyl group of IIc is mainly dealkylated in the initial
decomposition stage. On the othef hand, the decomposition process of the

marginal hydrogenated rings prior to dealkylation is also comsidered fo be

of importance in the case of IIb.

(3) Influence of Positions of Alkyl Groups and Types of Condensed Rings.

Since the presence of methyl group remarkably influenced the decomposition
of the polynuclear aromatics, the methyl derivatives were used for the follow-
ing experiments. The experiments of IIb and IId were carried out to clarify

the effect of the position of methyl group attached to the anthracene skeleton



on the composition of the decomposed products. The value of R in IId is

lower than that in IIb, this finding suggests that the methyl group of IId

is well conserved in monocyclic aromatics in comparison with that of ITb.

This result is interpreted by the idea that the demethylation prior to the
hydrocracking Qf the condensed ring has a minor contribution to the reaction
process in the hydrocracking of IId, that is, the methyl group of 1Ib is
eliminated more easily than that of IId. The experiments of IIb and IITb

were carried out to clarify the difference of the type of condensed rings.

-The ease of demethylation in the initial decomposition process differs in
these two cases. The methyl group of IIIb is conserved in monocyclic aromatics
much more frequently than that of IIb. It is noteworthy that the composition
of monocyclic aromatics of IV is fairly similar to that of IIIa. The effac;
of the presence of the methyl group on the composition of monocyclic aromatics
(Run 10) is observed more dramatically than that of the increase of the

number of the aromatic rings (Run 11).

(4) Hydrocracking of Naphthalenes.

It is noteworthy that a remarkable difference in the R values was
observed in the hydrocracking of naphthalene derivatives (Runs 1-3).  This
finding suggests that the unsubstituted ring is more easily hydrogenated
than the methylated ring. This fact is the basis for asserting that the
alkyl groups on the polynuclear aromatic hydrocarbons influence the com-
position of momocyclic aromatics in this hydrocracking. The effect of the
position of the methyl group on the composition of monocyclic aromatics was
hardly observed in the case of Ib and Ic (Runs 2 and 3). - The experiment of
Id (Run 4) seems to be most suitable for investigating.the demethylation.
If Id never undergoes the éemethylation , the yield of benzene should become

zero. The presence of a little quantity of benzene demonstrates the occurence



of demethylation, however, the contribution of the demethylation in the
initial stage to the composition of monmocyclic aromatics seems rather

insignificant.

(53) Hydrocracking of Dihydro Tricyclic Aromatics.
The hydrocrcking of Va is of importance for clarifying the decomposition

9-11) If the central methylene bridge of Va is ruptured,

process of Ila.
the yield of monocyclic aromatics should increase remarkabl? compared with

Ila. However, the product distributioms of these two hydrocracking reactions
are similar. Va seems to undergo dehydrogenation, followed by the decomposition
process, in a way similar to IIa. The experiments of Vb and Vc were carried
out in anticipation of the specific reaction caused by introducing the methyl
group(s) to the central carbon atom(s) of 9,10-dihydroanthracene. The product
iistribution of Vb (Run 13) is successfully explained by considering that the

dehydrogenation and demethylation occurred in the initial stage, that is, Vb

[¢]
b
2]
W]
s
9]
o}

was mainly decomposed via IIa or IIb. V¥ considered to be decomposed
in g manner similar to Vb, and so the opening of the central ring Qf this
type of compound is considered to be small in this hydrocracking reaction.
Fig.4-1 shows the main decomposition scheme of 9,10-dihydroanthracene deriva-~
tives. Therease of dealkylation of the butyl group compared with the methyl
group is considered to govern this decomposition process. If the Cga‘cé boud
of VI is fairly well cleaved, the yield of bi;heny} derivatives in the
hydrocracking of VI should be higher than that in the hydxocracking of IIIb.
However, no such increase of the yield of biphenyl derivatives could be
observed, and so VI seems to undergo demethylation and dehydrogenation in the
initial decomposition process. On the other hand, the pathway to the ’
biphenyl derivatives becomes very important in the case of VII, because VII

has no pathway of dehydrogenation to the stable aromatic compounds. In this

case, the lowering of the reactivity was observed.
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Fig. 4-1. Main Reaction Scheme of Dihydroénthracene Derivatives

4~4 CONCLUSION

| The hydrocracking of alkyl-substituted polynuclear aromatic hydrocarbons
was carried out to clarify the decomposition scheme and the behavior of the
alkvl group. The findings are outlined as follows. 1) The decomposition
route via highly hydrogenated compounds becomes important with increasing
numbers of rings of the polynuclear aromatics. 2) The alkyl group substituted
on the polynuclear aromatic hydrocarbon is nof completely dealkylated in the
initial stage and remains in the products as momocyclic aromatics. The extent
of dealkylation depends on the properties (that is, kinds and positions of
alkyl groups, and types of condensed rings) of the starting materials. 3)
In the hydrocracking of 9,10-dihvdroanthracene, the dehydrogenation occurs in
preferénce to the opening of the central ring, in the hydrocracking of the
methylated 9,10-dihydroanthracenes and 9,10-dihydrophenanthrene, the
dehydrogenation and demethylation take place in preference to the opening
of the central ring, but in the hydrocracking of fluorene, the pathway to
the biphenyls becomes important. These fandings are expected to be useful
for understanding the hydrocracked mechanism and the composition of the

resulting products of coal.
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CHAPTER 5

The Bydrocracking of Solvent Refined Coals over Molten Salt Catalysts

5-1 INTRODUCTICN

Although the detailed structure of coal has never been clarified, some
structural analyseé suggest that coal is the natural polymer possessing
several structural units consisted of mainly condensed rings. Consequently,
in order to obtain liquid fuels from coal, it is necessary to decompose the
condensed rings in addition to the scission of the boqd between the structural
units. TFrom this standpoint, the hydrocracking of model substances of coal
(that is, a heavy anthracene oil and polﬁnucléar aromatic hydrocarbons) over
molten salts was investigated and ZnCl,/CuCl molten salt was found to be one
of the superior hydrocracking.catalysts for the coal related substances based
on the detailed product analyses. In this chapter, this catalyst system will
be applied to the hy&rocracking of solvent refined coals (SRC), which is
considered to be representative of structural units of coal, and the catalytic
action of this catalyst system for SRC will be examined in comparison with

anlz °

5-2 EXPERIMENTAL

The NMR spectra were recorded on a Jeol JNM-PS-100 spectrometer, using
tetramethylsilane as the intermal standard. CDCl; was used as the‘solvent
for all the substances. The GLC analyses were perforﬁed on a Shimadzu GC-3AH
for gaseous produc;s and on a GC-4BPTF for liquid and solid products. The
GC-MS spectira were taken with a Hitachi RMU-6MG spectrometer at ZdeV connected
with a Hatachi M 5201 apparatus using a 3m x 3mm column of 5% Silicone 0V-1

on Uniport KS. The average molecular weights were determined with a Hitachi-



Perkin Elmer 115 vapour pressure osmometer in chloroform and bibenzyl was
used as the caziibration standard. The zinc chloride and copper(l) chloride

were obtained from Nakarai Chemicals,Ltd.

(D Preparation‘of SRC.

Experiments were carried out in a 500ml SUS 32 autoclave, 50g of Yubari
coal (~200mesh) and 100ml of tetralin were charged and hydrogen was pressured
up to 80kg/cm®. The rate of the temperature rise was controlled to about
3°C/min up to 400°C, after which the temperature was held for 3h. The autoclave
was shaken in a horizontal directien (70 strokes/min). No attempts were made
to maintain the hydrogen pressure at a constant level during the reactiom.

he system had been cooled to room temperature, gases were collected

f

After
in a gas holder and analyzed by GLC‘(60-80mesh Silica gel column, 3m x 3mm,

TCD, 120°C, N. Catrier). The product was filtered and the residue was extracted
with benzene by Soxhlet extractor. The above procedure was repeated 3 times.

The benzene and tetralin were removed from the combimed mixture of filtrates

and extracted solutions. The yield of Yubari SRC was 90g. In the case of
Tempoku coal, the reaction time was 30min and the autoclave experimentbwas
repeated 4 times. The yield of Tempoku SRC was 70g. All the properties of coals
and their SéC are shown in Table 5-1.

Table 5-1. Properties of Coal and SRC

U]timate‘gna]ysesa) Structural parametersé)
“4 ¢ N a2 & Hauca e

Yubari Coal 6.0 8.1 2,1 5.8 — e _—
Yubari SRC 6.4 88.9 2.2 2.6 0.73 0.28 0.63 506

Tempoku Coal 5.4 69.8 1.9 22.9 —_ - _ —
Tempoku SRC 6.3 87.2 1.7 4.8 0.76 0.26 0.69 340
a) d.a.f. b) by Brown-Ladner’s method c¢) difference d) CHCY4
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Preparation of YGbari SRC

¥ibari Coal » 80
{50g%x3) {(100mix3)

in Autociave
400°C ,3br
H2 : B0 %g/cme

[Gas]
{F’ iltration ] (189)

Sozxhlet exiraction with @" —aiResidue
¥

(20g)
{Evaporation of © - 801
1
Y ps:zzv,
SQEC) BS:81%
(90g BIS: 17%

(2) Hydrocracking of SRC.

A stainless steel vessel containing 8g of SRC and the éatalyst was placed
in 3 Sﬁs 32 autoclave wirth a capacity of 200ml. The air in the autoclave was
replaced by hydrogen, and then the system was filled with hydrogen to 100
kg/cm?; then the autoclave was heated up to the desired temperature. The time
taken to reach the stage was from 60 to 7Omin. The reaction system shaken
in a horizontal direction (68 strokes/min) was maintained at the reaction
temperature for 3h. No attempts were made to maintain the hydrogen pressure
at a constant level during the reaction. After the system had been cooled
to room temperature, gases were collected in a gas holder and analyzed by GC.
The .1iquid and solid products were éxtracted with pentane by Soxhlet extracigs
and the residues subjected to benzene extraction. Moreover, the pentane
extracts were separated into two fractioms (PSL and PSH) by means of vacuum
distillation (-190°C/3mmHg). The lighter fraction (PSL) was analyzed by GC
(4.5m x 3mm packed with 20% SE-30 on Uniport B 60-80mesh, programmed from 30

to 270°C, 5°C/min, TCD, H; Carrier).
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5-3 RESULTS AND DISCUSSION
(1) Average structure of SRC.

SRC consists of large numbers of compounds possessing the different
molecular weights, moreover the constituents cannot be determined. However,
as these compounds are suppdsed to consist of similér type compounds, the
concept of the average structure has been employed for a variety of structural
anélyses. In this investigation, the average structure of SRC was estimated

b This CAMSC method

according to the CAMSC method proposed by Oka et al.
attempts to represent the average structure as a combination of aromatic and
aliphatic groups, in accordance with the input data represented as integral

numbers based on experimental data from elemental, NMR, and molecular weight
analyses.  Oxgen atoms were considered as a phenolic OH, as an érher, or as

a carbonyl group, on the other hand, sulfur and nitrogen atoms wera not

considered. The determination of average structures has been carried out

by the computor program prepared according to the flow chart and the classificatiom
method by Oka et al. The results of Yubari SRC and Tempoku SRC are shown in Figs.
'5-~1 and 5-2 respectively. It is supposed to be unreasonable that the average
structure is represented by a single structure. It is preferable to divide

the average structures obtained by the CAMSC method broadly into two types,

that is, theyéype containing the direct bond between two aromatic rings (é)

and the type containing a large ring structure (b).

(2) Hydrocracking of SRC.

The SRC, which received thermal scission of the bonds between structural
units and stabilization by hydrogen transfer from tetralin, is the primary
hydrocracked product of coal and is regarded as representative of the s%ructural

units of coal. The difference of the structural parameters calculated by using



Average structure of Yubari SRC by CAMSC

Experimental resuit: Ha=9.4, Ho=10.5, Hal=19.9,
Har=12.2, Car=28.0, Cal=59.4,{0H=0.82).

Input data for CAMSC: He=3, Ho=11, Hal=20,
Har=12, Car=28, Cal=9,{0H=1).

Fig. 5-1. Average Structure of Yubari SRC

OH ¥ >OH. b)
ofes gD

Me

Average structure of Tempoku SRC by CAMSC

Experimental result: Ha=6.9, Ho=5.0, Hal=11.9,
Har=9.6, Car=19.0, Cal=5.7,{0H=0.79).

Input data for CAMSC: a} He=7, Ho=5, Hal=12,
Har=10, Car=18, Cal=6,(0H=1). b) Car=20.

Fig. 5-2. Average Sfructure of Tempoku SRC

2)

Brown-Ladner’s method™ and average molecular weight between Yubari SRC and
Tempoku SRC suggests that the structure of the SRC considerably reflects the
original structure of coal. On the other hand, as SRC is molten at thismieaction

temperature and becomes homogeneous liquid, the catalytic action of the molten
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salts for SRC is expected to be similar to that for polynuclear aromatic
hydrocarbons (PAH). From these standpoints, SRC was selected as a kind

of model substances of coal.

Table 5~2. Hydrocracking of Yubari SRCa)
Run No.
& 2 3 2 5 5 7 3 I
Catalyst nCl, InCl,/ InCl, InCl,/ InCl, InCl,/ . InCl,/ ZInCl,/
. 2 cur? 2 ue? 2 i1t wh? wa?
{mo1:mol) {60:40) (60:40) {90:10) (60:40) (60:40)
Catalyst/feed 0.1 0.1 0.7 0.1 1 1 1 ]
(wt/wt)
?iagtion.Temp. 350 350 400 400 400 400 400 400 400
c ‘ ‘
Gas 2 3 9 13 14 25 29 36 40
Products PSL 2 2 7 16 19 32 32 24 34
(wez) PSH 25 34 19 39 41 28 22 13 3
BS 48 42 61 17 14 1 1 1

a) Yubari SRC consists of 22% of PS, 61% of BS, and 17% of BIS. b) Tempoku SRC
Reaction conditions: initial hydrogen pressure, }OGkg/cmz; reaction time, 3h.

The results of the hydrocracking of SRC are shown in Table 5-2. The
products were classified into Gas, PSL, PSH, and BS. The GC charts of the
hydrocracked products of Yubari SRC are shown in Figs.5-3 and 5-4. The products
listed in Figs.5-3 and 5-4 were identified by means of GC-MS and by reference
to the GC ghérts of the hydrocracked products of PAH. The structural parameters,
the average molecular weight, and nitrogen content of the hydrocracked products
of Ydbari SRC are shown in Table 5-3. Then, the catalytic action of molten
salts will be discussed based on the product distribution shown in Table 5-2
and the properties shown in Table 5-3.

The reaction conditions of Runs 6-8 were established by considering the
case of PAH. As thé vield of gas increases with increasing the content éf CulCl,

the cracking ability of the catalyst is considered to be increased by the
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Table 5-3. Properties of Hydrocracked Products
of Yubari SRC

Sample fa Hau/Ca My N(%)
SRE-PS  0.61 0.78 284 @ 2.12
3-PSH 0.59 0.79 288 1.66
4-PSH 0.57 0.79 285 0.57
E-PSH-  0.57 0.79 283 0.64
6-PSH  0.61 0.7 - 273 —

7-PSH 0.63 0.73 257 —_

8-PSH 0.60 8.70 268 —

SRC-PS  0.76 0.63 511 - 2.40
3-88 . 0.75 0.57 487 - 2.29
4-8S 0.74 0.58 376 1.05
5-8S 0.75 0.57 403 0.98

addition of CuCl, but the undesirable recombination of fragments also seems
to be accelexatedGSD Accordingly, more mild conditions than the conditions
in Runs 6-8 ars considered to be demanded for the hydrocracking of SRC. The
quantity of ca;alyst was decreased in Runs 3-5, and the reaction temperature
was lowered in Runs 1 and 2.

The average molecular weights and the structural parameters of PSH in
Runs 4 and 5 are similar to them in Run 3.  On the other hand, the average

molecular weights of BS in Runs 4 and 5 are less than that in Rums 3. By

comparison of the product distributions in Runs 3-5, the increase of the amounts

of Gas, PSL, and PSH, the decrease of the amounts of BS, and the lowering

of the average molecular weight of BS strongly demonstrate that these molten

salts are remarkably effective for the hydrocracking of Yubari SRC. In addition,

denitrogenation wag found to be acceralated by the catalytic action of the

molten salts.

In the hydrocracking of PAH at 400°C the catalytic activity of ZnCl,/CuCl

molten salt had been found to be greatly higher than ZnClg molten salt. But
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in the hydrocracking of SRC at 400°C over these molten salt catalysts, the
difference of the catalytic activity was not so remarkable. In comparison

with PAH examined in chapter 3, SRC possesses higher average molecular weight
and hetero atoms. These factors are supposed to reduce the difference of the
catalytic activity of these two catalyst systems. Morita et al.s) had reported
that the hydroxyl group attaphing to the aromatic ring facilitates the
hydrocracking of of the aromatic ring., The results of the hydrocracking of
naphthalene and B-naphthol over the molten salts shown in Table 5-4 supported
6)

. : o 6 A : ;
his consideration, and the hydroxyl group existing in SRC is supposed to

T

facilitate the hydrocracking of SRC. Accordingly, hydroxyl groups are antici-
pated to be important in reducing the difference of the catalytic activity
of these two catalysts.

At 350°C (Runs 1 and 2), the difference of these two catalysts was observed
in the yield of PSH and BS.

Table 5-4. Influence of 0OH Substituent on the

Product Distribution

Feed naphthalene ~ - A& -naphthol
Catalyst ZnCl2 é:g}zl ZnC}2 g:g}zl
{mol:mal) {60:4G) (60:40)

[(¢,-c, gases 3.4 45.7 26.3  56.0

CS-C7 alkanes - 3.7 1.1 2.9

Productss cycloalkanes 0.1 1.5 3.2 3.1

(wtz) monocyclic aromatics 2.0 46.4 18.7 33.7

indans and tetralins 16.0 1.7 31.2 3.0

naphthalene 77.9 0.5 9.3 0.7

_higher boiling products 0.7 - 10.3 0.6

Reaction conditions: initial hydrogen pressure, 100kg/cm2; reaction
time, 3h; reaction temperature, 400°C. Catalyst/Feed=1{(mol/mol).
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In the hydrocracking of PAH, it was clarified that the product distribution
is dependent upon the original structure and the methyl groups in the feed
remarkablyeffect on compositions of momocyclic afomatics and of gases. Based
on the results obtained in the hydrocracking of SRC under the conditions
similar to the hydrocracking of PAH, the structure of SRC will be discussed.

Table 5-5. Influence of Ring Size on the Product Distributiom

Substances used for cycloalkanes/monocyclic aromaticsa)
hydrocracking

bicyclic compoundsb) - - 0.03-0.04

trieyclic compounds®) 0.14-0.42

chrysene 0.70

Tempoku SRC 0.82

Yabari SRC 1.11

ajwt/wt b) naphthalene, l-methylnaphthalene, 2-methylinaphthalene,
2,6-dimethyinaphthaiene ¢) anthracene, 3-propylanthracene,
2-methylanthracene, 3-methylanthracene, 9,10-dihydroanthracene,
9,10-dihydro-3-methyianthracene, 9,10-dihydro-9,10-dimethylanthracene,
phenanthrene, 9-methylphenanthrene, 3,10-dihydro-9-methyiphenanthrene,
fluorene,

»

Monocyeclic aromatics are relatively stable in these reactionm conditions.
On the other hand, cycloalkanes are mainly formed via highly hydrogenated
compounds (for example, unsym-octahydrophenanthrene in the hydrocracking of
phenanthrene), and so the yield of cycloalkanes is expected to increase with;
increasing the size of the original ring structure. The ratio of thg ambunts
of cycloalkanes to those qf monocyclic aromatics in the hydrocracked products
shown in Table 5-5 is considered to be a measure of &he size of the ring
structure. If SRC consisted of alkyl-substituted PAH, they are supposed
to have larger ring structure than chrysene in average.  This finding suggests
that the type containing a large ring structure (b) is more important than

that containing the direct bond between two aromatic rings (a) in the average



structures shown in Figs. 5~1 and 5-2 between these two SRC.

- Table 5-6. Composition of Monocyclic Aromatics (molX%)

- Yubari SRC  Tempoku SRC

A 14.2 27.0
8 25.0 27.7
c 28.7 26.8
h} 20.2 12.3
£ 12.0 6.2
R 0.57 0.97

A) benzene B) toluene C) ethylbenzene
and xy'lenes(c2 atkylbenzenes) D) €y
alkylbenzenes E) alkyl benzenes containing
more than €4.

R=benzene/toluene(mol/mol)

Table 5-7. Composition of Gases (mol%)

Yubari SRC  Tempoku SRC

1 40.0 39.1
2 17.7 17.7
a2 19.3 20.7
c4 22.3 22.5

C1) methane <(2) ethane <(3) propane
C4) butanes and butenes

In the hydrocracking of alkyl-substituted PAH, the behavior of the
alkyl group attached to the condensed ring had been found to be different. The

methyl group was not completely dealkylated in the initial stage and remained

in the products as monocyclic aromatics, the extent of dealkylation had been
found to be dependent upon the type of starting materials. Table 5-6 suggests
that Yubari SRC possesses a lot of alkyl gioups as the substituents in
comparison with Tempoku SRC. On the other hand, Table 5-7 indicates that the
extent of dealkylation is simiiar to that of Tempoku SRC. These results

seem to support the idea that average structures shown in Figs. 5-1 and 5-2

considerably reflect the characteristics of the real structure of these two SRC.
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CHAPTER 6

The Hydrocracking of Yubari Coal Supported with Metal Halides

6-1 INTRODUCTIbN

The ZnCl,/CuCl molten .salt was found to be one of the superior catalysts
for several model substances of coal in comparison with ZnCl, alone as
préviously stated. In this chapter, this catalyst system will be applied to
the hydrocracking of Yﬁﬁari coal which is the one of the typical Japanese

bituminous coals.

6-2 EXPERIMENTAL

Zinc halide (ZnCl,; or Zni,) was supported on Yubari coal (~32mesh)
through the impregnation of its methanol solution, then the slurry was dried
by evaporating the methanol at 105°C, S5mmHg for 30min. In the case of
ZnXz/CuX (X=C1,1) supported coal, coal was added to the methanol solution
dispersed with CuX, and then the methanol was removed under the above
conditions. ZnCl%, CuCl, and Cul were obtained from Nakarai Chemicals,Ltd.
Znl, was obtained from Mitsuwa Chemicals Co.,Ltd.

A stainless steel vessel containing the coal (10g) treated with metal
halide was placed in an autoclave (Haételloy F) with a capacity of 200ml.
The system was flushed and filled with hydrogen to 100kg/cm® and heated up
to 400°C: the time taken to reach 400°C was GOﬁin. The reaction system
waé shaken in horizontal direction (68 strokes/min). After the reactionm,
the system was cooled to room temperature, and gaseous products were collected
in a gas holder and analyzed by GLC. The liquid and soiid products in the

autoclave were scraped out with pentane and extracted in a Soxhlet apparatus

with pentane and then with benzene for 20h, respectively. The solvent
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of the extracted solution was removed in vacuo. The structural parameters

D

of hydrocracked products were calculated using Brown-Ladner’s method™ on the

basis of the data of 'H NMR and elemental analysis. The apparatus used for

analytical methods were described in detail previously.

6~-3 RESULTS AND DISCUSSION

The catalytic action of molten salts will be discussed based on the
product distribﬁtion shown iﬁ Table 6-1 and the properties shown in Table
6-2.

Table 6-1. Hydrocracking of Yubari Coal

Runﬁ?o.
3 2 3 4 )
Catalyst nC1 InCl z
! 2 CuC;Z/ "2 §§§z/
Gas 13 18 14 23
?;§S§Cts{jps 36 43 s0 57
- 8S 41 38 20 15

Hy: 100kg/an’; 400°C; 3h; InX,/Cuk=5(mol /mo1 )3
ZnIZ: Swit¥; ZnClz: equimoiar to Inl,.

Table 6-2. Properties of Hydrocracked Products

of Yubari Coal

Sample fa Hau/Ca Mw
1-PS 0.62 0.68 265
2-PS 0.54 0.88 250
3-PS 0.55 - 0.75 280
4-pS 0.55 0.78 250
1-88 0.71 0.58 625
2-8S 0.71  0.82 585
3-BS 0.70  0.57 625
4-B8S 0.69 0.60 = 588

By comparison of the product distribution and the properties in Ruas
1 and 2, the increase of the amounts of Gas, PS, the decrease of BS, and the

lowering of the average molecular weight of PS and BS strongly demonstrate



that ZnCl,/CuCl molten salt is superior to ZnCl; molten salt. 1In -addition,,
it is noteworthy that similar trend was found in the case of iodides.

These reaction conditjons were established in connection with the hydro-
cracking of polynuclear aromatic hydrocarbons (chapters 3 and 4), and so
the characteristics of this catalyst system should be clarified by changing
the reaction conditions (hydrogen pressure, reaction temperature, reaction

time, and so on).
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CHAPTER 7

Conclusion

This thesis mainly describes the difference of catalytic activities
between 2ZnCl,/CuCl moiten salt and ZnCl, molten salt in the hydrocracking
of coal related substances (a heavy anthracene oil, polynuclear aromatic
hydrocarbons, solvent refined coals,‘and Yubari céal). The results obtained

in the course of this investigation are summarized as follows.

1) ZnCl./CuCl molten salt was féundrtc display an excellent catalytic
activity for the hydrocracking of polynuclear aromatic hydrocarboms in
comparison with ZnCl, molten salt based on the detailed product analysis
mainly using GC-MS. This catalyst system is considered to act as a molten
dual-functional catalyét.

2) The findings with regard to the reaction routes over ZnCl,/CuCl molten
salt may be outlined as follows: i) the isomerization between sym-octahydro-
phenanthrene and sym-octahydroanthracene in the hydrocracking of phenanthrene
and anthracene, and a similar isomerization in the hydrocracking of chrysene,
ii) the decpmposition of unsym-octahydrophenanthrene to l-cyclohexyl-2-
phenylethane in the hydrocracking of phenanthrene and a similar cleavage

in the hydrocracking of chrysene, iii) a decomposition pathway leading to
biphenyls in the hydrocracking of fludranthene; cata~-Condensed polynulear
aromatic hydrocarbon (anthracene, phenanthrene, and chrysene) was hydrocracked
more efficiently than peri-condensed polynuclear aromatic hydrocarbon
(pyrene).

3) This is the first investigation with regard to the behavior of the alkyl

groups attaching to polynuclear aromatic hydrocarbons over molten salts. The
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findings are outlined as follows. i) The decomposition route via highly
hydrogenated compounds becomes important with increasing numbers of rings

of the polynuclear aromatics. 1ii) The alkyl group substiﬁuted on the
polynuclear aromatic hydrocarbon is not completely dealkylated inm the initial
stage and remains in the products as monocyeclic aromatics. The extent of
dealkylation depends on the‘properties of the starting materials. iii) In the
hydrocracking of methylated 9,10-dihydroanthracenes andVQ,lO—dihydro-
phenanthrene, the dehydrogenation and demethylation take place in preference
to the opening of the central ring, but in the hydrocracking of fluorene,

the pathway to the biphenyls becomes important.

4) The relation between the average structure of SRC and the reactivity of
SRC over molten salts was discussed based on the results obtained in the
study using a variety of polynuclear aromatic hydrocarboms.

5) As SRC or coal possesses its own properties, the establishment of the
reaction conditions in the hvdrocracking must be changed according to
circumstances, but ZnCl,/CuCl molten salt was found to be one of the superior

catalysts for SRC and coal as well as for polynuclear aromatic hydrocarboms.
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