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LOW TEMPERATURE COAL LIQUEFACTION BY ZINC CHLORIDE AND TETRALIN

Frank Hershkowitz® and Edward A. Grens II
Energy and Environment Division
Lawrence Berkeley Laboratory
and
Department of Chemical Engineering

University of California
Berkeley, California 94720

ABSTRACT
High conversions of subbituminous coal to liquid or soluble products
were obtained by treatment with large amounts of zinc chloride togéther
with tetralin at temperatures below those of coal pyrolysis. Treatments

were carried out in a stirred batch reactor at 250 to 325°C for durations

- of 10 to 120 min with hydrogen at 3.5 MPa total pressure. The extent of

conversion was determined by solvent extractions with cyclohexane, tolu-
ene, and pyridine, and products were characterized by elemental éna]ysis,
gel permeation chromatography, proton nuclear magnetic resonance, and
oxygen functional group analysis. The conversions to so]db]e products
reached 50% solubility in cyc]ohekéne and 85% in pyridine for treatment
at 300°C. Thié conversion increased with increasing temperaturé and -
duration of treatment, and was accompanied by progressive reductions in

molecular weight as well as by_e]imination of oxygen (especia]]y ether

- oxygen) in coal. This behavior, along with'Eﬁé increase in product

N _
Filed as a Ph.D. thesis.



aromaticity with increasing conversfon, indicates a mechanism involving
ZnC]Z-cata]yzed cleavage of crosslinking bonds in the coal. Retombina—
tion of the resulting reactive species is prevented by ZhC12—cata1yzed

traﬁsfer of hydrogen from the tetralin, coal products, and reactor afmo-

sphere, and by alkylation of the tetralin.

o
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I. INTRODUCTION
There ié 1ittle doubt that the United States' dependance on foreign
01l could be reduced if her abundant domestic coal reserves were used
as a major alternate energy source. -Becausé much of our economy is
based on liquid fue]s,'one desirable approach to increasing our utili-
zation of coal is the conversion of coal to ]iquid fuels. This work
concerns certain aspects of one approach to coal liguefaction; 1iqde-

faction by zinc chloride catalysis at temperatures below the coal

-pyrolysis temperature. The significance of this approach can be under-

stood'throdgh‘examination of the currently well-developed approaches
to coal 1iquefaction.

Conversion of Coal to Liquid Products

There are three general requirements of a coal liquefaction process.
First, chemical bonds-must be broken in the coal in order to convert it
from a high molecular weight solid to a Tower molecular weight liquid (l).
Second, hydrdgen must be added to the coal because most liquid fuels
have a molecular hydrogen to carbon (H:C) ratio.of from 1.2 to 2.2,
while the ratio for bituminous or subbituminous coal is about 0.9.
Although new liquid fuels might be deveToped with 1ow.H:C ratios, some
hydrogen additioh is still necesséry (2>. The fhird requirement of a
coal 1iquefaction(proééss is thét there must be a means of processing
the solid. Coal can be ground to a particle size of 0.1 mm or smaller,
but a means must exist for transfefring heat td the solid partic]es, and
for removing products from them. This requfrement is usually satisfied
by slurrying the coal into an organic liquid vehicle, which is generated

by recycle of .a distillation cut of the coal liquefaction products.



Almost all of the processes that are now being deve1Qped for coal
.1iquefaction operate at temperafures above 350°C (2), where thermal
energy is sufficient to break chemical bonds in the toa] (3); Called
pyrolysis, this cleavage can be interpreted as thevcreation of inter- |
mediate coal products with reactive free rédicaTs.(4). These free
radicals must be made unreactive, usually by saturation with hydrogén,
to prevent recombination and condensation reactions that produce 'char’,
a2 high molecular weight bxproductvof low hydrogen content (5);

The hydrogen that is required for,frée radical saturation can be
introduced into the coal from high pressure gaseous hydrogen, from hydro-
gen rich portions of the recyc]é solvent, or from the coal itself (2).

A solvent that has the capacity to lose Hydrogen to the coal-is called
a hydrogen-donor solvent. If the H:C ratio of the coal is}to be improved,
then mo]écular hydrogen must be added at some point, either in a slurry--
ing vehicle with hydrogen-donor capabi]ity,/or by direct incorporation
(catalyzed or uhcata]yzed)’of mo]e;ular hydrdgén into the coal during
pyrolysis. |

vThere are.severa1 alternative approaches used to supply hydkogen
to initial coa1'pyro1ysis products in liquefaction processes presently
under development. These aifferent methods are represented by the
Solvent Refined Coal (SRC I) process, the HCOAL process, and the Exxon "
Donor Solvent (EDS) process. SRC I_and HCOAL both use high pressure
hydrogen gas in the reactorlto provide thé needed hydrogen. ThekHCOAL
process differs in its use of a heterogeneous catalyst in the coal

~ conversion reactor to increase the rate of hydrogen transfer to the ’

coal products and to the solvent. In the EDS process the recycle
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solvent is catalytically hydrogenated before being introduced into the
uncatalyzed reactor. Hydrogen for EDS coal liquefaction is provided
by the hydrogen-donor solvent and by gas phase hydrogen.

In the SRC'I process, a slurry of coal and recycle solvent is heated

to 4400C under 6.9 to 13.8 MPa of hydrogen pressure (6,7), Use of a

solvent/coal slurry makes the coal solids handling and pumping easier,
and the presence of solvent improvesAheat and mass transfer to and from
the coal particles. The solvent also aids in the transfer of hydrogen
from thé gas phase, and from hydrogen rich portions of the coal, to

the bonds cleaved by pyro]ysis: The solvent 'shuttles' hydrogen by
becoming hydrogenated and dehydrogenated in parts of its hydroaromatic
structure (8). At a temperature of 440°C, hydroaromatics and aromatics
are roughly in thermodynamic equilibrium at a hydrogen pressure of

6;9 MPa (9). At pressures above 6.9_MPa,’gas phase hydrogen may combine
with the solvent or the coal, and participate in hydrogenation and free
radical saturation reactions (4’10).

The extent of conversion, in pyrolytic coal liquefaction, is

'primari1y limited by the amount of hydrogen that is transferred to the

(4,10,11)

coal and products Also, the quality of the products can be

improved if hydrogen is available for reactions such as hydrodesulfur-

ization and hydrodenitrification (8’12).

In the SRC I process, the
amount of hydrogen available is limited by fhe_rate of uncatalyzed
hydrogen incorporation into the solvent and the coal from the gas
phase. A]though as much as 90% (by weight) of the moisture and ash
free (MAF) coal is converted, less than 20% of the MAF coal is

(13)

converted to liquids boiling below 4279C The major product of



the SRC I process {s.an ash-free, low sulfur soiid Which melts at a
temperature of about 1700C. | |

The amount of hydrogen .that is available for coal conversion éan | o ¥
be increased by the use of a hydrogenation catalyst. In the HCOAL | ‘&x
process, the coal/solvent é]urry is reacted in the presence of a . |
heterogeneous catalyst under process conditions simiiar to SRC I (14).
The catalyst»improves the rate of hydrogenation of the solvent and of

)

the coal producfs, which can diffuse into the catalyst (12 resulting

in a higher yield of distillable products (14). Total conversion is
about 90%; with about 50% of.the MAF coal going to liquids boiling
below 4270C (14). In.addition, the catalyst participates in hydro-
desulfurization, hydrodenitrification, and hydrocracking reactions that
result in improved prgduct quality (12’15).

The disad?antage of a process like HCOAL lies is-in the severity
of the ;onditions that the catalyst must tolerate. Coal 1iquefactioﬁ
conditions are severe because the high sulfur and metal content of the
coal can lead to catalyst poisoning and regeneration problems (;6).
These problems parallel those for heavy petroleum and residuum desuifur-
izatioh. ~For feedstocks with high sulfur and meta]tcontent, a residuum
desulfurization catalyst has a life of about 30 days, and cannot be

4 (16) N

regenerate . Typical feed coal for liquefaction has a sulfur

content that varies from zerq to five percent, and has a Variety of h'f
minerals and metals in the a;h-(13).'

An alternative approach to increase the amount of hydrogen that
is available for transfer into the coal is to catalytically hydrogenate

the recycle solvent before it is combined with the coal. This is done
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in the Exxon Donor Solvent process, in which the. hydrogenation catalyst

is exposed only to a distillate liquid that is much lower in sulfur and

~ash than the origina1~coa1, so that catalyst poisoning, fouling, and

regeneration prbblems are reduced (17).
In the EDS process, the slurry of coal and hydrogenated recycle
solvent is heated to 4500C, with 6.9 to 20.7 MPa of H2 pressure; as

in the SRC I process (17‘18).

Hydrogen may still be shuttled from the
gas phase, or from Hydrogen rich bortions of -the coal, but the‘solvent
itself haé a large amount of hydrogen that can be donated to saturate
the reactive free radicals and increase the H:C ratio of the products.
The capacity of a solvent to donate hydrogen, as wé]] as its effective-
ness in shuttling hydrogen, is measures in terms of a "solvent quality
index". When the solvent quality drops below a certain index (which
varies for different coals) the yield of liquids, from EDS coal lique-
faction, decreases sharply with decreasihg solvent quality. ‘when the
solvent quality is high, the‘EDS process has a yield of about 40% of
the MAF coal going to 1iquids boiling below 5409 (17).

None of the pyrolysis-based process cited above are fully effective
at preventing the formation of char and light hydrocarbon gases (7’4’17).
Char is undesirable because it is a refrac£ory solid that is difficult
to convert to lighter products. Gas creation uses much hydrogen because
of high gas H:C ratios (example: methane, H:C = 4). Process 1mprové-
ments are important to minimize the utilization of cost]y hydrogen, and

(19).

to maximize the liquid yield: The origin of gas production in

pyrolytic coal liquefaction can be understood by examination of the

chemistry of thermal reactions of coal. -
o _



Bituminous and subbituminous coal have been described as having
" a structure in which large (MW 200 to 1000) hydroaromatic clusters are
crosslinked to each other by bonds inc]uding ether oxygen, aliphatic

(8,20-22) g0 cleavage of these = W

carbon chains, and hydrogen bonding
crosslinks results in a liquid product. In their study of the thermal
cleavage of chemical bonds in coal-reiéted compounds, Benjamin and
coworkers (3) found that, at 4OQ°C, a wide variety of ether-oxygen
‘and aliphatic-carbon bonds were cleaved. Thermal cleavage of chemical
bonds in several compounds (example: butyl benzene) resulted in gas
production (3). Any process that operates at temperatures above the
coal pyrolysis temperature has to contend with thermal. bond cleavage

(3,17,23,24)

leading to gas formation Typical gas yields for SRC I,v,

HCOAL, and EDS are a]]iin the range of 8 to 10% by weight of the MAF
coal (13,14,17).
The implication of these observations is that if coal could be
liquefied at temperafures below pyrolysis, it might be accomplished
with less gas (and possibly chér) formation. Unfortunately, the rate
of cleavage of chemical bonds in coal at. lower temperatﬁres is not
favorable. This has been demonstkated by braeme], who treated Wyodak
subbitiminous coal with tetralin, a hydrogen-donor solvent under |
suitable conditions and a good non-specific solvent for coal (25). -
At 3500C, the yield of disso]vgd material éfter 8-1/2 hours was only v
30%. This yield decreased sharply at lower temperatures.

If coal is to be liquified at‘temperatures below pyrq]ysis, the

rate of chemical bond cleavage must be increased. This could be

accomplished by a catalyst that could selectively break crosslinking
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chemical bonds within the coal structure. However, heterogeneous
catalysts, such as those used in the HCOAL process, cannot interact
with the coal until thermal cleavage has created initial pyrolysis
products that are dissolved in the 1iqﬁid §o]vent and thus can diffuse
into the catalyst (12); What is required is a dissolved (homogeneous)
catalyst that can enter the coal particle to catalyze the required

cleavage reactions.

Lewis Acid Catalyzed Coal Liquefaction
Since coal liquefaction below pyro]ysié temperatufes could be
| éccomp1ished with homogeneous catalysts, the action of such cataTysts‘
on coal must be considered. To this point, the only class of catalysts
that has been developed as hdmogeneous catalysts for cbaT Tiquefaction
is Lewis acid catalysts (16). The Lewis acids that have received the
most attention ihdustria]]y ére transition-metal ha]idés such as zinc

(26’27). These halides are frequently

chloride and stannous chloride
used as molten salts; in this form they have the additional abj]ities to
remove heat because of their high thermal conductivity, to continuously
expose fresh catalyst surface, and to increase catalyst activity and
selectively by their high polarization forces (16’28). Research on

the use of Lewis'acid catalysts for coal liquefaction has been carried
‘out at temperatures ranging from 200 to 5000C (26’29).

| Experiments carried out in 1950 by researchers at the U.S. Bureau
of Mines 1abofatories in PittSburgh and Bruceton, Pennsylvania, showed
zinc and Stanqous chloride to be effective for promoting subbituminous

(30,31).

coal Tiquefaction Since their experiments developed out of

a program to test metal catalysts, the experiments were performed by



mixing coal with several percent of a powdered metal, with or without

ammonium chloride as a promoter. Reactions were carried out at 4500C,

with 6.9 MPa of hydrogen gas pressure. Metals that were tested included -
tin; zinc, nickel, molybdenum, sodium, selenium, cadmium, antimony, and o
arsenic. Tin and ziné, when promoted by the chloride, were found to be ’
the best catalysts. Initial states of the metal and halide were unimpor-
tant as Tong as both were present. Studies with stannous chloride showed -
that better coal liquefaction wés obtained when more intimate cata]yst-f
coal contacting was used.

In 1976, Ross and coworkers, at SRI International, screened a variety
of homogeneous catalysts, including many metal ha]ides,\fdr their activity -
in promoting coal liquefaction under mild conditions (29). Halides of
aluminum, anfimony; zinc, and tantalum were used in a 1:1 weight ratio
to coal to catalyze conversion at 2109C. The activity of the halide;

was ordered as follows:

A1Ci, > AlBr ~-TaF

3 3 >> SbhC1

~ SbF3 ~ ZnC]2

3 2 -
When experiments were performed with a constant molar amount of
catalyst, the work revealed a dramatic effe;t of catalyst loading..
The amount of tetrahydrofuran (THF) soluble matefia] that was produced
in fi?e hours of reaction with antimony chloride rose from 1% for. , i
the 1:1 (by weight) loading to 100% for a 2.6:1 loading. Sihce all ' _ y
of the more active catalysts melted at temperatures below the reaction
temperature, it was suggested that ZnC]2 might be inactive at these

conditions because of its high (3159C) melting point.
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contact time reactor

L

Two processes have been investigated for the conversion of coal
to liquid fuels using Lewis acid catalysts. For both processes, zinc
chloride has been selected as the catalyst of choice; the prbcesses

differ in the amount of catalyst loading. One process uses a small

- amount of ZnC]2 impregnated into the coal, while the other uses a

catalyst/coal ratio ranging from 1;0 to 2.5. Both processes operate
at temperatures above pyrolysis.

The ZnC]2 catalyzed coal conversion process developéd at the
University of Utah‘produces 1iquid fuels in a high temperature, short
(26’32). The ZnCl2 is solution impregnated into
the coal to a concentration of about five percent by weight. Although
early work showed that ZnBrZ, ZnIz, ZnClz; and SnCl2 were all effective

(26), zinc chloride was selected for economic reasons (33).

as catalysts
The ZnC]2 is cheaper and more easily recoveked, and use of ZnClZ results
in a better selectivity to liquids over gas and chér.

In this process, powdered, impregnated coal is entrained in hydrogen,

~and passed through a heated 4.76 mm (I1.D.) stainless steel tubular

reactor (?6’32).

The conversion to products increases with increasing
temperature, reaction time, and pressufe. Conversion a1sd increases
with decreasing coal particle size. For subbituminous coal, liquefac-
tion yields of about 40% soluble 0il plus asphaltene, and about 13% gas-
(mostly methane), on a DAF basis are obtained. for re&ction conditions .
of: 5000C, 25 seconds, 13.8 MPa, 100 um parti¢1e size. The ZnC]2 can
be recovered in amounts up to 99% by use of aqueous and acid washes of

the products and char (26).



-10-

A chemical mechanism for conversion at these conditions has been

proposed by the University 6f Utah researchers (32’34).

In this,
hechanism, chemical bonds in the coal are thermally c]eaved,‘ygelding
free radicals. These free radicals may be stabilized by hydrogen
or';hey may condense to form'char; as in.other pyrolytic processes.
The ZnC1, promotes an increasg in the rate of hydrogén transfer to the
free radicals. In addition, ZnC]é catalyzes the dehydrogenation of
hydroaromatics in the coal, creating an additional, internal source
of hydrogen. Tﬁé,ro]e of the ZnCl2 also includes promoting a decrease
in the molecular size of the'products. However, the researchers havev
not found ZnCl2 to_appreciab]y affect the structure of the products (34),
Conoco Coal Development Company has developed a zinc chloride
catalyzed coal liquefaction process based on the use of maSsivé'amounts

(27,35-40)

of the catalyst in a continous molten phase Formerly the

Consol Synthetic Fuel project, Conoco's process developed out df an
attempt use zinc chloride to crack coal extracts (35).

| In this process, coal is slurried with é fecyc1e solvent and fed
into a reactor with zinc chloride and hydrogen. Most of the product .
is taken off as vapor. Hydrogen iS recycled, light gases are-removed,
and the liquid products are ﬁplit between gasoline range liquids and
recycle solvent. The spent catalyst melt is stripped of organics to
a 5 to 7% carbon level aﬁd is regenerated in an adiabatic fluidized
sand bed combuster (27).

Bench scale equipment has been used by Conoco to investigate the

reaction system at temperatures of 350 to 4500C (mostly above 3850C),

at hydrogen pressures of 10.3 to 34.5 MPa, ZnC12/coa1 weight ratios of
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1.0 to 2.5, and residence times of 30 to 200 minutes At 385°C,

(40)
with 20.7 MPa of hydrogen and a ZnC12/coa1 ratio of 2.5, a variety of
coals can be cracked to distillate fuels. For a 60 minute reaction

with subbituminous ¢oa1 at these COnditions, typical yields are 55%

“of C, x 2000C distillate and a total of 75% C, x 400°C distillate plus

MEK soluble products (on a DAF weight basis) (41).
The advantage of the Conoco process is the high yield of gasoline

range products. Unfortunately, the process is very sensitive to zinc

(40). It is imporfant‘to minimize the ZnC]z/coal ratio

because ZnC]2 recovery is an expensive part of the process (27’39).

chloride loading

However, the yield of C4 x 2000C distillate drops to a 17% when a moré
reasonable ZnC1,/coal ratio of 1.0 is used. At this catalyst loading,
an increase of the'temperature to 4139C increases the yield only to
25%. As the temperature is increased above 400°C, light (Cl to C3)
gas production increases rapidly (38). ' ‘
Conoco found ZnC]z also to be active ‘at lower temperatures, catalyz-

1 (41)

ing the conversion of coal to a low sulfur fuel oi At a tempera-

ture of 3589C and a hydrogen pressure of 10.3 MPa; with a ZnC12/coa1 ratio

~of 2.5, bituminous coal is converted in 60 minutes to 56% C4 x 4000C

distillate plus 20% MEK soluble product. Subbitiminous coal could not
be reacted without a solvent vehicle. When a non hydrogen-donor vehicle
was used, the yield of distillate and solubles was very low. Use of
tetralin, a hydrogen-donor solvent,.gave a yield of 27.5% C4 x 4000C
diﬁti]]ate plus an additional 47% MEK soluble products. Use of tetralin
did not increase the yie]d.for bituminous coal, nor was tetralin neces-

sary for use with any coal at higher temperatures.
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A11 of the research on zinc chloride céta]yzed coal liquefaction
that has been performed by fesearchers at Cohoco and at ‘the University
of Utah has concerned Tiquefaction at temperatures above the coal : .
pyrolysis temperatdre. At Lawrehce'Berkeley Laboratory a program is
underway to investigate coal Tiquefaction at temperatures below pyrolysis.

(44) (45), Maienschein (46),

Derencsenyi (42), Holton (43), Mobley , Salim
and others have studied various aspects of zinc chloride catalyzed coal
liquefaction at temperatures of 200 to 3250C. ‘

Dérencsenyi and Holton both have studied ZnC]2 catalyzed coal lique-
factioh‘at mild temperatures of 200 to 2500C. To avoid the effects of
catalyst loading, both ihvestigators used a ZnC]z/coa1 weight ratio of
6:1. In addition, because InCl, melts at 3150C, they added 10% (by
wéight) water to the ZnC12. Yie]dé were based on the DAF solubility of
the melt treated coal in benzene and gyridine (benzéne solubility is
rougH]y equal to the 'soluble o0il plus asphaltene' cited in the feéearchv
at University of Utah (26)). |

Derencsenyi investigated the agtivity of ZhClé and the effect of
inorganic additives dn ZnC]2 activity at 200°C‘and atmospheric hydrogen

pressure (42).

Treatment of Wyodak sgbbituminous coal under these con-
ditions for 60 minutes resulted in benzene solubility being increased
from an untreated-coal value of 0.5% to 2.3%. Additives, including : e
other metal halides such as stannous chloride, and including metals
such as Raney nickel and aluminum, were used in amounts of from 1 to
15% of the melt. These additives largely had no effect, except for

KI + 12, which increased the benzene solubility to 7%. Derencsenyi'
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concluded that although ZnC]2 has a strong mechanicai effect of breakihg
up coal partic]es, very few chemical bonds were being broken at 200°C.

Holton studied the activity of ZnC12, and the effect of organic
additives on ZnC12 activity, at 2500C with 3.5 MPa of hydrogen

pressure (43).

ZnC]2 treatment of Wyodak coal for 60 minutes increased
benzene solubility to 4.6%. Pyridine solubility was increased from

an untreated-coal value of.12.8% to 21.4%. When a hydride donor, such
as di-isopropyl-benzene, was added to the melt in amounts similar to
the coal, the yield was increased to 7.8% benzene and 39.7% pyridine
solubles. Use of tetralin together with the melt increased benzene
solubility to 16.6%, and pyridine solubility to 77%. Although an unknown
amount of solvent may have been incorporatéd in the melt treated coal
and extracts, subbitimindus coal was}converted into a pyridine-so]ub]e
material at températures well below coal pyrolysis témperatures by the

use of ZnC12 with organic solvent additives.

Mechanisms of Lewis Acid Catalysis

In a coal 11qdéfaction process that operates above pyrolysis

temperatures, even with a homogenous catalyst, many of the bond

(32)

cleavage reacfions are’ thermally activated At temperatures below

pyrolysis the chemical reactions that are catalyzed become especially

(a4)

important An understanding of these reactions can be gained by

examination of Lewis acid catalysis of reactions in an environment that
excludes coal.

Much of the catalytic activity of Lewis acids is'attfibuted to

their electrophylic interaction with organic substrates (44’47).' The

(47-49)

range of reactions that may be catalyzed is large Aluminum
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chloride catalyzes Friede]-prafts a1ky1ation, in which an aromatic

compound is alkylated with an alkyl halide (47). The same chemistry

works with other Lewis acids, and can also use alcohols in the place

of alkyl halides (47). Some other reactions that are catalyzed by | v

(49)

metal halides include carbonylation of aromatics , isomerization .

(48) (48)

of parafins , and dehydrochlorination The importance of Lewis

acid catalyzed reactions in coal liquefaction must be viewed in the
light of the nature of chemical bonds in coal.

Subbituminous coal has been described as containing a variety of
aromatic.and hydroaromatic structUres, with glusters.in which the
* aromatic nuclei are usually condensed into groups of no more than'four'

(8,50).

rings These clusters, with molecular weights in the range of

200 to 1000, are croés]inked to each other primarily by ether oxygen

(20-22).'

and aliphatic bridges _ Hydrogen bonding in and between the

clusters is effected, in part, by the pheho]ic hydroxyl groups and the

(51). Oxygéh,'su1fur, and nitrogen

heterocylic nitrogen that is present
are distributed throughout the organic structure of the coal, with most
of the nitrogen, and some sulfur and oxygen, occupying positions within

(2,52)  The effect of zinc chloride and aluminum chloride

aromatic rings

on compound§ that model the crosslinking between thevaromatic'and hydro-

'arqmatic structures in coal has been studied at Lawrence Berkeley Labora-

tory by Mobley, by Salim, and by Maienschein. ' - ]
Mobley studied the reactions of oxygen and sulfur containing |

compounds (44).v He found that at temperatures as low as 225°C, treatment

of a variety of benzyl ethers with.ZnClz resulted in a total conversion
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of the ethers. The compounds were cleaved between the. oxygen and the
benzyl part of the. molecule. The oxygen was removed, and both fragments
alkylated any aromatic present (although not strictly an 'alkylation’
reaction, this term is used for the.chemical bonding of cleavage frag-
ments to aromatics, becadse of the similarity of these reactions to_
Friedel-Crafts a]kylation).‘ For example, when dibenzyl ether was reacted
in the presence of benzene solvent, diphenyl methane was the major
product. If the oxygen was bound directly to an aromatic ring, that
fragment remained phenolic. When the experiments were performed with
cyclohexane solvent, the substrate itself was alkylated, and the reaction
led to tar formation.' Treatment of cyclic ethers, such as tetrahydro-
furan, with ZnC]2 in combination with behzene at_325°C resulted in
c1eavage of the ether-containing ring. The cracking producfs underwent_
rearrangement before alkylating the benzene, and several pfoducts were
formed. Reactions of the oxygen-containfng compounds were explained in
terms of a carbonium ion mechenism.v The zinc chloride-catalyzed reac-
'tions of severé] sulfide compounds were examined, and these compounds
were found to behave similarly to their analogous oxygen compounds.

In her review of the literature, Salim found that most two and
| three ring aromatic tompounds were‘reportedvto be susceptible to Lewis
acid catalyzed cleavage reactions at'teMperatures of 350 to 450°C (49).
Salim reacted two and three ring compounds in cyclohexane solvent at
325°C in the presence of zinc chloride or aluminum chloride. With both
catalysts anthracene was more reactive than phenanthkene, which was
more reactive than naphtha]ene, With zinc chloride, the compounds dnder—

went ring hydrogenation, followed by cleavage of the saturated ring.

)
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Hydrogenation was enhanced by the presence of a hydroxyl group on the
substrate. Al1 substrates were more reacfive in the presence of aluminum
chloride than zinc chloride; use of A1C13 resulted in substantial tar ‘=

formation,‘as well as high yields of 1light products. =

o

Both Mobley and Salim carried out their experiments with a large
ékcess of solvent. Catalyst and substrate were both present in sma]]
(~5%) amounts. Maienschein reacted a variety Of‘mode1 compounds using
large amounts of ZnC]2 cata]yst-(46). A solution of 0.5% substrate
and 2.5% alkylation medium (benzene or ethy]benzeﬁe) in an unreactive
dodecane solvent, was contacted with four moles of zinc chloride per
mole of solvent (approximately 1:1 soxlvent/Zn(H2 on a vo1ume basis).
Water was added to the ZnC]2 to insure an1iquid phase. * Maienschein
studied the effect of ZnC]2 treatment, at temperatures of 200 to 300°C,
on compounds that model the aliphatic and ether bridges in coal.

In the series--diphenyl, diphenyl-methane, 1,2-diphenyl-ethane,
1,3-diphenyl-propane--only the diphenyl-methane reacted. Conversion
was 70% after one hour at 250°C. The cleavage products were benzene
and benzyl fragments, which then 'alkylated' oﬁto the alkylation medium.
The presénce of a hydroxyl group oh either of the rings increased the
rate of cleavage by a factor of 100. Maienschein investigated a series
of benzy1 ethers and found them all to undergo rapid reaction. Reaction
for 5 minutes at 200°C was sufficient to completely convert dibenzy1 v
ether to alkylation products of benzyl fragments. Alkylation behavior ~
was similar to that observed by Mobley. Maienschein also exahfned the

reactions of methoxybenzene, methoxynaphthalene, and ethoxynaphthalene.
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These compounds were found to cleave slowly, in the presence of zinc
chloride at 250°C, to products including phenol or naphthol.

The studies with mode compounds have shown that ZnC]2 éata]yzes
the cleavage of a variety of bridging structures in coal. These studies
have not explained why Tow temperature ZnC]2 caté]yzed subbitumiﬁous
coal liquefaction yields are so improved by the presence of
tetralin (41-44)

Tetralin can serve as an a]ky]ation medium, as was the case when
Mobley used tetralin as a solvent in his model cohpound studies (44).
Tetralin may assume other roles in the coal 1iquéfaction environment.

At temperatures above the coal pyrolysis temperature, tetralin is con-
sidered a reactive sd]vent: a so]vent'with easily abstractab]e.hydrogen,

(53). At tempera-

which provides hydrogen to the coal during pyrolysis
tures below 320°C, and without a catalyst present, Draemel found no

evidence of hydrogen donation from tetralin to bituminous coal (25).

| In the presence of ZnC12, however, Salim did see some naphtha]ene con-

version to tetra]in at Tower temperatures (45), indicating that the
usefulness of tetralin as a hydrogen-donor solvent may be extended to
lower temperatures by the catalyst.

At temperatures below pyrolysis, tetralin is considered to be a
non-specific solvent, a solvent that can extract only a relatively small

1 (53). ‘In the coal liquefaction environment this type of

amount of coa
solvent may still serve to dissolve and remove products from the coal

particle, and thereby open up the particle for further reaction.
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Scope

The subject of this investigation has been the conversion of
subbitumfnous coal to soluble pradducts byvtreatment with zinc chloride -
and tetralin at.temperatures below the coal pyrolysis temperature. - L

The ‘roles of the tetra]in and the ZnC]z, in the conversion mechanism,
were investigated. The effect of catalyst loading‘was specifically not
investigated; a constant 6:1 ZnC]z/coal weight ratio being used. The
chemical mechanisﬁ of the reaction systeh, over the range of temperature
from 250 to 325°C, was examined through gn extensive charactefization of
the coal conversion products. This included an examination of the
dependence of the yield of soluble products on the removal of oxygen
from the coal during treatment. |

Nature of Results

The reaction system was studied in batch treatmenfs of the coal with
zinc chloride, tetralin, and hydrogen gas, the extent of conversion being
characterized by product solubility in cyclohexane, toluene, and pyridine.'
The yields of these fractions were found to increase Eapid]y with increas-
ing treatment duration over the initial 30 minutes of treatment at 300°C,
followed by a period in which the total yie]d.was constant and there was
a net conversion of pyridine solubles to cyclohexane solubles. The
yields of 60 minute treatments were found to.increase uniformly with
‘temperature over the rénge from 250 to 325°C. | | | v

The extracts and me]t‘treated coé] have been characterized by a '
number of physical and chemical means. 'Elemental analyses for carbon,
hydrogen, nitrogen, and ash were u§ed to provide a firm basis for extrac-

tion calculations, as well as to examine the amount of hydrogen addition
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to, and oxygen and nitrogen remoQa1 from, the coal. While the amount
of hydrogen addition was small over a wide range of conditions, the
oxygen and nitrogen removals were found to be very nearly proportional
to product yields. The extracts were also characterized for molecular
weight distribﬁtion and for chemical structure by the use of gel-
permeation chromatography and proton nuc]ear.magnetic resonance,

resbective]y.
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IT. EXPERIMENTAL EQUIPMENT AND PROCEDURES

The experimentél program has been designed to investigate the
effects of temperature, time, and solvent oﬁ the yield and character of
soluble products from zinc-chloride catalyzed coal conversion at tempera;
tures below pyrolysis. Most experiments consisted of.combin{ng subbi-
tuminous coai with ZnC]Z, heating unde; hydrogeh to reaction tempera-
ture, addition of tétra]in, reaction for a specified time, and finally
transfer of the products into a quench tank‘containing water. A sefies
of separations was used to remove ZnCl, and tetralin, and to separate
the remaining melt treated coal (MTC) into product fractions.

Materials

The coal that Has been used in most experiments was supplied by
Wyodak Resources Development Company from the Roland seam of its mine in
GiT]ette, Wyomfng. The coal has an apparent rank of subpituminous-c;
its proximate and eIementa] analyses are shown on Table II-1. The coal
size as received was minus 3/4 inch, and it was subsequently crushed
to minus 1/16_inch and stored in 20 .1b quantities-undef nitrogeh. In
preparation for a series of experiments a quantity of coal was sieved in
a nitrogen atmosphere to yield 36% of a minus-30, pTus-60 mesh fraction
which was split into 300 g portions, and stored under nitrogen in one
pint cans. This coal was used in thé later experiments on which most
of this work has been based. Pré]iminary experiments were run using
. a minus-28, plus-100 mesh fraction that had been prepared by a previous
(43)

investigator (the minhs-GO, plus-100 mesh fraction of this coal

represents 20% of the total fraction).
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Table II-1: Analysis of Coals

Proximate Analysis

{ dak(l) Rosebud(z) Monarch(g)
ar'3) Dry ar(®) Dry AR(3) Dry

Moisture | 23.2 15 15 |

Ash | : 10.8 1%.1 7.8 9.2 6.0 7.0
Volatile Matter 35.6 4#6.3 33.2 39.0 34.8 40.9
Fixed Carbon ~ 30.4 39.6 44.0 51.8 44.3 52.1

Elemental Analysis(u)

Wyodak Rosebud Monarch
Dry DAF Dry DAF Dry DAF

carbon | 62.5 72.3 64.6 T5.4% 64.4 T70.2
Hydrogen | - 5.1 5.9 4.5 5.3 | 4.5 4.9
Nitrogen 0.93 1.08'v0.93 1.09 1.27 1.38
Sulfur - 0.56 0.65 1.48 1.73 0.26 0.28
~Chlorine .0 0 - - - -
Ash ©13.6 - 144 - 8.2 -

oxygen (by difference) 17.3 20.0 1%.1 16.5 21.3 23.2

notes (1) Commercial Testing and Engineering Co. (Denver Co.)
(2) Penn. State Coal Data Base
(3) As Recleved, with moisture as used in experiments

‘(4) University of California lMicrochemical Analysis
Laboratory .
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Other coals used were Rosebud seam coal, from near Colstrip,
Montana,'and Monarch seém coal, from near Sheridan, Wyoming. These
coals were obtained from the Pennsylvania State University Coal Research . R
Section. The Rosebud and Monarch coals are classified as subbituminous-B; |
they were received as minus-ZQ mesh under nitrogen and used as received.
The proximate and elemental analyses for these coals are shown on
Table II-1. |

Al inorganic reagents, analytical reagents, organic solvents, and
cylinder gases used in this work, along with their source and purity, are.
listed in Table II-2. A1l water used for chemical and product washing
purposes was distilled water. Solubility and vapor pressure data for the

zinc chloride/water system is shown in Figure II-1 (see Holton (43)).

Apparatus

A few initial experimental runs were carried out in a top-stirred -
Parr aufoc]ave, fitted with a 300-mL bofosi]icate glass liner. Details
of this reactor can be found elsewhere (#3),

The remaining experimehts have been carried out in a reactor system
designed to allow an accurate control of the temperaturé of treatment,
duration of treatment, and presence or absence of tetralin. The overall
reactor system includes a temperature contfo]led reactor vessel, a |
solvent preheat vessel, product quenching tanks, and a flow system for
introduction of a metered amount of hydrogen fo the reactor and for _ e
removal of gas from the reactor. The reactor system allowed a repro-
ducible initiation of the treatment by tetralin addition to the reactor

after sealing and heatup. A quick termination of the treatment was

accomplished by transfer of the products into the quench tanks.

{
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Table II-2: Sources and Purities of Reagents
and Solvents Used.

Chemical Source Grade Purity
Acetone Mallinckrodt Reagent
Acetic anhydride Mallinckrodt  Reagent 97T %
Anthracene Aldrich 98 %
t-Butanol Aldrich
Calcium acetate Mallinckrodt Reagent
Cyclohexane | Eastman Practical

Distilled Water
Ethanol
Hexamethyldisiloxane
Hydrochloric acid

i-Propanol
Pyrene

Pyridine
Pyridine—d5
Sodium hydroxide
Sulfuric acid
Tetrahydrofuran
Tetralin
Toluene

Zinc chloride

Cylinder Gases

Hydrogen
Nitrogen

(In-house supply) ,
Publickers Chemical Corp. 95 %

“Eastman _
Mallinckrodt
Hydroxylamine hydrochloride Mall.
‘2-Methyl-l-tetralone
~ Naphthalene

Aldrich

J. T. Baker
Mallinckrodt

Eastman

Mallinckrodt
Merck + Co.

Mallinckrodt
Mallinckrodt
Mallinckrodt

Aldrich

Mallinckrodt

Mo Co' Bo

Liquid Carbonic
Paciflic Oxygen

Reagent

"Reagent

Reagent
Reagent

Reagent

Reagent
Reagent
Reagent
Reagent
Reagent
Reagent

36.5 - 38

%

9 %

99 % atomic

98 %
96 %

99 %

97 %

99.999 %
'99.999 %
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ZnCle/HQO system (Holten (43)).
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The overall flow system is éhown in Figure If-z. The system
includes (from left to.right, following the direction of reactant and
product transfér) a solvent prepressurizatidﬁ vessel, a solvent preheat
vessel, the coal conversion reactor (with attached exit-gas manifold),
and two sequential quench tanks. Low .pressure nitrogen was used to
direct solvent from the gravity-fed prepressurization vessel into the
preheat vessel. High pressure hydrogen was used to drive the solvent
into thé reéctor. Hydrogen gas flow was controlled by a micrometering
valve, and introduced into the reactor through the same dip-tube that
was used to transfer products to the quench tank. This arrangement

served to keep the transfer line free of any reaction mixture until

the end of the treatment, at which time the products were transferred

through a high temperature and pressure ball valve into the quench tanks.
During the run, the gas from the reactor exited via the exit-gas mani-
fold, which includes a reflux condenser, a back pressure regulating

check valve, an atmospherichressure gas rotameter, as well as a 5.0 MPa
rupture disk and tranéfer Tines for filling and evacuation of the 10 mL
gas sample cylinders. A]] of the tranSfer lines are 1/4 inch 0.D. stain-
less steel-316 tubing. ‘ ‘ ‘

The ‘reactor vessel, shown in Figuré I1-3, has a capacity of 500 mL,
is top-stirred, and ig constructed out of 316-stainless steel; It is
sealed by a copper gasket that fits between knife-edges on the reactor
flanges. Heating is provided with a 600 watt mantle that surroundg the
reactor. Temperature was controlled by an Omega proportioning controller,
actuated by a copper-constantan thermocouple, which monitored the

temperature in the reactor.
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The solvent prepress@rization vessel and the solvent preheat vessel
have capacities of 500 mL; and are constructed of Corning Pyrex glass
and 316-stainless steel, respecfive]y. The quench tanks are constructed
of stain]ess>stee1, for the first, and glass, for the second, and have
capa;ities of 1000 mL and 3000 mL, respectively.

The preheat vessel, reactor flange, and transfer lines are heated
with Briskeat high temperature heating tape, at a power of up to 12 watts
per square inch. Power was contrqlled_using_variab]e AC transformers,
and temperatures of these and other locations were monitoréd by means of '

iron-constantan thermocouples and an Omega digital thermocouple readout
lmeter. Thermocouples were selected through a double-pole, twelve-throw
rotary switch. Reactor temperature was read~direct]y on the temperature
controller and recorded on a Leeds and Northrup potentiometric recorder.
Procedures

The procedures of this work describe how the reactants and products
of zinc chloride catalyzed coal liquefaction were handled in the course
of the treatment and the separation that ensued. These procedures
include the detai]s_of how reactants were combined, heated, reacted,
and quenched, as well as the steps that were followed for removal of
ZnC]Z, water, and tetralin from the products and the subsequent separa-
tion of those products into individual solubility fractions.

Conduct of Treatment

«

The procedure for the preliminary experiments conducted in the Parr

(43). In the vast majority of the

reactor has been described elsewhere
remaining experiments a standardized procedure, developed for the equip-

ment described in the previous section, was used, with S1ight variations.
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In a typical treatment, 50 g of tetralin was heated to treatment
temperature under nitrogen in the solvent preheat vessel. Simultaneously,
273 g of ZnC]2 was combined with 27 g of water in the prehéated reactor
vessel. The mixture was heated to 175°C, and 50 g of coal (containing
moisture as received) was added. The contents of the reactor were
stirred at about 60 rbm while the reactor was sealed, and,H2 flow was
started’throUghvfhe dip-tube-sparger, with the vent open, to purge the
reactor of air. After sealing, the vent was closed, and pressure quickly
built up fo the 3.65 MPa relief valve set point. Heating was started,

and the temperatdke in the reactor rose at épproximate]y 10°C/min to

 the specified temperature. When the desired temperature was reached,

stirring speed was increased to approXimate1y 700 rpm and the preheated
tetralin was added to the reactor; the reaction time was méasured from
this poiﬁt. The hydrogen flow rate was adjusted to approximately 300
mL/min, and f]dw rate, pressure, and temperature monitored throughout
the experiment. | |

After treatment for the desired period, the H2 flow was reduced,
heating stopped, stirring slowed to 60 rpm, and the ball va]ye opened
slightly to transfer the reaction products into the‘quench tank, which
contained 400 mL of cold water. Overflow from the first quench tank was .
caught in a second tank containing 1500 mL of water. After this transfer
operation, 450 mL of cold water was transferred from the solvent preheat
vessel to the reactor to cool any remaining contents. A small amount
of this water was transferred into the quench tanks to insure thaf the
transfer lines were empty. The total elapsed time from the start of

the transfer to the feactor quenching was less than one minute.



-30-

Product Separation

After the reaction mixture was quenched, the contents of the quench
tanksiand reactor were vacuum filtered in an 11 cm Buchner funnel using
filter paper. Any aqueous filtrate that was observed to contain o0il was %
extracted with cyclohexane. The solid retained on the filter-was trans-
ferred to a 1000 mL steel béaker, ahd.goo_mL of boiling water was added.

The mfxture was then stirred vigorously while being boiled for 30 min,

and was subsequently filtered as above. The (still moist) solids were /
next combined with 600 mL of boiling cyclohexane (plus any cyclohexane

from filtrate extraction) and stirred vigorously while be{ng boiled for

30 min. The mixture was then vacuum filtered in the -Buchner funnel,

and the filrate, which contained approximately 75% of the total cyclo-

hexane soluble material, was devolatilized. The devolatilization was

accomplished in three stages. First the liquid was boiled down to about

100 mL in an open 1000 mL boiling flask. The remaining material was

then poured into a dried, weighed crystalizing dish, and the flask was

rinsed into the dish with cyclohexane. The crystalizing dish was placed

on a hot-plate at 12090, and mo;t of the remaining volatiles were removed

ina?2 L/min stream of nitrogen that was directed at the sample. After

about 60 min, the crysta]izing dish, With oil and remaining volatiles,

was transferred to a vacuum oven operated at 105°C with a 10 kPa atmo-

sphere of nitrbgen flowing at 200 mL/min (STP). The oil was dried to ' ¥
constant weight (approximately 48 h) and transferred to vials for storage.

This cyclohexane soluble material is referred to as "wash oil" and was

used for most oil -analysis.
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The solid that was retained on the filter paper after the cyclo-
hexané wash was transferred to a crystalizing dish, dried in the vacuum
oven for 18 h, and then cooled under vacuum, crushed with a mortar and
pestle, washed in an 11 cm Bﬁchher funnel. (on fi]fer'paper)-with 10 L
of bofﬁing water, énd1rep1a¢ed in the vacuum oven to dfy. The dried
solids are referred.to as "post-wash melt treated coal" (PWMTC). The
total, non-volatile, organic prodﬁct of the reaction, referred to as
hmelt treated coal" (MTC), was never actually recovered as a single
. product in this procedure; it is the calculated combination of the PWMTC
and the wash-oil. | _

A 6 g sample of PWMTC was transferred to a dried, weighed, extrac-'
tion thimbie and sequential]y extracted, in a standard Soxhlet'apparatus;
with cyclohexane (6 h), toluene (18 h), and pyridine (24 h) at their
normal boiling points. These extracts are.referred to as soxhlet-oil,
asphaltene, and preaspha]tene,‘respectively. The solutions of extracts
were devolatilized using the same procedure that has been described for
the wash-0il. The thimble with extraction residue was dried for 48 h in
the vacuum oven then cooled and weighed. vThe'dried and weighed extracts,
 residue, wash-0il, and remaining PWMTC were tranéferred to vials, placed
in a second container with dessicant, and held for subsequent analysis.

Initial Product Recycle

Two experiments were performed using an isolated solubility fraction
or residue as the substrate, in the place of coal. These experiments
made use of several special procedures, mostly for the separations of

the reactants and products.
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The reaction substrafes were generated using two standard treatments
- with tﬁe amounts of ZnC]Z, tetralin, and Wyodak coal increasédvbyzlo% in
each. The product workup differed from normal in the following ways:
the whole PWMTC from each reaction was extracted with cyc]ohexaﬁe (24 n)
and then toluene (24 h) in a large Soxhlet apparatus; The extract solu-
tions and the wash-o0il solutions dérived from each.reaction were combined
to form a single set of wash-oil and extract solutions béfore:devo1étili-
- zation. Product fractions of waSh-oi],_szh]et;oil, asphaltene,‘ahd a
"residual® fractfon that ihc1udéd preasphaltenes and residue, were
obtained in amounts that wou]d have beéﬁ generated by treatment with
220% of the stahdard amounts of feed materials. |

A sufficient aﬁount‘of residual fractipn was generated by.this
procedure to allow re-reaction at 90% 6f.sténdard stoiéhiometry; dry
residual was used in an amount that had 90% of the carbon ﬁorma]]y :
present in Wyodak coal, and the extra moisture that would have been 
‘in the Wyodak coal waS added dfrect]y to the reactor.' |

For reaction of the asphaltene fraction, a special procedure had
to be used for the separation of the reaction products; the miiture of
oils, asphaltenes and insolubles was not porous 1iké MTC, and could not
be extracted in a Soxhlet apparatus. Instead, a procedure was used in
which the asphaltenes, in solution, were poured into excéss cyc]ohexané
and precipitated.

The reaction was performed by dissolution of 5 g of aspha]tenev
into 50 g of tetralin, combining the solution with 300 g of ZnC]2 in
the (specially cleaned) reactor vessel, and then heating and proceding .

as for any 60 min experiment. The first quenth tank was filled with
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200 mL of toluene and 200 mL of water, and was magnetically stirred
during tﬁe transfer of products. The toluene phase, which contained
toluene, tetralin, and reaction products,IWas filtered to remove any
insolubles, and then boiled down to 100 mL énd poured into'ZOOO mL of
 stirfed, 50°Cvcyc10hexane. The cyclohexane was then vacuum filtered in
a Buchner funnel Qith paper to rémove the asphaltenes, and was devola-
tilized by the u§ua1 procedure to recover the oil.

This separation procedure does npt necessarily result in the same
separation as does the Soxhlet extraction procedure. For this reason,
the asphaltene recovered by Soxhlet extraction in the preparative experi-
ments was Subjected to the same solution-separation procedure before
subsequent treatment.

Gas Sampling

For some experimental runs, three gas samples were taken at times
during the treatment. The samples were taken of the coo]éd reactor-exit
gas, into 10 mL, 316-stainless steel cylinders with valves attached.
Before sampling, a cylinder was attached to the vent manifold, and heated
while being evacuated to 10 Pa, to remove any material from previous use.
Air was eliminated by filling the cylinder with 3.5 MPa of reactor-exit
gas and then evacuation back to 10 Pa. The samp]e cylinder was then
refilled to 3.5 MPa, closed, disconnected, and held for analysis.
Condensation in the cylinders was not-a problem because the reactor gas
waé already cooled to ambient temperature before sampling, and because

samples are decompressed to sub-atmospheric pressures before analysis.



-34-

Recovery of Materials from Product Devolatilization

For sévera1 experiments, a special procedure was used to recover
“the organic volatiles that were normally lost during the devolatilization
and drying of the.melt-treated coal. These materials are in the boiling
range of tetralin and, whi]evnot considered coal products; are of inter-
est in that they may contain react%on products of the tetralin (and
perhaps of the coal) in the reactor.

When the devo]ati]izationvproducts.were to be recovered, two boil-
ing cyclohexane washes were used instead of one. This raised the 011
recovery to about 95% fn the washfoil fraction. The 0il solutions Were
combined and boiied downlfo 100 mL in a 1000 mL_boifing flask with
attached stahdard Claisen head for condensation and collection of the
distillate. The distillate was saved for analysis, and the wash-oil
so]ut1on was transferred to the weighed, 250 mL, bo111ng flask of the
devo]at111zat1on apparatus shown in Figure II-4. A steam<bath maintained
the_oi]eso1ution temperature at 100 C, while a 200me/min stream of .
~nitrogen was used to trahsport the volatiles from the 0i1 to the acetone/
dry-ice trap, where they were collected at -78°C. jThe level of vacuum _
invthe'apparafus‘was increased gradua11y as the solution was dried,
until a pressdre of about 3.5 kPa was reached; thé devoiati]ization was
cont inued for:about 4 h from this point. The 0il, which by this time
- was within 1 g of its final weight; was transferred with cyclohexane
to a weighed crystalizing dish and processed as usual. The distillate
was melted and stored for ana]ysis.

The distillates obtained by this procedure were analyzed by gas

chromatography to d1st1ngu1sh between the cyclohexane and the treatment-
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originated volatiles. Although 50 g Ofvtéfralin was int;oduced into |
bthe reactor at the start of each experiment, only 15 to 30 g of volatiles
were recovered. Itlis possib]e; with this procedure, that some volatiles
Were not extracted from the MTC during the cyclohexané washeé.

Characterization of Products

The pfoducts.of the treatmenfs‘of coal with zinc chloride and

“tetralin, including wash oils, PWMTC's, Soxhlet oils, asphaltenes, pre—.'

"ashpaltenes; and residues, as well as the recovered volatiles and the
tgaévéémples, were.all character{zed using q-variety of énalyses fhat_ |
.sérve to_e]ucidate the chemica1_énd pﬁysical nature of the samples.v
These characterizations included elemental analysis, ge1-permeatibn
chromatography, proton nuclear magnetic resonance, chemical analysis
for oxygen functional groups; gas chromatography, mass spectrometry, -
and gas chrométography mass spectrometry.

Elemental Ana]ysis

~

 _E1ementa1 analyses of the wash4oil,'PWMTC,_extracts;.and residue
.from.éach experfment were performed by V. T. Téshinian;vDorothy James,
vand Tbvaofrison of the Co]]egevof Chemistry, University of Califdrnia,
Micro-Ana]yticai Laboratory. C, H, and N analyseg were carried out
using a Perkin-Elmer model 240 automated e1ementa1.ana1yger. Metals
were analyzed after'SAﬁp]e digestion in H2504 and H202, with a Perkin-
'Elmer model 360 atomic absorption unit. S, Cl1, and ash were measured
by combuétion in pUre oxygen at SOOOC, followed by off-gas aBsorption
in NaOH ? H202, and precibitation of C1 wfth Ag, orvSO4 with Ba. The

amount of non-ash dxygen in the sample was calculated by difference.

rL‘
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Gel-Permeation Chromatography

The extrﬁcts were characterized for moiecu]ar weight distribution
by gel-permeation chromatography (GPC) on a Watefé Associates ALC/GPC
201 Liquid Chromatograph, with 1x 100 A, 1x 500 A, and Ix 1000.A micro-
Styragel columns. Tetrahydrofuran (THF) and pyridine were used as
solvents for the chromatographic separations, and detection of the
separated samp]es_was by ultraviolet absorbance at 254, 313, or 365 nm.
THF is a satisfactory solvent for oils and asphaltenes; its low vis-
cosity allows fast chromatographic elution, and detection wavelengths
as low as 254 nm can be used. The use of pyridine was necessary for
preasphaltenes, which are not totally soluble in THF. Pyridine is more

viscous than THF, and detection wavelengths below 313 nm cannot be used

" with pyridine because of its strong ultraviolet absorption at those -

wavelengths.

A1l wash-oils, as well as selected Soxhlet-oils, asphaltenes, and
pfeasphaltenes were analyzed by GPC. Samples were prepared for injection
into the‘GPC in one of two ways: some samples were prepared by retention
of a 2 m. aliquot of extract solution from the Soxhlet or wash extraction
before solvent evaporation. The other samples were prepared by dissolu-
tion of 0.05 g of dried extract in 2.5 mL of chromatography solvent, and
then dilution to 2.0 g/L. \A1] samples, whether redissolved or not, were
filtered through a 0.5 um Millipore Teflon filter before injection into
the GPC. A recording was made of the UV absorbanée versus e]utidn volume:
for all samples the 313 nm absorbance was recorded, along with either

254 nm for THF, or 365 nm for pyridine solvent.
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‘Gel-permeation chromatography séparates molecules based on their:
size in solution. The gel contains a netWork of pores into which’thé
smal]er molecules méy diffuse. They afe held up while the large mole-
cules go past the gel more rapidly. One.of the limitafions of GPC is S
that the effective size of the molecule in solution is not a direct func-
tion‘of its molecular weight. If solvent molecules directly associate
with fhé solute, the effective size may be 1§rger. If twp soiute mole-
cules aréic]ose]y associated they may be gluted as one. This.can lead
to deceivingly large molecular sizes,'especially wifh the preaspha]tene.
fraction, which is considered to be polyfunctional (8); Another iimita-
tion of GPC, as it has been used in this research, lies in the detection
system. ‘The use of ultraviolet absorbance allows detecfion only of
molecules that absofb at the detector Wavelehgth; at 254 ﬁm this inc]udés
- all aromatics, but at 313 nh, aromatics must'be_as.condensed as naphthal-
ene (or more condensed) fo absorb. Saturated_cbmpounds do not absorb at 
all these wave]engtﬁs, but even for the molecules that do'abéorb, some
absorb much more strongly thah others. vThe absorbanée distributioné are
- not distributfons of mass or number of molecules. |
Because of these limitations; the GPC information was not used as
a true measure of the moiecu1ar weight distribution of the sample.
Rather, it was used as a general indicgtion of molecular weight djstribu- '
tion, and as a means for determinationlof the differences in sample Y
character that .were caused by different treatment conditions.
The GPC used in this work wa§ calibrated for molecular Qeight
versus elution yo]umevin a,number'of‘ways. Tanner eluted a number of

 polystyrene standards and aromatic compounds through the columns in THF
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(54)

and pyridine . Davis collected elution fractions of a pyridine
 extract of Wyodak coal and determined the (number average) molecular

(55). A graph of

weight of the fractions by vapor pressure‘bsmometry
molecular weight versus elutioﬁ volume for these ca]ibratiohs is shown
in Figure IIQS. The high degree of scatter in this plot may be due to
the lack of direct correlation between molecular weight and moiecular
size in solution, for different solvents and types of molecules. A
similar degree of scatter has been observed by other researchers (56).

Proton Nuclear Magnetic Resonance

~

Proton nuclear magnetic resonance (NMR) provides a method for the
study of the chemical character of the protons and, with a few assump-
tions, the carbons of the soluble products. The integrated NMR spectrum,
along with elemental ana]ysis,'was used to calculate properties such as
the aliphatic to aromatic'proton ratio, the carbon aromaticity, and the
degree of condensation of the aromatic'nuclei; A11 wash 0ils from
treated Wyodak coal have been analyzed in this manner, along with
selected Soxhlet oils, asphaltenes, and preasphaltenes from treated
and untreated Wyodak coal.

The samples for NMR analysis were prepared by weighing and dissolu-
tion of 0.1 g of dry extract in 1.0 mL of 99% atomic purity pyridine-ds.
Dissolution was accomplished by digestion at 100°C for a period of 90 min
in a closed via1f The solution was then fi]tefed through a dry, heated,
2 mL, medium-porosity fritted-glass filter, into a dry, weighed and
heated vial. Exactly 5.0 uL of hexamethyldisiloxane (HMDS) was syringed
into. the vial, and the vial closed and shaken. HMDS is an NMR reference

material, which, in basic solutions, absorbs very close to tetra-
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methysilane (TMS), but which can be added quantitative1y to hot solutions
because of its 98°C boi]ing'point (TMS boils at‘20°C). ‘The NMR sample
was transferred by pipette to a 5 mm tube, and analyzed on a 60 MHz
Varian model-TSO NMR spectrometer at a temperature of 35°C.’ The con-
tents of the pipétte and tube were then Qashed back into the weighed
vial, and tﬁe vial dried in the vacyum oven, and reweighed to give the
amount of sample to which the HMDS was added.l |

This NMR proceduré is quantitativé, 1n‘fhat the amount of protons
in the sample can be calculated from the integrations of the sample
spectrum and HMDS peak, and the known amount of HMDS. _The weight percent
of hydrogen is calcuated u;ing the weight of sample to which the HMDS
was added: |

gH = (integral of sample)
(integral of. HMDS)

(4.18x10"% moles of H in 5 ul of HMDS) (1 g H/mole H)
(weight of sample to which 5 uL of HMDS was added)

This percent hydrogen was used as a check, to insure that the protons
that were detected in the NMR process'were equal in amount to those that
were known to be present by elemental analysis. The procedure is also
quantitative in that it allows a check on the amount of material that
was lost during filtration. This amount was small for wash oils (~10%),
and the checks for samp1e loss were not made for many\of these sampjes.
With preasphaltene samples, about 20% of the éamp1e was lost in filtra-
tion, and an additional 20% of the protons were not detected. This last

effect has been found by researchers at Exxon to be caused by formation
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of an aromatic colloid that can péss through the filter, but- which does’
not absorb in the NMR prdcesé (58). The asphaltene samples could be
filtered about as well as the preasphaltenes, but once filtered, all
of the protons were detected. | |

Structural information concerning the extracts was obtained by
diviSion of the NMR spebtrum into regions that represent d%fferent
chemical environments for the protons. The structural analysis fo]]ows
that described by Brown and Ladner‘in 1960 (57), and more recently by
Kanda and coworkers in 1978 (59). Location of regions in the NMR spec-
trum is expressed in terms of de]té (8), the parts per million of fre-
- quency shift, downfield from TMS absorption. Aromatics are located
~ between 6.0 and 9.0 ppm, and é]iphatics are between 0.4 and 4.0 ppm.
The aliphatic region can be further divided Based on the type of carbon
to which the protqn is attached. Aliphatié carbons are divided into
.three cTasses; alpha carbons are adjacent to an aromatic fing, and beta
and gamma carbons are one, and two or more carbons Eemoved from a ring,
respective]y.k Thése carbons are referred to as pfimary; secondary, or
tértiary (1°, 20; or 30), when they are bound to 1, 2, or 3 other carbons.
The a]iphétic'protons are thus divided into the following fractions (60).
The alpha fract%on (6 2.1 to 4.0) contains protons on alpha carbons.
The beta fraction (8§1.4 to'2.1) contains protons on 2° and 3° beta
carbons. The del fraction (61.0‘to 1.4) contains protons on 2° and 3°
gamma gamma carbons and protons on 1° beta carbons. The gamma fraction
(60.4 to 1.0)~contains protons.on 1° gamma carbons. There is a signfi-

cant amount of overlap between the spectra of beta, del, and gamma
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fractions, but the division between arométic, aliphatic and alpha

fractions is sharp.
- 4

In addftion to these absorbances, there was an absorbance in the
aromatic region that was due tp the proton impurities in the pyridine-ds.
The amount of this absorbance was known (by ratio w{fh the HMDS), and
was subtracted dufing the spectrum interpretation calcu]ations.

The aliphatic tb aromatié proton ratio, the most basic expression
for the aromatic nature of the sample, was calculated directly from the

integrations of the respective regions. The fraction of carbon atoms

that are aromatic, Fa’ was calculated by assuming that aliphatic carbon

atoms have an average of two protons, and by using the atomic carbon

to hydrogen ratio (C/H, from elemental ana]ysis):|

F. = (C/H) - (1/2)(aliphaic H/total H)
a (ch)y

The assumption that aliphatic carbons have an average of two brotons
each was suggested for use with coal méteria]s by Brown and Ladner (57).
It is central to most of the more complex structural analysis that
follows. Although th1§ assumption was verified by Retcofsky through

the use of carbon-13 NMR analysis (61)

, many other assumptions cannot
be verified at this time. The most important of these is the assumption
that alpha carbons have an average of two protons. With this assumption,

the values of [H/C] the H/C ratio of the hypothetical unsubsti-

nuclei’®
tuted aromatic nucleus, and o, the degree of substitution of the nucleus,
can be calculated. The defining equations for these structural parameters

can be found in Appendix B.
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'THe_protons in the del fractibn, a major substituent in the NMR '
spectrum of wyodak_coalland products, include gamma -CH2- and beta --CH3
protons. That beta -Ch, groups are an important product of zinc chloride ' -
catalyzed reactions, was demonstrated by Maienschein, who found l-methyl

(46). The presence

indan to be a product of the degradatiqn of tetralin
of beta -CH3 groups of this kind may reduce the H/C ratio for the alpha
position.'vThe effect of this tybe of structure on calcu]afed parameters 
haé béen investigated using compdter-generated structural parameters,
:based ohvan iterated value of N, the ndmber of beta -CH3 groups per
”‘alpha carbon, | | | |

,} . The other paraméters'that'were calculated from.NMR»ﬁpectra include
the average non-éing, unbranched aliphatic chain length (ACL), the aVer-
age 1ength.of saturatederingv(naphthenic) side-chains (NCL), and the
fraction of napthenic sfde Chains per total protons (NCF). These param—
eters, as well as values for the H/C ratio of the alpha position,

[H/C]

-CH3'groups. . The defining equations for these parameters, and their

nuc]ei"and c;'can be !torrected' for the varying amount of'beta
values as a function of N, are listed in Appendix B.

There is no way to predict an exact value for the number of beta
_-CH3 groups per élpha carbon (N). By varying the amount of béta‘-CH3,
it has been &emongtrated that the calculated ﬁ]iphatic chain length
is particularly:sensitive to this structural feature, while [H/C]nuclei J
and are not very sensitive. In this respect, the structural model '

should yield values for the latter two parameters that are not pafticu-

larly sensitive to the assumptions of the model.
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Chemical Oxygen Ané]xsis

The amount of.oxygen that is present in the coal -and melt treated
coal, in the form of phenolic hydroxy1, carbonyl, and carboxylic func-
tionalities, wasvdetermined by 'wet' chemical analysis schemes. The
procedures were essentially identical to those reccmmended by Blom for
the analysis of chemical oxygen groups in coal (62). The hydroxyl groups
were determined_by acefy]ation with acetic anhydride, followed by titra-
tion of the unreacted acetic acid. The carbonyl oxygen was determined
by reaction with hydroxylamine ﬁydroch]oride, and subsequent hydrolysis
of the oxime which was formed. The carboxylic oxygen waé détermined by
ion exchange with calcium acetate, followed by titration. (

For all three procedures, the coal or MTCV(usua11y, it'ﬁas the
PWMTC sampTe that was analyzed) was first treated by stirring with a
50:1 weight ratio of 1.0 N hydrochloric acid, in a closed flask, for
about 18 h.' The sample was subsequently'washed with hot water until
freé of acid‘Gv4000 mL), dried in the vacuum oven,'and stored unti1vuse,
in a vacuum desicator.

In the hydroxyl determinatioh, about %/4 g of sample was weighed
into a 50 mL boiling flask ("m" g), and 12 m. of pyridine and 500 uL
“of acetic anhydride were added. A condensef was attached, and the sample
boiled for 24 h under ref]ux, after which time 10 mL of water was added
and B§i1ing continued for 5 min. The mixtﬁre‘Wasvthen washed into_a
150 mL beaker with 40 mL of 50:50 (by weight) ethanol/water, and titrated
to an endpoint of pH 9 with 0.25 N alcoholic NaOH ("a"_mL, titer = t).

A blank was run without coal ("b" mL), and a free acid blank run with
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coal but without acetic ahhydride”(“n“ g, "c"m). The hydroxyl is |

Ca1cd1ated as:

milligram equivalents hydroxy! >l=> (b-a)t' - c-t
gram of sample v m n
'A_  Theifepfoducibility of thi§ brocedure was improved if the amount
6f acetic anhydfide fhat was added fo the coal sample was weighed, by
weighing the boiling flask before aﬁd after addition. In this variation
:the'blank; l"b" mL; is'replaced with the weight of acetic anhydride times
;:a_factor of K, which'representé the amount of titrated NaOH thatvcan be
expetted ih a blank run, ber g of acetic anhydride. The value of K was
 determined by a series of b]ank'runs. A minimum of two~fep1ications were
run for.ééch acéty]ation reaction. :The Expérimen£a1 error, expressed 65
‘the average standard deviation for all samples, was 6.5%: The free $cid
blank runs did not require rep]fcation. An ‘unknown amount of hydroxyl
was probébly not detected because some of the hydroxyl is inhibited from
reaction by stearié hindrance (62). B |
vIn the carbonyl analysis proceddre, 800 mg of sample‘was weighed
(ﬁa" g) into a 250me‘f1a$k. 1 g of hydroxylamine'hydroch1dride'and |
10 mL 6f pyridine were added, and the mixture boiled under reflux for
24 h, .After being boiled, the mixture was cooled and diluted by addi-
tion of 50 mL of water. 12 mL of 36% hydfoch]oric acid werevaddéd and
the mixture was washed into a weighed, 20 mL, hedium-porosity sintered-
glass crucible, filtered, and then Washed with -hot water. The crucible
was dried overnight in the vacuum oven, and cooled and weighed ("b" g

of sample). A small amount was subjected to elemental analysis ("q" =
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% nitrogen), and the remaining material was weighed (hc" g) intb a

250 mL flask. 20 mL of 2.0 N aqueous sulfuric acid and 20 mL of acetone
were added to the flésk, a condenser attached, and the mixture boiled
under reflux for.24vh, After this time, the mixture was washed into

a second weighed sintered-glass crucible, washed with hot water, and
placed in the'vacuum oven to dry. After 14 h, the sample was cooled,
weighed‘("d" g of sample), and analyzed for elemental composition ("r" =

% nitrogen). The carbonyl is calculated as:

meq ;agbonyl = (b*q - d-r-b/c)/14-a

Because of the 1ength'of this analysis, only selected sémp]es have
been analyzed. Two replicate unreacted coal samples have been analyzed,
giving a standard deviation of less than 1%.

The carboxyléte and carboxylic acid groups were determined by ion
‘exchange with Ca]cium as calcium acetate. Any carboxylate is converted
to carboxylic acid by the HC1'washing‘procedure. In the carboxyl pro-
ceddre, 250 mg of sample was weighed into a 125 mL flask, and 10 mL of
1.0 N aqueous calcium acetate plus 50 mL of wﬁter were added. The flask
was closed, and the contents stirred with a‘magnetic stirrer for 18 h..
Then the mixture was filtered and‘washed with water.to yield 100 mL of
filtrate. The filtrate was trénsferred to‘a'beaker and titrated to an
endpoint of pH 9.with aqueous 0.02 N sodium hydroxide ("v" mL, titer =
t). A blank was run without coal sample ("vo" mL). The carboxyl groups
are calculated as:

meq carboxyl

3 = (v-vo)-t/(weight of sample)
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- Replicate measurements with untreated coal gave a,standard"déviation
of 2.6%. | _
Only Wyodak coal dnd melt treated Wyodak’coal Samp]es were ana1yzed i
for chemical oxygen. The results are expressed as the percent of the v
whole sample that 1s oxygen in the form of the specific funct1ona1 group.
The amount of total oxygen in the samp]es was ca]cu1ated by d1ffer-
ence, using the elemental ana]ys1s that was performed on each of the
écid-waéhed samples. In the elemental analysis intérpretation, chlorine
was aségmed éo be stoichiometrically representative_of the ZnC]2 that
was preseht and volatilized during ash analysis. The amount of total

oxygen actually includes a small amount (~0.5%) of sulfur, and is calcu-

Tated as foT]ows:
% Total Oxygen = 100 % - (C + H + N + Ash) - 1.92(C1)

This amount of total oxygen was checked against the (simi]ar]y'ca]-
culated) total oxygen of the non- ac1d washed samples by a comparison of
.the 0/C rat1os for the samp]es. If an 0/C rqt1o d1screpancy,of-mqre |
than 0.05 was d1scovered, a th1rd analysis was performed.""
The amount of oxygen present as ether functional groups was
v calculated as the-difference between total oxygen and the other threev
' functioné1-oxygen fractions.v In this regard, the ether fraction contains
vthé sulfur iﬁ the sample, as well as a]] of the error iﬁ the other func- w
tiona];grdub analyses and the elemental analysis.

QGa54Chr6matography '

‘The distillates from wash dil and melt treated coal devolatilization

4»Were'ana1yzed by gas.chromatography (GC). The analysis was primarily
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for tetralin and naphthalene, a]fhough some other material in this
molecular weight range was detected. Samples were prepared by filtering
2 mL of distillate through a 0.5 um Millipore Teflon filter. A1l samples
were first analyzed on a Chromalytics Multi Purpose Thermal Analyser,
Model MP-3, with Dexsi1-300 column and flame ionizétion detection (FID).
Samples were vaporized in the injection port, and were carried by helium
through the GC column, which was programmed to have a temperature that
increased from 60 to 320°C at 12°C/min. Quantificatfon with this GC

was by integration of the recording of the FID signal. Most samples
were also analyzed on a Hewlett Packard Model 5840 A Gas Chromatograph,
with OV-225 column and FID. Helium was used as the carrier gas, and

the column was temperature programmed to increase from 60 to 225°C by
‘10°C/min. Quantification on_this GC is by a built-in digital integra-
tion, based on previously run calibration mixtures of cyclohexane,
tetralin, nabhtha]eng, and'bﬁty1-benzéne. Materials for which FID con-
stants o} calibration are not available were quantified by direct area
ratio to tetralin. |

Gas Analysis

‘The gas sahp]es, whidh were taken in selected runs, were analyzed
by mass spectrometry (MS), and by gas chromatography/mass.gpectrometry
(GCMS). The MS analysis, using a CEC Model 21103 spectrometer, and the
GCMS anaiysis, using a finnigan Model 4023 system, were carried out by
Dr. Amos Newton and co-workers at Lawrence Berkeley Laboratory. A
-detailed description of this equipment is given by Taylor (63).

The mass spectrometrvaas used to determine the concentrations of

co, C02, and CH4 in the hydrogen of the reactor-exit gas. Very small
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amounts (~500 ppm) of hydrocarbons such as isobutane, isopentane,
methylcyclopentane, and benzene were detected using the GCMS, and are

quantified by peak area ratio to CO This GCMS proceduie gives only

2.
"a very crude measure of the relative amounts of hydrocarbons present.

Determination of Product Yields

In zinc ch]ofide catalyzed 5051 liquefaction, as with any coal
liquefaction process, the most important question. is one of how much
Tiquefaction has occured. The product yields from a coal conversion
process must be described in terms of a baéis_that gives an understand-
ing of how much coal is converted, and of what kinds of products it
has been converted to. The basis for describing yie]de, in the coal
liquefaction research af Lawrence Berkeley Laboratory, is coal productA
solubility in a series.of solvents. ) |

In this research, fhe coal conversien was measured in terms. of
~solubility in cyclohexane, toluene, and;pyridine (seeuential1y), which
- provide solubility data in terms of three extract fractions that contain
progressively harder-to-extract material. This.extraction prpcedUre '
succeedékih describing the extent of conversion to different'kfnds of
prbducfs, but to be reaily useful, the data must be'eecurate1y
‘interpreted.

There were several problems that surfaced in the interpretation of
extraction resﬁ]ts: The MTC (or coal) containedJ$ome{ash and ZnC]2 that
could be extracted into the product yie]d fractions, but which were not
desired coal conversion products because they have no fuel or chemical
product value. The interpretation of the pyridine extraction data was

further complicated by the incorporation of pyridine into the extract
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and residue fractions. ‘To.circumvent these difficulties, a calculation
procedure was developed that ihterprets extraction data in terms of the
amouht of carbon that is extracted into the product fractions, as a
percent of the initial MTC carbon. Pyridine incorporation is corrected
by nitrogen balance.

In.this extraction calculation, all extfact and residue samples
were fifst analyzed fof carbon, hydrogen, and nitrogen. The wash oil
yield wés calculated as the fraction of MTC carbon that is present in
wash oil. The yields of Soxhlet extracts of the PWMTC were calculated
as the fraction of PWMTC carbon that was'extracted, multiplied by thé
fraction of MTC carbon that is present in PWMTC. The total oil yield
is the sum of the wash o0il yield and the Soxhlet 0il yield. The sum
of oil, aspha]tené, and preasphaltene yields is referred to as "total"
yield of soluble products.

The amount of cafbon in the preasphaltene and residue that was origi-
nally from the PWMTC was calculated by subtraction of the incorporated-
pyridine carbon from the toté] extract carbon. In thisisubtraction
calculation, the total incorporated pyridfne was calculated by nitrogen
mass balance on the PWMTC extraction. This pyridine was divided between
the preasphaltene and residue by using the assumption that the pyridine-
free ratio of carbon to nitrogen in the extract is equal to the pyridfne4
free ratio of carbon to nitrogen in the residue. With this assumption,
algebraic manipulation of the various.mass balance and stoichiometric
equations leads to the follow equation:

(pyridine-free nitrogen in preasph.) = E(A - C(60/14))
B+A - (60/14)(C+D)
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where: A = total carbon in pyridine extract
B = total carbon in residue |
C = total nitrogen in,pyridiﬁe extract
D = total nitrogen in residue
E = pyridine-free nitrogen to be divided

(from nitrogen balance on extraction)

The remaining,distribution of carbon and nitrogen was calculated

" from the mass balance and stoichiometric equations. For example:

(Pyridine nitrogen in preasph.) = C - (Pyridine-freé "N" in preasph.)
(Pyridine "C" in extract) = (60/14)(Pyridine "N" in preasph.)
(Pyridine-free "C" in preasph.) = A - (Pyridine "C" in preasph.)

A similar set of equations was used for the residue calculations.
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ITI. RESULTS AND DISCUSSION
This investigation of the general mechanism of zinc chloride
catalyzed coal Tiquefaction has comprised several series of exberiments
in which specific aspects of the coal-treatment conditions were examined.

These aspects included the temperature of treatment, the duration of

treatment, and the presence or absence of tetralin durihg treatment.

The first task of this investigation was to verify that the combina-
tion of ZnC]2 and tetralin did provide a treatment system in which coal
conversion to soluble products was enhanced. This verification included
a series of preliminary experiments, carried out in the séme apparatus

(43), where several different

and with the same'procedures used by Holten
combinations of the amounts of ZnC]2 and tetralin used, and hydrogen
pressure were examined. The results of these experiments, in which

the treatment was Carried out at 250°C for 60 min (plus heatup and cool-

down time), are shown in Table 1II-1. The yields of soluble products

are expressed as a percent of the MTC (DAF basis).

vThe yields of products_obtained from coal treated with ZnC12 and
hydrogen, both with and without tetralin, were similar to those obtained
by Holten. The presence of hydrogen gas at pressures of about 3.0 MPa,
in the absence of orgénic solvents, resulted in a small increése in con-
version. The presence of tetralin resulted in an increased product
H:C ratio, as well as greatly increased yields. _Fina]]y,,high yields
of soluble products weré‘obtained when ZnC]2 was used with other organic

solvents, such as isopropyl alcohol.



Table III-1: Yield and character of products from preliminary
experiments. Treatment of 50 g Wyodak coal with
ZnCl2 at 250°C for 1 hour.

Treatment Conditions Yield of Soluble Materials (% DAF) molar

(%)

ZnClg(l) . H2(2) . Solvent - Benzene ' Tota1(3) g H.gfr;;éo
No reaction - extraction of untreated coal 1.7 - 10.1 0.98
300 g none - . ‘' none 3.0 . 11.5 0.85
300 g 3.5 MPa . none 3.9 16,3 0.87
300 g none 50 g tetralin 24.0 . 60.4- ~ 0.94
300 g 3.5 MPa ~ 50 g tetralin 34.5 70.9 0.93

25 g . 3.5 MPa 150 g tetralin(”) 20.6 - 33.7 , 0.9%
300 g 3.5 MPa 50 g i-propanol 21.4 . 64.9 - 1.00
300 g 3.5 MPa 50 g t-butanol - 4.3 27.7 .  0.89

- (1) Grams of ZnCl, solution, containing 10% Hy0.-

‘(2) Total Parr autoclave pressure 1ls listed, 1includes hydrogen and- vapor pressure.

(3)

Total yield is cumulative yield from benzene and pyridine extractions.
This experiment used .only 25 g coal. ' :

_VS_
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The. study of zinc chloride-catalyzed coal liquefaction with ’
solvents other than tetralin, including those miscible with ZnC]Z,
such as methanol, has been pursued at Lawrence Bérke]ey'Laboratory by

(64) (67)

Shinn and Onu

Experiments Performed

The main series of experiments were carried out in the appératus
described in Chapter II, with fixed procedures and amounts of materials.
They are listed in Table III-2. With exceptions asvnoted, these experi-
ments were all carriéd out with 273 g of ZnC]z, 27 g of HZO’ 50 g of
tetralin, 50 g of Wyodak coal (containing 24% moisture), and a total
gas pressure of 3.5 MPa. .For all experiments (except as noted),. the
ZnC]Z/coa1 mixture and the tetralin were combined at roughly the treat-
ment temperature.

The primary results of these experiménts are yields of soluble
products. The yields (based on carbon content) of 0il, asphaltene,
and preasphaltene fractions are listed on Table IT1-2, along with the
molar H:C ratio for the total melt treated coal.

Determination of Yields of Products

Many ihvestigators, both at Lawrence Berkeley Laboratory and else-
where, express their results on the same DAF basis that has been used
in the preliminary éxperiments of this work. However, we have ;hosen
to express our yields as the fraction of MTC carbon that is extracted
into the products, because this basis'provides a more accurate account-
ing for the ash, ZnC]z, gnd pyridine that are present in the extracts.

The differences between alternative methods of yield calculation

are illustrated by the example presented in Table III-3. The main
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Experiments performed.

All experiments are with 50 g Wyodak coal, 273 g ZnClz,
27T g H20, 50 g tetralin, 3.5 MPa total pressure, unless

otherwlse noted.

Treatment Conditions Notes ' % Yield of Products (C basis) . molar
Temp. "Time (Run No.) ' 011 Asph.  Preasph. H:grr;;éo
250°¢ 30 min  (30) 27.2 10.2 25.9 0.96
60 min (31} 31.4 9.3 26.8 0.97
. 60 min  (45) Tet. addn. at 200°C 32.5 9.9 27.9 0.97

60 min  (40) Rosebud coal 20.1 6.7 23.5 0.86
60 min  (41) Monarch coél 20.2 T-4 22.5 0.84

275°c‘ 69 min  (39) 39.6 10.6 25.5 1}06
60 min  (42) Tet: addn. at 225°C 46.1 12.3 21.3 1.00
60 min (22) Used only for MTC devolatilization - fecovery

300°C 10 min  (26) 28.5 13.1 27.9 0.92
30 min (25) 39.3 13.8 28.1 0.94
60 min  (23) (1) 46.5 13.0 21.8 0.96
€0 min  (47) 51.5 13.7 18.7  0.96
120 min (28) 55.8 15.3 17.2 0.96
€0 min (23) Tet. addn. at 250°C 53.2 15.9 16.8 0.92

0 min (27) Heatup. only, no tetralin 3.3 4.3 18.3 0.8

20 min  (44) No tetralin 2-8v. 7.9 16.9 0.88
60 min - (38) No tetralin 9.2 10.2 24.1 0.88
30 min (34) Recyéle‘preparaiion(zy 40:1 10.7 ‘0.94
90 min  (35) Residual recycle(>) 30.6 15.8 27.6 0.91
- 60 ﬁin (36) Asphalténe reaction (not appiicable)
60 min  (43) Rosebud coal 33.1 18.1 22.9 " 0.81

325°C 60 min  (46) Tet. addn. at 275°C 65.6 1.2 123 0.94

(1) Separate extractions were performed for the material found in the quench tanks

e and that which remained in the reactor after product transfer.

(2) Preparation of isolated solubility fractions for re-treatment by treatment and

separation of 220% of normal amounts of reactants. (treatment in two patches).
(3) Treatment of 35 g dry preasphaltene + residue in place of coal, with an

additional 8 g of water added in placé of'the usual coal moisture.



Table III-3: - Comparison of Yields from Different Calculation Approaches
for Treatment of 50 g Wyodak Coal for 1 h, at 250°C in Parr
Autoclave with 273 g ZnCl,, 27 g H,0, 50 g Tetralin, and
3.5 MPa Total Pressure (Vgpor presSure plus hydrogen gas)

Product Fraction (%)

Total MTC 011‘p1us Asoh. Preasph. Residue
Elemental Analysis (% MF) _ :
c : 69.81 : ) 88.93 65.78 51.89
H 5.39 7.70 5.26 3.61
N 0.69 . 0.11 2.64 1.78
S ' , 0.84 © 0.4b 0.48 1.14
c1 2.10 _ 0.11 . 6.26 - 0.7
Zn 3.02 0.25 ' 6.43 T 3.02
Ash » 14.2 0.4 3.7 23.9
Extraction Sample Weight (MF): 8.415 g 2.490 g 2.629 g 3.791 g
Calculated Yield: Total Soluble Plus Residue
DAF Basts (1) ' 123.7 34.5 36.4 52.5
same, corrected for ZnCl, (2) 117.5 36.2 27.6 52.5
Carbon pasis (°) : 9U.7 37.7 26.3 30.8

(1)

(2)
(3)

The "épirit" of a DAF calculation 1s that it requires no elemental analysis of the extracts. Therefore,

- yleld 1s calculated as the extracted sample weight divided by the ash-free weight of-initial MTC. Yields

can be but are not, in this case, corrected for pyridine incorporation by assuming a distribution of
pyridine between the preasphaltene and residue fractions.

Calculated (without extract elemental analysis) using the assumption that all the ZnCl, 1n the MTC gces
to (pyridine)22n012 in the preasphaltene, and that the remaining MTC zinc goes to the festdue.

Calculated (using MTC and ‘extract C, H, and N analysis) by dividing the carbon content of the extract
by the carbon content of the initial MTC. Preasphaltene and residue fractions are corrected for pyridine
incorporation using a nitrogen balance, and by assuming that the pyridine-free ratio of carbon to
nitrogen in the preasphaltene is equal to the pyridine-free ratio of carbon to nitrogen in the residue.

-Lg-
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« difference between DAF and carbon-based calculations is that DAF.yiéld"
is based on the total weight 6f'thé extract, which may contain unknown
amounts of ash, ZnClz, and pyridine, whereas the carbon-based yie]d
is based on the pyridine-corrected weight of carbon in the extract,
and so provides a precisely defined yield value. Moreover, the carbon-
based_yie1ds are naturally normalized by mass balance constraints, so
that the total yield of soluble products plus residue averages 99% for
the experiments listed in Tablé I1I-2.

Both calculation procedures‘give extraction yields as a percent of
the MTC. The amount of MTC is usually higher (by about 5 to 20%) than
the amount of initial coal that is introduced td the reactor. The dif-
ference is solvent (tetralin) that has bééomé ihcorporated, either
chemically or physically, into the MTC (in runs without so1Vent,‘
slightly less MTC is recovered than the amount of initial coal).

The incofpofation of solvent into the cda] during treatment has
been investigated by balances on the carbon content of the materials
that are introduced'to, and recovered from, the coal treatment reactor;
the details of the carbon ba]ance.cah be found'ih.Appendix A. Most

~ of the noh-MTCvcarboh fecoVerea ié in the form of tetralin-molecular

. weight materia]é fhat are normally vo]afi]ized. Volatile materials
recovered for the treatment of Wyodak coal at 300°C for 60 min (Run 47)
are shown in Tab]e_fII-4;‘_The amount of recovered volatiles (29 g)
is less than the amount of tetralin that islintroduced to the reactor
(50 g). The overall mass balance also shows a loss of carbon during

tfeatment.
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Recovery of compounds in the bolling range
of tetralin. Treatment of 50 g Wyodak coal
at 300°C for 60 min with 273 g ZnCl,, 27 g
HQQ, 50 g tetralin, 5.5 MPa total pressure.

Compound . Amount Recovered

Tetralin 177> &
Napthalene | 6.7 g
Butylbenzene trace

Methylindan 1.47 g
Higher bo1ling(1) 3.06 g

(1) Material that will volatilize at
100°C under 10 kPa of flowing-
“nitrogen. '
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Although the lack of a c]osed‘mass ba]ance on carbon does revea1 
a level of uncertainty in the resuits, the incorporation of solvent
can be shown to have only a small effect on the total yield of so]ub1é -‘
products: The total yield for ruh 47, as calculated by subtraction of |
all the incorborated so]ventvfrom the soluble products; is 81.4%,V
\

compared to 83.9% without correction.

Effect of Coal Used upon.Conversibn

In order to examine the influence of coal properties, for subbitumin--

~ous coals, on the conversion obtained with ZnClz/tetraIin'treatment,'a
series of>experiments were carried out using Rosebud and Monarch seam
coals. These coals were Se]ected to be quite different from the Wyodak
coal, being subbituminous B rather than subbituminous C and having lower
fractions of vo]afile.matter on prokimaté analysis (about 40% as compared.
with 46%). A Comparison of the yields of soluble producfs and the H:C
“ratio of the MTC for similar treatments of Wyodak, Rosebud, and Mbnarch
coal is shown in Table III-5. | |
The Rosebud and Monarch coals Qere somewhat less reactiVe.than the

Wyodak, yielding approximately 20% oils for 250°C, 60 min tréatment»

as compared to 31%. However, the qud]itative aspects of their response

- to treatment is very similar fo that of the wyodék coal, both in terms
of the distribution of soluble product yields, and in the effect of
treatment temperature on coal H:C ratio. Treatment at 300°C for 60 min
resulted in high total yields for both Wyodak (82.6%) and Rosebud (74%)
coals. 'Moreover, as can be seen in Table III-5, the yields 6btained
with Monarch and Rosebud coals, which have very simiTar analyses but

which derive from entirely different seams, are very nearly the same.

&
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Table III-5: Comparison of soluble product ylelds
for treatment of different coals.
Treatment of 50 g coal with 273 g
ZnCl,s 27 .8 H50, 50 g tetralin, and
3.5 ﬁPa total“pressure.

yield of Soluble Products(l)
(and MTC molar H:C ratio)

Coal _ Wyodak' Rosebud Monarch
Untreated Coal (0.98)  (0.8Y4) (0.84)
011 - . 1.0 1.0 0.1
Asphaltene 3T 3.4 1.0
Preasphaltene 14.5 10.3 10.8
Total _ 19.2 14.7 11.9
250°C, 60 min treatment (0.97)  (0.8%) (0.84)
011 o 314 0 20.1 20.2
Asphaltene 9.3 6.7 7.4
Preasphaltene 1 26.8 - 23.6 22.2
Total 67.5 50.4 49.8
300°C, 60 min treatment (0.96) (0.81)
011 | 49.0 33.1
Asphaltene 13. 4 ~18.0
Preasphaltene 20.2 22.9

Total - B2.6 - 74.0

(1) cCalculated with carbon basis.
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This indicates that coal characteristics represented in the proximate
~ and elemental analyses may be able to provide a crude guide to expeéted
~conversions for subbituminous coals.

"Effect of Tfeatment Temperature on Conversion

The effect of treatment temperature_on the conversion of Wyodak
coal to soluble products was examined Wfth treatments of 60 min duration
at temperature§ below coal pyrolyéis, the QnSet of which is at a tempera-
ture of about 325°C (25). Two series of ekperiments were performed to
study this effect. These series differed in the temperature at which
tetralin was added to.thé reactor. For one sefies, which included ekperi-
ménts at treatment temperatures of 250, 275, and 300°C, the tetralin was
added to the reactor after both the tetralin and the ZnCIz/coal mixture
were heated to treatment temperature. In the other series, which inc1uded
.experfments at treatment temperatures of 250, 275, 300, and 325°C, fhe
tetralin was added during the ZnC]é/coa] heatup, at a melt temperature
50°C below treatment temperature. The melt température at which the
tetralin was added is referred to as the "tetralin addition";temperature.
The effect of tetralin presence during heatup was studied by comparison
of thé results of the tWo.series of experiments. |

The behavior of the cumulative oil, asphaltene, and preaspha]téne
yields with treatment temperature, for both series of expefiments,'is
shown in Figure III-1. The oil yield increases uniformly from 31% to
65% over the temperature range of 250 to 325°C. The total yield of
soluble producté'increases more slowly, from 70% at 250°C to 89% at

325°C. The yield of asphaltene is relatively constant, so that the
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Figure II1I-1:

Treatment Temperature, °C

Effect of treatment temperature on the
conversion of coal to soluble products.
Treatment of 50 g Wyodak coal for 60 min
with 273 g ZnCl,, 27T g HL0, 50 g
tetralin, and >.5 MPa total pressure.
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1argé'inqréase in 0il yield is compensated by a decline fn preaspha]tene
yield. | o

The 0il1 and total yié]ds»fof experihents in which tefralin was
present during the last 50°C of heatup are higher than those with .
tetralin addi£ion at treatment'temperature. This increase cou]d‘simply
be due to an increase in treafmeniltimei ‘The presence of tetralin |
during heatup increased the treatmennt time Jurihg which tetralin was
preseht by about 4 min. Howevér,Afesu1ts that will be discussed later
show that’fhi% jncreased reaction time cannot account for more than a 2%
increése in yield. The rbugh]y 5% increase in yie]d that was observed
in treatments at 275 and 300°C is, therefore, an effect of the lower
temperature at which the tetfa]in was added.

The other significant difference between the results of the two
series of experimehfs 1ies in the levels of tetralin incorporation for
these experiments. For experiments in which the tetraiin was added
at tréatmeht'temperature,'the lTevel of ihcorporation decreases as'fem-
berature increaSes; so that a 250°C, 60 min run has an incorporation

vlevel of 17% of the MTC,'WHf]Q fhe 300°C,'60 min treathent has an fncor-
poration level of about 5%. For the series of experiments wifh tetralin
addition during heatdp, however, the incorporafion level is‘simi]ar to

- that of an experiment in whith the treatment was at the temperature of
éddition; pr éxamp]e, a'300°C, 60 min treatment with tetralin addition
at 25o°c haé an incorporation level of about 19%, a 1evé] similar to |
that‘fbrlan expériment with tefralin addition and treatment both at

250°C.
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The generally declining trend of solvent incorporation with increas-
ing tetralin addition temperature is shown in Figure III-2. The high
degree of scatter in this figuré may be a result of the experimental
variation of the mass ba]anées that Were used for solvent incorporation
calculations. In any event, this scattef indicates that only a crude
trend of incorporation can be ideﬁtified. This incorporation trend
may partially contribute to the higher yields for the serieé of experi-
ments with tetralin addition at lower temperature, if the tetralin is
incorporated perferentially into the soluble producté,Aand the yield
of .those products is thereby artifically raised.

In the experiments with different treatment temperatures, the tem-
perature of tetralin addiiion did not have a significant effect on the
character of the soluble products. In the following examination of the
effect of treatment temperature on the atomic combcsition (elemental
analysis) of soluble products, the characteristics for the runs of
different tetralin-addition temperature are averaged (fdrvconvenience

of presentation).

Effec¥ of Treatment Temperature on Character of Products

" The yie]d fractions are materials that are soluble in different
kinds of‘solvents, and as such, each of these solubility fractions can
be expected to have a distinctive chafacter that is not strongly affected
by treatment conditions. This character is exemplified by the degree to
which heteroatoms and ash (everything other than C + Hi are present in
the extracts. The hetroatom plus ash contents of the.soluble products
are constant with changing treatment temperature, as shown in Figure

I11-3. Each of the fractions has a distinct level of heteroatoms plus
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"Effect of tetralin addition temperature

on the solvent incorporation during .
treatment. Treatments .of 50 g Wyodak
coal with 273 g ZnCl 27 g H 0, 50 g
tetralin, and 3.5 MPg total pressure
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Treatment Temperature, °C

Effect of treatment temperature on the
heteroatom plus ash contents of the
soluble products. Treatment of 50 g
Wyodak coal for 60 min with 273 g ZnCl,,
27 g H,0, 50 g tetralin, and 3.5 MPa

total Pressure. A- oil, [J- asphaltene,

O - preasphaltene (corrected for
pyridine but not ZnClg).



. -68-

ash. The oils are by far the lowest, only about 1.5% of the 0il frac-
tion being ﬁateria] other than C + H. The asphaltenes are higher (about
7%), and the preasphaltenes are higher still (about 21%). The heteroatom
plus ash content of the preasphaltenes is not corrected for zinc chloride
content because of a lack -of chlorine analyses on most of these samples.
For the two treatments at 300°C, however,'this anaTysisvhas been per-.
formed, the corrected'heteroatom plus ash content of the preashpaltenes
from these experiments being 12%.

~ Although the total fraction of soluble products that is hydrogen
plus carbon is more a function of solvent properties than coal-treatment
conditions, the ratio of hydrogen to carbon in the soluble'products
is affected by treatment temperature, as shoWn in Figure III-4. AN
of the soluble product fractions have molar H:C ratios that decrease
with increasing temperature. The H:C ratio of the asphaltenes decreases
the most, followed by that of the preasphaltenes, and then oils. |

Effect of Duration of Treatment on Conversion

The pathway of reaction, in zihc chjoride catalyzed coal conversion
with tetra]in, can be, to some extent, characterized byvthe study of the
conversion of coal to soluble product fractions, and by examination of
the changes in conversion that occur with changing duration of treatment.
“Meaningful reactiop-kinetic information, however, cannot be obtained
because of theldiversity of the mo]ecples that make up the coal and
'products. In this context, the reaction pathway is generally defined
as the bu]k conVersion of large amounts of molecules in one product

fraction (or in coal) into molecules of another fraction.
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Figure III-4:

Treatment Temperature, °C

Effect of treatment temperature on the
molar H:C ratio of the soluble products.
Treatment of 50 g Wyodak coal for 60 min
with 273 g ZnCl,, 27 g H,0, 50 g tetralin,
and 3.5 MPa-totgl pressuge. A - o011,

O - asphaltene, O - preasphaltene.
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vAt_a coal-treatment temperatufe ofv300°C,‘a series of experiments

were carried out with durations of treatment varying from zero to 120
min. The zero-time run represents an experiment in which the ZnC12/coa1
‘mixture was heated to treatment temperature and then transferred to fhe
.co1d;water qdench just at the point when tetralin would have been added.
The addﬁtion of tetralin after heatup, and the product quenching after
‘treatment, allow the use of treatment durations as short as 10 min,
- which are significantly shorter’ than the heatup and cooldown time that
would be encountered without these procedures. The cumulative yields
of 0il, asphaltene, and preasphaltene fractions for-theée experiments:
are shown in Fig. III-5,

The conversion at 3000C starts vefy quickly. After 10 min there
is a 70% total yeild and a 30% oil yield. The total and oil yields con-
tinue to increase for durations up to 30 min, but after thfs time the
total yield increases very slowly, and there is a net conversion of pre-
asphaltenes to oil. Despite thfs apparent net conversion of preasphal-
tenes to oil, the amount of aspha]tene in the product remains neér]y
constant from dufations of 10 to 120 min.

The pathway of feaction is difficult to deduce from thése exper-
ments alone. It is possib]e-that coal is converted to o0il through the
intermediate of preaSpha]tene. It is a]so‘possible that most of the
0il is generated directly from a‘fraction of coa} that, when treated
with ZhC]2 and tetralin, reacts airectly to oil. Similar uncertaintiés
exist with regard to the role of the asphaltene fraction, especially
considering'the'constancy‘of the asphaltene yield with dﬁration of treat-

ment. These uncertainties of reaction pathway were investigated through
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Figure I1I1I-5: Effect of treatment duration on the
: . ~ylelds of soluble products Treatment
of 50 g Wyodak coal at 300°C with 273 g
ZnCl 27T g H 20 50 g tetralin, and
ﬁPa total pressure. A - oil,
I - 011 plus asphaltene, @ - total.
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several expérimehts in which product fractions from a 30 min, 3000C
"treatment were isolated and fg-treated with zinc chloride and tetralin.
‘The initial reaction duration of 30 min was chosen for these
"recycle" experiments because this was the duration after which the
conversion of preasphaltenes to oil predominated. Two different recyc1e
experiments we%e carried out. Iﬁ.one, an amount of the preasphaltene
plus residue fraction, called "residual", that was equiya1ent in carbon
cbntent to 90% of the usual (50 g) amount of Wyodak coal, was treated
at 3000C with 90% of the usual amounts of ZnC12, H20, and tetralin. In
the other recycle experiment, 5 g of asphaltene was isolated, dissolved
in 50 g of tetralin, and then treated with ZnC]Z.
For the residual recycle experiment, the residual was treated for
© 90 min, so that the combined yie]ds could be compaked to a 120 min
freatment. The combined treatment yield of each soluble product was
calculated as the yield from the preparative expériment (zero}for pre-
asphaltene and residue), plus thé fractional-yield from the recycle
experiment times the yield of residual in the preparat{ve experiment.
The yields for the initial 30 min experimént, the combined yie]d'
for the 120 min recyt]e expekiment; and the yield for a non-recycle,
120 miﬁ treatment of cpa] are shown in'Fig. IT1-6. The.120'min cdm-
bined treatment has a similar o0il and total yield to the non-recycle
treatment. |
The only noticeable difference between the results is the increased
asphaltene yield for the combined treatment. The inéreased asphaltene.v

yield suggests that asphaltenes do participate in the reaction pathway.

These results are consistent with a reaction pathway in whith preaspﬁa]-
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Figure ITI-6: Solubility fraction ylelds for the

residual recycle experiment.

Treatment of 50 g Wyodak coal at 300°C
with 273 g ZnCl,, 27 g H,O0, 50 g
tetralin, and 375 MPa total pressure.
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teﬁes are first.converted to asphaltenes and then to o0il (with an
undetermined amount of the baralle] direct conversion of preasphaltenes
to 011); The removal of asphaltenes and oil from the reactOr, between
the two stages of treatment prevents the asphaltenes from react1ng to
oil and results in the 1ncreased asphaltene yield for the combined treat-
ment. Unfortunately, the small differences in yield beetween_recycle
and non-recycle experiments make it difficult to base firm conc]usione
on these resu]tst | | v

A more direct method to study the reaction pathway is to isolate
and re-treat the individual so]ubi]ity'fractions. This approach is
actua11y»]imited to the treatment of aspha]tene*, and even an asphal-
tene recycle reaction is subject to the limitation that product separa-
tions cannot be made.by Soxhlet extraction.

~In the asphaltene experiment 5 g of aspha]tene; roughly the amount
that would be recovered in a 300°C'treatment 6f'coa1, was dissolved |
in 50 g of tetralin and treated with 273 g ZnC12 and 27 g H20, under
3.5 MPa hydrogen pressure for 60 min at 3000°c. The product separation
-was accomplished by bouring the solution of asphaltene p]ds the oil |

product in tetralin (and toluene) into an excess of cyclohexane, and

collecting the asphaltene as precipitate.

* Reaction of 0il is not interesting because it is unlikely that a
reverse reaction (involving heteroatom and ash addition) will occur

to any great extent. The preasphaltenes can not be extracted from the -
MTC without incorporation of pyridine and ZnC]2

I’
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~The distribdtion‘of final products (in terms of fractional carbon
recovery) is shown in Fig. III-7. The treatment of asphaltene results
in a high 1eve1'ef eonversion to oil and a high incorporation of tetra-
Tin into the products, with more oil being recovered than the amount
of initie1 asphaltene. If the conversion is evaluated based on the

level of remaining asphaltene, the conversion is 67%. The amount of

reverse reaction to toluene-insolubles is so small as to preclude

separation of these insolubles into preasphaltene and residue fractions.

-The conversion of aspha]tene to oil confirms that the asphaltene
fraction is a part of the reaction'pathway from coal to oil, and the
high levels of conversion are an indfcation that this pathway via

asphaltene is a major one. The high level of conversion is also an

-“indication that the asphaltenes may be converted more quickly in isola-

tion than in the presence of coal and preasphaltenes. From examination
of Fig. III-5 we see that for treatment durations between 60 and 120 min,
at 3000C, the oil yield increasesvby only 6%, despite the presence of
about 14% aspha]tene._ This represents a maximum asphaltene conversion
of about 43%, if all the oil is produced by this pathway, compared to

a 67% conversion in isolation. Conversely, the oil yield obtained in

~the first 10 mfn of coal treatment at 3000C is very large (28.5%)

compared to the yield of éspha]tene (13.1%), indicating that if all

this 0il1 was produced through the'intefmediate of asphaltene, then the
conversion of asphaltene to oil is faster in this initial period of coal
treatment than is the conversion in isolation or in the later stages of
coal treatment. The apparent variation in the rate of asphaltene conver-

sion indicates that the reaction pathway is sufficiently complex to
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involve product fractions with changing activities, and may be better
described as the combination of several conversion pathways between
coal and products.

Effect of Treatment Duration on H:C Ratio of Products

"The results of the reaction-pathway investigation serve to indi-
cate the interconvefsion of the sb]ubi]ity fractiohs. Thus it i§
important to examine the influence of this interconversion on the
character of th; soluble products, and to study any effect on molar
H:C ratios of the soluble products that might arise in the conversion
of one soluble product in;d another.

The H:C ratfos for the soluble products of the 3000C treatments
remain approximately constant over the'range of treatment duration from
10 to 120 min, as shown in Fig. III-8. The large difference between
the H:C ratios of the products for the zerb-time treatment and those of
products for the longer duration treatments is an indication that the
initial oils and asphaltenes, which are recovered in amounts similar to
the soluble yields from untreated coal, reflect the properties of soluble
materials originally present in the coal and do not represent material
that is formed by the treatment with ZnC]2 and tetralin. The constahcy
of the H:C ratios that are observed after this initial decrease from
the zero-time ratios .is an indication thét,‘as one soluble product is
converted into another, the new prpduct does not necessarily retain the
H:C character of the original material. This observation is supported
by the asphaltene reaction, in which an inftia] asphaltene with H:C =

0.88 is converted to an oil with H:C = 1.0l and an aspha1téne'with H:C =
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0.92. Both products have H:C ratios that are similar to those of their
respective solubility fractions on Fig. III-8.

This H:C constancy over different treatmeht durations contrasfs
with the changes in H:C noted for 60 min runs at different treatment

temperatures. The increase in temperature from 250 to 3000C results

in an increase in yields that is similar to that obtained by a change

in duration from 10 to 120 min at 3000C. Thus the H:C decrease that
is ogserved with increasing témperature can not be simply explained
as a progressive conversion of more hydrogen deficient material.

HﬁC ratio is just one indication of the character of the soluble
product. Other product characterizations can be made, in particular

for the o0il product, with the use of proton nuclear magnetic resonance.

Products Characterization by Proton Nuclear Magnetic Resonance

Proton nuclear maghetic resonance (NMR) was used to determine the
chemical character of the protons and with a few assumptidns, of the
carbon atoms of the soluble products obtained in this work. The infor-
mation obtained by NMR can be used to calculate estimates of the struc-
tural character of the coal-derived materials. Besides its general value
in reveaTing broducf chracter, structural information is an important_
tool in the study of the effects of zinc chloride catalysis.

As with ‘all of the analytical protedures, proton NMR has lfmita-

tions; in this application important limitations arise in heteroatom

content and solubility. The presence of heteroatoms in the NMR sample

can shift the proton absorbances out of their standard locations. Solu-
bility of samples can be a problem for asphaltenes and particularly for

preasphaltenes. Even in such NMR solvents as pyridine-ds, aspha]tenes_
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and preaspha]tenés can form colloids that pass through a filter, and

(58). Because’of

| for which the aromatic protons do not absorb strongly
these limitations, the product oils have been studied more extensive]y ..
than the asphaltenes or preasphaltenes. The 0ils have few heteroatoms
and aré.completely soluble in the pyridine-d5 solvent.

The proton NMR spectrum.of the oil derived directly by hexane ex-
traction of Wyodak coal (called here "natural" oi]),bshown in Fig. III-9,
is quite different from the spectrum of. the oil produced by 3000C treat-
ment with'ZnC]zltetralin (Run 47); shown in Fig. III-10. The natural

oil spectrum is similar to that fof_the 0oil from a 300°C, zero-time
‘treatment (Run 27), while the spectrum of'the 0il from Run 47 is typical
of that obtained for the oils from all of the other treatments with
| ZnC]2 and tetraiin, a]though‘thére are measureable differences in the
relative contributions of each‘region in the spectra. The region from |
6 to 9 ppm (frequency shift downfield from TMS absorption) represents
aromatic protoné, with the three largest peaks containing some proton
absorbance from the pyridine-d5 (a]1 the spectra are corrected for
pyridine-d5 absorbance before ana1ysis).‘ The region from 0 to 4.ppm
includes the alpha, beta, del, and gamma portions of the aliphatic

proton spectrum, as well as the reference absorption (at 0.03 ppm).
Example proton NMR spectra for asphaltenes and preasphaltenes derived -
from untreated coal and from coal freated at'2$0°C}fqr 60 min with ZnC]2
and tetralin can be found in Appendi* B. | |

The natural oil from Wyodak coal has an.aliphatic to aromatic

proton ratio (H

,ali/Haro) oflabout 20 (this ratio becomes numerically

unreliable for values above abdut_five because of the small amount of
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Proton-NMR spectrum of oil extracted
from untreated Wyodak coal.
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Proton-NMR spectrum of product oil.
Treatment of 50 g Wyodak coal at 300°C
for 60 min with 273 g ZnCl
50 g tetralin, 3.5 MPa tot

27 g H,0,
pressure.
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absorbance for integration in-the aromatic region), Nearly 60% of the

protons are réprésented by the éing1e peak at 1.2 ppm, indicating that

the structurelof this 0i1 is that of saturated (aliphatic) carbon

chains, eithek simp]e 6r cyclic. These a]ibhatics are expected to be I
~resistant to zinc chloride éata]ysis, as shown by Maiehschein, whp |

found n-dodecane to be Qnaffectea By ZnC12 treatment at temperatures

(46). It is, therefore, not surprising that all of the

up to 300°C
spectra of oils from ZnC12 treatment of Wyodak coal should have large
peaks at 1.2 ppm (del fraction).
Since the actual reaction products of the treatment of wyodak
coal with ZnC]2 and tetralin may bear no resemblance to the natural
0il, the reaction prodﬁct spectra have been corrected by subtraction
of the natural oil in an amount edua] to the natural oil yield deter-
mined by extraction of untreated coal. The effect of this correction
on the fraction of protons in the del region of the spectrum is shown
~in Table III-6. The del-region protons of the natural oil, and those
of Run 27, represent nearly 60% of thevtdta1 protons. The two recycle
experiments, in which a material expected to be devoid of natural oil
is reacted, result in oils that have only about 10% del-region protons.
For the treatments with ZhCT2 and tetralin at 300°C, the natura]-oi]n 5
correction reduces the .amounts of del-region protons from about 18%
to values of 6 to 13%. Although some variation is introduced into the_ | -
results by tﬁis correction all of the regidns in the NMR spectra should

have proton absorbances that more closely resemble the values for the

actual reaction products after being corrected in this manner. -
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Table III-6: Effect of "natural" oil on the fraction
of protons absorbing at 1.0 to 1.4 ppm
(del fraction) in the proton-NMR
spectra. Treatment of 50 g Wyodak coal
with 273 g ZnCl s 27T g H,0, 50 g
‘tetralin, and 3¢ 5 MPa to@al pressure.

011 Sample Origin | ' Fraction of Del Protons
Natural 01l | 55.6 %
300°C, O min treatment (Run 27) 59.6

Re-treatment of inltial products(l)

Residual treatment (Run 35) 9.0
Asphaltene treatment (Run 36) 9.5
Runs of Different Duration ~Uncorrected Corrected
300°C 110 min 17.3 % 5.9 %
30 min | 18.9 11.3
" 60 min 17.2 10.7

120 min '18.2 12.7

300°C, 60 min treatment with no tetralin
' 45.3 30.7

(1) Retreatment at 300°C of products from 300°C,
30 min treatment of coal.
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For the oils, enough NMR spectra have been determined so that more
precise sturctural information can be obtained by averagihg the results
for o0ils obtained under simiiar treatment conditions. The o0il produced
by long treatment (2?60 min) at 3000C is represented_by five experiments;
" three 60'min treatments, a 120 min treatment, and the residual recycle
experiment. The averaged‘experimentaI structural parameters for the
~0ils obtained in these experiments are shown in Fig; II1-11, along with
an example molecule that is characteristic of these parameters. The
product oils are"actua11y the combination of a large variety of differ-
ent molecules, so that the molecule shown can only be cqnsidered an-
example of the type of molecule that may be breEent in the oi]s.‘

The -most important aspects of this molecular model are: that the
aromatic nec1ei are condensed to about thfee rings, that fhere are
roughly three substituents pef nucleus, that the retio of aliphatic
to arematic hyd%ogens is about 1.7, and that the carbon aromaticity
is 0.7 (the last two aspects force the H:C ratio to also correspond
between model and experimental). The large ameunt qf alpha- and beta- .
region ﬁretons relative to the del- and gamma-region protons'results
in an a]iphatic structure thet is'composed mostly of saturated side

chains on the aromatic nuclei. The sizes'and shapes of the aliphatic

Ve
W

substituents are subject to quite wide choiceebecause"of the overlap
of the beta, del, and gamma regions of the épectra., The locations of
these substituents are totally arbitrary.

The structural charaeteristics of the oils from ekperiments repre-
'sentative of the treatment temperatures and'duratiens used in this work

are shown in Table III-7. Structural characteristics for the remainder
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' Example structure'of product oil.

Treatment of 50 g Wyodak coal at 300°C,
for durations 60 min or greater, with

273 g ZnCl g H 0, 50 g tetralin,'
and 3.5 MPg total pbessure.
Experimental Example
Structural Property L Average Molecule
Molecular Weight (by GPC) - 500 518
H:C (by elemental analysis) 0.96 0.95
NMR ,
a11/ oo 1.70 : 1.71
F 0.705 0.70
[H:c] el ed 0.712 0.714
(aromatic substitution) | 0.291 0.30
Aliphatic Proton Fractions: _ ,
alpha _ , 0.292 ' 0.289
B ~ beta 0.177 0.211
del ‘ ' 0.108 0.053
. gamma v 0.0u44 0.079
Aliphatic chain length 5.76 )

Napthenic chain length 3.32 3.0




Table III-T3

Structural cCharacteristics of selected‘oils, produced in treatments
' of 50 g Wyodak coal with 273 g ZnClz, 27_3 Hzo. 3.5 MPa total pressure.

Parameters are calculated from proton-NMR spectra, and are corrected

for natural. oil.

Substitutions Aliphatic Aromatic
) per chain . chain
Treatment ( Run No. (1)) Haii/“éro F, - [H:c] 144  nucleus length length
300°C , _
10 min- ( 26) 1.58 0.70 0.78 0.30 3.9 3.3 -
30 min (25. 34) 1.70 0.69 ~0.74 0.29 6.0 3.3
60 min (23, 28, 47) 1.58 0.72 0.71 0.28 5.7 3.3
120 min (24) . 1.96 0.68 0.72 0.30 6.6 3.3
60 min : - v
250°C (31, ¥5) 2.11 0.66 0.75 0.33 4.7 3.7
275°c (39, 42) 11.67 0.69 0.78 0.30 7.1 3.3
300°C (23, 28, ¥T) 1.58 0.72 Co.m1 0.28 5.7 3.3
325°C (46) 1.42 0.73 o.M 0.26 6.1 3.0

note (1) Muitiple run numbers indicate averaged parameters..

.

—98_
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of the oils may be found in Appendix B. Such structural parameters as
the aliphatic or maphthenic chain length, and the degree of the aroma-
tic substitution, are not strongly affected by treatment temperature
or duration. For these parameters, the Variation observed between the
individual runs (instead of the averaged parameters on\Tab]e 111-7)

shows that there is not much significance to the level of difference

~ observed with changing treatment conditions.

The aromaticity of the oils, as expréssed in the ratio of aliphatic
fd aromatjc protons, is affected by treatment temperature and duratibn in
a manner similar to that observed fdr the H:C ratio. The Ha]i/Haro ratio
is roughly constanf with treatment duration, as shown in Fig. III-12,
and decreéses with increasing temperature, as shown in Fig. III-13.

The similarity in the changes of the H:C ratio and the Ha]i/Haro ratio

is not surprising, as the aliphatic structures have a much higher H:C
ratio (~2.0) than do the aromatic structures (~0.5).

In contrast to Ha]i/H- the degree of aromatic condensation can

aro?

be'tota11y independent of the sample H:C ratio; The degree of aromatic
condensation is represented, in thiskwork, by the H:C ratio for the

hypothetical unsubstituted aromatic nucleus ([H:C] ). This H:C

nuclei
ratio decreases as the nucleus becomes more condensed, and is unrelated

to the overall samp]é_H:C ratio. For the oils resulting from treatment

of coal with ZnCl, and tetralin at 300°C, the value of [H:CJnuc1ei

decreases from 0.78 to 0.7 as the duration of treatment increases from

10 to 60 min, as shown in Fig. III-14. This change in [H:C]nuciei is

representative of a change in degree of condénsation from roughly that

= 0.8) to that of anthracene ([H:C] =

nuclei

of naphthlene ([H:C]nuclei
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Effect of treatment duration on the
Hali/yaro ratio of the oil product.

Treatment of 50 g Wyodak coal at 300°C

- with 273 g ZnClg, 27 g H,O, 50 g
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Treatment Temperature, °C

Effect of treatment temperature on the
Hali/Haro ratio of the oil product.

Treatment of 50 g Wyodak coal for 60 min
with 273 g ZnCl,, 27 g HL0, 50 g
tetralin, and 3.5 MPa total pressure.
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0.716). This result can only be interpreted as meaning that the material
. that is converted to oil at later stages of treatment is more condensed -
~than that which is converted earlier. o

for 0il products as a function of

The variation of’[H:C]nuc]ei ;. B

treatment temperature, shown invFig; I11-15, is somewhat bewildering,
especially in the behavior at 250 and 2750C. For these 60 min treat-

ments, the [H:C] apparent]y'increases from about 0.75 to about

nuclei
0.78 as the temperature increases from»250 to 2759C, and then-drops};o
a value of 0.71 for 300 and 3250C treatments. These results may serve

to indicate that the calculated values of [H:C] are affected by

nuclei
structural characteristics other than the degree of condensation. In
any event, the results show that the increased yield at higher tempera-
ture is accompanied by very significant changes in the chéracter of
'the oil. | |

The proton-NMR spectra provide structural characteristics of the
soluble 01 products, show that the change in H:C ratio with reaction
conditions is closely related to the ratio of aliphatic to aromat ic :
protons, and indicate that the degree of condenéation_of the soluble
0il product increases as the treatment'progresses at 3000C. But NMR
analysis can not, as of yet, be used to study the non-0il fractions
of the MTC With sufficiently high resolutidn to allow observation of
the structural changes that accombany coal conversion. For example,:
in model compound studies the c1eévage of the alkyl bridge in diphenyl -
methane results in a qdantitativevNMR change, but to try to observe

alkyl bond cleavage in coal structure, using solid-phase NMR, would

be impossible. However, some of the effects of the structural changes
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that accompany conVersions of coal to soluble products can be observed
in the molecular weight distributions of the soluble products.

Product Charatferization by Gel Permeation Chromatography

In this work, gel permeation chromatography (GPC) has been used
to study the molecular weight distributions of}mo]ecu]es in the 611,
asphaltene, -and preéspha]tene fractions of me1trtreated coal. GPC
analysis is subject to several limitations, the mosf jmportant being
that the chromatographic separation corre]atés more with molecular size |
and shape than With molecular weight, and that detection by ultraviolet
(UV) absorbance does not directly correlate with solute concentration.
These limitations notwifhstaﬁding, GPC does'pkovide some valuable infor-
mation about.the’molecu1ar weight ranges qf the differént products and '
of the changes-that oécur in the product's molecular weight distribution
with changing coal-treatment conditions. |
V'The chromatograms of oils, asphaltenes, and preasphaltenes from
a treatment of Wyodak coal at 3000C for 60 min,_shown in Fig. III-16,
are typical of'soluble products from zinc chloride-catalyzed subbitum-
“inous coal converéion in tetralin. The preasbhaltenes have the highest
molecular weight, ranging from apprdximate]y 500 to 10,000. The
asphaltenes have a molecular weight range of about 200 to 5000, and
the oils have the lowest molecular weight range,vabout.ZOO to 1000.
| From the molecular weight distributions, it is apparent that the
conversions of preasphaltenes to aspha]tenes,,and‘of asphaltenes to
0oils are accompanied by large reductions in the molecular weight of

the molecules being converted.
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Treatment of 50 g Wyodak coal at 300°C for 60 min with

273 g ZnCl,, 27 g H,0, 50 g tegralin, 3.5 MPa total pressure.
Chromatogrgphy was gonducted with THF carrier (pyridine for
preasphaltenes) using 100 A + 500 A + 1000 A micro styragel
columns and 315 nm UV detection
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The chromatograms of the asphaltene and preasphaltene fractions
change little over a wise range of treatment conditions (e.g. tempera-
ture and duration). In fact, the chromatograms of asphaltene and pre-
vasphaltene extracts of untreated coal and of coal treated in the absence
of tetra]in are virtutally identical to those for the fractions from the
treatments with the highest conversions.. It thus appears that molecular
- Weight is one of the important determinants}of solubility in the asphalt-
ene and preasphaltene fractions. | |

For the oils, however, signfficant differences in molecular weight
distribution are observed with changing treatment conditions.., The great-
est difference is that between the natural oil and the oil preduct of
higher conversion experiments. The chromatograms of oil‘fractione for
untreated coal, for Run 27}(the 3000C, zero-time experiment), foria
3000C, 60 min experiment without tetralin (Run 38), and for the 3000¢,
60 min run with tetralin (Run 47) are compared. in Fig. 111-17. The oils
that derive from treatments without tetralin all have higher molecular
weight distributions than does the oil from the treatment in which
tetralin is present. The yields of 611 from untreated coal (1;9%)'and
from Run 27 (3.3%) are close enough to suggest that the same material is
observed in each chromatogram. For Run 38, the yield is higher (9.2%),
as is the amount of -material (or, more eorrectly, absorbance) in the
lower molecular weight end of the chromatogram. It appears from these‘
chromatograms that the "natural" oil present in Wyodak coal has a differ-
ent molecular weight distribution from that of the reaction product oil,
and is not much affected by treatment with zinc chloride and tetralin.

This natural oil has a molecular Weight range of 200 to 5000 and, because
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Figure I111-17: Comparison of gel permeation chromatograms of oil from treated and

untreated coal. Treatments are of 50 g Wyodak coal at 300°C with
27> g ZnCl,, 27T ¢ Hy0, 50 g tetralin, and 3.5 MPa total pressure..

Chromatography 18 conducted with THF or pyridine carrier using 100 A +
500 A + 1000 A micro styragel columns and 313 nm UV detection.
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it is present in small amounts, is ndt noticeable in the products from
ZnClz/tetralin treatments in which the oil yields are 30% and higher.

A more subtle change in the molecular weight (MW) distribution'
of the o0il is observed with changes in treatment temperature, as shown
in Fig. II1I-18. vBy comparison of an oil from‘a 60 min, 2500C treatment
to that of a 10 min, 300°C treéfmént, the influence of oil yie]d is
eliminated (both are about 30%). Both of these chromatograms have the
same basic molecular weight rangé shown for oi]s'on Fig. III-16, but,
for thevlower temperature treatment,.the curve has a larger peak at
MW ~ 200, and ; smaller amount of absorbance in the higher MW region.
The difference in the 200 MW peak is observed in comparison of 3000C
and 250°C treatments in general, with_ihe treatment at 2759C resulting
in an oil chromatogram with a 200-MW peak that is intermediate in size.
It must be noted that these narrow peaks may be causedvby relatively
small amounts of highly UV-absorbing species. |

To this point, all of the chromatograms that have been discussed
have been made using ultraviolet detectipn at 313 nm. The effect of
detection waveleﬁgth'oh appafent molecular weight distribution is
small, but significant, as shown in Fig. III-19., The use of a 254 nm
wavelength allows detection of materials that afe less cohdénsed than
those detected at 313 nm, but the net effect of the detection change
is a peak at approximately MW = 500 that dominates the remainder of
the chromatogram. A§ before, it must be noted that these narrow peaks -
may be_cqused by relatively sha]l amounts of highly UV-absorbing |

species.
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Figure III-18:

Effect of treatment temperature on the molecular weight
distribution of the oil product. Treatment of 50 g Wyodak
coal with 273 g 2nCl,, 27 g Hy0, 50 g tetralin, and

3.5 MPa total pressuge.

Chromatography was conducted with THF carrier using

100 A + 500 A + 1000 A micro styragel columns and 313 nm
UV detection (chromatograms are scaled to provide equal
integrated absorbance).

XBL 808-11253



-98-

Detection

-l wmn - - o

313 nm
254 nm

UV absorbance

11000 500 . 200
Approximate Molecular Weight

Figure 11I-19:

Effect of gel permeatlon chromatography
detection wavelength on the apparant
molecular welght distribution of the

01l product. Treatment of 50 g Wyodak coal
at 300°C for 60 min with 273 g ZnCl,, 27 g
H-O0, 50 g tetralin, 3.5 MPa total pressure.
Cgromatography was conducted using THF
carrier and 100 A + 500 A + 1000 A micro
styragel columns (chromatograms are scaled
to provide equal integrated absorbance).
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The GPC analysis tonfirms that the natural oil of the Wyodak coal
is significantiy-different from the oil proddced by zinc chloride treatf
ment. The analysis also sHows that there is some effect of treatment
temperature on the molecular weight distribution of the oil.product.

But the most important result of the GPC analysis is the moﬁt obvious:
that coﬁversion of one soluble product into the next is accompanied
by a significant decrease in molecular weight.

Mechanism of Mo]ecu]af Weight Reduction

The reduction in molecular weight that'accompanies soluble product
conversion can be understood in terms of the discussion of subbituminous
coal structure that was presented in the introduction. There it was
proposed.that subbituminous coal can be described as containing a variety
of aromatic and hydroaromatic structures in whiéh the aromatic nuclei
are condensed into groups of no more than four rings. These structures
are grouped into c]usfers that have molecular weights in the range of
200 to 1000. The clusters are cros;Tinked-to each other by ether oxygen
and aliphatic bridges, as well as acid-base and hydrogen bonds. It was
proposed that cda] could bé converted to Tow molecular weight products
by cleavage of these crosslinking bonds, and‘it was suggested that ZnCi2
is a catalyst that can accompiish this cleavage.

In fact, the NMR and GPC anaiysis of the soluble o0il product, from
treatmentg of Wyodak coal with zinc chloride ahd tetralin, describe
a material that can be identified with the clusters of the coal model.
This 0i1 must have been produced by the cleavage of crosslinking bonds,
and the high yields of o0il are evidence of the effectiveness of Zné]2

at cleaving these bonds. The NMR characterizations of the soluble oil
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.now take on added significance, as the structure in Fig. III-11 can

be considered to represent a basic "cluster" subunit of Wyodak sub-

bituminous coal. | . _ _ . ' . ).
In order to support this proposed mechanism of molecular we{ght '

reduction, ifkis desireab]e to demonstrate that cfoss]inking bonds are

broken in coal conversion reactions. These bonds, both aliphatic and

ether-oxygeﬁ, are very difficult to identify by chemica] ané]ysis. o

Fortunately, the ether oxygen can be éstimated if other oxygen func-

tional groups are determined.

Relationship between Oxygen Functional Groups and the Yields of Products

.The impdrtance of coal oxygen in zinc chloride catalyzed coal lig-
uefaction with tetralin was noted at an early stage of this research.
The fe1ationship between total yield of soluble products and the degree
of oxygen removal for treatments at 2500C in the Parr éutoc]aVe is shown
in Fig. III-20. ‘There is a nearly perfect correlation between yield"
and oxygen removal for experiments using a variety of'solyehts and treat-
ment cohditions..'It appears that oxygen removal is directly 1ny61ved in
- the conversion,mechan{sm, and is not just the fesu]t of a side reaction.

-This relationship between ‘total yield and total oxygen remové] is
notvparticula}1y useful in discerning the mechanism of conversion,
because the coal oxygen may be present in a number of different oxygen
functional grbups, inc]uding ether, hydroxyl, cérboxy]ic acid, and
carbonyl. However, the individual funcfional groups'can be determined,'
.and the relationships between yie1dvand specific functional groups can

thus be observed. B
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The concentrations of hydroxyl, carboxylic acid, and carbonyl
oxygen were determined following the protedures outlined by B1pm (62)
in 1957. These oxygen concentrations, as well as fhe concentration of
total oxygeh,'and the amount of oxygen, by difference, taken to be ether
bonds are shown in Table II1I-8 for Wyodak ;oal and the products of treat-
ments of Wyodak cda] with‘ZnC1é énd tétra]in. The majority of samples
that have been analyzed are materials that represent the MTC after most
of the cyc]ohekane so]ub]ev(oil) material has been removed. TWo analyses
of the removed 0il material are included on Table III—8:
. In his analysis of a variety of coals, Blom found that, for a coal
with a carbon concentration similar to that for Wyodak, the oxygen con-
centrations (in the units of Table I11-8) were 18.5% total, 7% hydroxy],‘
1% carbonyl, 3.5% carboxylic acid, and 7% ether. Compared to this,
the Wyodak coal used in our experimental program is simi]ar,.with-a
higher ether and lower hydroxyl oxygen content.

Oxygen concentrations for all functional groups are reduced by
treatment with ZnC]2 and tetralin. The carbonyl concentration is
reduced during heatup to 300°C with ZnCl2 alone to a level that remains
constant after further treatmént with ZnCl, and tetralin. Carboxylic
acids are quickly eliminated at 250 and 300°C. The hydroxyl oxygen
concentration decreases gradually, and the ether oxygeh concentratfon
decreases at a rate similar to‘that of the total oxygen concenfration.
The oxygen contents for the 30 min, 300°C residual can be compared to
those for the 30 min, 3000C, oil-free MTC. The residual, containing

only preasphaltene and residue fractions, is 75% (carbon basis) of the

0oil free MIC. The residual contains a much higher level of total



Table I11I1-8:

Origin of Sample

Concentration of oxygen functional groups in samples of Wyodak
coal and products of the treatment of 50 g Wyodak coal with
27> g ZnClz, 27T g H20, 50 g tetralin, and 3.5 MPa hydrogen.

Percent by welght of sample that is oxygen as:

Samples of Scluble 0il Product -

300°C 30 min

Treatment Conditions Elemgntal Functional Groups Difference
Temp. - Time Run Number Total Hydroxyl Carbonyl Carboxyl (Ether)
Untreated Coal 17.3 3.34 1.00 3.52 9.44
Samples of 0il-free MTC
250°C 30 min 30 : 10.1 2.78 0.65
60 min 31 : 9.6 2.80 0.26 6.0(1)
300°C . 0 min 27 14.0 3,22 . - 0.31 0.84 9.6
10 min 26 8.0 2.71 0.25 4.7(2)
30 min 25 4.9 2.48 © 0.24 0.05 2.1 .
60 min - 28 K7 1.95 0.25 2.5(2) =
120 min 24 o 2.2 e 1) @
" Samples from Recycle Experiment (Runs 34 + 35)
300°C 30 min preperative Experiment;
Analysis of Residual Fractlon: 9.9 - 2.45
90 min treatment of residual;
Analysis of Olil-free MTC: CohY 2.17

25 1.6 0.52

90 min (residual recycle) 35 1.0 0.42

1

(1) calculated assuming a carbonylconcentration of 0.55 %.

(2) Ccalculated by assuming that the carboxyl concentration decreases exponentially wlth reaction duration
after the tetralin 1s added to the reactor.

(3) Calculated as above, with the additional assumption that carbonyl concentration 1s constant at 0. 25 %,
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oxygen, but a simi]ar'hydroxy1 oxygen content to the MTC, indicating
that the ether oxygen is partitioned into the preasphaltene and residue
fractions. The soluble oil pfoducts, on the other hand, have very low
levels of total and hydroxyl oxygen. |

The;treatments of different durations at 3000C can'be used to show
the relationship between oxygén‘remova1 and soluble product yie]d.v'
The re]ationship between total soluble product yield and the remova1
of total oxygen is shown invFig. III-21. The relationship bétween:
total soluble product yield and the removal of ether oxygen is shoWn
in Fig. IlI-22. _Both figures are'simi1ar; because the hydroxy],_cér-
bbnyl, and carboxyii; aCidvoxygen fractions are removed by ZnC]2 freat-
ment at a combined réte that resembles the rate of ether oxygen removal.
Both figures show a good correlation between okygén removal and yield
of soluble products, buf the figure for ether oxygen repreéents direct-
1y the conversion of coal to soluble products by the cleavage of cross-
1inking bonds (in this case ether bondé) in the coal structure. The
re]ationship for total okygen happens to fo]loW closely because of the
already mentioned correlations with the rates of removal of the othér
functional groups | |

By calculation of an approximafe number of ether bonds broken per
product molecule, the remoVé] of ether oxygen can be shown to represent
sufficient c]eavage'of crosslinking bondé'in the coal to account for
the large reduction in molecular weighf that accompanies coal conversion
with ZnC]2 and tetralin. For the treatment at 300°C for 60 min,

assuming a total soluble product numberiaverage molecular weight of

400, the removal of ether oxygen amounts to the removal of 3.4 ether
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oxygen atoms per product molecule. Even if over half of these atoms

represent such functionalities as furans or methoxys (whose cleavage

- does not directly contribute to significant molecular weight reduction);

the remoVa] of ether still represents the cleavage of over 3 links to
eaqh product molecule.

| The oxygen analysis of the fesidual (Eesidue plus preasphaltene)
from a 30 min, 3000C treatment allows calculation of approximate func-
tional group concentrations for some of the other fractions. Assuming
that after 30 min of treatment there_remains oh]y éther and hydroxyl
functional groups, thén the combined preasphaltene/residue contains
2.5% hydroxyl and 7.5% ether; the asphaltene contains 2.5% hydroxyl
and 4.5% ethér (total 7% oxygen); and the oil contains 0.5% hydroxyl-
and perhaps. 1% ether; all compared to 3.3% hydroxyl and 9.4% ether in
the original coal. The conversién’of one soluble product into the
next, which is accompanied by a reduction in molecular weight, is a]sd
accompanied by a decrease-in ether oxygen concentration. It follows,
then, that the ether removal reactions participate in the conversion
between soluble products as well as in the production of total yield.
It is also apparent that the production of oil ihvo]ves the elimina-
tion of the hydroxyl oxygen.

The removal of hydroxy] oxygen that aécompanies oil productioh
parallels the removal of nitrogen atoms, as shown in Fig. III-23. For
the products of coal treatment at 300°C for 60 min, the nitrogen is
partitibned in such a way that the oil-free MTC contains 0.84% nitrogen,
the asphaltene contains 0.87% nitrogen, and the oil contains only 0.10%

nitrogen, all compared to 0.93% in the coal. Thus, as with the



-108-

100 T T T T T 1 T
90 P -
80 - | . -

@ ot o T

e - o

L 60-— -

o | ~®

= | @) o

w OrF o | -

< o} ce 4

»o30F 00 ;

'_i . .vv..

o

o 20 P BT -
10 : ~ e i
O@ O;-'L 1 { 3 1 1 1 ]

O 10 20 30 40 50 60 TO 80 90 100
Heteroatom Removal, % .

Figure 11I-23: Relationship between oll yleld and the
removal of heterocatom functionalities
- during treatment. Treatments of 50 g
Wyodak coal at 300°C with 273 g ZnCl,,
27 g H,0, 50 g tetralin, and 3.5 MPa
total pressure. Q - nitrogen,
- @ - hydroxyl oxygen. '




-109-

hydroxyl oxygen, much of the nitrogen remoVa] is associated with the
high yield of an oil having a low nitrogen concentration.
The relationship between o0il yield and the removal of nitrogen

and hydroxyl oxygén from the coal can be interpreted in terms of the
structure of asphaltene that was proposed by Sternbérg and coworkers

in 1975 ‘65). In their work, a§pha1tenes were found to consist of
hydrogen bonded'complexes,of acidic and basic components, with the
acidic components including functional groups such as phenolic-hydroxyl
oxygen and pyrrolic nitrogen, and the basic‘components including func-
tional groups such asvring or ether-okygen, and rihg nitrogen such as
pyridine. In moderately polar solvents, such as toluene, the asphal-
tenes are soluble because the acidic and basic cohponents are separate-
ly solvated. In a non-polar solvent, such as cyc]ohexahe, a'1arge
complex is formed, and the asphaltenes precipitate. In our work, the
effectiyeness of the zinc chloride catalyst at removing fhe acidic and
basic functional groups in the asphaltene infermediate results in
- reduced hydrogen bonding and high conversions of asphaltenes to oils.

A mechanism of coal liquefaction that includes ether and aliphatic

bond cleavage for total soluble yield, and includes hydroxyl remova]

as an additional mechanism in the production of asphaftenes éﬁd oils,.
was suggested by Szladow and Given in 1978 for conversion of bituminous
coal by reaction with tetralin at pyrolytic temperaiures (340 to

(66). This present research indicates that similar méchanisms

400°cC)
may be applicable at lower temperatures for conversion of subbituminous

coals by treatment with ZnCl2 and tetralin.
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As might be expected, the rate of heteroatom removq]‘is affected
by treétment temperature. The total oxygen removal after 60 minkat
2500C is 49%, compared to 80% at 300°C. However, the,yie]ds are lower
at 250°C, so a better comparison, shown in Table III-9, is that of the
-250°C, 60 min‘treatment, and the 300°C, 10 min.treatment. It is seen
that the lower temperature of tFéafment results in a reduction in the
amount of heteroatom remdva] that accompanies a similar yield. This
effect is largest with the ether and hydroxyl fractions. It may be
that the lower ether removals are compensated fbr by other bond clea-
vage, such as aliphatic links, or that a certain amount of ether oxygen
removal at higher temperatures is from locations that do not contribute
to increased yield, such as furan structures.

Hydrogen Donation Effects

The oxygen functional group analyses provide a basis on which one .
can show that the amount of solvent incorporation that accdmpanies»zinc
chloride-catalyzed coal convérsion is far less than might be expected.
In the conversion mechanisms of an]z catalysis that havedbeen described

44) and of Méiensthein (46),

in the model compound research of’Mob]ey (
an aromatic solvent molecule is alkylated by each of the two reactive
fragments that are produced by ether bond c]eavége. Although the
conditiohs of‘treatment of the model compounds were quite different
from those of the coal, in that the model combound experiments Were
usually performed without hydrogen-donor solvents, an estimate can be
made of\the amount of tetralin that would be incorporated into the
coal if the tetralin was acting as a substrate for reactive fragment

alkylation. For a 300°C, 60 min treatment in which 85% of the ether
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Effect of treatment temperature on the

Table III-9:
: _ relatlionship between soluble product
yileld and heteroatom removal.
Treatment of 50 g Wyodak coal with
273 g ZnCl 27 g HAO, 50 g tetralin,
and 3.5 MPg total pgessure
250°C 7 300°C
Treatment 60 min 10 min
Conditions (Run 31) (Run 26)
Total Yield, % (C basis) : 67.5 . 69.8
Total Oxygen Removal, % | - kg 61
Ether Oxygen Removal, % 43 . 59
0il Yield, % (C basis) ' 31.4 28.5
Hydroxyl Oxygen Removal, % . 22 31

Nitrogen Removal, % ' o 25 . 26
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oxygen'is removed, approximately 50 g of tetralin would be incorporated.
“This level of incorpofation is about ten times highef than that which is
actually observed in treafments of coal Qith zinc chloride and tetralin.
The solvent incorporation resu]ts,_togéther with'the Tow conversions
of coal achieved with zinc chloride and aromatics such as xylene by |

Shinn (64)

, show that the prima;y)role of the tetralin, in zinc chloride
catalyzed coal liquefaction with is not that of an alkylation subétrate.
The role of tetra]ih can be examined by recovery of the tetralin-molecular
weight products that are lost during devolatilization, by study of the
sq]ub]é 0il products, and by examination, in more detail, of the results
of- treatments that were éar;iedvout without tétralin. T

Three treatmenfs were run at 3000C for different durations without
tetralin present (Runs 27, 44, 38). The.yields of soluble products
from these experiments’ihcrease s]ow1y with treatment duratibn, as shown
in Fig. II1I-24. The total yield affef 60 min (Run 38) is 43%, compared
to 84% for treatment at 3000C for 60 min with tetralin (Run 47). “The
0il yield from Run 38 was less than one fifth the yield obtained in
Run 47. But despite this Tow yield, the oxygehvremova1s in the treat-
ments without tetralin were almost as high as those with tetralin. In
Run 38, 74% of the total oxygén was removed, compared to 80% for Run 47.
0f the oxygen in Wyodak coal, the ether represents such a large fraction
of the total that much of the oxygen removal, in Run.38, must have been
from cleaved ether bonds. It is apparent that ZnC12 is effective at
catélyzing the cleavage of ether bonds during the treatment of coal,

with or without the presence of tetralin. The tetralin, then, apparently

. participates in the conversion process in a manner that'a11ows the bond
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cleavage reactions to lead to molecular weight reduction and tdnversion
to soluble products. | v
This can be exp]qined as follows: The model compound work of

Mobley (44) (46)

and of MaienSchein shows that ether bond cleavage re-'
sults in two reactive products that, in‘the model compound studies
(usually in the absence of hydrégén-donor so1vent), alkylate afomatics
tHat are present. When coal tfeatments are run in the absence of alky-
- Tation substrates,'theée products can alky]ate each other, -or other
parts of the coal. This recombination reactipn has been observed for
pyrolytic coal ]iquefactioh‘and,resu1ts in avmé£erial that is more
refractory than the initial unc1eaved coal (5). ‘In our work, the high
yields of so]ublevproducts'that are obtained 1ndicate.that the presence
of tetralin prevents this recombination, and the relatively low solvent
incorporation suggeéts ;hat this prevention is accomplished with on]y
Tittle alkylation of the tetralin itse]f. In the absence of tetralin,
then, the recombfnation reactions can lead to low product yields despite
the effective bond cleavage by the ZnC]2 Cata]ysf.

- The manner in which tetralin prevents the product reéombination
reaction can be'studied by examinétion of the products of tetralin that
are recoveréd from the treatments of coal with ZnC12 and tetra]fn.

If the tetralin prevents the recombination by donating hydrogen to the
‘reactive prbducts, and:theréby rendefing them unreactive, then
unusually high ratios of naphthalene to tetralin should be detected,
lref]ecting this hydrogen donation. The ratio of recovered naphthalene

to recovered tetralin for various treatment temperatures is shown in

Fig. III-25, along with the equilibrium ratio that is expected. This
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Figure 111-25:

Treatment Temperature, °C

Effect of treatment temperature on the
ratio of recovered napthalene to :
recovered tetralin. Treatments of 50 g
Wyodak coal for 60 min with 273 g ZnCl,s
27 g HAO0, 50 g tetralin, and 5.5 MPa
total Bressure (hydrogen plus vapor).
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equilibrium incfeases with temperature rapidly because,'as treatment

temperature increases, the_increased solvent vapor pressures displace
hydrogen at constant total pressure, the resulting lower hydrogen pres-
sures favoring naphthalene. The ratios of naphtha]ene to tetralin found
for the treatments were higher than equilibrium for every case. More-
over; the ratib of naphthalene to tetralin increases from 0.1 at 2500C
to nearly 1.0 at 3250C. Thére is a higher conversion of tetralin to
naphthalene at the higher temperatures, at which the coal conversion
levels are higher, and the amount of oxygen removal from the coal is
higher. N

The amount of hydrogen that is needed tovcomp1ete1y saturate the

oxygen and products of a cleaved ether bond is fbur hydrogen atoms per
oxygen atom. If all of this hydrogen is provided by tefra]in conversion
- to naphthalene, then one molecule of tetralin is required per ether
oxygen atom removed. At a treatment temperéture}of 3259C, the approxj-
mate reactor‘hydrogen:pressure'is 0.5 MPa, so the rate of naphtha]ene
hydrogenation to tetralin should be slow, and the detected ratio of
naphthalene to tetralin may reflect the degree to which tetralin has
donated hydrogen to the coal conversion reactions. For the 3250C°
treathent, assuming an 85% removal of ether oxygen, about half of the
50 g of tetralin would be converted to naphthalene for ether cleavage
reactions. This level ofvconversion compares‘we11 wifh the lﬁl,ratio
9f naphthalene to tetralin that was observed. In contrast to this, the
Tow (0:1) ratio of naphthalene to tetralin that was observed for the

2500C treatment represents a net amount of tetralin conversion that
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can not account for the levels of ether oxygen removal that are observed
for thjs‘treatment. | |

There are several implications of these results: There must be
hydrogen donation from the tetralin in order for naphthalene to be
produced in these above-equi]ibrium‘amounts. Although the naphthalene
}eve]s are much higher at higher temperatures, thefe is not necessarily
that much more hydrogen donation at thé higher temperatures, because
the ZnCl2 can_cata]yze a rehydrogenatiqn of the naphtha]ene-(45). It is
possible that all of the hydrogen required for cleaved-productvstab11iza-
tion at lower temperatures is provided by the tetralin, and that the
low naphthalene equilibrium ratio proVides an adequate driving force
.for naphthalene rehydrogenation. If this is the case, then the high
naphthalene ratio that 1§ observed at higher treatment temperatures is
‘a result of the low rehydrogenation driving force that results fkom
the low pressure of hydrogen in thé.feactor.

The use of tetralin as a hydrogen donor is well known under
~ pyrolytic conditioné (53), but this work shows that in the presence
of ZnC12, the hydrogen ddnation abilities of tetralin are extended to
temperaturés below pyrolysis. It is, therefore, possible that other
hydrogen transfer reactions that have been idehtified for pyrofytic
coal Tiquefaction also apply to liquefaction by zinc’ch]orfde-cata]ysis
below pyrolysis temperatures. The kange of possible reabtions include
direct transfer of hydrogen from the gas phase to the cleaved bonds;
transfer from the gas phase to the'solvent, coal, and product molecules;

transfef of hydrogen from the solvent, coal, and product molecules to

~ the cleaved bonds; and transfer of hydrogen between the solvent, coal,
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and product molecules. In pyro]ytic coal liquefaction, these hydrogen
transfer reactions combine to a net effect represented by a solvent
that “shuttles" hydrogen from the gas phase and hydrogen rich portions
of the coal to the cleaved bonds and hydrogen defiéient portions of

" the coal (8),

If zinc chloride does caté1yze the fuller range of hydrogeﬁ
shuttling reactibns, as well as the hydrogen donation reaction, then
the level of hydrogehation of the treatment products should show the
same effects of hydrogeﬁ'pressure that have been observed for the ratio
of naphthalene to tetralin. A cbmp&risﬁn'of the H_q:/H, 00 ratio for
the soluble oil product and a c'a'lculated,Hah./Har,0 for fhe tetralin-
naphthalene product mixture is shown in Figq. 111-26. A1thougﬁ the
soluble oils are more aliphatic, both products are affected in the
same manner by treatment temperature. . Both soluble oils and the

tetralin/naphthalene mixture have a decreasing H ratio at the

, a]i/Hafo
higher temperatures for which hydrogen pressure is lower, and the
demand for hydrogen, from the high conversion to products, is higher.
Thué, it appears that the broader range of hydrogen transfer reactions
are catalyzed by the zinc chloride.

The chemical mechahismvo? ZnC12 catalyzed coal conversion with
tetralin can be summarized as follows. The.role of the tetralin is
primarily that of a hydrogen donor and a hydrogen shuttler, providing
hydrogen to the cleaved bonds from its own hydrogen rich'structure,
from hydrogen rich portiohs of the coal, and from the gas phase hydro-

gen. The'ZnC12 performs two functions, that of catalyzing the cleavage

of chemical bonds and that of catalyzing the hydrogen shuttling reactions.
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Figure III-26:

Treatment Temperature, °C

Effect of treatment temperature on the

Hali/Haro ratios of the oil product and

the recovered tetralin and napthalene.
Treatment of 50 g Wyodak coal for 60 min
with 275 g ZnClz, 27T g HL0, 50 g
tetralin, and 375 MPa tofal pressure.

@ - o1l product, Q - tetralin/nap-

- thalene products (calculated).
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In addition, it.is 1ikély that some of the low molecular weight oil

product molecules may serve in the same shuttling manner as the tetralin.
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Iv. CONCLUSIONS -

| This investigatfon has shown that the conversion of subbituminous
coal to high yields of soluble products, and espécia]]y to oils, can be
achieved by treatment with zinc chloride in.cdmbfnation with tetralin
at temperatures below the coal pyrolysis temperature. Treatment at
3000C for 1 hour results in yields (85% total; 50% oil) that are similar
‘to those for commercially-developed, heterogeneous1y-cata1yzed processes
operating at 450°C and high pressures of hydrogen (e.g., the HCOAL
process).

Soluble product characterizations by gel permeation chromatography
indicate that the progression of coal cdnversion is accompanied by large
reductions in the molecular weight of the product molecules, attributable
to the cleavage of crosslinkings bonds in the coal. The reduction in
oxygen contents that are observed during treatment, both overall and
of the different oxygen functional groups in the products are strong
evidence that this bond cleavage is accomplished, to a great extent,
by the removal of ether linkages in the éoal. Moreovef, the ultimate
production of the oil fraction is accompanied by the removal of acidic
and basic functional groups, specifically phenolic-hydroxyl and ring-
nitrogen, from the asphaltene intermediate.

Examination,of'the effects of tetralin presence during treatment,
as well as of product aromatic charaéter and naphthalene formation,
demonstrate that the tetralin acts as a hydrogen donor and a hydrogen
transfer agent. In this role, it serves to prevent recombination
reactions of coal fragments by providing hydrogen to the catalytically

cleaved bonds from its own hydrogen rich structure, as well as from
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the hydrogen atmospheré'and_the hydrogen rich portions of the coal.

The zinc chloride serves to catalyze these hydrogen transfer reactions,
as well as the cleavage of crosslinking bonds in tﬁe coal and prbducts.
’ In yiew of,the degree fo whicthC]2 has been found fo cétaiyze
hydrogen.transfgr reactions at temperatures below pyrolysis, an ihportant
“extension of fhis work would be an “investigation into the degree to
~ which a more hydrogen-rich product can be obtained using moderate (4 to
10 MPa) pressures of hydrogen during treatment. A consideration that |
will be important in terms of the poténtia] process applications of
zinc chloride-catalyzed coal liquefaction, is the extent to which_the
soluble o0il1 product can be uséd as a substitute for the tetralin.
Finally, the research described here has been carried out with high
catalyst loadings (6:1 ZnC]Z/coa1) in order-to examinevother reaction
parameters; the economical application of this cda] 11quéfacfion tech-
nique will be dependent on the investigation of treatmenfs with Tower

catalyst loading. S \
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Appendix A: MaSs Balances for Coal Treatment

The mass balance between amount of initial reactents and finel
produCts'is important in any.process. In this work, the balance over
thevcarbon_conteht of the reactants and products is of interest, because
it is on carbon content that the broduct yields are based. .

The amount of initial carbon is well known from the measured amounts
of coal (about 24.2 g carbon) and tetralin (about 45.5 g carbon) that
are introduced into the reactor. The carbon content of the non-volatile
MTC that is recovered from an experiment is always determined, a1thoqgh
this differs from one experiment to the next. Tﬁe other.products that
have been recovered in selected experiments are'the gaé that are‘swept
out'of the reactor_by hydrogen flow during treatment, and the volatile
organics that are recovered from the 0il during solvent-removal opera-
}tions; These latter products have not been included in yield or solvent
incorporation calculations. | |

For one experiment at 300°C for l_hour (Run 47), both gas analysis
and recovery ef volatiles heve been performed. The results for this
experiment are typica1 of recoveries fhat have been obtained for other
experiments., The amounts of recovered yolati]e products are Shewn in
Table III-4, and the results of the gas analysis are shown in Table A-1.
The major product product compounds recovered fromithe devo]ati]izatfon
were tefra]in, naphtha]eﬁe, and methylindan. In addition, an amount of
material boi]ing higher than these components was recovered but not
identified. The higher sensitivities of the procedures used in gas

analysis result in a greater number of compounds being identified.



-130-

Table A-1: Recovery of products in the exiting
reactor gas flow. Treatment of 50 g
Wyodak coal at 300°C for 60 min (Run
47) with 273 g 2ZnCl,, 27 g H,0, 50 g
tetralin, and 5.5 M%a total pPressure.

.Compound | (molar) - Amt. Recovered

By Mass Spectrometry :
Carbon Monoxide 0.315 % 0.04 g
Carbon Dioxide 0.368 % - 0.07 g

By GCMS; very crude concentrations

Isobutane "~ 1000 ppm

Isopentane 60 600 ppm

Isofcé - 200 ppm
Methylcyclopentane 1000 ppm

Benzene 600 ppm . 0.13 g
Dimethylcyclopentane 200 ppm ‘
Methylcyclohexane 200 ppm

Toluene » 150 ppm

Ethylbenzene + Xylene 50 ppm

(1) Average of three gas samples.

(2) Concentration multiplied by total gas flow
of 10.8 L. \
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These compounds mﬁy be interesting from a qualitative point of view,
but they represent a”very Sma]l amount of carbon. |

For Run 47, the carbon contenf'df the reactants was 69.7 g. In tﬁis
experiment, 25.2 g of carbon was recovered as non-volatile MTC, 26.4 ¢
as vo]éti]es, and O;lvg as gas, for a total of 51.7 g. The amount of
carbon recovered was 18 g less than the initial carbon. That the "lost"
carbon was due mostly to incomplete volatiles recovery can be seen in
a comparison of the recovery for'the.volatile products and that for the
non-volatile. The roughly 25.2 g of non-volatile carbon recovered from
the treatment compares well with the 24.2 g of'(coa1) carbon introduced.
However, out of 50 g of tetralin introduced to the reactor, only 29 g
of volatile products were recovered.

There are severa1'p1aces‘where this carbon may have been lost.
These include: Tlosses that occur during the transferrfng and preheating
of the tetralin before treatment, the retention of volatiles in the
cyclohexane-washed MTC (which is not devolati]ized with recovery), the
loss of water soluble organics into the ZnC]2 phése or into the wash
water, and the general loss of solids during filtration and handling

of the MTC.
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Appendix B: Nuclear Magnetic Resonance Spectra, Calculations, and
Results - ‘ .

Proton -nuclear magnetic resonance (NMR)_has been used to provide_
information about fhe aromafic structﬁre of the soluble products. For
reasons explained in the body‘of this dissertation, only the spectra
of the 0il samples are suitable for this structural analysis. Typicaf
0il spectra fﬁr treated and untreated coal are shown in Figures I1I-9
ahd_III-lO. For purpose of cohp]eteneﬁs, the spectré of_aspha]tene
and preaspha]tene fractions of coal treated‘at 250°¢C fbr 1 hour, and
the spectrum of a whole pyridine extract 6f Untgeated coal are presehted'
in Figures B-1 through B-3..

The o011 charactefization has been accomplished by calculation of a
series of parameters, based on the fractional -amounts of protons absorb-
ing in the various regions of the NMR spectra.i The parémeters are calcu-
lated twice; once for the oil spectrum as recorded (but corrected for
pyridine-d5 absorbance) and once for the specfrum as corrected td sub-
tract the absorbance of the natural oil that wou1d‘be extracted from
" untreated cqa]. .The calculated parameters for sample structure are
listed in tables at tﬁe end of this section. An understanding of the
calculations, themselves, is best obtained by'review.of the assumptions
involved for each parameter.

Parameter Correction for Beta -CH, Functionalities. For each spec-

trum, corrected or uncorrected for natural oil, -the struCturaT parameters
are calculated for four different values of the number of beta -CH3 groups
.per alpha carbon (N). For a value of N=0, the structural parameters

are those for the case where average alpha carbons are 2° gamma carbons.

9
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FigurevB-l: Proton nuclear magnetic resonance spectrum ot asphaltene product.
Treatment of 50 g Wyodak coal for 1 h at 250°C with 273 g ZnCly,
27T g H20. 50 g tetralin, and 3.5 MPa total pressure.

v
’ S h
-~ /’ A '
- B !
e li —
1 /_, | E
! - p jl i
- n AN ",’ ; \ ' :
! PR L £\
SN s - §
AN ST 18 - e ~
- N e At e o et b S - B e e N P
' , ' . ‘
—-— | N 1 =T t - : '
) 0 40 0 “ Y vy e - -

Figure B-2: Proton nuclear magnetic resonance spectrum of preasphaltene
product. Treatment of 50 g Wyodak coal for 1 h at 250°C with
273 g ZnCla, 27T g Hy0, 50 g tetralin, and 3.5 MPa. total -pressure.
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Increasing values of N reduce the number of protons per alpha carbon
(by N, exactly) and reduce the calculated amount of del fraction protons
that are on 2° gamma carbons (this represents a loss of the long-chain

-CHé- groups).

Pyridine-d5 Correction. The pyridine-d5 that is‘uéed as'a solvent
for the NMR analysis has.an atomic purity of 99%. Thé remaining 1%
protons absorb in the aromatic region of the spectrum. The integration
of fhis region is corrected for pyridfne-d5 absorbance by ratio with
the HMDS standard. For the o0il samples, for which no filtration step
was used and for which the HMDS and pyridine-d5 were always combined in
the same rétio, the absorbance ratio of pyrid,ine-,d5 to HMDS, as deter-
mined by NMR analysis of a mixture of these compounds alone, is 1.72.
The .integration of the aromatit region is reduced By 1.72 times the
HMDS integration, and then the integrations from all the proton regions
(except the HMDS) are summed and ndrma]ized to a tota1‘proton concentra-
tion of 1.0. The normalized concentrations, referred to as “proton
fractions", and designated as "H" suscripted by region, are used to
calculate tﬁe remainder of the parémeters.

Correction for Natural 0il. Parameter calculation, using both the

normalized proton fractions and the molar H:C ratio of the samples, is
performed twice, once with correction for natural oil. The correction
is calculated by the assumption that each of the natural oil proton
fractions are present in the same concentration in the MTC as they are
in the untreated coal. For example, the aromatic region correction .

is:
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‘ ~ Qatura] qatura1 > ’
~ (old H . )(0i1 yield) 011 Hiro oil yield
corrected Ha = ' -

ro. :
[e/Hl 4 | e/l

natural oil

The other proton fractions are corrected in this manner, and then
fractions are re-normalized. The elemental compositions and atomic
ratios are also corrected, by a similar formula.

. Aliphatic to Aromatic Proton Ratio. The ratio of aliphatic to

aromatic protons, H /Haro’ is simply the ratio of the proton fractions

ali
for these respective regions:

* Hbeta * Hdel * Hgamma-

Haro

JH - Ha]pha

H aro

ali

Carbon Aromaticity. .The fraction of carbons that are aromatic, -

Fa’ is calculated by use of a vakiation of the assumptions of Brown

(57). In this calculation, alpha, beta, and de1'protons

and Ladner
are assumed to be attached to 1/2 carbons each, while gamma protons

are attached to 1/3 carbon:

- C/H - l/Z(Halpha * Hheta * Hyer

Fa = C/7A »

) - H‘gamma/3

The values of Ea and Ha]i/Haro are not affected by.var1at1on of N.
- The following parameters, however, are affected, and so each parameter
is 1isted as a function of N.

H:C Ratio for the Hypothetical Unsubstituted Nucleus. The H:C

ratio for the Hypothetical unsubstituted nucleus, [H:C] i provides

nucle
a measure of the degree of ring condensation of the aromatic nuclei.
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It is calculated by summation of the aromatic protons and substituents

and division by the aromatic carbons. The aromatic substituents included
are alpha carbons and a phenolic hydroxyl concentration that is assumed

to be constant»at 0.0042 substituents per total protghs (approximately
0.5% of total sample) and whose protons absorb in the aromatic region.

A, The non-phenolic oxygen in the sample is assumed td be present as aromatic-

ether oxygen (represented as 0., and calculated as a weight fraction

aro
of the NMR sample) that should be represented both as a nuclear carbon
and as a hypothetical substituent location. Actually, the atomic C:0
ratio is so high (~100) that these model qétai1s.have practically no

effect on parameter values. [H:C] is calculated as follows:

nuclei
/N + +0__ /H
- a]pha aro aro
[H: C:lnuc]e1( ) =

(C/H)Fa + Oaro/H

Fraction of Available Edge Atoms Occupied by Substituents. The

fraction of available aromatic-nuclear edge atoms that are occupied by
substituents, o, is the sum of the substituents divided by the total
available edge sites. The edge sites are equal to the hypothetical

| unsubstituted protons of the [H:C] calculation. The substituents

12
are alpha carbons and hydroxyls:

nuclei

H /(2-N) + 0.0042
o(N) alpha

a]pha/(2 -N) + H * Oar'o/H

Aliphatic Chain Length. The aliphatic chain length, ACL, is calcu-

" Tated with the assumptibn that all del protons'that'are not in beta
-CH3 groups are present as 2° gamma groups (straight, -CHZ-'groups).

It is further assumed that the straighf chains that these groups comprise
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are initiated at én a]pha carbon and terminated with a gamma -CH3 group.
Some assumptions'are'necessary to a]]ow.ca]culatiqn of an a]iphatic
chain length. Although these assumptions may nof be the best or the
only assumptions»possible, they do allow comparsions of thé ACL values
for oil prbductﬁ ofvdifferent coal-treatment conditions. ACL is

calculated as:

}/(2-N)

gamma

‘ H - 3N(H
ACL(N) = de]. (2/3)g1pha,

Naphthenic Chain Fraction. The naphfheniq chain fraction, NCF, is
the fraction of saturated‘side-ring structures ber total number of protons.
It is calculated with the assumption that each gamma -CH3 group fepre- |
éents ohe a]bha substiiuent; and that the remaining alpha substituents
are in naphthenic side-rings on the aromatic nuclei. There will bé one

side ring per two alpha substftuents:

/3

Hgamma

‘H /(2-N) -
NCF(N) = -2lEha

Naphthenic Chain Length. The naphthenic chain length, NCL, is the

calculated length of the naphthenic sub-rings identified in the previous
section. It is calculated from the assumption that any carbon that is
not aromatic, aliphatic-chain, or beta -CH3, must be part of the naphthenic

ring structure. This amount of carbons is divided by NCF:

NCL(N) = (C/H)(l-Fa) = (Hyamma/ 3IACLIN) = N(H 10 )/(2-N)

NCF(N)
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Tables of NMR Parameters. .The cé]culafed structural parameterslfqr
the soluble oils bbtained by treatment of Wyodak coal with ZnC]2 and
tetralin are presented in Tab]es B-l'thrddgh B-5. The NMR samples are
identified by experimental run number; the conditions and details of
each run may be found both in Appendix C (Table C-1) and in Table III-2.
The structural parameters for spéctra as uncorrected for natural oil are
shown in Tables B-1 and B-2. Only parameters for a value of N=0 are
reported for the uncorrected spectra. The structural parameters for the
natural oil-corrected spectra are shown in Table B-3 for N-independent
parameters, in Table B-4 for N=0, and in Table B-5 for values N=0.10
and 0.20. The'data on these last two tab}es demonstrates the strong
effecf of beta -CH3 groups on calculated aliphatic chain length, and

the relative insénsitivity of most of the other parameters.



Table B-1: NMR Structural Parameters for 0Olls from Treatments of Wyodak Coal with ZnCle-
For Run Number Identification, and Run Detalls, see Table C-1.
Parameters are not corrected for natural oil.

Run

.Number Hali/Haro Fa . Haro Halpr;a Hbeta Hdel Hgamma C/H
1 18.92 0.205 0.050 0.102 0.1€3 0.556 0.128 -0.571
23 1.91 0.675 - 0.344 0.245 0.180 0.166 0.066 0.976
24 2.13 0.660 0.319 0.274 0.172 0.182 0.052 0.975
25 - 2.15 0.646 0.318 0.261 0.177 0.186 0.058 0.936
26 2.22 0.634 0.310 0.267 0.185 0.173 0.065 0.913
27 24,74 0.226 0.039 0.128 0.135 0.596 0.102 © 0.599
28 1.89 0.686 0.345 0.272 0.151 0.175 0.056 1.014
30 2.78 0.612 0.264 0.264 0.231 - 0.176 0.064 0.922
31 2.95 0.594 0.253 0.282 . 0.236 0.165 0.063 0.893
34 2.18 0.644 0.314 0.250 0.189 0.191 0.056 0.938
35 1.96 0.682 1 0.337 0.313 .0.215 0.090 0.045 1.018
36 1.91 0.679 0.344 0.299 © 0.207 0.095 0.056 0.994
38 5.87 0.453 0.146 0.183 0.117 0.453 0.101 0.750
© 39 2.7 0.633 0.315 0.280 0.199 0.168 0.038 0.915
42 2.01 0.654 0.333 0.2711 0.175 0.165 0.056 - 0.938
45 2.54 " 0.611 0.283 0.254 0.212 0.190 0.061 0.897
46 1.68 0.700 0.373 0.257 0.130 0.183 0.058 1.012

2.02 0.670 . 0.331 0.283. 0.164 0.173 0.048 0

LY .988

- =obL-

LS
yJ
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Table B-2: NMR structural parameters for oils, not corrected for natural 0il,
from treatment of Wyodak coal with ZnCle. Values are for N=0.
For run number identification, and run details, see Table C-1.

Run

Number NCF © ACL NCL o ;) I
1 0.004  8.4g 21.07 0.413 . 0.896
23 0.050 5.79 3.79 _6.264 0.714 -
24 0.060 7.21 3,44 0.301 0.715

25 0.056 6,79 3.59 0.296 0.T45
26 0.056 6.01 3.66 ¢.306 0.768
27 0.015 10.75 6.53 0.513 0.804
28 0.059 6.66 3.29 0.287 0.695
30 0.055 6.11 4.08 0.339 0.706
31 0.060 5.94 3.97 ~ 0.365 0.745
34 0.053 7.15 3.78 0.289 0.730
35 0.071 5.00 3.52 0.323 0.713
36 | 0.065 k.54 3.58° 0.312 0.731
38 . 0.029 8.72 k.02 0.381 0.711
39 0.064 8.67 3.56 0.313 0.788
42 0.058 6.42 3.50 0.295 0.765
4%  0.053 6.66 3.99 0.313 0.751
46 0.055 6.73 3.19 0.262 0.710

3.31 0.302  0.718

R 0.063 . T.34




Table B-3:

NMR structural Parameters for oils, correctéd for natural o1l, from treatments
of Wyodak coal with ZnCl2
For run number 1identification, and run details, see Table C-1

Run
Number — Hyyy/Hypo Fa Haro R, 1pha Hoeta: Hge1 Hgamma C/H
23 1.53 0.718 0.396 0.270 0.183 0.096 0.054 1.039
24 1.79 0.694 0.358 0.298 0.1Th 0.123 0.041 1.027
25 1.683. 0.694 0.373 0.294 0.130 © 0.109 0.04%4 1.002
26 1.58 . 0.702 0.388 0.316 ~0.192 0.059 0.046 1.003
27 Natural oil yield exceeds experlmental oill yield; no further listing for this run. )
23 1.55 0.724 0.392 0.299 0.148 0.115 0.045 1.076
30 2.00 0.630 0.333 0.316 0.252 0.543 0.044 1.019
Bi ‘ 2.28 0.648 0.305 0.328 0.256 0.065 0.046 0.965
34 1.72 0.692 - '0.368 0.280 0.19% 0.117 0.041 1.004
35(1) 1.96 0.682 0.337 1 0.313 0.215 0.090 0.045 1.018
36(1) 1.91 0.679 0.344 0.299 0.207 0.095 0.056 0.994
33 2.56 0.638 0.280 0.293 0.052 0.307 0.062 0.965
39 1.72 0.680 0.368 0.315 0.206 10.091 0.020 0.976
42 1.62 0.696 . 0.381 0.300 0.177 0.093 0.044 0.994
b5 1.94 0.667 0.34%0 0.292 0.224 0.099 0.044 0.963
46 1.42. 0.731 0.413 . 0.276 0.125- 0.136 0.049 1.0€0
47 1.66 0.708 0.376 0.312 . 0.164 0.111 0.036 1.047

(1)

011 product of Recycle Reactlon; listed without correction for natural oil.

44%
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. Table B-4: ° NMR structural parameters for oils, corrected for natural
' : oll, from treatment of Wyodak coal with ZnCla?
For rdn numbey identification, and run details, see Table C-1.

Paraméter values on this Table are for N=O.

Run

Number .~ NCF . AcL - NCUL o 9 nyerss
23 0.058 . 4.65 - 3.56 .0.258 0.715
24 0.068 6.6 3.28 . 0.207. 0.716
25 . 0.066 5.76 | 3.36 0.289 0.748
26 - o.om1 3.9 3.3%  0.297 0.775
23 0.067 5.8 3.1 0.281  0.696
30. 0.072 . 3.8 ° - 3.76 0.331 . 0.709

31 0.074.. ka2 3.92 . 0.359  0.750
34 0.0635 :6.}01 3,54  o.282 0.732
35(1).  o.om1 5.00 . 3.52 0.325  0.713

36(1) 0.065 &5k 3,58 0.312 "»0.731,

38 . 0.06k 938 2. 0.357 ' 0.698
39 0.075 . 8.91 . 3.37 0.307  0.793

" 0.068 © 5.38  3.31  0.389 0.769
45 v  0.066 5.36 11’ N 02306 | 0.754
46 0.061 . 6.5 3.05 0.257 0.712

570 0.072 . 6.68 3.4  0.298  0.720

(1) o011 Product of Recycle Reéction;'not éorrected for natural oll..
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Table B-5:  NMR structural parameters for oils, corrected for natural - .-
' " . 011, from treatment. of Wyodak coal with ZnCl,. _ :
For run number'identification, and run details, see Table C-1.

Run . - . v _ AR -
" Number - . NCF ACL . L o [Ec)iueis

'Parameters calculated for N = 0.10

101 6.006 8.30 . 16.49  0.42b 0.914
23 0.062 | 3.48 - 3.47 . 0.267 0.725
24 - . . 0.072 .94 . 3.21 0.307 - 0.727
25 . . .0.070. = 426 3.28 - 0.300 - " 0.759
26 . 0.075 . 2.29 3.27 0.307 0.787
28 © 0.0T1 4.26 3.0 . 0.292 © 0.707
30 0.076 . 2.15 3.66 - 0.342 0.721
31 0.079 2.43 . C.3.62  0.370 0.764
34 0,067 .68  C 3.45 . 0.292 . 0.7H3
35(1) . o075 0 3.35 SR 0.334 - 0.725
36(2) o069 . 327 3.9 0:322 . 0.742
33 . 0.063 . . 8.25 . 2.38. . 0.368 0.710
39  0.080 5.12 - 330 0.318 " 0.806
2 . .0.072 - 3.715 3.24 0.30¢ 0.780
.45 1 0.059 . 2.80 3.62 ©0.317- 0.766
T 0.065 =~ 4.R2 T 2.97 . 0.267 0.721 °
¥7 . - 0.076 4.61 ©3.08 0.308 0.731 .
Parameters Calculated for N = 0.20 I ' .
a0 - 809 3.4 C0.436 . 0.93%
23 | 0.066 . 2.1T . 3.39 ~ 0.278 0.735
-1 0.076 . 3.04 3.4 . 0.318 0.739
25 0.074 - 2.39 . 3.21 ©  0.311 0.771
26 0.080  0.47 3.20 10-319 0.800
28 . 0.0T5 - 2.52 ©2.98 0.303 0.718
30 © . 0.0%1 0.25 . 3.56 -~ 0.354 L 0.T34
31 0.033 © o 0.55% 3.53 0.38> 0.779
3y 0.071 2.88 3.37 '0.303 0.755
35(1) - 6.079 1.2 3.35 0.345 0.736
36(1) 0.07+ - 1.86 3.h0 0.334 0.755
38 " 0.072 6.99 2.36 0.380 0.724
39 0.084% = 0.91 3.22 0.330 0.820
42 0.076 .~ 1.95 3.17 0.311 0.79>
45 " 0.07h4 2.07 . 3.53 0.328 0.779
46 ©0.069 .. 3.34 2.91 0.277 0.732

k7 0.031 2.3 - 3,02 ' 0.320 0.Thl

. (1) not corrected for natural oil; these parameters are for natural
0il, or for o1l products of recycle reactions.
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_Aggendik C: Detailed Experimental Results
.This appendix contains several tables with the specific conditions,

treatment details, carbon balances, and”e1ementa1 analyses for the experi-

'ments that were carried outvas a part of this research. This data is

divided into tableslas follows: Table C-1 intiudes the temperatures

qnd durations of treatments, as well as the amounts of reactants used

and the amounts of wash oil and post-wash MTC that were recovered, and
the level of solvent incorporation into the products. Table C-2 includes
the elemental analyses of the wash oil and PWMTC, as well as the weights
of MTC and extracts from the Soxhlet product separation. Table C-3
includes the elementa] analyses of the soxhlet extré@fs.and residue.
Table C-4 includes the elemental analyses for'MTC samples thaf were

washed with HC1 in preparation for oxygen functional groups analysis.



Table C-1: Treatment conditions and material balance for experiments.

(1)

Treatment  Tetralin Weights of Reactants, g Products, . g Solvent
Temp. Duration Addlition -~ Incorp.
Run °C, min Temp. ZnCl2 ’ Hy0  Tetralin .Coal ’ Wash 011 . PWMTC % of MTC
1 Run number des&gnatioh for untreated coal. -
19 250 60 250~ Reactlon termination by filltration; used only for gas analysis.
22 275 60 275 Experimental problems; used only for MTC devolatillzation-recovery.
25 300 60 . 290 273 27 50 49.734 wWyodak - 10.322 ~ 25.868 5.9
24 300 120 290 275 27 50 49.994 Wyodak - 13.691 22. 4142 8.9
25 300 30 290 273 27 50 50.187 Wyodak 8.177 30.015 9.2
26 - 300 10 285 273 27 50 49.942 wyodak - 6.129 31.27 9.0
27 300 0 - 273 27 0 50.010 Wyodak -  0.766 33.3U3 -10.1
28, 300 60. - 2u5 273 27 50  50.705 Wyodak 16.293 23.385 18.7
30 . 250 50 235 273 27 50 . 50.276 Wyodak’ 4.573 36.541 17.2
317 250 60 2% - 273 27 50 50.143 Wyodak 6.816 . 34.114 5.4
34(3) 300 30 288 - 600 60 110 110.031 Wyodak - 20.523 56. 424 3.3
35 300 90 300 245 35 45 34.977 Dry Residual 6.490 28.284 12.6
36 300 © 60 - 2713 27 50 4.917 Asphaltene - 7.363(3) 33.7
38 300 60 - 273 27 0 50.402 Wyodak " 1.656 - 29.111 . -21.2
39 275 - 60 270 273 27 50 - 50.144 Wyodak - 8.713 28.718 11.0
40 250 60 245 273 27 50 . 50.359 Rosebud, ~ 6.450 38.123" 17.6
5} 250 60 245 213 - 32 50  .44.773 Monarch 5.864 34.608 22.8
B2 . 275 60 o25 273 27 50 . 49.904 Wyodak 12.030 26.221 11.3
43 300 60 285 273 32 50 . 45.309 Rosebud ~8.439 27.703 10.1
By 300 20 - 273 27 0 50.359 Wyodak 0.186 30.968 -18.3
b5 250 60 200 ‘ 273 27 50 50.173 Wyodak 8.301 32.184 16.3
6 325 . 60 275 273 27 50 50.125 Wyodak 1 19.762 18.776. 16.0
47 300 60 295 - 273 27 50 °  50.402 Wyodak - 13.564 22.215 4.0

(1) Solvent incorporation 1s calculated on a carbon basis. ‘
-(2) This recycle-preparation experiment was performed in two batches.

(5) Total product of asphaltcne treatment, product separation.is 1listed as Soxhlet extraction on Table

c-2

+ C-3.
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Table C-2: Elemental analyses of PWMTC and wash oll, and soxhlet extraction sample welghts

MTC Analyslis Wash 011 Analysis Soxhlet Sample Weights

Run c H N ¢l Zn Ash c H N Ash MTC 0tl Asph. P.A. Kes.

1 62.5 5.1  0.95 - - 13.6 6.468 0.050 0.245 0.748 5.912
255(1)65.03 5.21 0.92 5.44 12.1 19.2 90.15 7.70 0.05 - 4.604 0.795 1.115 1.502 1.405
osule1.us w33 0.64  2.85  5.65 - 25.1 4.665 0.270 0.357 1.287 2.318
oy 61.02 4.6 0.75 2.33 12.3 24.8 90.11 T7.70 - - 4.995 0.515 0.911 1.652 2.082
25 63.77 b4.73 0.78 2.45 6.72 20.7 90.32 8.04 0.11 - 5.038 0.53%2 0.678 1.841 1.382
%6  66.48 4.86 0.82 1.07 3.96 18.2 90.4: 8.2 0.09 - 5.122 0.551 0.658 1.705 2.621
27 © 63.48 4.41 -0.98 0.59 6.59 16.6 82.26 11.45 0.03 - °5.525 0.017 0.197 0.985 4.778
28 6u.54 4,62 0.88 1.06 12.1 . 19.5 91.04% 7.48 0.07 0.1 5.2359 0.267 1.226 1.565 2..4ul4
30 68.59 5.3 0.75 0.80 3.11 14.9 90.46 8.18 0.04 0.0 4.899 0.557 0.487 1.480 2.599
31 67.09 5.22 0.80 1.08 3.55 15.6 90.4 8.44 0.07 0.3 5.460 0.519 0.510 1.840 2.887
54 63.95 4.65 0.80 1.77 3.86 19.9 90.31 8.02 0.11 0.0 55.492 3.668 5.771 45.039
55 59.40 4.37 0.77 2.35 4.78 27.4 91.41 T7.48 0.13> 0.0 5.212 0.207 0.761 1.769 2.653
56(2) 85.69 6.26 - 0.64 0.0 7.363 5.352 1.380 0.631
33 63.59 4.48 0.81 1.94 21.6 87.15 9.68 0.26 - 6.708 0.102 0.545 1.823 4.662
39 66.7T 5.87 0.87 1.47 17.9 90.40 8.23 0.12 - 5.655 0.609 0.656 1.964 2.526
40 72.4%  4.95 0.93 2.25 9.5 91.63 8.04 0.07 - 6.111 0.158 0.415 1.821 4.094
41 76.30 '5.08° 1.35 1.37 7.2 91.60 7.96 0.06 - - 5.761 0.188 0.450 1.752 3.716
42 61.46 4.91 0.8 1.57 19.7 90.5> 8.04 0.11 - 5.985 0.395 0.879 2.029 2.965
u3 71.75 4.4 0.86 2.66 12.8 92.10 7.60- 0.13 - 6.710 0.315 1.192 2.569 3.061
by 65.48 4.50 0.81 0.58 18.8 85.15 9.96 o0.24 - 6.573 0.099 0.413 1.041 5.416
g 66.22 5.06 0.8 1.29 15.9 89.78 8.34 0.06 - 6.899 o0.444k 0.724 2.559 3.497
46 56.57 4.06 0.88 3.86 27.5 91.21 T7:51 0.17 - 6.544 0.297 1.272 1.808 3.427
47 58.37 4.39 ~0.81 1.82 25.9 90.25 T7.61 0.48 - 6.204 0.238 1.121 2.048 3.057

A

(1) For Run 23, separate extractions were overformed on the MTC from the quench tank, and that femaining in
the reactor. Quench Tank MTC (23a) amounted to 10.375 g, while Reactor-MTC (23b) amounted to 15.494 g.
Soxhlet extract analysis was performed only for the quench tank MTC extraction samples, but was
applied to both sets of extraction samples (extract analyses are listed in Table C-3).

(2) Run 36 is the treatment of ASphaltene; the elemental analysis listed for MTC 1s actually that of the
untreated asphaltene. Soxhlet sample weights are actually the total product weight distribution.



Table C-3: Elemental analyses of the soxhlet extract samples.
Soxhlet 011 Asphaltenc Prcasphaltene Residue

Run c H N C H N c - H N C H
1 78.16 10.79 0.07 75.78 6.70 1:82 61.65 4.66 2.41
25(1) g7.61  7.01  o0.15 85.72 6.96  0.82 75.45  5.60  3.28 28.32  2.70  1.70
24 90.61 . T.16 0.21 86.99 6.78 0.62 65.55 4.85 3.%9 35.88 2.72 0.95
25 90.61 7.55  0.22 85.68  7.06  0.35 75.4%9  5.15  3.28 41.97  3.11  1.29
26 91.00 T.77 0.08 86.1% 6.89 0.50 76.3%2 5.44 2.47 48.99 3.37 1.62
27 assume same as wash oll 78.85 7.65 0.55 72.9 5.61° 2.39 = 62.23 3.98 ' 2.33
28 90.33  6.79  0.55 87.17  6.48  0.T4 78.58  5.34  2.72 38.09  2.95  0.63
30 91.29 7.98 0.0 81.54 T.34 0.48 74.16 5.61 2.34 56.57 3.83 1.99
31 90.96 7.93 0.05 84.73 7.-77 0.34 74.16 '5.72 2.58 53.45  3.70 1.89
34 90.56 7.32 0.16 85. 4% 6.60 0.58 combined with residue 56.78 4.06 0.91
35 91.21 6.95 0.18 86.87 6.25 0.79 74.81 5.02 3.26 37-56 2.76 1.00
36(2)  91.23 7.65 0.59 78.96 6.06 0.63 combined with residue 44.88 3.52 0.60
"~ 38  assume same as wash o1l  86.10 6.80 0.52  72.15 5.15  3.50 58.46  3.65 1.42
59 91.18 7-79 0.17 85.73 6.79 0.58 75.22 5.58  2.71 - 42.05  3.37 1.48
4o assume same as wash oill 86.35  6.72 0.34 77.01 5.33 2.75 68.26 4.04 2.10
41 assume same as wash oll 87.31 6.75 0.41 73.81 5.22 2.99 T1.44 4.18- 2.35
42 90.58 7.53 0.14 86.12 6.68 0.53 T4.12 5.46 3.27 48.50 3.43 1.44
43 91.58 7-09  0.1% 88.19 6.33 0.4k 72.65 4.93 3.91 65.68 3.76 1.43
4y 86.87 9.73 0.20 82.86 7.68 0.50 75.16 5.52 2.42 60.62 3.75 1.83
45 90.92  7.79 . 0.09 84.28  T7.04  0.36 73.78 5.61  2.58 " 54.55  3.85 - 1.76
46 90.83 6.80 0.34 87.96 6.21 0.75 75.62 4.83 3.21 36.36 2.57 0.85
47 88.89 6.80 0.52 85.87 6.48 0.87 74.89 5.27 3.48 40.90 3.10 1.05

(1) Analysis of extracts from Soxhlet extraction of MTC recovered from quench tank
(2) Analyses of total products from asphaltene expefiment, as described 1n chapter II.

-8vl-



Table C-4:

Elemental analyses of acid-washed PWMTC samples

used for oxygen functional group analysis.

Elemental Analysis (Dry basis)

Run C H Cl Ash
2 . 66.42 4.85 0.7h 2.05 20.0 |
25  69.48 5.04 0.81 1.95 15.9
26 69.08 %.98 0.87 1.52 14.2 =
27 67-79 4.49 0.94 0.12 12.6 '
- 28 - 68.03 475 0.93 1.42 1 18.8
30 69.91 5.42 0.84 0.91 - 12.5
- 31 69.54 | 5.23 0.86 0.74 13.4
3y (1) 63.05 4.25 1.02 0.80 20.2
35 _ 61.29 4.4y 0.86 2.32 24.6

(1) Elemental and oxygen functional group analysis was carried out on sample

"residual”, the combined preasphaltene plus residue.
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