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COAL CONVERSION CATALYSIS USING ZINC CHLORIDE
IN ORGANIC MEDIA

John H. Shinn
Energy and Environment Division
Lawrence Berkeley Laboratory
and Department of Chemical Engineering

University of California
Berkeley, California 94720

ABSTRACT

The conversion of coal to soluble materials and 1iquid§ requires
cleavage of chemical bonds. Because these bqnds are inaccessible to
contacting with convéntiona1 solid catalysts, current coal-processing
technology uses high temperatures to initiate bond cleavage, with
high hydrogen pressures and hydrogen-doner solvents in high concentration |
to "cap" the cleaved bonds. Undesirable side reactions of two types
- repolymerization and fragmentation - accompany the‘conversion, wasting
both coal and hydrogen.

- This study examines the use of ]iquid-cata]yst systems to penetrate
the coal and carry out the cleavage reactions ‘at temperatures well below
where thermal cleavage occurs. In one hour runs at 250°C, solutions
of ZnC12 in water proved quite ineffective at converting coal to pyridine-
soluble components, giving only 25% solubility from coal origina11y
12% soluble. ZnC1,-methanol solutidhs were considerably more effective
yielding a product with 70% pyridine solubility. About 0.2 gm of
methanol per gram of treated coal are chemically 5ncorporated in the

product during such treatment.
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Numerous inorganic and organic additives were tested for their
effects on so)ubi1tzation activity in the th]z-water.and ZnC12~methanol
. systems. Of the inorganic additives‘SCreened, onty.Zn'meta1 gave
_posttive results, improving the pyridine solubility‘of ZnC12-water
treated coa] by rough1y 10%.V-ExtraCtive solvents (nsdecane, percloro-b
ethane, o-dich]orobenzene,>cycloheXanol;,p-xy]ene) tended to reduce
‘conversion, Reactive solvents (tetra1in,'ando1ine, anthracene oiT)
increasedvboth'conversion;and solvent incorporation.

In a detailed study.of the ZnC]z-methanoi‘system higher hydrogen
pressures have been found to promote solubilization and reduce methanol
1ncorporat1on Increas1ng the temperature to 275 C 1eads to tota1 con-
vers1on “to pyr1d1ne so]ub]e mater1als 1n rough1v 30 mwnutes at 800
psig hyorogen pressure.’ Increasing amounts of methano] 1ead to a
max imum conversion'at afmethano']/ZnCl2 mole ratio of about 0.75 to 1.
 ‘Based on these results, a‘meohanism for catalytic solubiliza-
tioh'Ts’proposed This " 1nvo1ves penetration of the cata]yst into
the coa1 structure act1vat1on of the crosslinks 1n the coal’ po]ymer ,
by the cata]yst capp1ng of c]eaved bond fragments by hydrogen or
solvents, and.so]vat1onvofvproducts SO as to leave the unreacted coal
acteSsibie'for further'oonversion. The_action of the methano] appearS'
tovbe mu]tifunotiona1; jt improves contacting, serves as a capping
'agent, fati]itates product removal, and perhaps also promotes the‘
cata1yst.a¢tivity. ; ' - |

A decrease in'oxygen content of the coal accompanies the so]Ubili-
zation, suggesting that ether bonds'are the important linkages for o

which c]eavage‘Teads to solubilization.
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CHAPTER 1
INTRODUCTION

The Need for Coal Conversion

Rapidly dwindling supp1ies of petroléum and the need for

" independence from foreign energy sources have necessitated the investi-

gétion of alternate sources for the prodqction of electric energy,
petrochemical feedstocks, and liquid fuels. A1terna£ives to petroleum
energy include nuclear, solar, geothermal, and coal. While perhabs
nuclear energy through fission is technologically the most feasible

at present, it suffers from (1) environmental risks through waste
disposal, thermal pollution effects, and possib1e escépe of radioactive
materials, and (2) the threat of sabotage or terrorist activity.

Fusion, geothermal, and solar power generation are not cﬁrrently utiliz-
able as major energy'sourtes, due eithef io high cost of bower generation
(solar) or to major technological problems (fusion, geothermal).

With the exception of coé],’alternatives to petroleum do not offer

a means of sbpplying liquid fuels and petrochemicals in the next 20
years. Thus, this country's energy independence; in terms of relatively
continuous supplies of'liquid.fuels and petrochemical feedstocks seems
t6 depend largely on the utilizatioh of coal. The'U.S..has abundant
proven reserves of coal, and further reserves estiméted tb last several
hundrea years (compared to tens of years for petroleum supplies).

(1). A synthetic crude oil produced from coal should be amenable to

upgrading and subsequent ‘conventional processing to products currently



produced}from petroleun. Generating such synthet1c crude 011 from
'coal would therefore be de51rab1e..v o

Coa] deve]opment is not w1thout 1ts d1ff1cu]t1es The first -
. is mining of the coal wh1ch may 1nvo1ve s1gn1f1cant environmental
impact. A1so coa1 contalns more n1trogen, su]fur, and trace metals
“than typ1ca1 petro]eum feedstocks.‘ These may po1son ref1n1ng catalysts,
aand make the coa] undes1rab1e for combust1on dur1ng which env1ronmenta]1y
harmfu] gases (NO and SO ) form. The 1norgan1cnmater1a1 in coalh
must.alsovbe removed‘dur1ng ]ts utilization. Finally, thevorganictr_
material ts deficient:in hydropen:relattve tohoil or\gasoline (see

Figure 1-1), and is a solid which must be."depo1ymerized" to yield

liquids. The problem of converting coal to.a more usable form,‘therefore,l

'invo1ves reducing its moTecularvweight, removing-heteroatoms and ash,
'vvand'adding sufficient'hydrogen . ' | B _ ’
A number of processes have been dev1sed to accomp11sh this convers1on
of coa] Those deve]oped.beyond.bench sca]e are‘shown in Table 1-1, |
A11'are characterized=by fairly severe processing condttions' - tempera-

tures 1n excess of 400 C and hydrogen pressures above 1500 ps1g. :

";These h1gh temperature h1gh pressure processes not on]y consume large

‘ amqunts of_energyvjn;convert1ng coal to, ‘at _ best, .75% ]1qu1d product,
but a]so_require expensiue equipment . to handle the severe operating
' conditions. | | | |

v Th1s report descr1bes efforts to use a cata]yt1c 1norgan1c med1um
at moderate temperature and pressure (below 300 C and 1000 ps1g H )
| to convert coal to 11qu1ds. ,To better understand the approach taken

here and the chemistry of conversion, it will be necessary to review

E
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Répresentative Atohic H/C Ratios for Coal and Other Fuels
(after Wiser, 2).



"Table 1-1.

Operating Conditions and Yfelds of Major Processes Béing Developed
for .Conversion .of Coal to Liquid or Clean-Burning Solid. Fuels.

Approximate Yields (X)

500-550

‘ Tempegature Pressure ] i .
Process (°c) (psig) “Liquid Gas __Char Comments
COED 315-455-535-870 v- 20 . 17 60 Multistage fluidized bed pyrolysis, with
: 4th stage gas and char recycle. Subsequent
N . - hydrogenation with catalysts at 2000 psig
e for product upgrading.
Occidental Pyrolysis 500 15 35 7 58 Pyrolysis at rapid heating rate, Ca. 30
_ . - , : : sec. reactor residence time. -
Solvent Refined Coal-I 440 2000- 3000 '75v‘ ' 5 20 -~ Slurry of recycle solvent and coal Product
. L - solid at room T. Coal minerals catalyze
_ . 7 solvent hydrogenation.
Solveﬁt Refined Coal-II 440 2000-3000 70 10° 20 Liquid product by solid catalyst hydrogenation
. : B ' after SRC-1 reaction.
Exxon Donor Solvent 400-480 - 1500-2566 503 15 3% Externa) hydrogenation of recyc)e solvent.
, : s ' i o Liquid product. _
H-Coal 450 2800 75 20 5 "Ebulated bed reactor with Co-Mo0 catalyst. -
Consol 380/450 400/3500 75 15 10 . Low T, P 'extraction in donor solvent folloued"‘
L T by high T, P hydrogenation over molten ZnCl,.
U. Utah 2000 60 10 30

Rapid {t = 10-20 sec) hydrogenation of coal
1mpregnated with ca. 5 wtl ZnClz :
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the current knowledge of coal themistry and structure, the nature
of coal liquefaction processes, and the history of catalysts in coal

conversion,

Coal Chemistry and Structure

General Coal Chemistry

There is a variety of structural and chemical makeup for coals
of different rank (different carbon content) ranging from lignite,
through“sub-bituminous and bituminous, to anthracite. Much work has
been done to characterize these differences and their effects on

(3-6)

liquefaction. As rank increases, aromaticity and average number

of fused,ringg §enera1]y increase. Decreases in oxygen content occur;
alkoxy and carboxy]l groups diminish first, followed by hydroxyl and
ethers. Volatile matter shows. a maximum in mid-rank coals. Nyodék
Roland-Seam coal (a Wyoming sub-bituminous coal, containing 73 wt-%
carbon on a dry and ash-free basis), an example of low-rank western
coals of whicﬁ there are vast reserves, has been used in this study.

~ Several mode1s of the chemical structure of coal have been proposed.
Theséjinc1ude: (1) macromolecules joined by hydrogen bonds or acid-
base interactions(7); (2) entang]ed chains or sheets; or (3) highly
cross-linked polymeric systems, possibly including smaller molecules
lodged within the structuré.(a) The best fit for the available data

(57) Niser(g)

apbears_to be provided by a cross1inked model. Hill,
and Given(sg) have proposed schematic models of typical chemical struc-

tures in coal.



Coal is a relatively insoluble solid (typieally-with less.than (

15% pyr1d1ne solub111ty), with s1gn1f1cant 1nterna1 pore structure.‘

(1),

'&J -

The pore volume frequent]y is near 10% (0. 16 cc/gm or less . More
'than half of the pore vo]ume occurs in pores less than 300 in d1ameter, )
makwng the 1nter1or of the coa] part1c1es relat1ve1y 1naccess1b1e

for chem1ca1 convers1on methods. (10)

‘Model of Sub-bituminous Coal Structure

" Although earlier models of coal hayetshown some representative‘
structures:uhfch'uay'ooouriin the coal ﬁtse]f,jlach”of”dataﬂon theb
C specific ehemica1 nature of’the:coa1\po]&meric:subunjts has'impeded"
uefforts to.construct a more acourate quantitative model. Recent in4
provements in wet- chem1ca1, chromatoqraph1c, and spectroscop1c methods
‘:have prov1ded s1gn1f1cant new data on coa1 chem1stry which allow a

more quant1tat1ve mode1 to be constructed

H

Most en11ghten1ng of the new developments has been so11d state’

C13 - nuclear‘magnet1c'resonance (NMR) a1]ow1ng direct measurement of

‘the aromat1c1t; of untreated coal (deueioped by Pines and others(IZ))
"Ear11er 1nab111ty to measure the aromat1c1ty of sol1ds had generated
great dea] of debate about the state of carbon in' coal. (13- 22) Direct |
* measurement by the C13-NMR techn1que of the coal used in this study 3 o aJ.
(wh1tehurst(118)) shows roughly 63% aromatic carbon '

A var1ety of ox1dat1ve degradat1on techn1ques have been employed
" by workers at Argonne Nat1onal Laboratory to determ1ne the nature and
abundance of aromatic units 1n the coal structure (20, 23-27) An inter-
polation of their data provides the_structural.types and abundances

for sub-bituminous coal shown in Figure 1-2. The preponderance of
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Figure 1.2.

Relative Number of Occurrence in
Abundance - Aromatic 'C per Unit 10000 MW Model
100 6 ‘- 20
20 ' 10 4 -
15 ' 13 3
| 15 12 '3
12 | 14 9 B
6 13 1
4 14 1
4 13 1
3 5 2
3 12 1
3 16 1

Type and Abundance of Various Aromatic Centers in
Sub-BitUmﬁnous*Sg%l. (Interpolated from data by
Hayatsu et a1.( '
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_Figure 1-2 (continued)
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single-ring units is notable (earlier studies had indicated many fused
ring structures).
Inverse oxidative degradation, which destroys aromatic units,

has been employed to determine the nature of the aliphatic network

in the coal.(28;30) Retent work uSing this technique on Hyodak coal
indicates that about 23% of the hydrogen in sub-bituminous coal is
found in aliphatic crosslinks of the types indicated in Table 1-2.(118)

These structures also comprise roughly 10% of the carbon in the coal.
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.;Tab1efl12,“A11phat1c Sturcturff gresent in Nyodak Coal
_ (after wh1tehurst

.. Percentage of Original .
Coal Hydrogen in Such -

Q‘“\.

f Structurelf ... s .. Structures
Ar-CH3, . . 'J v. | o | ,32.5 ‘
Ar-CH,-Ar ' 0.8
Ar-CoHy-Ar | S - R ¥
Ar-(CHy) SCHy - 10.0

A CH2 (CHZ) '4f4
(CH,) -CH, 2~ (CHy ) | T 3.2
— Total 23.5

1- Ar refers to an aromatic structure, (CHg)x to an a11phat1c
structure. The. underscored group is the a11phat1c system of
interest. _ v
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Tﬁe nature of the oxygen groups in the coal has been examined
with wet-chemical methods by Blom. (8) A wide'range of coals of differ-
ing ranks were investigated. Estimates made f}om the data wod1d indicate
foughly 19.5% total oxygen for a 73% carbon_coa1 (our analyses give
19.4%), with 3% carboxylic acids, 1.5% carbonyl, 5% acidic hydroxyl,

2.5% weakly- or non-acidic hydroxyl, and the remaining 7.5% as ether
oxygen,

Organic sulfur and nitrogen groups for our coal are relatively
sparse (ca. 10 atoms total per 1400), occurring predominantly in cyclic
heteroatom structures. Some sulfide, disulfide, and amine bfidges also
exist, as wé]] as mercaptans and aminés‘in limited quantities.

The chemistry of the molecular sub-units of the coal polymer has
been reported on in a study conducted by‘MobilvResearch and Development
Company and sponsored by the Electric Power Research Institute, utilizing
solvent-refined Wyodak coa].(11’13) Successive elution of the solvent-
refined coa1 (SRC) from a chromatographic column with solvents of
varying chemical propérties separated the daughter molecules into

discrete fractions of varying polarity and aromaticity. Molecular-

_weight determinations by vapor-pressure osmometry and gel-permeation

- chromatography, together with elemental analyses, proton and carbon

aromaticities, and other chemical tests, were performed on the fractions
to characterize the types and abundances of molecular structurés present
in the SRC. Table 1-3 and Figure 1-3 give some of the characteristics
and proposed structures for the product molecules from the Wyodak

SRC.



Table 1-3.

Characteristics of Solvent Refined Coal {SRC) from a Fquing Sub:bituminous Coal.(31)"
F}action Elution ‘ Wt. i ' Aromaticities (X) Molecular ‘
Number ‘Solvent . in SRC: . H c Weight Formula
wholey . _ . . N
SRC - Pyridine. : 100.0 © 52,0 62.0 - - C1Hop.8No.012 0p.05
3 CHC13 - 20.82  48.0 - 660 ° CagHg20 or CagHaNO
4 CHC13/10% Et20 20.0 7.0 - 630 " CqsH3ghoy
5 'Etp0/3% EtON - 10.7. - 47.0 : 580  CqoHagNOq
6 MeOH S T -
7 CHCI3/3% EtOH 4.7~ - - ca.600 Ca2H3INO3 .
8 THF/3% EtH  16.3 - . 140, Cs0Ha3NOs
9-10 Pyridine/10% MeOH e
" or Non-Eluted .23.1 _ - - - -
Hholeg o ': o L S
SRC Pyridine = 100.0 30.0  60.0 600 -

t .

1 - Whole SRC and extracts from run at ca. 4500C for ca. 90 minutes
2 - Sum of fractions 1 through 3,
3 - Mild treatment - ca. 425 , 1.3 minutes.

21



Figure 1-3.

13

Proposed Structures.-for Solvent Refined Coal from
a Wyoming Sub-bituminous Coal (Whitehurst, 31).
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Informat1on on the types of c]eavab]e 11nks Jo1n1ng these mo]ecules f

in the coal has been generated 1n a study of mode] compound behavior
under 11quefact1on conditions conductedvat Oak Ridge Nat10na1_Labora-_;
tory.(32’33) It was found that a]iphatic 11nkages'between twdaromatiey
unjts cleave easily, as do ethers with neighboring'a1iphatic”nydrogenst'
Phenolic grOUps on an aromatic ring nerehfound to.prombte-cleavage
of short a]iphaticb1inks,attached_to that ring. - . |
| Date-from all these sources have been’combined in the present .
study to formu]ate a structure for sub- bituminous coa] “The basis -
chosen_for the mode1 was a mo1ecu1ar weight of 10, 000 Elementel analyses
determined that a.coal unit of this size wou]d'have'a molecular formula
Co11M5680121N757 (ho] wt. = 9§98)~ The determ1nat1on of oxygen func- |
tionalities, carbon, and proton aromaticities, and. the deduct1on of -
aromat1c and a11phat1c structures prov1de 1nput data from wh1ch the .
model is constructed. The ardmatic; a1iphatic'and heteroetOm niecesu
were distributed'among the mo1eeu1es_of various sizes and functionalitjes'
out]ined'in the Mobil study with additional oxygen reallocated to the
.vfractions. "Each moleCule'was'then constructed from its fragments
and a po]ynerfof the fragments representing the original'cdal was
built (see Fig. 1-4). | |

Cons1derat1ons for the choice of molecular subunit structures
.inc1uded: (1) the major crosslinks are used to join aromatic units;
| (2) the‘degree of condensatfon dfvthe aliphatic sketeton and extent
of ‘connection to aromatic species is forced by'hydrogen content; (3)

structures of p1ant precursors of the coal (11gn1ns resins, tannins,A

terpenes, and waxes) suggest the structures of the a11phat1c skeleton.,
. . I
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Figure 1-4. Model of Sub-bituminous Coall Structure.
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Figure 1-4.
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These individual structures should not be considered as accurafe, as
no detailed structural information is available. Rather, they provide
a quantitative model of an average molecule of the original cba] fragment
which led to a particular SRC fraction.

Some words of caution Are necgséary in interpreting this mode1
which merely reflects the quantitative proportions of chemical groups
present in sub-bituminous coal and their distribution among various
fractions produced by short-residence-time bond cleavage. Thus the
linkages are.consistent with the types that would be broken during
the SRC process, and the fragments are consistent with the chemical
nature of the RC products. The figures are averages over groups
of widely varying structures, and it is 1ikely that the averages as
shch do not exist to any significant extent. It is conceivable that
the SRC fragments may be considerably different from the original
fragments, because considerable condensation and repolymerization
may occur evén in only a few minutes above 400°C during the fdrmation
of SRC.

Obviously, the model cannot show the three-dimensionality which
would actually be present. ,Similar]y,“it does not show the higher-
order structure in which various organic components of differing origins
(knowq as macerals) are pressed together with each other, and the
clay and silica which form the mineral matter of such coals. Some
of the mineral matter (particu]ar]y calcium) is dispersed Qithin the
organic structure as ion-exchanged or chelated entities.

The accuracy of the quantitative data used in the model -should

also be considered. Carbon aromaticity data from the new NMR technique
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y:are'aceurate.to nithin about 20%. Such var1at10ns in carbon aromaticity -

can force significant changes in the degree of condensat1on of the |

y a]1phat1c skeleta. _In addition, the oxidative degradat1on studies my = . £

. sbuffer' from significant side reactions, leading to possib]e misinte’rpre- . {J

tation of the data. Furthermore, the data on types and abundances of ‘

aromat1c structures have been 1nterpo]ated from data on lignite and.

b1tum1nousvcoa1, and are thus subJect to 1nterpo1at10n errors,_‘ |
‘Chemical methods for functional-group determination also suffer

from side_reactions,or from the,inahi]ity_to driuevavreaction'to comp]e-v

“tion. These vaers are 1ike1y.to be'1ess than 15% inaccurate, a]though

vether oxygen values (determ1ned by d1fference from tota] oxygen) may »

be 20-25% 1naccurate Further uncerta1nt1es 1nc1ude the d1str1but1on

of ether oxygen in a11phat1c, a11cyc11c, aryl- alky], and ary] ethers,‘

" and the separate determination of ester and carboxy11c ac1d groups

Coal Conversion Processes

Thermolytic Coal ConyersiOn _

The conversiOn;of coal to iiquidlmateria1s or other clean-burning
fuels has been pursued'by many routes,‘.All of'these'processes must
deal with'the'same fuhdamehtal probiemss "to‘increasefthedhydrogen- . ' {;
~ to-carbon (H/C) ratio, remove n1trogen, sulfur, oxygen, "and ash, and
. reduce the molecular weight. | '

vAs for petroleum processes, the'effectivenesslof'coa1-conversion
is usually monitored in general terms. A primary diagnostic is the
product-so1ubi1ity in specific solvents. Compounds soluble 1n.an

aliphatic hydrocarbon so]vent, such as pentane, hexane, or Cyclohexane,
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are known as oils, and are characterized by low heteroatom content,
low molecular weight (normal boiling point below 400°C), and high

H/C ratio ( 1.5). Benzene-soluble compounds, kndwn as asphaltenes,
have more heteroatoms; higher aromaticity, higher molecular weight
(between 200 and 1000), and lower H/C ratio. The benzene-insoluble
pyridine-soluble fraction, known as preasphaltenes or asphaltols,

has still higher heteroatom content, aromaticity, and molecular weight
(400-3000). Finally, there is pyridine-insoluble material which is
termed residue. Most processes strive to maximize the yields of oils
and minimize the residue. Although volatile hydrocarbons ("gas")
may~be produced, these are to be avoided since their férmation involves
the éxpehse of'consuming large proportions of hydrogen.

(34,35)

The available conversion processes as summarized in Table

1-1 are divided into several categories: indirect liquefaction, pyrolytic

1iquefaction, solvent-aided pyrolysis, qnd cata]yst-aided pyrolysis.
Indirect liquefaction processes opéfate by first converting the

coal to a mixture of CO and H, (synthesis gas), and then using Fischer-

Tropsch synthesis to build higher hydroc#rbons from the "syn-gas."

The yié1d of the desired oil from Fischer-Tropsch may be limited

by the synfhesis mechanism which causes a wide distribution in carbon

number of the product.

Mobil Research and Development Company has recently developed

a pfocess which avoids the widevproduct distribution of the typical

Fischer-Tropsch synthesis. In the Mobil process, methanol produced
from synthesis gas is reacted over a metal catalyst supported on a

shape-selective zeolite, which limits the access of larger molecules’
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to‘thetmeta]; ‘This avoids the production of_heavjer products, and -
resu1ts 1n.avnarrow mo]ecular;weight distributjon. -

A1l of thevindirect processes involve fairly severe conditions
for coal convers1on (gas1f1cat1on above 500°C), wh1ch tends to 1ower
the thermal eff1c1enc1es |

' Pyro]yt1c 11quefact1on of coa1 1nvo]ves treatment at the tempera-
tures necessary to produce free rad1ca1s thermally,. 350°C or h1gher.
These processes heat the coa1»1n the ahsence of cata]ysts or solvents,
and requirevhydrogen to achieve capping of the free radicals. The
resulting decomposition reactiOns'are.fajr1y’uncontro11ed, and yields
of desired liquids are'genera11y Tow uith'undeSirable gas and char -
formation dominatino- The COED process is one examp]e of pyro]ysws,
'the Occidental Pyro1ys1s process 1mproves upon it in y1e1d by using

high- speed heating to produce more 11qu1ds Both-operate near 500°C

In an effort to ma1nta1n better contr01 of thermal decompos1t1on

of the coa] and enhance product hydrogenat1on, severa] processes employ'

so]vents as pyrolytic med1a One of these, the So]vent Ref1ned Coa]

(or SRC) process, uses'temperatures between 400 and 450°C,_ Two p1lot

- plants are_current1y'operating~using the SRC process: the.first,_at_
Wilsonville, Alabama, produces a so]id fuel with reduced heteroatom and
ash content and H/C of ahout 0.9; the second, at Fort:LeWis,'Nashjngton,
uses a'second-stage'catalytic‘hydrogenation_to'produce liquid. Process

solvent, taken from the product and recycled with the feed, enhances the

breakup of coal partic1es,(36) dissolves the initial products, transfers

hydrogen, and may aid bond cleavage.(31) In extensive work to charac-

terize the so]vent and its activity, the characteristic'components
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found‘include aromatic and hydroaromatic hydrocarbons, pheho]s, and
nitrogen bases.(11’31) |

The Exxon Donor Solvent Pr0ces§ (EDS) represents an improvement
over the SRC process by use of catalytic hydrogepation in the solvent-
recycle‘1oop, prdviding a hydrogen-rich so1veht which more effectively

(37) A pilot plant is currently in operation

hydrogenates the coal.
at Bayfown, Texas, and engineering of a full-scale unit is under way
with plant start-up anticipated for 1981.

In addition to using solvents to ajd pyrolysis, several processes
emp1oy catalysts in liquefaction. The first group uses a cobalt molyb-
date catalyst to aid product hydrogenation and heteroatom removal.

Both a fixed-bed (Synthoil) and a moving bed (H-Coal) design have been
eva]ﬁaféd; The Department of’Energy has slated the moving-bed version
for full-scale development along with EDS and SRC.

A wide range of other ctalysts has been investigated for use

(97,98)

in high temperature coal conversion. Extensive screening was

carried out at the Bureau of Mines involving metals and metal chlorides
(especially SnCl,,AICl,, and ZnC1,). (88-94)

'_Molten salts, especially the chlorides just mentioned, have been
particularly attractive as coa]-conversion cata]ysts.(95’96) ‘Although
A1C13 and SnC]z‘appear'more active than ZnC]z, both are more expensive
than ZnC]Z, more difficult to recover, and more corrosive. Excessive
gas and char formation have also been reported when A1C13 is used,
and small amounts of water destroy its activity.

" For these reaéons, zinc halides have been the focus of activity

in molten salt catalysis. Shell 0il Company holds patents on zinc
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halide hydrocracking of.éoa],(gg’loo) ‘Workers at Montana State University
have found an quimolér ZnC127KC1 mixture to be an active hydrocracking |

'medium'which may be‘moré'readilx;separated from products than the
(101) | |

aniz_ajone, | | ‘
Further, two proéééses,are.cﬁrrent]y being-deve]opgd which'utfijze”

'iinc'halide catalysis. . Conoco Coal De;élopmentICompény (fOrmer]y. ‘

Consolidation Cda])'uses massive>quantities of molten Zntlz to produce :

high'yie1d5,(sox) of gasoline from a coal extract,(38‘44)

- This process
is currently undervdemonstration at Library, Penhsy]vania.i_lt is

likely that the primary mechanisﬁ,fdr;coal'bfeakup ih this process is -
thérmé];'the ZnCl, appears to stabi]ize.and.prbmote ldw-molecﬁlaréﬂi
weight products. The Univer§ity of Utah process uses short contact

| times, and on]y.sma11>émounts of ZnC]Z‘(S wt-%) with»whith‘the_coa]
(48)

is impfggnated.(45f47)~vHolten *°/ and Dergnsceny1(49) have reViewed'

~ both ZnC1, processes in detail. :‘ |

) A]l:of the coal-conversion methods reviewed so faf ha?efuééd_

: high tempefatures (over 4009C)'and'higﬁ preésures'(dver 1500.p§ig) tb-"¢
accbmp1ish the desired bohd-éleavaées; None of the procéssvvariatigns'
is'fu11y'effeétive'for prevehtfhg @h&r and gas qumation.v fqrthermoré,
these high-temperature high-pressuré processes qonsume’consideréb1e 
energy and require expensiye equipment because of the sévére'proceSSing

conditions.

Low-Temperature Low-Pressure Conversion

Conversion of coal under;milder conditions will require se]ective
chemical activation of the crosslinking bonds, and may thus offer

°
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the opportunity to limit gas and char formation. As this study has

the goal of investigating lower-temperature and lower-pressure routes to

coal conversion, previous studies of catalytic coal conversion will now

be briefly reviewed.

Several investigators have developed chemical methods to "depoly-
merize" coal at temperatures below the onset of thermal decomposition.
A1though most of this work was done to gain structural information on
coal through mild decomposition, the techniques used may give an insight
into the methods effective for mild-condition processing.

One group of low-temperature processes involves oxidative degra-
dation of the coal. Many techniques have been developed for oxidizing

(50) (51)

a1iphatic‘carbon, using a]ka]i-dxygen oxidation, ozonation,

(13-16,52-54) (23-

aqueous sodium dichromate,
20)

aqueous sodium hypochlorite

27) 23)

hydrogen peroxide-acetic acid,( and f]uorine,( as well as
photochemfcal oxidatidn.(23) Deno has recently developed a “"reverse
oxidation" which oxidizes aromatic groups using concentrated aqueous
hydrogen peroxide with trifluoroacetic acid, (28-30)

Other techniques have been developed to disassemble coal without
the destructive effects of oxidation. Sternberg and others have reduc-
tively alkylated coal using potassium, tetrahydrofuran, and naphthalene
to produce a coal anion, which is subsequently alkylated with an alkyl
halide, (60-63,81) ’

Numerous acid-catalyzed depo]ymerizétions have been investigated
following the lead of Heredy and Neuworth, who used BF3 and phenol in
24-hour reactions at 100°C to solubilize coai.(64“66) Darlage achieved

similar results with a preliminary nitric acid wash, or substituting
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su]fur1c acid for the BF (67 68) .

Other workers have found_severa1
other catalysts which are effect1ve for coalvso1ubilization with phenol,

including p- to]uenesu1f0n1c ac1d phosphorus pentox1de p1cr1c acid,
(69-73)

i )

and ZnC]2 with tr1chloroacet1c acid. .
wh11e the pheno]-ac1d catalyst combination is'effective in“producing

nearly tota]ly so]ub1e coal, 1ncorporat1on of pheno] in the product

lessens its process ‘potential. The mechanism of so]ub111zat1on appar-

ently involves cleavage of_a]iphat1c bridges w1th insertion of_pheno],(7$)

and'condensationvreactiOns.of the phenoi itse]f‘further contribute

to its retention in the products.(73) |
Acidfcata1yzeq-aTkylations_have been investtgated_using so]vents

other than phenol. _Kroger has alkylated ooals'using'iSOpropy1 ehloride

with A1C13 in CS, at 45°C, or using olefins with A1c13/NaC1 between

160°C.(76) Increases in pyridine so]ubi]ity occqrred from 20% untreated o

to'between 40 and160% after theatment; accompanied'by av20 to‘30%v

weight increase 1n the coal due to a1ky1at1on Larsen ahd Kuemmerle

used. su]furwc ac1d catalyst with 1sobuty1ene at temperatures between 20

and 100°C to improve the solubility of a variety of coa1s.(75 78)

‘Denson and Burhhouse alkylated coal using various olefins,and alcohols S

with anhydrous HF at 135°C with s1m11ar results (79)

Acylat1on with acy] ch]or1des and A1C13 is another route to 1ncreased

(80)

. coal so1ub111ty The act1on of this medium may be predom1nant1y

physica] however, with high;mo1ecu1ar-weight (105 to 106)-products

being solubilized by interaction of the acy] cha1ns w1th the d1sso]v1ng '

_solvents (75)
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Ross and co-workers at Stanford Research Institute (SRI Inc.)
have iﬁvestigated a variety of prospective catalysts for low-temperature
coal conversion.(84) Combinations of Lewis and Bronsted acids (such
as A1C13/HC1 or SbBr3/HBr) were used at temperatures between 190°
and 210°C for periods of 5 to 15 hours on dried I11inois No. 6 coal.
Hydrogen pressures in excess of 800 psi were used, as earlier experiments

had indicated that diminished pyridine solubility resulted if no hydrogen

were present. When 1:1 weight ratios of catalyst:coal were used,

-catalyst effectiveness was found to be in the order: A1C13 A1Br,

SbC]3 = SbBr3 = SbF5 = ZnC12-= Tan = NiSO4 = CoSO4. When a constant
molar quantity of céta]yst was used, catalyst effectiveness was found
to be: SbBr3 = SbCl3 A]Br3 A1C13 Ni(acety]acetonate)z TaF5 SbF5
= MoC15 = wc16. Virtually total pyridine so]ubi]ity was achieved
with the most active systems (SbC13/HC1/H2). It is notable that several
of the'catalysts (ZnC]z, SbFS, and ﬁC]é) were below their melting
points during reaction, and may have had their effectiveness limited
by confacting problems.

Continued work at SRI, performed at 335°C for 90 minutes, used
alcohols with basic catalysts, such as aluminum isopropoxide, potassium
isopropoxide, or potassium tert-butoxide. The combination of potassium
isopropoxide and isopropanol was found to be highly effective in
producing a tota11y.pyridine-solub1e prodyct, but the process was
foundAto be uneconomical due to the cost of incorporated isopropanol
in the product.(ss),-' ’

More recently, Makabe and Ouchi have'used sodium hydroxide in

ethanol at temperatures between 200° and 400°C and reaction times
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of 1to: 20 hours to produce pyr1d1ne so]uble mater1a1 from a var1ety

(87)

of coa1s Aga1n, hydrolys1s of ether bonds has been assumed as -

i

~ the mechan1sm of so]ub111zat1on

’Catalyt1c Coa1 Convers1on Us1ng ZnC]2 Under M11d Cond1t1ons

The process potent1a1 of ZnC12 at 400 500 C and the prom1s1ng
activity of ac1d cata1ysts under m11d cond1t1ons 1ed Derensceny1 to.
begin 1nvest1gat1on of ZnC]2 for 1ow temperature coal convers1on (49)
0perat1ng at 200°C the effect1veness of various 1norgan1c add1t1ves
to a ZnC]z-water so]ut1on in promot1nq benzene solub111ty of the treated
coa] was stud1ed ~The best resu]ts were obta1ned by the add1t1on of |
small quant1t1es of_KI and 12,,jmprov1ng‘benzene solub111twarom-1%» :

(untreated) to 7% (treated)

Ho]ten extend1ng th1s studv to 250°C and 600 ps1g hydrogen pressure,t

found 11tt1e effect on product pyr1d1ne'so1ub111ty-from add1t1ons
of tetradecene d11sopropy1benzene or various 1norgan1c add1t1ves
to the ZnC12-water melt, (48) A breakthrough came us1ng tetralln as
an add1t1ve 1mprov1nq product pyr1d1ne so]ub111ty from about 20%

w1thout tetralin to nearly 70% with tetra11n (128) '

Scope and Objectives of the Present Study

- As the forego1ng survey 1nd1cates, high- temperature h1gh pressure

processes have maJor drawbacks, wast1ng 1nput coa] and hydrogen- produc1ng' -

_ undesired products, and,requ1r1ng high cap1ta1-expend1tures for equwpment ’

to handle the severe-conditions These 11m1tat1ons emphas1ze the need

for advanced process concepts wh1ch wou]d be more se]ect1ve (produc1ng
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less gas and char), and would utilize less severe operating conditions.
Liquid-catalyzed conversion offers the potential for meeting these
requirements.

Previous studies have shown that various catalyst-solvent combina-
tions may be effective in solubilizing coal at temperatures below
the onset of thermal degradation (about 350°C), albeit with significant
incorporation of solvent in the product. ZnC]Zvﬁas been shown to
be one of the most promising catalysts for coal conversion at 400-
500°C, but very little work has been done with this catalyst at lower
temperatures. Preliminary work with‘Zntl2 at milder conditions in
these laboratories with use ‘of solvent additives has shown the most
promise. |

The current study investigates in depth the action of ZnCl2 for
catalyzing coal conversion in the presence of organic and inorganic
additives. Emphasis has been placed on solvent additives, particularly
those miscible with the catalyst. Reaction temperatures between 200
and 300°C and hydrogen pressures up to 800 psig have been used in
one-hour batch autoclave experiments.

Due to the high melting point of the ZnC]2 (315°C), solvents
have been added to render the catalyst liquid under reaction conditions.
Previous work in this laboratory led to the choice of 10 wt-¥ water
as the melting-point depressant based on its low reactivity with ZnC12
and its low cost relative to other solvents. The current study reveals
that other solvents may yield bettef results.

The choice of catalyst loading was based on previous work which

had indicated that conversion was not dependent on ZnCl, loading above



28

3/1 melt:coal weight ratio. To eliminate this variable, éndvto'be
: (48) .

Cbnsistent_with Holten's work, ‘a ratio of 6/1 was used in most
@f these e*periments. | | |

. The autoclave experiments performed}may.be divided'into three
 major categories according to the agent used to_éo]ubi]ize the Zntlz;.
_(1)'ZnC12¥waﬁer runs; (2)'ZnC124$o1veﬁtvruhs~(othervtﬁan water or.

‘methano1), and; (3)-ZnC12-methano] runs. For selected runs, the off-

' gases were analyzed by mass spectrémetry; gas chromatography7and com-

bined gas chromatography ‘and mass spectrometry. Selected extracts
were-ana]yied byvgel-pérmeation thromatography.to determine relative
mo1e¢uiar weight distributions; vSevefa] samp]es'of the treated 9031
were exéminedfusing é scanning electron microscopé to help defekmine
the effects of physical factors such-as cata1y§t7c6a1 contattiﬁg:énd'

product extraction on conversion.
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CHAPTER 2
EXPERIMENTAL STUDIES

Table 2-1 provides a list of the autoclave experiments performed
in this study. Numerous inorganic and organic additives were screened
for their effect on catalytic activity with ZnCl2 at temperatures

between 200 and 300°C and hydrogen pressures between 0 and 800 psig.

Materials

Coal
The coal utilized for the experiments was a sub-bituminous coal
supplied by the Wyodak Resources DeVe]opment Corporation from the
Roland top seam of its Gi11etté, wyomin§ mine. In one experiment,
I1linois No. 6 bituminous coal was used, supplied by the I1linois
Geological Survey.
The coal was received ground to minus 3/4 inch in 55-gallon drums.
This material was passed through jaw and roller crushers, reducin§ the
particle size to minus 1/671ncﬁ, and was stored in polyethylene bags.
Subsequently, it was milled and screened, with the -28+100 Tyler mesh
fraction split into .ca. 500-gm portions and stored under nitrogen
in l-quart paint caﬁﬁ.' - | |
Proximate and ultimate analyses of the two coals are shown in Table 2-2.
Replicate samblesvof tﬁe Wyodak coal taken from the 55-gallon supply drum
over a two-year period revealed no consistent change in oxygen content (by
difference), indicating negligible oxidation had occurred. The data listed

in the table are averaged from replicate analyses of -28+100 mesh samples.



Table 2-1." ‘Autoclave Experiments.

10

250

'SolQents
T PH? t | Subﬁtrate, ZnC12" ’ Primafy Addition{l Additives
Run (%)  (psig) (min) (gm) (gn) (gn)  (gm). " (gm)
2 250 500 60, Wyodak-50 - 273 ,uater-27;27zi Piperidine-50
3. 250  S00 60 Wyodak-50 . 147 Water-27  KBr-45.3;Nal-57.1
] 250 500 60 ﬁyodak-so' 273 Water:27 ~ Dihydroanthra- ' '
) ‘ ) ) : cgne-so
5 250 500 60 uyodak-so 206 - Water-27 KC1-37.6; NaC1-29.4
7250 500 - 60 Wyodak-50 273 Water-27 Mesitol-50 | .
‘9 250 500 | 60 - Wyodak-50 273 Water-27 tQButanol-SO ‘ p?leuené Sulfonié
. _ R i _ ‘ . acid-50
250 5000 60 Wyodak-50 273 ‘Water-27 Methyl- Tetralin-10
_ ) : : . o Naphthalene-50
11 275 500 60 Wyodak-50 273 Water-27 -
12 250 500 60 - Wyodak-50 273 Water-27 Anthracene
' s 011-50
13 00 500 60 Wyodak-50 273 Mater-27
18 255. 500 T 60 Wyodak-50 273 =Hater§27 p-xyleheeso CaCl12-24.7
15 250 200 60 . Wyodak-50 273 MeOH-50 | ' |
16 280 500 60  Wyodak-50 273 Water-27 | CaC1p-28.7
17 255 0 60  Wyodak-50 273 MeOH-100 R
18 250/300 250 60 Wyodak-50 = 273 Water-27 - N0-250 psig
19 215 650 20 Wyodak-50 a3 MeOH-50 L
20 320 400 60  Wyodak-50 273 MeOH-25 * n-Decane-100
21 250 60 Wyodak-25 137 - MeOH-25 n-Decane-25
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Table 2-1. Autoclave Experimeqts _(continued).
Solvents
T PH, t Substrate ZnC1, Primary Additional Additives
Run (%)  (psig) (min) (gm) - (gm) (gm) (gm) (gm)
2 250 500 60 Wyodak-50 273 Water-27
23 250 500 - 60 Wyodak-50 273 Water-27 CaCl2-24.7
24 250 200 60 Wyodak-50 273 MeOH-50 2n-25
5 250 250 60 Wyodak-50 273 N,N-Dimethy!
' ' ’ Formamide-100
26 250 250 60 Wyodak-50 2713 MeOH-50 Anthracene
) 0i1-10

27 250 200. 60 Wyodak-50 273 MeOH-50 €dC12-38.5
28 250 ‘: 200 60 Wyodak-50 2713 MeOH-50 SnC12-42.1
29 250 200 60 Wyodak-50 273 _ neOHQSQ _ Tetralin-10
30 215 200 60 Wyodak-50 273 MeOH-50
-3 200 200‘ 60 Wyodak-50 273 | MeOH-50 Anthracene
: : 0i1-10
32 250 200 - 60 Wyodak-50 273 MeOH-50 Cyclohqxanol-lo
33 250 200 60 Wyodak-50 213 i-PrOH-50
38 250 200 60 Wyodak-50 mn t-BuOH-50
35 2% 200 60 Wyodak-50 2713 MeOH-50 €2C16-50
% 250 200 60 Wyodak-50 273  Acetone-50
37 250 - 200 60  Wyodak-50 273 MeOH-50
38 250 200 60 Wyodak-50 273 CH3CO0H-50
39 250 500 60 Wyodak-50 273 MeOH-50
40 250 200 60 Wyodak-50 273 MeOH-25
a1 250 200 60 Wyodak-50 213 MeOH-75
42 300 . 500 60 Wyodak-50 273 Water-27 Tetralin-50

i€



Table 2-1. Autoclave Experiments (cqntinUed).

aia o -

v : ‘ T _Sol;ents : 7 » _

T PH, ot Substrate 1, - :Priméry " Additional - B " Additives
Run (%) (psig) (min)  (gm) (em) (gm (g~ (gn) <
43 250 800 . 60 - Wyodak-50 . 273 © MeOH-50
4 - 250 200 ‘ 60  ‘Wyodak-50 - 273 Water-10 ‘MeOH-10
5 250 0 60  Wyodak-50 273 MeOM-50 |
4 250 ‘- 200 60 - Wyodak-50 * ‘273 ' Mater-27
47 250 800 - - 60 'uyodak-so 273 'MeOH-25
48 . 1275 800 60 - Wyodak-50 - 2713 "MeOH-50
9 ' 225 800 60  Wyodak-50 273 MeGH-50 .- -
50, . 250 . 0 60 . Wyodak-50 . 273 MeOM-50 | © Np-800 psig
51 250 80 60 . Wyodak-50 273 MeOH-35 o
52 225 20 60 Wyodak-50 273 . MeOH-50 5
53 250 200 60 ‘Wyodak-25 137 ‘ MeOH-25 0-CgH4C12-60 -
54 25 200 60  Myodak-50 273 EOH-50 o |
55 250 500 60  Wyodak-50 273 MeOH-50 ' ' n0-18.8
5 250 800 60  MWyodak-50 273 Water-27 . ,
§7 250 500 60 - Wyodak-50 273 MeOH-50 . 2n0-9.0 |
8 250 soo;‘ 60  Wyodak-50 273 MeOH-50 - HC1- 100 psig
5 . 250 500 60 ‘Wyodak-50" 273 " MeOH-50  Indoline-10 ‘
60 250 500 - 60 ‘Hyvovd.ak-SO 0  n-Decane-200. . Tetralin-50 - HC1- 100 psig
61 20 ' 0 0 Wyodak-50 273 .MeOH-50 o ~ In0- 18.8
62 200 "0 60  MWyodak-50 273 - Water-27 ' |
63 250 500 60  Wyodak-50 - 273 Water-27
64 250 0 60  Wyodak-50 273 Water-27

2€ .
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Table 2-1. Autoclave Experiments (continued).

Solvents
T PH, t Substréte InCl, Primary Additional Additives
Run  (°C)  (psig) (min) (gm) (gm) (gn) - (g " (gm)
65 250 . 500 60 Wyodak-50 = 273 Water-27
66 250 510 60 Wyodak-50 273 MeOH-50 Pyrrollidine-50 n0-9.0
67 40 0 7200 Wyodak-50 63 Et,0-306
68 235 0 60 Wyodak-50 0 MeOH-240 ‘
69 250 500 60 ‘Wyodak-50 213 MeOH-50 ' n0-9.0
70 275 800 30  Wyodak-50 273 MeOH-50 | ' S
25 500 60 111.N0.6-50 273 MeOH-50
72. 250 800 60 . Wyodak-50 273 MeOH-50
73 250 800 60 Wyodak-50 273 MeOH-50
74 250 800 0 Wyodak-50 = 273 MeOH-50
75 250 500 60 Wyodak-50 273 MeOH-50
76 250 800 30 Wyodak-50 273 MeOH-50
7 25 800 0 Wyodak-50 273 MeOH-50
78 2% . 500 60 Wyodak-100 137 MeOH-25
79 250 500 60 Wyodak-50 273 MeOH-50 In-1.0
80 250 800 60 Wyodak-50 273 Water-27 , In-10.0
81l 250 500 . 60 Petrol. 273 MeOH-50 |
v Resid.-50 _
82 225/275 1000 &0 Wyodak-50 213 Water-27 o Zn-10.1
83 150 0 30 Filter 2713 . MeOH-50

Paper-21

£€
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Footnotes 1o Runs

N

1

o

10

S 12

- 13

14

15

16

17

18

Run

2

o w

10

. 12

14

15 -,

18

19 -

20

22

23

24

25

Note _ |
Reactor,leakihg, pressure refilTed after 100 psi']eak.

YT overshoot to 275°C down to 2500C w1th1n 5 m1nutes.

T overshoot to 290°C down' to 215°c 9 m1nutes Iater Stab111zed_r

at 2500(C at t = 30 min.,

. Approx. 55 min at . 250°C w1th drop to 2200C during run.
" Max. T of 2640C (less than 10 min. above 2550)

T.=.2600C 10°C
'25 gm each of l-methyl and 2-methy1 naphthalene.
'Max. T of 264°C (less than 5 min above 2550C), T dropped

" to 2360 (1ess than 4 min- be]ow 255°C)

= 255  100C. | |
Max. T of 265°C'(1ess-than:5 min above 2550).
1 hour at 2500C then 1 hour at 3000C

Sea] fa11ed dur1ng run, ca. 20 m1n re51dence t1me.

315 ‘15°C

' Pressure leaks - ref111ed to or1g1na1 pressure after 120 :

ps1g drop

Max T of 270°C (ca 5 min above 2550), Pressure 1eaks -

= allowed hydrogen to flow in to-ma1nta1n‘pressure.

~Liner broken during run - no mass balance on run. Max.

T ot 2700C (less than 5 min above 2500C). Large pressure

~ rise during run.

‘Very 1arge pressure rise during run - cracked outlet valve

to reta1n pressure at 1500 psig.

42
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Footnotes to Runs

FN
1
2

3

wm N O

10

12

13

14
15

16

17

18

Run
2
3
4

10
12

14
15
18
19

20
22

23

24

25

Note
Reactor leaking, pressure refilled after 100 psi leak.

T overshoot to 2750C; down to 2509C within 5 minutes.

T overshoot to 290°C; down to 2159C 9 minutes later; Stabilized

at 2500C at t = 30 min.

" Approx. 55 min at 2500C with drop to 2200C during run.

Max. T of 2640C (less than 10 min. above 2550).

T = 2600C 100C, .

25.gm each of l1-methyl and 2-methyl naphthalene.

Max. T of 2640C (less than 5 min above 2550C); T dropped
to 2360 (less than 4 min below 2550C).

. T.= 255 100C.

Max. T of 2650C (less than 5 min above 2550).
1 hour at 2500C then 1 hour at 3000C.

- Seal failed during run; ca. 20 min residence time.

T =315 150C.

Pressure leaks - refilled to original pressure after 120
péig drbp. ‘

Max T of 2700C (ca. 5 min above 2556); Pressure leaks -
allowed hydrogén fé flow in to maintain pressure.

Liner broken during run - no mass balance on run. Max.

T of 2709C (less than 5 min above 250°C). Large pressure
rise during Fun. .

Very large pressure rise during run - cracked outlet valve

to retain pressure at 1500 psig.



Footnotes to Runs (continued)

N

.19
20

21
22

23
“24

25
26
27

28
29

30

31

32
33

34

35

% -

37
38
39

40

Run
2 |
27-w
28
29

30

31

32
34

3

51
57

60

61

62
H63
67
68
74

77
79

80
82

Note

Repressurized'with hydrogennif P’ dropped 100;ogfge(twice)l

«Repressurjzed«with‘hydrogen'ifvP dropped 50 psig (thrice).

Cooling system ma]function -T

260 .'250C. ‘
Repressur1zed w1th hydrogen 1f P dropped 50 psig (thrice).

Repressur1zed with hydrogen 1f P dropped 100 psig (thrice).
215 79C." Methanol wash. S :

Repressurized“once.~ Filtering took full day.

Pressure rose 300 psig during run.

Cooling system ma]function;'Max. T of 2700C, Tess than

3 min above 2550C. v
Max. T of 2580C, less than 1-minute above 2550C.

-.Controller manunction' ' 250°C for ca. 45 m1n,_T =

235 100C for ca. 15 m1n.

Suspected 1eak - 100 ps1g HC1 dropped to- 15 ps1g in 7 min
-vcould have been d1sso1ved in ZnC]z

Run aborted - copious leak in. coo]1ng loop

Heater ma1funct1on 195 20°C

- Hydrogen 1eak - P allowed to run down to 200 p51g by. end of run.

Run made in g1assware - severe "bump1ng" prob]em encountered.
T he]d at 235°C to avo1d exceSS1ve pressure bu11dup

Heatup on]y,

'Heatup only. _ | ‘
.Mai T of 2610C, lees than 1/2 min above 2550C;

Min T of 2350C, less than 2 min below 2450C.
Max T of 260°C less than 1/2 min above 255°C

50 min at 225°C 6 m1n heatup then 15 min at 275°C

l.,.
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Table 2-2.  Coal Analyses. Ultimate Analyses Performed by
- University of California Microchemical Analysis
Laboratory (replicate analyses). Proximate
. Analyses Performed by Commercial Testing and
Engineering, Inc. (Denver, CO).

Proximate Analysis

% Moisture

% Ash

- % Volatile

¥ Fixed Carbon

- Ultimate Analysis -

Carbon

Hydrogen

Nitrogen

Sulfur

Ash = - ,

Oxygen (Difference)

H/C (atomic)

Wyodak I11inois No. 6
22.50 12.64
10.92 14,57
37.14 32.96

29.44 39.83

% Moisture-Free Coal

62.49 64.30
5.10- ' 4.47
-~ 00.86 1.33
00. 50 4.35
14.40 16.68
16.65 , 8.87
100.00 T00.00
0.98 0.83
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Reagents and So]vents

T

v ATT 1norgan1c reagents (1nc1ud1ng cy11nder gases) and organ1c
) .
.soTvents used 1n the study, along w1th the1r sources and pur1t1es,v

‘are listed in Table 2- 3f’

:? - Egu1pment :
The reactor cons1sted of a 600-m1 st1rred autoclave acqu1red .
from Parr Instrument Company, Mol1ne, I]T1no1s. The autoclave and
tassoc1ated apparatus are shown in Fig. 2-1. The 1n1t1a1 twenty-two
experiments were performed in a mone] autocTave used by a prev1ous

(48) ith no direct coo]1ng 1ns1de the reactor. ~The

1nvest1gator

. remainder of: the exper1ments were performed in a Haste]]oy B autoc]ave,

identical to the or1g1na1 mone1 reactor but with the add1t1on of |

an 1nterna1 cooT1ng loop connected to an external pump actuated by

the temperature controller. | .
Ag1tat1on of the reactor contents-was provfded by a‘direct-drive

stirrer us1ng a se]f sea11ng pack1ng gTand Automatic'temperature'

contro] was prov1ded by a solid- state potent1ometr1c system operatlng

from an 1ron constantan thermocoupTe, temperature was read from a

, dev1at1on meter mounted on the contro]]er Heat1ng was supp11ed by

a 780-watt mantTe wh1ch surrounds the reactor The autoc]ave was

‘operab]e to- 350°C, and was equ1pped with a go]d coated Inconel rupture

d1sc rated at 2000 ps1g
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Table 2-3. Sources and Purities of Reagents and Solvents Used.

, . Min.
Material Source - Grade Purity (%)
Acridine Student prep.
Acetic acid Mallinckrodt - Reagent
Acetone : Mallinckrodt Reagent
Anthracene oil Cooper Ck. Chem.
Benzene Mallinckrodt Reagent
t-Butanol Aldrich 99.5
CaCl,"2H20 Mallinckrodt Reagent
CdC12°2.5H20 Mallinckrodt Reagent
Cyclohexanol Mallinckrodt Reagent
n-Decane o Aldrich Technical
o-Dichlorobenzene Student prep.
Dihydroanthracene Aldrich . 95.0
N,N-Dimethylformamide Matheson/C/B Reagent
Ethanol Mallinckrodt Absolute
Ethyl ether '
Hydrochloric acid Mallinckrodt 36.5-38.0
Indoline Aldrich 99.0
Methanol Mallinckrodt Reagent
Mesitol Aldrich 99.0
.Perchloroethane Aldrich "Analyzed" 98.0
Piperidine Aldrich 98.0
Potassium bromide Mallinckrodt Reagent
Potassium chloride Mallinckrodt Reagent
i-propanol Mallinckrodt Reagent
Pyridine Mallinckrodt Reagent
Pyrrolidine Aldrich 99.0
Sodium chloride Mallinckrodt Reagent
Sodium iodide Allied Chem. Reagent
Tin Chloride-2H20 Mallinckrodt Reagent
p-Tol. sulfonic acid Eastman Reagent
p-Xylene : Matheson/C/B-
In metal Mallinckrodt
Zinc chloride Matheson/C/B 95.0
Zinc oxide Matheson/C/B
Cylinder gases
HC1 , Matheson Technical 99.0
Hydrogen Liquid Carbonic 99.999
Nitrogen Pacific Oxygen 99.999

NO Matheson cp 99.0
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Figure 2-1. Parr Autoclave
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Procedures

In a typical reaction, 273 gm (2 moles) of ZnC12 were introduced
into a borosilicate-glass liner vessel for the autoclave, a1dng with
the liquefying agent for the ZnCl2 (either water or an alcohol).

This mixture was heated to 150°C and reweighed, and any solvent which
evaporated during heatup was replaced. At this time, 50 gn of undried
coal was added to the liner along with any additional solvent or reagent,
and the liner was inserted into the.autoc1ave.

" The autoclave was then sealed, purged with hydrogen to remove
air, and pressurized with hydrogen so as to achieve the desired pressure
at the reaction temperature. The contents were heated at a rate of
approximately 10°C/minute, with stirring,'until the desired temperature
was reached. Throughout the course of heatup and reaction, the temperature
and pressure gauges were monitored and periodically recorded. After
reaction for the desired period, the autoclave was immersed in a cold
water bafh; depressufized, and opened.

The reactor contents were dumbed into 2 1. 6f cold distilled
water, filtered in a Buchner funnel, washed with 6 1. of distilled
WAfer at 90°C, and dried to a constant weight in a vacuum oven at
110°C under 50 millibars of nitrogen.

In some of the experiments, variations in the wash procedure
were used. For a few runs, the product was excessively hydrophobic,
which interfered with easy removal of the ZnC12 by water washing.

In these runs, the coal was initially washed with benzene to reduce
the hy&robhobic components, and was then washed with water as described

above., The benzéne-so]uble material removed by such a wash was collected,
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- dried, and weighed. ‘For certain other runs, the product was split
after water-quenching, half being washed with dilute HC1 (15f20'm]
concentrated HCi in 1 1. water) before the hot-water rinse. |

After oven dry1ng,‘a sample of the product (referred to as me1t-
'treated coa], or MTC) was 1mmed1ate1y co11ected pulverized with a
vspatu]a in a glass sample v1a1 (wh1ch was 1nserted into a second v1a1
conta1n1ng dissicant), and submwtted to the M1cro1ab for ana]ys1s.
~ Another samp]e of the MTC (approx1mate1y 2 gm) was we1ghed 1nto a
predr1ed ‘single-weight Whatman 25 X 100 mm ce]]ulose extract1on th1mb1e
The rema1nder of the MTC was bott]ed.and_stored in a vacuum dess1eator S
for 1ater use. ' :

A standard Soxh]et apparatus was used to extract sequentially
the MTC with benzene and‘pyridine at their normal boi]1ng.po1nts._
The extractions were>runbto‘comp1etiqn, as indicated by a colqr1ess
solution in the soxhlet siphon arm. Extraction times were typically
5'hours for benzene and 18'hoursvforvpyridine extractiqn._‘A'fine
screen (260 mesh) was inserted into the'tbp of the Soxh1etvthimb1e
to inhibit the oyerfTow of insplubles,vand whenever any material Was
found inathe screens, the.extractions_werenrerun With:a'smaller quantity_
of MTC. | "_ -

The liquid extracts were dried in predried weighed Petri dishes.
The samples were allowed to evaporate‘td near-dryness in the fume
hood (sometimes with the aid of a hot plate at a low setting), and
then p1aced_with the thimbles and residue in a vatuum oven at 110°C
under:SQ mi]]ibars of nitrogen. After removal from the vacuum oven,

all samples were cooled in a vacuum desSicator prior to weighing.
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Chemical Analysis:

Material Balance and Sblubility Calculations

Elemental analyses were performed by V. T. Tashinian, Dorothy
James and Tom Morrison of the University of California Micro-Analytical
Laboratory. C, H and N analyses were carried out using a Perkin-Elmer
Model 240 automated elemental analyzer. Metals were analyzed after
sample digestion in H2504 and H202 with a Perkin-Elmer model-360 atomic
absorption unit. S, C1, and ash were measured by combustion in pure
‘oxygen at 800°C, followed by off-gas absorption -in NaOH + H202, and
precipation of C1 with Ag or SO4 with Ba.

In experiments in which aﬁ organic solvent ‘was used in éonjunc-
tion with ZnC]z, soﬁe solvent was usually retained by the MTC and
could not be removed by simple vacuum oven dryfng.‘ It was of interest
to estimate the amount of solvent so retained, and to correct the |
hydrogen-to-carbon ratio and so]ubi]ity.of the MTC for this amount
of incorporated material. The analyses needed and calculations method
developed to'accomp1ish th%s yi11 now be described.

First, the washed and dried MTC was analyzed for C, H, N, Zn,

C1 and ash. The elemental analyses were combined with the weight
of dried MTC recovered, to give the elemental ratios of the product
(H/C, N/C, etc), and the weight of each element fecoveréd.

Because the Zn content of water-washed MTC generally éhowed a
stoichio metric excess relative to C1, the C1 was assumed to be present
entirely as ch1é (this amount of Zn was assumed to volatilize during

ashing). The "excess" Zn, above that needed for ZnC]z, was assumed

to appear as Zn0 in the ash. Thus, to count only the coal-derived v
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minera] .this amount of ZIn0 wasﬁsubtracted from the ash value to give'
_‘a corrected ash va]ue | - d . | _ |
w1th the ash va]ue corrected the oxygen content (1nc1ud1ng su]fur
: ins1gn1f1cant because of its low initial 1eve1) wasvthen calcu1ated

by;difference.
0 + s Tota] MTC -CH-N-In- o - corrected ash. - (1)

By compar1son to the ana1ys1s of the oven- dr1ed raw coal, ‘the i-recovery
of each e]ement was calculated. ) | o

Ear1y runs at: 250°C with no ‘solvent additives cons1stent1y y1e1ded
90-95% recovery of input carbon ' Assuming that-the low values were
due to mater1a1 1oss in hand]1ng, 1t was decided to use 95% as an
approx1mat1on ‘of the- amount of coal-derived carbon that cou]d be recovered
:1n the MTC under these cond1t1ons With this baseline, an estimate of
the amount of reta1ned so]vent cou1d be made. Thfs quantity Was.expreSSed '

as the 1ncorporatlon ration R, gm_1ncorporated C/gm coal-derived C.
" (% ¢ recovery - 95)/95 SR ¢)

Us1ng the data from the’ extract1ons, it was then poss1b1e to
calculate the ‘solubilities. First, thé tota1 organic material extracted
was determined from. the amount of MTC extracted and the percentage

C,H,N and 0+S in the sample A mass balance on the extractiOn then

prov1ded a figure for the retent1on of pyr1d1ne dur1ng extract1on

Reta1ned pyr1d1ne = benzene extract + pyr1d1ne extract - (3)
+ residue - MTC extracted '
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A nitrogen analysis on the pyridine extract and residue yielded an

estimate of the pyridine retained in the pyridine extract.

, gm N in pyridine extract (4)
Fraction pyridine in extract = gmn N in pyridine extract + residue

The amount of ZnC1, in the pyridine extract (equai to all the ZnCl,
in the MTC extracted) was then calculated, knowing the ZnC12 in the
MTC.
ZnC]g in pyridine extract = (5)
5

MTC extracted
MIC recovered X ZnCl,

9 recovered

With the above data on total organic material extracted, pyridine
retention in pyridine extract, ZnC]2 extracted, and weights of the
benzene and pyridine extracts, the total organic solubilities could -

.be calculated. The benzene solubility is the total weight of benzene
extract, divided by the total organic material taken for extraction.

The net pyridine solubility was corrected for ZnC12 and pyridine retention.

Pyridine solubility =

(gm pyridine extract -gm ZnCl, extracted - gm pyr1d1ne
in pyridine extract) (6)
gm total organic material taken for extract1on

The tota1 pyridine solubility is the sum of the benzene and pyridine
solubilities. |
This total solubility was finally corrected to reflect the amount

of coal-derived material which was solubilized by the process. To
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make this correction it was assumed that-all.of the.retained so1vent
was soluble iin pyr1d1ne (rather than any part of it be1ng 1nso]ub1e),:
thus the corrected so1ub111ty 1s a measure of the m1n1mum quant1ty '
- of coa] der1ved organ1c matter so]ub111zed by the process With some

a]gebra1c rearrangement this quantity was calculated as:

_ ~ Corrected Solubi]ity :1
“1 - (1°- Total solubility) (1 +R)" = . (7)

_To"i]]ustrate'this complex calculational procedure,ythe data
for Run 43 are used in Table 2-4. The calculations were done using_.
a CDC-6400 digita! compUter_and Fortran program.ZNCLOR
(see Apoendix-B). Appendix A provides che-compdted results for all

runs.

Additional Analyses o

'Scann1ng E1ectron chroscopx

4

Severa] samples represent1ng a broad range of react1on cond1t1ons
were selected for examination by scann1ng electron microscopy (SEM).
‘Samples of the dried'MTp:and extractidn_residue§ were mohnted
by.sprinkiing the samples over an aluminum §tub which had‘been‘coated
with a film of conductive carbon dissolved %n acetone. The mounted
samp1es were then.sputter-coated with gold to render’them conductive.
The surface§ were then examined with 20 keV,e1ectrons in an AMﬁvmodel-

1000 scanning electron microscope.
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Sample Calculation Procedure for Run 43.
MTC recovered = 44.4 gm
Microlab Analysis ~ Wt. %  Wt. Recovered, gm  Wt. Fed, gm
c 59,76 26.53 " 23.9
H 5.82 2.60 1.95
N 0.77 0.34 0.33
In 9.89 4.39 0.0
C1 6.47 2.87 0.0
Ash 16.00 7.10 5.51
Extraction data. MTC extracted = 2.158 gm; Bz extract = 0.6125 gm
Pyr. extract = 1.385 gm; residue = 0.588 gm

N _analyses.

ZnC12 in MTC

"Excess Zn"

True ash =

0+3S

4.4

% recdvery of each element

= total Zn - Zn in InCl2 =

total ash - excess Zn (as Zn0)

MIC -C=-H=~-N=-12n - C1 - true ash
4

Pyr extract 5.5% or 0.076 gm; residue 1.24% or 0.007 gm

/

gm C1 + (gm C1/(1.08 (gm Cl/gm Zn in ZnC12))
2.87 + (2.87/1.08) = 5,52 gm

4.39 - (2.87/1.08) = 1.74 gm

or 2.17 gm as ZIn0

=7.10 - 2.17 = 4,93

- 26.5-2.6-4.4-29-4,9-=2.3

= kgm recovered/gm feed) x 100

Incorporation ratio (R)

% Recovery

111.00
133.33
103.03
'S ' 35.06
h o 89.47

Element

.0
A

L+ =Z=xO

(% C recovery - 95)/95 = (111 - 95)/95

Organic matter extracted

0.168 gm incorporated C/gm coal C
(C+H+N+0+S recovered) (MTC extracted)

{MTC recovered)

(26.53 + 2,60 + 0.34 +.2.3) (2.158) / (44.4)

1.54 gm
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Table 2-4. Sample Calculation Procedure for Run 43
(continued). .

Bz extract + pyr extract + residue - MTC extracted)
0.6125 + 1.385 + 0.588 - 2.158 = 0.4275 gm

Pyridine }etention

Fraction pyridine 1nApyr extract = (gm N in pyr ext)/(gm N in res
+ pyr ext) = 0.076/(0.007 + 0.076) = 0. 916

(gm pyr retained)
(fraction pyr in pyr ext)
(0.4275)(0.916) = 0.392 gm

Pyr1d1ne reta1ned in Pyridine extract

Bz extract/organics extracted

Benzene solubility
' - = 0.6125/1.54 = 39.77%

Pyr ext - pyr ret in pyr ext - ZInCl2 ext
organics extracted

(1.385 - 0.392 - (5.52)(2.158/44.4)/1.54

0.725/1.54 = 47.08%

Pyridine solubility

Total pyridine solubility = Bz sol. + pyr sol. = 39.77 + 47.08

86.85%

Corrected solubility (or minimum coal-derived solubility)

1 - (1 - total solubility) (1 + R)
1-(1-0.8685) (1 + 0.168)
84.65%
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In genehaI, three magnifieatiohs'hereiused.' Ihe:firsthmagnification
(250x) allowed an overai] view ofﬂa cbmp]ete bartfc]e and eesy.scahning
of the entire samp1e The two 1arger magn1f1catlons (1000 X and 3000 x)
provwded more deta11ed exam1nat1ons of spec1f1c areas of 1nterest L

in the lower magnification.

Ge]-Pehmeatioh”Chromatqgkaphy

.MTC semp1es from the same runs Which were examined by SEM were -
also exam1ned by gel permeat1on chromatography (GPC) _ B

Samples of the MTC were removed from the-vacuum des1ccator and
'extracted seqyent1a11y w1th{bengene and pyr1d1ne.1n an_atmospher1c
Soxhlet extractor. The So]vent-wjth-fresh e*tract was immediately
fi]tered through Mf]]ipore Te;lon-type‘Fkailteré (0.5 um pohe size);.
Samples of 5 to 50 u] of the solut1ons were 1nJected into.the u-Styragel
(100 A + SOO.A + 1000 A) column w1th a pyr1d1ne f]owrate of 1 ml/min .
and a chartspeed of ifcm/m1n. P]pts of uv absorbance at 365 and 313
" nm versus retention tfme or:volume were generated. Both benzene and |
pyridine extracts were ‘examined separate]y; The effects of temperature,
f hydrogeh pressure, reactor residence time, reaction solvent, ahd wash
_conditions on the elution of soluble products from the GPC column
were determined. ' |

The effect of the GPC column is to fractionate componenfs.in
.a mixture according to molecular size. ‘High-molecular-weiéht products
come out first, the Iightestvphdducts last. The actual order of e1utioni3.
méy be somewhat different, however, due to specific chemical interactions

of some compounds yith_the coiumn. Furthermore, the use'of uv absorbante'
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for detection creates thé additional problem of unequal absorbances

for different compounds which may obscure the actual concentration
information. These difficulties with GPC analysis diminish its utility
as an absolute measure of molecular weight distribution. Therefore,

no attempt is made in this work to associate specific GPC tracings

with molecular weight. Comparison of tracings from similar experiments
where only one variable was altered has been used to examine the effect

of this variable on the molecular-weight distribution.

Gas Analyses

For several runs, a sample of the product gas was collected for
analysis, using an evacuated 150 ml stainless-steel samp]ing cylinder
at the end of the reaction period just prior to quenching.

The gas samples were analyzed using a combination of gas chromato-
graphy (GC), mass spectrometry (MS) and coupled GC-MS. The Varian

model temperature programmable GC with a 1/8" x 6' column packed with

~ Chromosorb 106 was used. Hydrogen flowrate was set at 30 cc/min,

with fi]ameﬁt temperature at 150°C, and filament current at 186 ma.
A one-ml sample was injected to the column at an initial témperature
of 50°C (1 minute) with a 7°C/min rise to 200°C. A thermal conductivity
cell was used for detection. - The GC was calibrated using a mixture
of methane, ethane, propane, propene, CO and COZ.

GCMS Analysis, using a Finnigan model 4023 unit and MS analyses,
using a CEC Model 21103 unit were carried out by Dr. Amos Newton and
co-workers at Lawrence Berkeley Laboratory. A detailed description

of this equipment is given e]sewhere.(103)
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Me1t1ng Behavior of the ZnC1,-KC1-NaCl §ystem T

Ear]y 1n the course of th1s 1nvest1gat1on, it was thought ‘that’
_ ZnC12 melts_wwth lower_vwscosity or lower melting points would be

--desirab1e; LOwér'viscosity could enhance melt eenetration- iower’
me1t1ng po1nt could eliminate the requirement for water addition to - . : f ¥

_make the ZnC] 11qu1d at 250°C.

2 .

-~ 'In an effort to lower the'viSCOsity and melting point of the'

= ZnC}Z, avstudy was undertaken to determinetthe meltipgéfreezfng'behavior
_ of the ZnC]z-KCI-NaCI system; Work donevat*Montana State Universjty(loz)

had indicated that the addition of KC1 to ZnCl, had little effect

on'activity'at.450°c, while redueing meit'Viscdsity'so as to facilitate

separation of product from the melt. - |

'Meltihgﬁdoint'experiments were coﬁducted-usihgvvarious composi-

‘tion mixtures of NaC1, KC1 and ZnClZ. Liquidus points (temperature

at which'so1i&_first forms on freezing) and solidus points (at which |

the 1ast’1iqutd‘disaﬁbears’during,freezing) were measured fqr-mixtures

- as they'éere}slow1y heated or colled. The results are listed in Tables

2 5 and 2-6.

| Increased convers1on of coal to soluble mater1als has been reported .
us1ng iodide and bromide sa]ts with ZnClz (101) We therefore investigated
. the melting behavior of the ZnClz-KBr-NaI system and tested its act1v1ty &

-at 250°Csre1at1ve to the act1v1ty of ZnClZ-HZO (see Table 2'7)f

As can be seen from these‘data,’sfgnificant reductions in ZnC1,

' melting point can be achieved through addftion of alka1j'halides;'

The miitures were also observed to exhibit significantly reduced Viscosity,

although no quantitative vfscosity data were taken,
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Table 2-5. Liquidus and Solidus Points of the ZnC12-KC1-NaCl
System. Binary Experiments. _

A. InCl,-KC1 Binary System

Mole Fraction ~ Liquidus . Solidus

¥ ZnCl, Temperature (°C) Temperature (°C)

-1.00 303
.95 300
.951 B 293 283
.95 290 271
.90 295 268
.851 v 287 248
.85 - 281 240
.80 273 249
.751 260 243
.75 260 : 246
.70 a 254 249

.55 - - 225 : 217

B. ZnC]Z-NaC] Binary System

.95 298 289
.90 297 286
.80 287 257
.75 281 246
70, 274 | 250
.60 254 246
.50 312 248
\

1 - Technical grade ZnCl, used in place of reagent grade.
2 - Eutectic point. :
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. Table 2-6. Liquidus and Solidus Points of the. ZnC]z -KC1-Nacl
e System Ternary Exper1ments )

Mole Fractions . Liquidus o.\. - . . o0lidus
_ZnC12 KC1 NaCl Temperature ( C) "~ Temperature (°C)

A. In/Na = 3/1 .

.75 0.0 .25 : 281 .. . 246 .
.67 11 .22 . 244 - . 196
.63 - .16 .21 L 208 194
.60 .20 .201 200 : 194
.55 .27 .18 - . 208 o194
.50 .33 .17 206 Lo 192
.43 .43 .14 S 250 S 192
B. Zn/K = 3/1
.75 .25 0 0.0 260 243
67 .22 1 T .. 239 . 197
.63 .21 .16, - - 225 196
.60 .20 .201. . 198 - - 19
.55 .18 .27 234 19
.50 .17 .33 . .o 287

.46 .15 .39 310 296

.85 .05 .10 292 220

.80 .11 .09 . - - " 287 . 200
.73 .18 .09 20 \ 200
.69 .23 .08 251

.60 .33 .07 . . 235 | 198
.53 .41 .06 Coas 202

.45 .50 .05 272

i - Eutectic point.

e



Table 2-7.

Mole Fractions

Nal KBr ZnCi;
0.0 .10 .90
0.0 .20 .80
0.0 .25 .75
A1 .22 .67
.20 .20 .601
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Liquidus and Solidus Points of the

InC12-KBr-Nal System.

Liquidus 0 Solidus 0
Temperature ( C) Temperature ( C)
293 265
278 250
265 248
186 158
170 140

-1 - Eutectic point.
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Reproducibi]igx - Replicate Experiments and Extractions

‘Several autoclave experiments Were'reieéfeq to determine the

reproducibility of solubilities and of solvent incorporation. Three

" runs were done in duplicate and ohe"in/triplicate (Table 25§). Statis- -

~ tical analyses (Table 2-9) show that corrected solubilitfesvhave a
. standard dev%etion of 10% efbthe reported vaTde; incpfporatipn ratios
have a 20% standard deviation. Table 2-7 and Tables 3-20 and 3-21..
show that.there arevdifferences 1ﬁ elemental recovekies; product Zn/C1
ratios, and pressure—t{me_behayior in repiicate runs. -These actual.
run-to-run differences, heterogeneity of the treated coal (of whicﬁ
only 1-2 gm were extracted), abd inaccuracies in the extractions are
likely to .have cont%ibyted to variation in’fhe solubilities for repeated
runs. . _ |
Variability in~repiicate'benzene’extractione from the same MTC
are seen in Table 2-10. Variations in benzene sOlubi]ities‘were found
to be unrelated to either the amount of MTC extracted or the ektraction
time. These results underscore the need for a method more.reliable_e
than Soxhlet extraction for determinihg conversion. The solubility :
deviation encountered in repeat runs is probably largely due to thet’

inaccuracies of this measurement technique. -



Table 2-8. Replica&e Autoclave Experiments. 273 ?m InC12; 50 gm coal; 50 gm methanol;
e

39

T = 2507C; to = 60 min.; water wash unless otherwise nqted.

Py Solubilities (Pct. daf) o In/C1 in
2 Additive Uncorrected ’ R Percent Recovery MTC

Run (psiq) (gm) Benzene Bz+Pyridine Corrected {gm/gm) C H _0+S {Weight)
15 ‘ﬁ 200 29.9 70.0 64.6 0.18 112.1 126.2 54.3 2.06
37 ﬂ‘ 200 27.9 73.8 70.1 0.14 108.5 124.9 38.5 2.38
1 500 - 45.0 76.3 72.3 0.17 " 110.7 127.4 39.6 1.96
75 500 37.7 73.6 . 68.2 0.20 114.2 131.8 47.0 o 2.3
57 500 In0 - 9.0 26.1 67.2 64.1 0.10 104.1 134.9 86.8 . 6.69
69 500 IZn0 - 9.0 29.2 77.0 74.3 0.12 106.1 126.9 51.4 5.21
43 800 39.7 86.5 84.2 0.17 111.0 132.5 35.3 1.53
72 800 38.5 93.4 92.0 0.20 114.0 136.0 17.6 1.37
‘ 73 800 35.9 81.9 78.9 0.16 110.6 130.5 33.2 2.59
722 800 37.1 100.0 100.0 ' 0.20 114.0 136.0 17.6 0.79
732 800 ‘ 38.9 100.0 100.0 0.16 110.6 130.5 33.2 0.98

1 - Benzene washed

2 - HCY washed

LS



.
.
.
) .
*
“

58




Table 2-9. Statistical Analysis of Replicate Autoclave Experiments.

Solubilities (Pct. daf.)

Benzene _ Benzene+Pyridine Corrected
Runs Mean 5td.Dev. Mean Std.Dev. Mean Std.Dev.
15/37 33.9 8.0 71.9 3.8 67.3 | 5.4
39/75 diff wash | 75.0 2.8 70.3 4.2
57/69 27.7 3.2 72.1 9.8 - 69.2  10.4
43/72/73 38.0 1.6 87.3 4.7 85.1 5.3

Incorporation
R (gm/gm)
Mean Std.Dev.
0.16 0.04
0.19 0.04
0.11 0.02
0.18 0.02

65
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Tab]é 2-10.- Reinéate Benzene Extractions

Benzene ‘Solubility Extraction Time ."Gm Extracted

29

Run (Pct. daf) ~ (hr:min) . MTC
10 . 813 7 ~10.0
: - - -47.3 5:00 1,179
15 S 24.4 1 .. 7.014
. o 7. 25.6 RN RN ) 4,36
27.7 . 4:00 :
26.1 -7 4,24
- 29.9 5:00 ©1.153.
16 ' 13.9 ? 19.22
o | 1.2 - 3:50 1.476
26 39.2 2 .. 9,798
42.3 23:50 - 1.451
o 38.9 . ~ 4:30 *1.214 -
22 5.6 -7 9.974
5.4 . 7.750
58.7 ? 5.090
56.0 / 7. 2.774
g 56.8 23:00 - 1.17% .
30 33.8 ? 9,268 .
' 26.3 -? 5.929
©29.4 ? 5.687
31.0 5:00 . 6.617
29.8 5:00 1.602 °
- 30.3 3:00 "3.029
33 14.8 ? - 5.546
] - 15.2 ? - 3.680
34 Co 13,2 ? 5,783
. o 14.8 7. "6.441
36 : 23.2 ? - 4,561
26.6 4:30 . ~1.103
42 ' . "~ 61.5 3:40 5.460
' 65.9 5:30 . 1.226
- 43 : 39.7 4:30 4,753
a 39.7 5:10 - 2.158
45 | 30.7 4:57 . 4,359
B ' _ 29.1 19:45° 2.672
50 : 35.6 5:00 3.731
36.5 2:30 1.440 -
54 S 41.9 5:10 1.933
o . 38.7 5:00 1.155
55 . 34.2 < 4:20 1.966
-31.9 2:50 © 0.703
31.5 22:50 0.795
57 - 30.2 16.25 1.315
| | 26.1 4 - 1.146
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Table 2-10, Réplicate Benzene Extractions
(continued)

Benzene Solubility Extraction Time Gm Extracted

Run (Pct. daf) (hr:min) MTC
77(HC1 wash) 22.0 ' 4:57 1.452
_ 20.6 . 4:50 1.091
79(HC1 wash) ' 39.6 4:50 1.237
. 43.2 5:10 . 0.7175
80(HC1 wash) 19.5 4:55 1.5925

18.1 4:50 0.801
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CHAPTER 3

M&

RESULTS

Ty

_ Autoclave Experiments

%}

,The ZnC1,-Nater System. . -

o Pre11m1nary exper1ments were focused on the effects of temperature
b'and pressure (Table 3-1). So1ub111zat1on in pyr1d1ne is rough]y first-
vorder'in.hydrogen pressure at 250°C. There is a strong temperature

. effect with almost.no conversjon'at.ZOOOC.and 50% at_300°C for a oneQ_
hour treatment | | | |

Effects of certain 1norgan1c add1t1ves are seen in Tab]e 3-2.

A low-melting mixture of 60% (mo]ar) ZnC]Z - 20% KBr - 20% Nal was

»much less act1ve than an. equal amount of ZnC]2 'The less viscous
mixture of ZnC1,-KC1-NaCl was s1m1]ar1y less act1ve However'_add1tion
of 10% CaCl2 to the mixture had Tittle effect on so]ub111ty As-ion-
exchanged ca1c1um from the coal ash wou1d 11ke1y bu11d up in a recycled

| ZnC12 me]t, it is encouragfng that ca1c1um does not po1son-the act1v1ty.}

- Add1t1on of Zn dust to the ZnC12-water system had the most pronounced
pos1t1ve effect of the 1norgan1c add1t1ves, apparently promot1ng hydro-
genation act1v1ty. The extent to which the z1nc dissolved is not known.
Slight 1ncreases in benzene and pyr1d1ne so]ub111t1es occurred with
a sharp 1ncrease in H/C rat1o. _

It can be conc1uded from this work and Derenscenyi * 5(49) that
only modest_1ncreases in solubilization act1v1ty of the ZnCl,-water

melt will result through use of various co-cataiysts. More promising



Table 3-1. Effecf of Temperature and Hydrogen Pressure on the
InC12-H20 System. 273 gm. InCl2; 27 gm H20; 50 gm
Coal; t=60 min, :

-PH2 Solubilities
T , H/C

Run (oC.) (psig) Benzene Total Atomic
623 200 0 3.1 14.8 0.94
64 250 0 4.2 16.2 0.90
46 250 200 4.7 20.8 - 0.86
631 250 500 5.3 23.8 0.89"
222 250 © 500 5.6 27.3 0.90
65 250 500 6.3 28.3 0.88
56 250 800 7.4 35.6 0.85
11 275 500 9.3 29.0 0.86
13 300 500 19.3 50.7 0.85

04 25 0 1.8 12.2 0.98

1Pressure allowed to leak out to 275 psig by end of run.
2pressure leak - refilled to maintain 500 psig Ha.
3Heater failure; T = 195 oc } 200c.

%Raw, untreated Wyodak coal.



Table 3-2. ' Effect of Inorganic Additives to ZnCl2-H20 Melt. = =~ ;.
273 gm InClp; 27 gm H20; 50 ‘gn ¢oal;' T = 2509C.; t = 60 min,

PHp Solubilities (Pct.’ daf)

Additive Atomic

Run (gm) L ':v M ; ,‘ABén.zéne. Total HC

3 KBr(45.3); Nal(57.1)1 | - 500 .6 131 . 0.0

5 KC1(37.6); NaC1(29.4)1 500 2.3 1.2 _0.96{-
23 CaC1(24.7) - . 500 ‘,'55.5-f .25.8 ' - 0.85
80 2n(10.0)° I | 806,' - io,s e L
82 | Zn(10.1)2 N B | 't 1000 : .}.o . 35.1 ‘ .‘1.08{
65 M0 Alone - 500 i'%;' 6:3° 283 0.88
56  H0 Alone 1‘ 800 7.4 35.6 _'  0.85

b9

ITotal melt weight (NaX + KX + ZnClp) "= 273 ‘gn...
22250C for 50 min followed by 2750C for 15 min.
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results were found using soivent additives.(48) The focus of this
work, therefore, shifted toward an investigation of the effects of
solvents used with the InC1,-water medium (Table 3-3). »

Addition of piperidine to the melt produced an MTC only 4.4%
pyridine-soluble: -piperidine apparently poisoned the catalyst. Di-
hydroanthracene, while improving the solubility, was almost quanti-
tatively retained in the MTC after vacuum oven drying.

In an effort to improve the abiTity of the medium to extract
solubilized product and to expose the unconverted coal for further
reaction,'p-xy1ene was added. Unfortunately, tﬁe MTC from this treatment
was only slightly more soluble than the raw coal; perhaps the xylene may
have preferentially wetlihe coal, exC]uding the ZnC1, from contacting.

6uchi and coworkers have shown that treatment of coal with paratol-
uenesulfonic acid (PTSA) in phenol is effective for depo]ymerization.(69'72)
Incorporation of phenol by ortho-para alkylation of the coal limits the
process potential of such a system,.hoWever. Addition of PTSA and t-
butanol -to ZhClz resulted in-a product with only 10% total solubility
uncorrected, and virtually no coa]-der%ved solubility when corrected
for the retained solvent. The addition of mesito]_(2,4,6-trimethy1
phenol, i.e. ortho and para positions occupied) was examined to determine
if positive action of a phenoi could be gained without high incorporation.
Only one-tenth gm mesitoi/gm coal organics was retained, and a moderate
increase in solubility to 39% resulted. | |

The best resﬁlt using solvent additives with the ZnClz-water
system was found using methyl naphthalene and tetralin. NeaveT has

postulated tﬁat naphthaléne may act as a hydrogen shuttler, carrying



~ Table 3-3. Effect of Organic ‘Solvents with ZnC12-H20 Melt. 273

gn ZnC12;

27 gm Coal; 50 gm Solvent; T = 2500C; P = 500 psig; t = 60 min.

Run.  Solvent®
2 ‘Pipérid%ne i
4 '?bihydroanth;écehe
‘ :'14m: p-xylenel —
10 Methyl-naphthalene?
' -+ 10 gm tetralin
7' Mesitol ._ | |
9 f-Bdtanbi_+fPTSA3
65 N

‘H20 Alone

Corrected Solubility

. (Pct. daf)

4.4
db:a
14.7
55.0
39.4
0.0

28.3 .

R

(gm Retained

k)

Solv/

Corrected Atomic

~ _gm Coal Organic) __H/C
o8 | 0.98
2,00 0.86 .
16 0.89
.37 0.96
Ste 0.91
»;85 o
0.88

99

124,7 gm CéClg,also present.

225 gm ‘each of 1- and 2-methyl naphthalene

3pTSA = p-toluene sulphonic_acid; Sdigm of - each

so]veht.',Reactipn.at 2600C * lbOC.'

]
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hydrogen from hydrogen-rich portions of the coal to hydrbgen-deficient

(125) Tetralin is a recognized hydrogen-donor. The combination

areas.
of the two could add hydrogen-trahsfer capacity to the ZnC12 and enhance
the dissolution of products. So]ubi]ify is enhanced to 55%, corrected,
but with relatively large incorporation of about 0.4 gn/gm. This
incorpokation may be largely as methyl naphthalene, since Hershkowitz
reports incorporations of only about 0.15 fof runs using ZnClz-water-

tetra]in.(lls)

InC17-Solvent Experiments

The next step in investigating the role of solvents was to replace
the water with solvents which would themselves dissolve the,ZnC]z
(Table 3-4).
Acetic acid, a]though very effective in liquefying ZnC12, apparently
had no impact on the coal. There was'virtually no incorporatioh, and
the MTC solubility was very similar to that of dried raw coal.
N,N-dimethyl formamide (DMF) apparently poisoned the ZnClz,
and was retained in the product; MTC from this treatment was only
6% soluble (uncorrected), and contained about 0.15 gm DMF per gm coal
organics. —
The use of methanol proved very favorable. Methanol retention
was reasonably low (0.2'gm/gm:or less), and the solubility more than-
‘doubled compared to runs with ZnC12 and water. This high activity
with Tow retention, combined with the potential of producing low-cost
methanol from coal, make it a highly attractive solvent for coal conversion

with ZnC]z.
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Table 3-4. Effect of Solvents in‘inCIQ;Solvent System.

273 .gm ZnClp; 50 -gm coal; 50 gm solvent; -~ - =

T = 250°C; PH2 = psig; t = 60 min. .

R

v o S "Solubility . (gm Retained Solv/

Run . ‘ Solvent : (Pct. daf) - gm coal organic)
25 " N,N Dimethyl-formamide - 0.0" "0.14

38 Acetic Aiid - o ©10.5 « . 0.00
15/37 Methanol ' . 67.3 - 0.17

54 Ethanol - . ' ~100.0 - - 0.39

33 i-Propanol . : . 34,9 . 0.36

34 t-Butanol o 12,2 0.34

36 Acetone 66.2 0.68 .

65 H20 (27 gm) _ - . 28.3 0.00

laverage of duplicate runs.
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The methanol result prompted investigatiqn of pther_alcoho]s.
Ethanol produces totally soluble product in one hour af 250°C, with
roughly twice as much incorporation as methanol. Isopropanol and
t-butanol incorporate nearly as much as ethanol; but produce consider-
ably less solubility. Absence of normal pressure drop during these
runs suggests that these alcohols were dehydrated by the ZnC12, producing
alkenes. | | |

Acetone was also tested as a InCl, solvent yielding a product
with a solubility similar to that of ZnClZ-methanol freated coal,
but with roughly four times the incorporation.

The results of the ZnC]z-so1vent eiperiments made it unlikely
that further investigation would reveal a medium which combined the
high activity, low incorporation, and low solvent cost of the ZnC]z-
methanol system. It was decided to focus on the effects of additives
to this medium, and to‘characterize its response to variations in

temperature, pressure stoichiometry, and residence time.

The Effect of Inorganic Additives with ZnCio-Methanol Melt
| Numerous inorganic additives were screened for their effects
on product solubility and H/C ratio in the ZnC1,-methanol melt (Table
3-5). Acidic and‘basic additives and possible hydrogenation additives
were screened. " ' »

The proton acidity of the ZnC12 médium may be moderated by addition

of either HC1 or Zn0: HC} enhances’Bronsted acidity while Zn0 reduces
Brohsted acidity by removing any HC1 which may form in the reaction

mixture. Since the activity of the ZnC]2 could perhaps be due to



‘Table 3-5. Effect of Inorganic Additives to InC12-Methanol Melt.
273 gm ZnC12; 50 gn MeOH: 50 gm Coal; T = 2500C; t = 60 min.

R o .

. Additive E PHa .Correcte&“Soiubility ~ (gm Retained'Solv/ - Corrected Afomic
Run ~ (gm) (psig) . (Pct. daf) gm Coal Organic) == H/C
58 'HC (100 psig) 60  100.0 - 06 . 0.88
6 om0 (9.03 . 50 . 69.2 R B 110
79, n (1.0) 500 o 73,@ o o5 - 0.8
27 cdcrp (385! 00 a3 0.6 o " 076
28 saclp (42.1)2 200 - 00 o oas 055
39/75 . None3 500 703 o8 079
15/37  Noned - 00 6.3 . o 0.7 0.76 -

0L

; 111.4 gn water present'with (o[ P
236.0 gn water present with SnClp

3average of two replicate ‘runs
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such Bronsted acidity, it was of interest to determine the effects
of Zn0 and HC1 on the melt.

Addition of 100 psig HC1 to the reaction mixture had a strongly
positive effect on the product solubility. As wi]1 be seen, however,
this effect is no greater than the effect of a dilute HC1 wash. |

In0 addition (5 mole-%) had little effect on product 501ubi1ity,
but had a surprising effect on H/C ratio. This result could be due
to analytical error, perhaps a CO2 sink or a water source in combustion
analysis, giving low carbon or high hydrogen values. The potential
of using Zn0 as a hydrogenation co-catalyst requires further investiga-
tion. It is_notabje that no sizeable negétivé’effect is found from
Zn0 ‘addition. A run containing 10 mole-%¥ Zn0 (Run 55) was also made,
but different wash conditions do not allow direct comparison to the
runs in Table 3-5. Attempts to produce a melt containing 20 mo1e-‘

% In0 reshlted in a nbn-fiquid medium.
In the hope of gaining hydrogenation activity, Zn metal, SnC12,

and CdC1, were édded in other runs. One gm Zn metal had virtually

no effect on solubility but a slight positive effect on H/C ratio.

"Both SnC]2 and CdC12 were'addéd as hydrated salts and produced negative

effects, which may be due to the presénce of the added water.

The Effect of Organic Additives with ZnCl2-Methanol Melt

Several solvents were screened for their effect with the ZnC]z-

methanol medium. The results range'from deactivation to enhanced

reaction (Table 3-6).



Table 3-6.

Effect of Solvent Additives to Zntl§-Methandé Melt.

273 gm InClp; 50 gn MeOH; 50 gm Coa

Solvent P ,‘ Coriected Sdlubillty "~ (gm Refa?né& MéCH/
Run Agm) . (psig) - (Pct. daf) gm Coal Organic)
‘21 n-Decane (50)' 250 - T R T
3/ C2C16 (50) ) . 200 “j | 40.5 o 0.4;,>1
.53 .'o-c12 -benzene (30) 200 o 0.16
66 Pyrrol1d1ne.(10.5)’_ :‘, 500_', ‘“;‘ ©65.6 . o 0:13
32 - Cyclohexano] (10) 20 - e.7 - 0.39
26 Anthracene 0il (10) 'AA _250 . : ' 73;7 u'_v SN W4/
29 Tetralin (10) 200 B ne 0.65
59 Indoline (10) * s00. C eLs . oz
.39}75'. Methanol only = - 500 3 -~ 0.8
15/37  Methanol only - 200 6.3 N B ¢
cﬁ' B S 8

U

[
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Three of the solvents tested produced markedly lower MTC solubility.
Addition of n-decane to the melt produced 40% pyridine-soluble MTC

with about the same incorporation as ZnC]z-methanol alone. A similar

solubility is achieved using incorporate strongly. The best solvent

additive tested was indoline, which in addition to having hydrogen-
donor capacity of its own, may be even more prone to hydrogen-donation:

by interaction with ZnClz.

The Effect of ZnCl2-Methanol Treatment Conditions on MTC Properties

The high solubilities and low incorporations resulting from
use of methanol as the ZnC12 solvent prohpted further investigation
of this coal-coﬁversion system. Effects of the key variables - time,
temperature, pressure, and ZnC12/methano1 ratio - on so]ubf]ization,
incorporation, and H/C ratio are summarized here.

Experiments at two hydrogen pressures and thkee temperatures
show the effect of temperature on MTC properties (Table 3-7 and Figure
3-1). A sharp incre;se in solubility is seen between 225 and 275°c.
Near-total so]ubilityvresults in one hour at 2752C, at either 200
or 800 psig Hz;. Even at 225°C; significént thanges in thé coal are
occurring, giving rise to 25 to 40% solubility. Apparent activation
energies between 225 and 250°C for 200 psig and 800 psig hydrogen
are 31 and 28 kcal/mole respectively, assuming first-order-irreversib]e
kinetics.

The effect of temperature on iﬁcorporation ratio is less clear-
cut. At 800 psig, there seems to be a leveling off of incorporation
with higher temperatures between 0.15 and 0.20 gm/gm. At 200 psig,

however, the incorporation continues to rise with increasing temperature.



" Table 3-7. Effect of Reaction Temperature on the ZnClg-Methanol Melt.
' 273 gm ZnCly; 50 gm coal; 50 gm MeOH; t = 60 min

' S - PH2 . 'Correcfed Solubility | (gm Reta?ned MeOH/ ' Corrected Atomic
Run T(°C)  (psig) - __ (Pct daf) - ‘ gm Coal 0rgan1c H/C
52 225 . 200 . 2%.4 S a2 0.83 -
15 %0 20 . 64.6 0. 076
37 250 - 20 _70.1 f‘ o 014 o ioias -
3 25 200 %6 . 032 072 f
25 20 es6 03 o
49 225 g0 w00 ’0,11 o o.88
3 250 800 82 017 . 0.8
72 %0  s0 %20 020 - 0.0 _
73 250" . 800 - L 8.9 - 0.16 ’ N ©0.85
8 275 800 | __f. 99.1 . 017 0.86
® &8 &

174
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Figure 3-1, Effect of Temperaturé and Hydrogen Pressure on
: Solubility of ZnCl12-Methanol Treated Coal.



76

Figure 3-1.

- Temperature (C) .
.  XBL796-6434 -

100} —
80}
2 T -
> 60 ~
= ]
3
o .
0 40 —
- : -
5 P(H,) -
s | (ps'ig) o
3 201" o 200 n
o i A 800 i
0O 1 Lo B I 1 1 i
- 250 - 275



77

This implies that at the higher bond cleavage rates, higher hydrogen
pressures are necessary to prevent retention of the methanol.

. The desirability of higher pressures at higher temperatures is
seen again in the behavior of the corrected product H/C ratio (Figure 3-2).
(H/C ratios have been corrected by assuming incorporation of carbon as
-CH3 groups, and deducting the added methyl hydrogens to determine the
'H/C ratio of tﬁe coal-derived portion of the MTC.) he]ative to the raw
coal with an H/C of 0.97, the ratio remains hear 0.85 at 800 psig but
drops toward 0.7 at 200 psig.

The effect of hydrogen pressures up to 800 psig was exémined at
various methanol loadings and temperatures (Table 3-8). Data were
taken at 2500C for hydrogen pressures of 0, 200, 500, and 800 psig.

The incremental so]ubi]fty appears to be first-orqer in hydrogen pres-
sure (Fjg. 3-3), rising from 60% with no hydroggn to 84% with 800
psig. The slope is somewhat less at 225°C, and also at 275°C where
the reaction is near completion.

The same near-linear dependence on hydrogen pressure is seen
at various methanol loadings (Figure'3-4). Here, the slopes are rela-
tively independent of methanol loading.

The effect of hydrogen pressure on incorporation is seemingly
dependent on methanol loading (Fig. 3-5). At 50 gm methanol, incorpor-

~ation Tevels off around 0.17 gm/gm for hydrogen pressures above 200
psig. For 25 gm methanol, at 800 psig of hydrdgen, incororation appears
to decrease to as low as 0.05 gmn/gm. The H/C ratio of the MTC is

also dependentvonfmefhanol»1oading (Fig. 3e6)Q
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Figuke 3-2. Effect of Temperature and Hydrogen Pressure on .
Hydrogen-to-Carbon Ratio of ZnClp-Methanol Treated
Coal. ' ,
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Table 3-8. Effect of Hydrogen Pressure on the ZnClz-Methanol Me]t

273 gm ZnClg, 50 gm coal; t = 60 min.
P4, - Methanol  Corrected ' R

, - - ~ Loading .. Solubility  (gm. Retained MeOH/. Corrected Atomic
Run . T(OC) ~ (psig) -(gm) ~ (Pct. daf) _gm Coal Organic) . - - H/C

40 . 250 200 25 . 548 . 0.16 T .70

a7 250 80 25 . 736 - 005 - 0.9
45 250 0. S - - 55,7 0.31 0.52

50 250 0 .. 50 6.9 0.31 0.54

15 250 200 50 . 64.6 0.18 ©0.76
37 250 200 50 ° 70.1 . 0.14 0.86.

39 250 . 500 50 723 0.17 -0.82

75 250 - 00 50 - 68.2 -~ - 0.20 0.75

a3 - 250 800 50 -.84.2 1 0.17 0.86

72 250 800 50 . 92.0 . 0.20 0.80

73 250 - 80 50 . 789 = - 0.16 : 0.85 -
‘52 225 200 = .50 26.4 0.12 0.83

49 225 800 50 40.0 0.11 0.88

0 215 200 - S0- 9.6 . 0.32 02

48 275 -~ 800 50 . . 99.1 0.17 ' . . 0.86 .




Figure 3-3.
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Effect of Hydrogen Pressure at Various Temperatures
on Solubility of ZnCl2-Methanol Treated Coal.
(Conditions as in Table 3-8)
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Figure 3-4, Effect of Hydfogen Pressure at Various Methanol Loadings
on Solubility of ZnC12-Methanol Treated Coal.
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Effect of Hydrogen Pressure at Various Methanol
an?ings on Incorporation in ZnC12-Methanol Treated
oal.
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Table 3-9. Effect of Methanol Amount on the ZnCly-Methanol Melt.
273 gm 2ZnCly; 50 gm Coal; T = 250°C; t = 60 min.

Methanol Py, Water Corrected R

Loading Loading Solubility (gm Retained MeOH/ .Corrected Atomic
_Run __(gm) (psig) (gm) (Pct. daf) gm Coal Organic) H/C
64 0 0 27 16.2 0.00 ' 0.90
45/50 50 0 0 61.3 0.31 0.53
17 100 0 0 25.3 ‘ 0.27 0.55
46 0o 0 0 25.3 0.27 0.55
44 10 200 10 39.4 : 0.07 0.94
40 25 200 0 54.8 0.16 0.70
15/37 50 200 0 67.3 : 0.17 0.81
41 - 75 200 0 47.5 0.24 0.62
, 65 0 500 27 28.3 0.00 0.88
39/75 50 500 0 70.3 0.19 0.79
56 0 800 27 35.6 0.00 0.85
47 25 800 0 73.6 0.05 0.96
51 35 800 0 70.2 0.10 0.93
43/72 50 800 0 88.1 0.19 0.83

L8



Figure 3-6.
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Effect of Methanol Loading and Hydrogen Pressure’
on Hydrogen-to-Carbon Ratios of ZnC12-Methanol
Treated-Coa1.
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| Effect of Methanol Loading and Hydrogen Pressure
on Solubility of ZnC12-Methanol Treated Coal.
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‘Severa1 methanol foadingsdwere examined at‘different hydrogen
pressures (TabTe 3-9)- F1gure 3- 7 shows that at al] hydrogen pressures,
-the best convers1on is obtained at 50 gm methano] per 273 gm ZnC12
(or 0.8 moles methano] per mole ZnC12) |

Residence times between heatupvonly ("zero" residence ttme) and
'60 m1nutes were used in exper1ments at 250° and 275 C (Table 3- 10 4
and~F1g. 3-8). Assum1ng Rate =k ° Unconyerted Coal , va1ues of k.v
are found as 3'x‘10'2 'nfl and 1 x 10;1- n"1 at 250°C and 275°%,
with near]y tota] convers1on 1n 1ess than 30 m1nutes at the h1gher
f‘temperature ) | |

Incorporat1on is fa1r1y constant between 0.15 and 0.20 for all
runs between zero and 60 m1nutes res1dence t1me at these temperatures.
'One except1on at O t1me and 250°C had very low 1ncorporat1on but
.also very low convers1on. The ratio of 1ncorporat1on-to conversion .
here is roughly constant

The trend in H/C rat1os with residence t1me 1s seen in F1g
3-9. At 250°C, H/C ratios decrease initially and'then 1eve1 off=(or
perhaps begin tdfincrease)'with»]dnger-reaction times.; At 2750C, the
H/C ratio is loWest=after'simple heatup, and rises as the'reaction _
prdceeds.‘ Considerabie reactﬁdn.occurs in thejfew minutes of heatup
~ between 2500»and 2750c. In‘this perfod, so]ubiiity rises 2Q'percent,
_incorporation apnroaches its maximum extent,_and the'H/C ratid drops..
to 0.75. -

The effect of 1ower1ng melt-to-coal ratio to one- quarter the

~value used in previous experiments is seen in Table 3-11. Cons1derab1y

less reaction takes place at the lower loading withl1ower solubility,



Table 3-10. Effect of Residence Time on the ZnClp-Methanol Melt.
273 gm InCl2; 50 gm Coal; 50 gm Methanol; 800 psig Hp

Residence Corrected R

o wm _m DO GERE e
74 250 0 13.2 0.05 - 0.92
76 250 30 53.7 . 0.16 ' 0.82
43/72/73 - 250 _ 60 85.0 0.18 | » 0.84
n 275 0 35.8 0.16 0.74
70 275 30 100.0 ’ B 0.21 0.78

8 - 25 60 9.2 0.17 0.86

£6
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Figure 3-8. Effect of Residence Time at Various Temperatures on
Solubility of ZnCl2-Methanol Treated Coal. '



95

(DJQC){( o - -
\

Corrected Molor H/C
o N
®
o

0.70— o -

| 1 J ] 1
0o - 30 , 60
Time (min.) '

XBL796-6442
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- Hydrogen-to-Carbon Ratios of ZnC12-Methanol Treated Coal.



Table 3-11. The Effect of Melt-To-Coal Ratio on Converslon.
T = 2500C; P = 500 psig; t =.60 min.

_Loédingq (gE)

‘ v ] . Corrected Solubility R . Corrected Atomic
Run ~ Coal - 2ZnCly  MeOH ~ (Pct. daf) ' (gm/gm) H/C
78 100 - 136.5 25 - 36.0 - . .05 .95
397751 S0 .273.0 50 - . . 67.3 | S Y A

.76

lAverage of;duplicéte runs.

Table 3-12. Comparison of Resbonée of a thénituminous and a Bituminous Coal in
BB the ZnClj-Methanol Melt. 273 e ZnCl2; ‘50 gm methanol 50 gm Coal;
T =250°C; Py, = 500 psig; t = 60 min.

- : S
' _ Corrected Solubility  (gm Retained MeOH/ Pct.. 0
Run Feed Coal . = (Pct. daf) h gm Coal Organic)  Recovery
71 ° Illinois ‘ . 76.2 : 0.51 - 69.5
< No. 6 (Bit) SR Y S
39/75 ° Wyodak 703 0:19 433
' "~ (Sub-Bit) : ’ ‘ o - o

96
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less incorporation and less reduction in H/C ratio. insﬁfficient
mixing may have occurred due to the observed less-liquid nature of
the lower melt run. Higher quantities of coal moistdre per gm ZnC12
could also have di1uted the catalyst causing the lower conversions.

" The ZnC12-metHanol melt was also used in treatment of I1linois
no. 6 bituminous coal and Arabian heavy crude vacuum residuum. Table
3-12 compares the results with I1linois no. 6 with a Wyodak run under
the same conditioﬁs. Similar product solubilities are achieved, but
with considerably higher incorporation and Tower oxygen removal.’

The petroleum residﬁum sample was']iquiq at extraction temperatures

and totally pyridine soluble, so gel-permeation chromatography was
used as an initial determination of differences between the treated
and untreated product. It appears that no substantial changes in
molecular weight of the residuum was achieved, as essentially identical
GPC elution curves were found before and after ZnClz-methano1 treatment,

No further analyses were performed on this sample.

Additional Results

In addition to corrected solubility, incorporation and product
H/C ratio, othef data were collected for each experiment. These include
elemental recoveries (H, N, and 0+S), total MTC solubilities in benzene
and pyridine, and the effects of HC1 or benzene washing of the MTC.
Gel-permeation chrométography, variqus gas analyses, and examination
of treated coal by scanning electron microscbpy were also performed

on selected runs.
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| Effect of wash Conditions on MTC Prqpert1es
“ - During the flrst experiment us1ng In0 as-an add1t1ve (Run 55)
a very;h1gh_product solubility (90%)_was,fqund. ‘Th1s result was unexpected
vas-zn0~was.considered a potential poisqn for'ZnC12‘activity (the similar
run. with no Zn0 was 70%1so1ub1e). 'A‘careful review.of the experimental
;procedures in the two runs revealed only one other difference: the. ‘
Zn0.. run was washed with dilute HC1 to enhance remova1 of . the Zn0 . 1n
the water phase.. |

In ‘subsequent experiments, the MTC was diVided'intO'two near]y'fv
.equal.portions after quenching,cand half the produtt.was washed with.
,di]qte HC].' Both the water-washed andiHC1-washed semples'Were‘then
dried and.extracted in henzene and pyridine. The COmparative results .
are shown in Téb]e 3- 13 and 1n ng 3 10 where the dashed 11ne wou1d
represent a zero 1ncrease

It is ev1dent that HCl wash1ng has a Jlarge effect on product
’so]ub111ty,l Tota] so]uh1]1ty is most affected, with a maxymum 1mprovement
of elmost;SO%'(ih soTubflity percentage'units)vin‘run 77. Benzene
soipbi1ity;is affected to a lesser extent, with afmeximum increase
of about 15% (in the same units), . | |

In addjtipn7to changing the.so]ubi]ity, HC1 rinsihg.enhahces :
- removal of ZIn from the MTC. This is particular]y apparent in runs
'80 and 82vin which 10 gm Zn metal were present'and'run 69 where 10
gm Zn0 Were present;‘ It is notable that on]y.in these three runs
were significant changes in H/C ratio of the MTC caused by HCI<Washihg,
sddgesting that zinc somehow affects the analysis of hydrogen qnd'

| carbon. Changes.ih-(0+S)/C ratio are*sma11, and are probably due



~Table 3-13. Effect of HCl Rineing on MTC Properties

Uncorrected Solubilities (Pct. daf) Uncorrected

Benzene i Pyridine + Benzene Atomic H/C in MTC

Run Water Wash HC1 Wash Water Wash HC]1 Wash Water Wash . HCl Wash
62 3.1 4.7 14.8 26.9 0.93 0.92
69 29.2 43.2 17.0 93.6 1.27 1.12
72 38.5 37.1 93.4 100.0 1.18 1.15
73 35.9 38.9 81.9 100.0 " 1.16 1.15
74 4.7 9.1 17.4 46.2 1.00 1.05
75 37.8 38.0 73.6 99.7 . 115 1.11
76 27.6 3.8 60.0 96.8 1.13 1.10
77 15.3 20.6 44.7 - 92.4 1.06 1.04
79 35.4 43.2 77.0 98.5 1.16 1.12
80 10.8 15.0 37.4 . 65.7 1.1 ‘ 1.00
‘82 7.0 16.2 35.1 75.6 1.08 0.94

Raw Coal 2.0 - 13.0 - 0.98 -
__Atomic 0+8/C in MTC Wt. ¥ Zn in MTC ) We. X Cl in MTC

Run Water Wash HC1 Wash Water Wash HC1 Wash Water Wash HC1 Wash
62 0.19 0.22 3.96 0.24 0.33 0.16
69 0.13 0.09 23.60 1.30 4.53 1.30
72 0.03 0.04 9.78 6.42 7.12 8.11
73 0.09 0.05 " 9.14 4.98 3.53 5.06
74 0.20 0.19 5.71 0.13 0.38 0.11
75 0.11 0.07 6.08 2.27 2.61 3.69
76 0.11 0.10 6.94 0.65 1.19 - 1.19
n 0.14 0.13 8.10 0.10 ' 0.78 0.21
79 0.09 0.09 8.04 4.88 6.44 2.44
80 0.14 0.15 20.00 0.04 3.48 0.59
82 0.14 0.16 21.30 1.48 3.70 0.35

Raw Coal

66
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Figufe 3-10. Effect of HC1 Wash in Improving Benzéne and Total

SolubiTlities.



101

o

o

N
@)

- HCL Wash Solubility (%)
o
@)

1 | 1 | 1

| 1

Figure 3-10.

40 60
H,O Wash Solubility (%)

80 100

X BL 796-6443



102

to_the error involved in.calculating 0 by difference ratheruthan to
. any real changes in the MTC. . \ |

vFMTCeproducts with high water-wash solubilities tend to have ‘
higher'ct values. This may be due to the fact that as the coal reaches
}high conversion levels, the'MTC becomes more hydrophobic_and impedes
the removal of'ZnC1é by'nater washing In some experiments ‘the MTC;
vcou1d not\be wetted by water, and a benzene wash was necessary to |
‘remove some of the hydrophob1c material before hot water wash1ng could
' be effective. To examine the effect of benzene washing, Table 3- 14

compares results from runs 39 and 75, which were identical 1n a11

. respects except that run 39 was washed with benzene-pr1or to water

wash1ng. w1th the except1on of a s1gn1f1cant 1ncrease in benzene

solubility, the two runs are 1dent1ca1 to w1th1n experimental error.

'-§e1ationsh1p Bet&een'Benzene and'Ryridine Soiubilities

In: add1t1on to corrected solub111ty, wh1ch measures the m1n1mum
quantlty of’ coaT der1ved mater1a1 which was so]ub111zed by the treatment,
it was of “interest to know the propert1es of the MTC as a who]e'(J.e.,
before correction is made for solvent-derived material). Benzene and
'pyridjne extractions were performed in'sertes on the MTC, to obtain’
percent solubilities of dry asthree (or daf) materia1. Appendix A
~lists the results'of.both extracttons‘forﬁevery run. -

For the wide ranoe of reactions employed, there seems to be
a general re1ationship“bétween'benzene and total (benzene + pyridine)
solubility (see Fig.v3-11).ﬂ'Attempts'to break this relationship into
separate.groups according to temperature, ZnC]z solvent, pressure,

additive or residence time all produced significant overlapping.
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Table 3-14. Comparison Between a Water-Washed and a Benzene-Washed Run.

273 gm ZnClj; 50 gm coal; 50 gm MeOH; T = 2500C; P“z = 500 psig; t = 60 min.

Run
39

75

Uncorrected Solubilities Uncorrected R

(Pct. daf) Atomic Ratios ‘(gm Retained MeOH/

" Wash Benzene Benzene + Pyridine H/C 0 + s/C _gm Coal Organic)
- Benzene 45.0 76.3 1.12 0.08 0.17
Water 37.8 73.6 1.15 0.11 0.20

€0l
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cf

“Figure 3-11, Re'lationéhip Between Benzene and Total (Benzene +
L Pyridine) Solubility.
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The Sing]e‘factor'which clearly segregated the runs into separate
groups was wash conditons. Acid washdng'produces_significant increases
in pyridine Solubility and 1esser increases in.benzene So]ubiTity.>

As a result, the acid-wash runs*all lie significantly below the other
:runé on.the pTot of benzene vs ‘total solub111ty. Benzene wash1ng,

: on the other hand, tends to affect on]y the benzene so]ub111ty and |
not ‘the pyr1d1ne so]ub111ty thus benzene-washed runs are above the _

others on the plot

.'_‘ s

E]ementa] Mass Ba]ances

& The fate of the chem1ca1 const1tuents of the coal during react1on
can provide va]uable 1nformat10n about the nature of the process
'Elemental ana]yses of the MTC were combzned w1th mater1a1 ba]ances
‘on"the reaction to assess the recovery_of_yar1ous_e]ements in the
Product | ‘ __v o | _ | ' %‘ .

Dry1ng exper1ments at 115 C under 50 m1111bars n1trogen on the

. raw coa] revealed that about 23% of the mass’ of the raw coa] was volati-.
;11zed most]y as water. The dr1ed coal was then analyzed for C, H,
N{ S and ash (see Table 2-1). Thus, total recovery of coal from the
autoclave_wou1d produCev38.5’gm from the 50 gmbfed, including 23.9
gn C, 1.95 gn H, 0.33 gn N, 5.51 gm ash and 6.56 gn 0+5. 1In the same
way, the ovenldriedVWeight and e]enental analysis of each MTC may
be used‘to obtain the weight of each element; Table 2-4 gives a sample
calculation. Comparigon with the untreated coal provides a.measure
of the fractional recovery of.each;e;ement5AAppendix A_inc1udes a

summary of the recovery data.
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The recovery of carbon in an MTC must be determined to estimate
the degree of conversion to gas (mostly as CO, wfth some CO) which
takes placé during reaction. Data for the ZnC]Z-water system are
free from interference of carbon in added solvents (see Table 3-15).
These results show that between 90 and-95 percent carbon recovery
can be expected at 250°C with ZnC12 treatment (the rest is presumably
gas). Ca]cu]ations of the amount of retained solvent in subsequent
runs are based on the assumption of 95% coal carbon recovery.

Data on carbon recoveries for other runs have been listed as
incorporation ratios (R), which gives an indication of the amount
of additional carbon‘retained in the MTC over-and-above the 95% expected
recovery of coal carbon. Attempts to correlate corrected so1ﬁbi]ity
with carbon recovery (or incorporétion) produced scatter, indicating
that incorporation is not the only means of achieving solubilization.

As with carbon recovery; hydrogen recovery from MTC may be obscured
by retention of solvent. To estimate the amount of hydrogen lost
from the original coal material, the H/C ratio of the ZnClz-methanol
treated coal was cbrrected assuming incorporation of three hydrogen
atoms for each carbon atom (i.e., assuming methyl groups were retained
from the methanol). Thus, the H/C ratios listed in previous fab]es
are related to recovery of coal hydrogen.

In general, these corrected H/C ratios are considerably lower
than the H/C of the original coal material. Uncorrected H/C ratios
(see Appendix A) are usually higher than the raw coal, as the product
is enriched in hydrogen through addtion of methyl groups (H/C = 3).

As will be seen, significant oxygen removal occurs during the process,
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Table 3-15. Elemental Recovery in the ZnC]g-Nater Me1t
- - 273 ‘gm ZnC13;" 27 gm Hp0; 50 gn Coal; -
250°C 60 min. -

Py o - - Percent Recovery

‘Run - {(psig) - -:C‘ - H . N ,0+Sf
64 - 0 U90.2° -82.9 °83.9 87.5:
4 < 200 92.4.° B8L.4. 100.0 <66.8

2. 500 © 87.8 . 80.3 . 95.5. 710
- 63 .- . 500 - . 93.9 -85.3  100.0  64.7

65 500 . 94,3 - 85.2 94,0 - 65.2 -
56 800 94.0 * 8l.7° . 96.0-. 57.8 -
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and water formation is likely to be the sink for most of this lost
hydrogen.

Removal of nitrogen from coal will be necessary to limit the
environmental effects of burning coal-derived fuels. As may be seen
from Appendix A, however, only Jimited'nitrogen remqva] is accomplished
under these reaction conditions, with typically 80 to 90 percent of
the nitrogen recovered. Only one exception is noted: cufiously,
with tﬁe addition of nitrogen-containing indoline to the ZnCIz-methano1
melt, 80% of the nitrogen is apparently removed. This result needs
' further verification. |

.Studies of liquefaction in hydrogen-donor solvents above 325°C
have shown a correlation between oxygen removal an formation of pyridine-

(126,127)

soluble material. Similarly, production of benzene-solubles

has been associated with blocking or removal of hydroxyl groups from

(128) has

pyridine-soluble material. 'Preliminary work by Hershkowitz
shown a relationship betweenvoxygen removal and generation of pyridine-
soluble material for reactions of the ZnClz-water-tetralin system.

Initial attempts to correlate oxygen recovery and product solu-
bi]ity for these experiments yielded a scatter p]ot.»_Further attempts
to corke1ate oxygen removal and sblubi]ity 1ed to segregation of runs
into different classes (i.e., different temperatures, pressures, residence
times, ZnC]Z-so1vents, additives or wash conditions). The best result
of tﬁese segregations is shown in Fig. 3-12. Reactions using water
as ZnCl, solvent with no addtional solvent follow a single trend.

A second broad grouping of points was observed for the ZnC]z-methano1

reactions. A third grouping was found for runs which were HC1 washed.
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Thus, oxygen remova1 and so]ub111zat1on proceed in para11e1 with;
d1fferent slopes generated by d1fferent so]vents._

The overall react1ons resu1t1ng in oxygen removal for methyla- ;:
v\t1on and s1mp1e hydogeno]ys1s of ethers are: ;“ ? - "
: R 0 R' + 2 MeOH + 4(H) —————-—R Me + R -Me + 3H20

R- 0 R “+ 4(H) ——2 RH + H20 |
' Capp1ng c1eaved ethers with methy] groups requ;res two methy]s per
Vether Us1ng B]om S est1mates for ether content (9) the 50 gm undried .
‘ 'coa1 fed conta1n approx1mate1y 0 18 mo]es of ether 0 An 80% convers1on |
of th1s by methylatwon wou]d requ1re 0.29 moles -CH3 (4 3 gm), and
0.58 mo]es H. An 1ncorporat1on rat1o of 0. 14 is expected from th1s
'amount of methy] qroups, c]ose to the exper1menta1 va]ues of 0. 15 |
':to 0 20 S1mp1e hydrogeno1ys1s and methylat1on both requ1re the same
: amount of hydrogen hydrogeno1ys1s 1eaves ha]f of it 1n the product
yand methy1at]on nonet The hydrogen consumed may. derive part]y from -
'hydroaromatics'invthe coa1 caus1ng a drop in the H/C ratio. If all
.the hydrogen were coa1 derwved methy1at1on wou]d 1eave the rema1n1ng
coa1 w1th a corrected H/C of about 0.7;. hydrogenolys1s 1eaves a product
‘,_H/C of about 0.87. Certa1n runs with no gas phase hydrogen wh1ch
~ show 1ower H/C ratios than O. 7 probab1y 1nvolve over- correct1on for _

‘ methano1 incorporation.

Pressure-Time Data

| Significant information about-the course of an experiment can
]bevobtajnedvby'fo]1owing the variations in tts total pressure, in -
cases where’the'runvis'totaI]y enc)osed’an unsanpled during its course.

Beginning with Run 30, data were collected on total reaction pressure;
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Figure 3-12. Relationship Between Solubility and Oxygen Recovery.
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Figure 3-13 presents a typical plot of total pressure history. The
initial pressure build-up results from pressurization with hydrogen,
and pressure continues to rise with heat up. When reaction temperature
is reached, the pressure generally continues to rise for 5-10 minutes
into the run, reaching a maximum, beyond which a drop occurs.

Some general remarks may be made concerning pressure-time behavior.
Three quantities characterize a particular run. First, the amount
by which the total pressure rises above the hydrogen partial pressure
(Pmax - PHZ) indicates a contribution of components other than hydrogen.
Second, the pressure drop from maximum pressure to the final pressure

(P is an indicator of gas consumption. Third, the time

max - Pfina1)
at which maximum pressure is reached indicates the balance between
gas evolution and gas consumption.

For the ZnC]z-mefhanol runs, the time at which maximum pressure

occurs (t ) is only a function of temperature. At 225°C, the

P,max
maximum pressure occurs about 20 minutes into the run; at 250°C, generq]]y
within the first 10 minutes; at 275°C, at the start of the run. For
these runs, only when the hydrogen partial pressure is 800 psig or
greater does the pressure drop exceed the pressure rise.

The effect of temperature on pressure-time behavior is shown
in Table 3-16. At higher temperatures, both the pressure rise (Pmax

- PHZ) and the pressure drop (P - Pfinal) increase. Apparently,

max
the reactions which produce the rise and those which consume the gas
are both accelerated at higher temperatures.

Hydrogen partial pressure also has a definite effect on the

pressure rise and'pressure drop (see Table 3-17). Higher hydrogen
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Figure 3-13.. Typical Pressure-Time Autoc]ave.Reéctions. (Data from .
: ‘Run 72). Pressure continues to rise to peak about 5-10
minutes after heat up, with subsequent pressure drop.
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Table 3-16. Pressure- Tlme Behavior of Runs Illustrating the Effect of TPmperature
273 gm ZnClz, 50 gm Coal, 50 gm Hethanol 60 min.

<
’

. Time at
Run - T(°C) - Pnax EZ - Ptinal Prax FHy Poax FPEinal Prax
.49 225 1010 800 925 - 210 S 85 20
72 250 1010 800 595 . 210 - ., 420 5
48 275 1110 800 720 310 "~ " 390 .0
. 2 225 . 440 200 370, %0 - . 70 7.
.37 250 - 575 200 470 375 " 105 10

Tt 30 215 750 200 . 500 © o550 - 250 -0

-

Table 3-i7. Pressure-Time Data Illustratmg the Bffect of Hydrogen Pteuure. :
R 273 gm ZnCly; 50 gm Coal; 60 min. .

9Lt

WO

S Time at
MeOH . . S .
Run T(°C) (gm) max f_'iz_ Peinal Faax FHz Poax Pinal ©  Pmax
Cos2 225 50 - 440 200 370 - %0 70 BESTE
49 225 50  lol0 800 . 925 . 210 85 - 20
Y45 . 250 S0 390 o 30 390 80 : 3
37 250 50 s75 200 . 470 . 375 15 . 10
~ 39 250 - 50 . 790 500 615 . 290 U aes . 8
72 . 250 50 1010 .- 800 720 210 - 420 0
6 250 o - 110 . o - 10 mo -0 60 -
46 250 0 15 200 295" s - 20 7
65 . 250 0 610 500 525 110 8 .. 8
s6 250 0 840 ~ 800° . 715 _ 40 125 L. 0n
40 250 25 - 350 200 "~ - 290 150 0 60 8
41 250 25 895 800 - 660 95 .  235. 5
‘30 215 50 750 200 00 550 250 . o0

48 275 50 1110 800 720 - 310 390 - 0
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pressures decrease the pressure‘rise, suggesting that hydrogen is
consumed in a'significant amount before the maximum pressure is reached.
(This is consistent with the fact that higher hydrogen pressurés also
increase the pressure drop.) | '

Methanol loading céuses different effects on pressure rise and
drop (Table 3-18). The pressure‘rise increases monotonically with
higher methanol loadings. The pressure drop, however, is greatest '
at 50 gm methanol. It is notable that corrected solubility exhibits
the same behavior as pressure drop with respect to methanolvloading
(see Fig. 3-7). Thus, production of soiub]e material -appears to be
related to consumption of gas-phase hydrdgen. |

Table 3-19 provides pressure data for runs with different reactor
residence times. It is seen that 70-90% of the pressure drop occurs
in the first 30 minutes of reaction, consisfent with data from individual
runs. Melt/coal ratio has a sizeéb]e effect (Table 3-20); reduction
in melt/coal by a factor of approximate]y 4 results in a one-third
increase in. pressure rise, a one-third decrease in preSsure drop,
and a change in the time af which maximum pressure is reached from
8 minutes to 25 minutes.

Substitution of nitrogen for hydrogen provides some interesting
data (T§b1e 3-21). First, as seemé reasonable, the nitrogen run shows

very little gas consumption (P = 60 psi). The pressure

max - Pfinal
rise (370 for Ny vs. 310 for HZ) and the pressure at time zero (1110
for‘Nz vs. 310 for H?) are both significantly higher for nitrogen
than for hydrogen. Hydrogen consumption at an early stage in the

reaction, or hydrogen inhibition of volatiles production is inferred.



Table 3-18.

Pressure-Time Data I1lustrating the Effect of Methano] Loading,

273 gm ZnCly; 50 gn Coal; 250p 60 min. v
) CH-OH _ o Tivme at
: e P P JO P -Py; PP -
Run {gm) ©max. .. W2 final - Tmax” H2 max_ final . - Pmax
46 -0 o318 200 295 115 20 . 7
44 10 .-350 200 265- “150 85 +3
40 25 350 200 - 290 150 90 5
37 50 575 - - 200 . 470 315 105 10 -
4] . %5 - 830 200 780 630 - . 850 -7
; \ . .
56 0 840 . 800, 715 a0 125 22
47 25 895 - 800 660 - 95 - 235 5
- 51 3% 905 . 800 670 - 105 - 235 0
72 50 1010 . 800‘ 590 ; 210, . 420 5
Table 3-19. Pressure-Time Data Illustrating the Effect. of Reaction Residence Time.:
: T 273 gm ZnCIz, 50 -gm Coal; 50 gm Methanol. ,
~ Reaction : . L v . Time at
_ Time P Pu. . P S P <Py PP .
Run’ T(°C) (min) - max - TH2 final max”" H2 max" final Pmax
74 250 0t . 965 800 965 165 0 0
76 - 250 30 - 1045 800 795 245 250 "6
72 -250 60 1010 800 720 210 420 5
7. 275 0. " 1160 800 1160 360 .0 0
70 275 30 1095 800 755 295 340 0
48 275 _ 60 1110 800 720 310 390 - 0.
a 2 %+

gy e TN L

T
2en,

8Ll
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Table 3-20. . Effect of InC1,/Coal Ratio on Pressure-Time Behavior.
InC1p/Methanol = 273/50; 250°C; 60 min.
: Vo Time at
InC1,/Coal ) ' :

Run ( @3952 Pmax PH_Z Peinal Pmax~PHz PmaxPfina1 Pmax
39 273/50 790 500 615 290 175 8
78 1377100 910

500 800 410 110 25.

Table 3-21. Reproducibility of Pressure-Time Data at 800 psig Hydrogen and Comparison to Data at 800 psig Nitrogen.
273 gn InCly; 50 gm Coal;

50 gm Methanol; 250°C; 60 min.

) Time at
Run Pe=0 Pmax PHy Pfinal Pmax~PHz - PmaxPfinal Pmax
43 980 1160 800 810 360 350 S
72 940 1010 800 590 - 210 420 5
73 960 1030 800 440 230 590 4
502 1110 1170 800 1110 370 60 6

3 Nitrogen used in place of hydrogen.
Table 3-22. Reproducibility of Pressure-Time Data at 500 psig Hydrogen.
1 273 gm InClp; 50 gm Coal; 50 gm Methanol; 250°C; 60 min,
Time at
Run Pmax PHz Pfinal PmaxPHz PmaxPfinal Pmax
39 790 500 615 290 175 8
5 800 500 495 300 305 7

6LL
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Table 3-22 provides more data on duplicate-runs showing that while

the pressure rise is fa1r1y repeatable, the pressure drop may vary

_cons1derab1y Undetected pressure 1eaks in the reactor system cou]d s e

be the cause of such descrepanc1es ) | o
Inorganic add1t1ves have very 11tt1e effect on pressure behav1or

(Table"3-23). Various 1oad1ngs of Zn0 produce the same PreSsure rise

- and'drop:and the same so1ub{iities'as a nun with no zho‘ Zn metal

produces an add1t1ona1 100 ps1 pressure rise w1th a s]1ght1y ]ower

. pressure’ drop (perhaps due to qenerat1on of some hydrogen gas) Add1t1on

of 100 ps1g HC1 causes an added pressure rise of somewhat Jess than

.'100 psi, w1thﬂs1m11ar pressure drop to a run. w1th no additives. i

A compar1son of pressure behavior for a ser1es of d1fferent .

ZnC12 solvents is shown in Tab]e 3-24 For the a]cohols, the pressure

- drop increases from water to methano] to ethano1 and then decreases

rapidly w1th v1rtua11y no drop for iso- propano1 or t butanol This
behavior: is in para]]e] w1th so]ub111zat1on act1v1ty of the d1fferent o
;_so]vents The lack of a pressure drop for e1ther t- butanol or i- propano]

may 1nd1cate the product1on of an add1t1ona1 gas phase component from

.{g‘

these react1ons. Alcohols are known to undergo dehydrat1on in the
'_presence'of ZnCTZ,w1th reactivity in the~order of‘tert1arytsecondary
primary methyl. Production of butene from butanol and propene from

propanol is known under these conditons. The behavior of pressure'

= for the ser1es of. a1coho1s indicate that more than a vapor- pressure

effect is responsible. Particularly, the 1arge rise with ethanol
compared to methanol leads one to suspect that some intermeédiate reaction . S

is responsible for the large gas peak. With i-propanol and t-butanol,"
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Table 3-23. Effect of Inorganic Additives on Pressuré-Time Behavior.
273 gm InCl1p; 50 gnm coal; 50 gm Methanol; 2509C; 60 min.
Time at
Additive .

Run - _(gm) , Pmax f_’f_?_ Pfinal Pmax "PHz PmaxPfinal _Pmax
-39 None 790 500 615 290 175 8
57 © In0-9.0 810 500 610 310 200 8
55 In0-18.8 790 500 575 290 215 3
79 In-1.0 920 500 760 420 . 160 5
58 HCL(100 psig) 3 870 500 660 . 370 210 5

Table 3-24, Effect of Various Solvents on PressureQTime Behavior.
273 gm InClp; 50 gm coal; 50 gn Methanol; 2500C; 60 min.

Time at
Run Solvent Pmax P2 Pmax Py Ptinal PmaxPrinal Pmax
46 HOH(27 gm) . 115 315 200 295 20 7
37 CH30H 375 575 200 470 105 10
54 Et , 585 785 200 470 315 1
33 1PrOH 375 575 200 570 5 12
34 tBuOH 160 660 200 660 0 60
38 CH3CO0H 205 405 200 360 45 13

36

Acetone 360 560 200 560 0 60

L2t
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| the pressure curves virtua]]y 1eve1 out after'maximum pressure is
achieved. 1nd1cat1ng that the 1ntermed1ate formed from the1r react1on
may be more stab]e.v | : ’ _ | . |
F1na11y, the effect of different solvent add1t1ves on the ZnC]Z
methanol system is seen in Tab]e 3-25. Perch]oroethane cyclohexanol,
and o- d1chlorobenzene all result in s1gn1f1cant1y less pressure drop .
.dur1ng the run, 1mp1y1ng that they may 1nterfere w1th the react1ons
'vwh1ch consume gas (these so1vents also produce so1ub1J1ty). Pyro]11d1ne
increases both thezpressure rise and'pressure drop with little effect'
. on so]ub111zat1on act1v1ty Indo]1ne has the strongest effect reduc1ng_

the pressure r1se by 100 psi and 1ncreas1ng the pressure. drop by more

- than 100 psi, mak1ng 1t the on]y run at 1ess than 800 p51g hydrogen

in which the f1na1 pressure is be1ow the initial hydrogen part1a1 v‘
pressure. Indo11ne 1s enhanc1ng gas. consumpt1on. _ |

'Draw1ng.together the results of:the pressure-time data, SeVera]v'

conclusions may be arrived at: | ” | -

1) React1ons proceed with an 1n1t1a1 pressure r1se fo1lowed !
by a s1gn1f1cant pressure drop.

2) Pressure rise is 1arger w1th 1ncreas1ng temperature,
decreaswng hydrogen part1a1 pressure, and 1ncreas1ng
methano] 1oad1ng .

3) Subsequent pressure drop is larger w1th h1gher temperature
and higher hydrogen pressure, and goes through a max1mum '
with.increasing methanol loading, thus'matChing-the
solubilization behavior.

4) Inorganic additives have minor effects on pressure behavior.
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Table 3-25. Effect of Solvent Additives to ZnCl2-Methanol on Pressure-Time Behavior.
273 gm InClp; 50 gm Codl; 50 gm Methanol; 2509C; 60 min.
Time at
Solvent P
Run Pmax PHp Pfinal max”"H2 Pmax"Pfinal Pmax
35 Perchloro- ' .
ethane (50) 1250 200 - 1210 1050 40 6
32 Cyclohexanol '
(10) 685 200 620 485 65 2
53 o-Dichlor
benzene (120) 440 200 390 240 50 1
66 Pyrollidine (10) 900 500 670 400 230 2
59 Indoline (10) 685 500 395 185 290 0
39 Methanol only 790 500 615 ' 290 175 8
37 Methanol only

8715 200 295 375 105 . 10

£l
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5) Solvents affect pressure'drop and solpbi1iiation behavior
.in the same manner. _
6) Substitution of nitrogen for hydrogen results in less pressurer

drop, implying-that hydrogen is consumed during react1on.

Gas Analyses
_To.identify the gases produced during the_aufoc]éve experjments,

. gas analyses were performed on selected runs. ‘TabTe 3-26 presents
the resu]ts'of_mQSS speetrometry, gas chromatography, and combined
gas chromatography and-mess spectrometry analyses of.four runs_for

which-gas samples were ooTIected Hydrogen predominates;:but signifitant
b_quant1t1es of d1methy1 ether methyl ch1or1de, C02, co, and hydrocarbons
" are also present o '

' Of primary 1nterest in these ana]yses is the consumption of
gas-phase hydrogen. Table ;-27 compares hydrogen consumpt1on_qa1cu1ated
by the gasvanalyses'withvthe reactor pressUre drop during the run.

Runs 57 and 70 show virtual agreement between the actual hydrogen
consumpt1on and the consumpt1on ca]cu]ated assum1ng the total- -pressure
drop in the reactor represented only hydrogen disappearance. Run
72 shows about 8% more'hydrogen oonsdmption than the pressure drop
would indicate; Run 75 sths,épout 20% less hydrogen consumption than
pressure drop. -In all cases, 80+%‘of the pressure drop is due fo
hydrogen cOnsumpfion. | | | |

Comparison of anleS and 72 shows that higher hydrogen .pressures
generally lead to higher hydrogen consumptions. Eoth Runs 75 and
57 (with 45 minutes residence time at 250°C) show‘hydrogen consumptions

of ‘approximately 0.30 gm/hr at 500 psig; Run 72 shows 0.53 gm/hr at



Table 3-26. Gas Analyses

A) Mass Spectrometer Results.

62l

Pressure at Concentration, Mole ¥
Sampling Time
Run {psiq) c"z COZ CHJOH CHJC] (CH3)20 ‘Hydrocarbons
57 615 49.4 11.7 0.4 6.4 22.8 9.7
70 755 62.3 12.3 0.2 1.4 0.2 23.6
72 595 58.3 9.9 0.5 6.7 2.3 18.3
75 495 9.7 13.9 0.3 9.7 4.7 18.9
' Other gases: Run 70: CO 1.8%, Chg 2.9%
Run 75: CHq 2.8%
8) Gas Chromatography Results
‘ Concentration, Mole %
Run - 0 (CHq),0 CH4C1 co CHy CoHy C,Hg C4Hg C4t10 CsHyp Ce-Cy
57 1.7 - 22.8 6.4 1.30 2.42 0.27 0.08 0.82 0.2 is=2.1 0.35
. n=0.1 n=0.1
72 9.0 2.16 10.0 0.76 2.14 0.25 0.04 8.17 0.2 1=3.0 0.85
_ n=0.1
75 1.6 4.34 10.4 0.90 2.61 0.34 0.07 - 11.4 2.36 i=2.7 0.60
n=0.1

C) GCMS Results

Run 70 Largest peaks: Isobutane; isopentane; C02; propané; CH3C1; isohexane; 2.3-He2butane; 3-Me pentane;
: n-pentane 2-Me hexane; 3-Me hexane. )

Run 75 Largest peaks: Propane; Z-Me butane; CH3Cl1; 2.3-Mez‘butane.
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50 gm Coa]

" Table 3-27. Compar1son of Reaction Pressure Drop with Measured Hydrogen Consumptlon
273 gm ZnClz, 50 gn Methanol;

Pressure Drop
During Reaction

H2 Consumption (gm)

It AN ﬂ Drop
2

,593 si By Gas Analyses -Due_to "2 Loss. Run Conditidns-
75 jé'osl' 0.30 0.3 2500C, 1 hr, 500 psig
72 420 . 0.53 ’;'0.49_‘ 2500€, 1 hr, 800 psig
57 200 0.23 0.23 - 2500, 45'min, 500 psig,
L : "~ In0 added
70 340 . 0.37 0.38 2.759c, 30 mir_\, 800 psig
* b 3

921



» [
Table 3-28. Major Gas Production in ZnCl2-Methanol-Coal Reactions.
Total Moles in Gas Phase
Run (CH3) 20 " CH3CY co2 ) Co. CHa C3Hg
75 0.0132 10.029 0.037 0.0026 0.0075 0.0331
72 0.0078 0.029 0.033 0.0027 0.0075 0.0285
57 0.0823 0.023 0.042 0.0047 0.0087 0.0030
70 0.0009 ‘0.0059 0.052 : 0.0076 0.012 --
Total Grams in Gas Phase
75 0.61 1.47° 1.86 ’ 0.73 0.120 1.46
72 0.36 1.17 1.45 0.074 0.120 1.26
57 3.78 1.17 1.63 ' 0.131 0.140 0.13
70 0.04 0.30 2.29 0.213 -

0.200

Lt
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800 psig; combining to about 7 x 10 gm hydrogen consumed/hr ps1g
- at 250%C. ‘At 275°C hydrogen consumptlon increases to about 1 x 10-3

gm/hr psig. , . _
. Table 3-28 shows quantities of the major,gases produced. -6imethy1
ether and methyl chloride are present in’significant’quantities, as i

‘the resu]t of s1de reactions of methano1 An unusua]]yvlarge amount -

- of the ether was formed in Run 57 both d1methy1 ether and methy]

fch]or1de product1on are re]at1ve1y Tow in the 275°C react1on._

C02 in the product gases is 11ke1y to come from decompos1t1on L
of carboxylic ac1ds and perhaps of carbony] groups 1n the coal. Re]ying'
| on est1mates from B1om (6) the 50 gm of undr1ed feed coa] conta1ned
'approx1mate1y 0.034 moles of -COOH and 0.03 mo]es of C-CO-C 0n1y

the 2750C run shows s1gn1f1cant1y more COZ formed than carboxy] fed
- and a1so shows 0.007 moles -of CO (more than doub]e ‘the average of
~ the 250°C runs). | ) -

Scant production‘of’methane is found (1ess'than'0 6% of the :
“input carbon), and on]y traces of ‘ethane and ethy]ene are produced
Some of these 11ght hydrocarbons may be methano] derived. Re1at1ve1y.

large quantities of propane in Runs 72 and 75v(wh1ch cou]d account
for up to 4.5% of the input carbon) are be11eved to be the resu]t
of contamination as may be the case for the h1gher hydrocarbons

The sum of C02, co and Cl-CZ hydrocarbons accounts for.less than

- 3.6% of the input coa] carbon in all cases

Gel- Permeat1on Chromatography
| Extracts from severa] runs were chosen for exam1nat1on by ge]-

permeation chromatography (GPC) (see Table 3-29). Comparison of tracings
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Table 3-29. Reaction Conditions and Yields for Runs Whose Extracts Wer: Examined
by Gel-Permeation Chromatography

Uncorrected Solubilities

Run

72
72
50
49
48
n
56

T : Pz t H,0 CH3OH  additives (Pct. daf)

O (psie)  (min) () (@) Wash  Benzene - Pyridine
250 800 60 0 50 H,0 38.5 93.4
250 800 60 0 50 HCY 7.1 100.0
250 0 60 0 50 H,0 36.5 78.7
225 800 60 0 50 H,0 16.1 26.0
275 800 60 0 50 H,0 a1.6 9.2
275 800 0 0 50 H,0 15.3 8.7
250 800 50 0 - H,0 7.4 35.6

i

621
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from similar experiments w1th only one var1ab1e a1tered was used to
examine the effect of this. var1ab1e .on the mo1ecu1ar-we1ght d1str1but1on;
Figure 3-14 compares GPC trac1ngs (uv absorbance at 313rnm vs.
elution volume of pyridine in ml1) of fresh extraots from coal treated
with ZnC1,-methanol at three different temperatures (Rons 48,49‘and‘
72). Two peaks (at 21.5 and 25 n1)3are seen in the benzene extracts
. 'and a single peak (21 ml) in the pyr1d1ne extract The ‘curves for o
, d1fferent temperatures are qu1te s1m11ar the: maJor effect being product1on
ofvmore h1gh-mo]ecu1ar7we1ght pyridine-soluble material at elevated
temperatures - 4 | |
' The effect of hydrogen pressure in ZnC]z-methanol treatment
‘ds seen in F1g. 3-15 for Runs 72 and 50. The y1e1ds of.benzene-so1ub1es
from the two runs are approx1mate1y the same:* w1th no hydrogen present
- the h1gher mo]ecu1ar-we1ght peak (at 21.5 ml) 1s 1arger than w1th : _
hydrogen present. Pyr1d1ne-so1ub1es for .0 hydrogen and 800 psig hydrogen
arey75vand 95% respectively? The GPC prof11es show more h1gh-molecu1ar-
weight material when no hydrogen is. used | - | ‘_ ‘
The effect of reswdence time Jn ZnC]z-methano1atreatment at 275°Qj
is seen in Fig. 3-16. The small quantity of benzehe-solub1es produced'a
_during heatupfis dominated by.the 1ower;mo]ecu1ar weight'peak. ‘One-
hour residence time at 27506 produces}a1nost three times thezquantity
of benzene-so]ub1es with a'1aroer proportion of‘high-mo]ecu1ar-wetght
materials in the extract. Similarly, a strorig shift towards high-
mo1ecu1ar-weight products at long reaction times is seen in the pyridine

 extract.
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Figure 3-14, Effect of Temperature on Elution of Benzene- and
' Pyridine-Soluble Materials from a Gel Permeation
Column. ' :
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Figure 3-16. Effect of Residence Time on Elution of Benzene-

and Pyridine-Soluble Material from a Gel-Permeation
Column. v : ‘
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HC] wash1ng produces the same trend towards h1gher-mo1ecu1ar-we1ght
extracts with 1ncreased y1e1d Figure 3- 17-shows almost identical trac-
ings. for water- and HC]-washed MTC with a s11ght]y higher 21.5 ml peak
' (benzene so]ub]es) and substant1a1 1ncrease in materials e1ut1ng in less
than 20 m (pyr1d1ne so1ub1es) for the extracts from ac1d washed MTC.

As 1n-so1ub111zat1on activity, the greatest change in GPC trac1ngs
is found in changing the ZnC1, solvent from woter to methanol (Fig. 3-18).
_Nith ZnC12-water treatment, which produces only 7% benzene?so1uhles, most
- of the product has a fairly low mo1ecu1ar we1ght (1 e., the elut1on volume
.475 over 25 m]) Rough]y f1ve t1mes more ‘benzene- so]ub]es are produced
=nith;methano1, mater1e1s.w1th elut1on volumes below 25 m1 predom1nat1ng.

Pyridine-solubles exhibit a simitar tr'e'nd. | o
In‘summarx,:highEr conversions (by raising temperature .or residence
time, waShing_uith HC1, or us1ng methano] 1nstead of water) produce a
.higher proportion of high molecular we1ghtvmater1a1 Only for h1gher
hydrogen pressures is qreater extractability accompan1ed by reduced

-molecular weight.

Scanning,Electron'Microscopy

‘=The mechanism for. reaction of a solid with a 1iqu1d is always
h1gh1y dependent upon the extent of heterogene1ty of -the sol1d and
upon the extent to wh1ch the 11qu1d can reach the so]1d by cap111ary '
- uptake or direct 1mb1b1t1on. In coal liquefaction, the surface ten-
sion and sOrbabi1ity of the treating liquid méy have major effects
upon the liquefaction rate. This is especia11y true in connection
with the current study in which lower-than-usual temperatures are

employed in the conversion, and the coa]_does not seﬁf—decompose.



135

100~  wash

Relative Absorbance (%)

Benzene
80}

60

2

N
@)
T

o

100
Pyridine

w0
o
T

o))
o
|

3 |

15 20 25 -~ . 30
Elution Volume (ml)

XBL 796-6450
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In order to gain some insight into the physical factors which
may affect the activity of ZnClz-cata1yzed coal converéion, samples
of the treated coals were examined with a scanning electron microscope.
Coal particles have been examined before treatment, after treatment,
and after pyridine extraction.

Table 3-30 provides the reaction conditions and pyridine solubil-
ities of the MTCs examined in this study. For all of the treatments
listed in the tab]e;'both the MTC and the extraction residue were
examined,

Figure 3-19 compares the untreated coal and its extraction residue
with the ZnC1,-H,0 tfeated coal. Little detail is seen in the raw
. coal at these magnifications; even after extraction, only 25% of the
organic matter is removed by extraction. Treatment with ZnC12-water
only causes minor changes with some “"corn-popping" opening up cracks
in the particles. Minor change is seen in the bulk of the organic
matter between the cracks, however, indicating poor penetration of
the melt into this material.

Figure 3-20 examines the role of tetralin in solubilization.
Samples treated witH tetralin without ZnClz (none shown here) are
virtually identical to the untreated coal shown in Fig. 3-19. Com-
bination of tetralin with ZnC]2 may be highly effective,‘however; as
seen in Figs. 3-20a and 3-20b. The crack-forming action of the ZnC]2
is still evident, but is combined with some extracfioh action of the
tetralin. The high product solubility and sizeable changes in morph-
ology of MTC suggest that the ZnCIz and tetralin work tqgether chemi-

cally as well as physically. The fine-grain material on the surface
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Table 3-30. Treatment Conditions and Extractlon Y1elds for Coal Samples Examlned by Scanning.
: Electron Mlcroscopy

o

. T e t_i; - H0 - ZnCh _ CHs0H  Additives éoISE?}ity

Run €0 (psigd  (min) (@) (wf. (@) . _ () " (Pct. daf)

00 25 0 0. - o . 0 h 0 L 2
FH3b 2% s0 6. 27 213 0 - s
FHG 250 500 60° 27 213 - 0 Tetralin-50 65
72 w0 . 80 60 o 73 s0 -
77¢ 275 s0 o o 23 50 - 3

8 25 80 60 . 0 273 50 - - 99

a Untreated coal.
b . Samples supplied by Frank Hershkowitz. UC Berkeley, Dept of Ch.E.
€ Heatup only to 275°C (less than 5 min above 225°C)

8EL
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Figure 3-19. Coal before and after treatment with ZnCl,-Water
at 2500C for one hour. a,b. Untreated coal. c,d.
Same, after pyridine extraction. e,f. Treated Coal.
g,h. Same, after pyridine extraction.
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XBB 791-3

Figure 3-19.



Figure 3-20.
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Effect of organic additives in ZnCl12 treatment
(250°C, one hour). a,b. Tetralin and water present.

c,d. Same, after pyridine extraction. e,f. Methanol
present. g,h. Same, after pyridine extraction.
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XBB 791-5
Figure 3-20.
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is reminiscent of micrographs of asphaltenes taken by Rebagay and

Mori,(104)

suggesting that such material may have been extracted during
reaction with tetralin and then deposited on the surface during drying.

Pyridine extraction of the ZnC]z-tetra1in treated coal (Figs.
3-20c and 3-20d) removes about 65% of the organic matter, leaving
heavily pitted regions in the particles where organic matter has been
removed. Figure 3-22 examines this pitted area in more detail. The
material which remains after extraction represents some part of the
organic matter in the coal which is more resistant to conversion than
the extracted material. Bacterial membranes or cell walls from plant
matter may be the source of such relatively resistent material, with
the remaining cell contents coalified to more reactive materials.

With ZnC]Z-methanol treatment, greater changes occur in the
morphology of the MTC particles (Fig. 3-20e and 3-20f). The particles
are extensively pitted and show evidence of product removal similar
to that in the extraction residues of the ZnCl,-tetralin treatment.
Apparently addition of methanol to the ZnC12 allows the catalyst to
penetrate the particles more effectively, and aids in the extractive
removal of reaction products from inside the particles. Very smooth
wax-1ike areas on the outside of the MTC particles suggest that some
of the material may have been molten during reaction, and resolidified
on cooling. Pyridine extraction of the ZnC]Z-methano1 treated coal
removed 85% of the organic matter: the particles no longer retain
their integrity, the residue being an agglomerated mass of randomly
orientated fragements of ash and residual insoluble organic matter

in about equal volume.



Figure 3-21.
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Effect of residence time at 2750C for ZnC1,-Methanol
treatment. a,b Heatup only. c,d. Same, after pyridine
extraction. e,f. One hour residence time. g,h. Same,
after pyridine extraction.
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XBB 791-4
Figure 3-21.
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Figure 3-22. Electron Micrograph of ZnC12-Tetralin Treated
Pyridine-Extracted Coal.
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The effect of raising the reaction temperature to 275°C in the
ZnC12-methanol system is seen in Fig. 3-21.. Even for heatup alone
to 275°C, significant changes in particle morphology are a1feady
taking place. Deep pits open up in the particles, and extraction
removes some 36% of the organic material. Apparently the particles
are rapidly penetrated by melt at these temperatures. Reaction at
275°C for one hour continues the disintegration of the particles,
creating long deep pits and causing many of the particles to fragment.
Pyridine extraction removes essentially all of the organic material
in this case, leaving a residue of agglomerated ash particles.

This information on the physical changes which accompany the
conversion of coal to soluble material will be useful in establishing

a mechanism for the solubilization.
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Summary of Results

ZnC]2 is more effective when dissolved in methanol than in water
for convers1on of coa] to soluble material.

At all hydrogen pressures, the best conversion is obtained at
0.18 gmhmethanol/gm InCl, (or 0.8 mole methanol/mole chiz);

Solubilization increases linearly with hydrogen pressure at constant
temperature and methanol 1oading. '

A strong temperature effect on rate 1eads fo complete so]ubi]izatidn‘
of coal at 275°C in less than 30 minutes, for ZnCl2 with
methano]

H/C ratios are less in the MTC than invthe raw coal except when
Zn0 or‘Zn ié'used as an additive; H/C ratios increase with
inéréasing hydrogen pressure.

Addition of reactive solvents is far more effective than addition
of inorganic addithes in promoting ZnCl, solubilization
activity. |

Zn0 has little effect.on solubilization; HC1 addition during
treatment causes no greater effect than a dilute HC1 wash after
treatment. .

Extractive solvents reduce solubility; hydrogen-donor solvents
increase both solubility and incorporation.

Incorporation of solvent in the MTC is reduced by lower methanol

loadings and higher hydrogen pressures.
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HC1 wash1ng sharp]y 1ncreases pyr1d1ne so]ub111ty w1th a smaller
effect on benzene solub111ty. Benzene wash1ng 1ncreases .
benzene so]ub111ty w1th no effect on tota1 (benzene + pyr1d1ne)
solubility. | | '

Benzene and pyr1d1ne so]ub111t1es increase. together wvth the1r |
rat1o dependent on the wash cond1tons

Nitrogen remova1 is small, typ1ca11y 20%. .

Oxygen removal and corrected so1dbj1itx_are re]ated,-the‘relatipn

A dependent on reaction;so1yent.and nash_cqndittqns,'

Sizeable pressure drops occur during the rune, caused'primarily
by consumption of gas-phase hydrogen : R : |

The add1t1ona1 pyr1d1ne-so]ub1es resu1t1ng from treatments at
higher temperatures, at 1onger react1on t1mes, by HCL wash1ng,'
!er‘by us1ngvmethanolv1n place of water are of higher mo!ecu]ar-
weight than the tnitialrproducts;v Oniy.hiéher,hydrogen'

_preséuree yield'nore;proddct that also has IoWer-ho]etu]ar-
'we1ght | | | _ ‘ |

As ev1denced by scann1ng e]ectron m1croqraphs of the treated coa]

- substituting methandl for water great]y.enhances contacting of
the_pata1yst withlthe_céala and tends to eXtractvproduct from

the coal particles during treatment.
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CHAPTER 4
CHEMISTRY OF ZINC CHLORIDE-ALCOHOL-COAL SYSTEMS

The goal of thisvwork has been to seek means of converting coal
at temperatures below that at which thermal degfadation takes place.
Solvent extractions in the absence of catalysts performed by Grens
and co-workers on Wyodak coal have shown relatively small rise in
extractability with temperature until approximately 325-350°C.(114)
At these temperatures, extractioﬁ yields begin to rise rapidly with
increasipg temperature, indicating that the coal has begun to self-
decompose. ° ,

The ré§u1ts of this work shows that in the presence of ZnCl2
and alcohols, the same coal may be converted to pyridine-soluble mate-
rials at temperatures at or below 275°C. It is therefore concluded
that thé‘catalyst system plays an important role in activating the
coal for depolymerization into soluble components.

To understand more fully the role of ZnC]2 in the conversion
process, thg chemistry of thfs cafa]yst is being exp]ored. As a first
step, reattion of ZnC]2 and a]cohd]s in the absence of coal will be
discussed to indicate compounds possibly present in the reaction mixture.
Next, tHe.reacfions of these compounds with various chémical groups
in the coal (sbecifica]ly, aromatic centers and etheric and aliphatic

crosslinks) in-the presence of ZnC]2 will be discussed.
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ZnC1,-Alcohol Reactions
Kuchkarov and ooijeagoes have investigated the reactions of

: various alcohols with‘ZhC12 (105) ‘Their'primary findﬁng was that
the cata]yst does not decompose the alcoho1 to form HC1 and a]koxy—
_z1no_compounds. Instead, a one-to-one. ZnC]z-alcoho1 comp]ex is formed d
‘(except,in the case,of cyclohexanol, which forms a 1i2 complex);whjch
bdeEOmposes-With.fuhther heating.. Table 4-1.1ists the conditions under
which'the vahiohs comp1exes:fohm and decompose, and the'products of

the. decompos1t1on ) | | | : |

v :The products of the comp]ex decompos1t1on are seen to be pr1mar11y
dehydratmon products. For a]] a]coho]s except. methano] a_water'molecu]e'
may be.remoyed from a sing]e-a]coho] mo1ecu1e, and the predomﬁnant h
,produet 1s the'a1kene ZnC]Z-ethano1 complex decomposes to ethano]
ethylene, and. aceta]dehyde The aceta]dehyde is partlcularly )nteresting
s1nce,1t 15ian=ox1dat1oh product tFOm‘the-ethanol, implying the presence
“of some unfeoorted.reducedspeodes (perhaps.ethane from ethy]eney o

or oerhaps:ah 0 impuhity in the-reaction system. .
, 2 |

ZnC1 . _
CH3CH20H + CH2 CHZ —-—” CH3CH0.f CH3CH_3_‘ I (?)

'

Such reactlons cou]d 1nd1cate ev1dence of revers1b1e hydrogen donat1on

by an alcoho] in the presence of ZnC12 It is also somewhat surpr1s1ng

that no ether 1s(fohmed ! ‘ R . o
Decompos1t1on of the ZnC]z)methano1 comp]ex takes p1ace with

two methanol molecules form1ng water and,d1methy1.ether. Unfortunate1y,.

no rate data are available for this reaction. Gas analyses from runs



Table 4-1. ZnC12-Alcohol Complexes and Their Decomposition Products
(after Kuchkarov, 105). ‘

Acohol
CH30H

CZHSOH
n-C3H,0H
i-C4H,0H
n-C4HqOH
CHyOHCH,O0H
cyclo-CGHIION

Comp lex )
Formation ZnCIZ:ROH o Decomposition L
Temperature (oc)! Temperature (9C) Decomposition Products

150-155 1:1 180 CH30CH4

140-145 1l ~170-175 C,HgOH, CHyCHO, CoH,
160-165 L1 . 208210 CHyCH=CH,

130-140 11 175185 CHyCH, CH=CH,

140-150 11 ] .

150-155 1 ’ - ‘ -

120-125 ] 1:2 ‘140 Cyclohexene + oil

1Complexes were synthesized by heating the alcohol in dry InCly at the temperature notedvfor 4-6 hours,
The reaction product was vacuum distilled or washed in ether and analyzed for In, Cl, C and H.

€Sl
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.57, 72, and 75 all show signifiéant‘quantities of dimethy etherf(with .
lesser amounts of methanoT'and methyl oh]oride), tonfirming the,dehydra-
- tion reaction of methanol. o
Gas- analyses from the InC1,-methanol reactions also show the
presence of methy1 chloride and methane.- Theltirstemay be.the result
of chlorination of methano] by ZnC]2 .Thebmethane (heyond the small
amount from the coa]) may be formed from reaction of the methy] ch1or1de
or of the methanol; Schlosberg has cited ev1dence for formation of
propane from 1sopropy1 chloride 1n BF3 at lower temperatures.(los)f
Kuchkarov a]so 1nvest1gated the chem1ca1 react1v1ty of the ZnC12

(105) He found‘them to have cata]yt1c activities

a]coho] comp]exes.
in excess of those of anhydrous ZnC12 or ZnC]2 2H20 'Acy1at%ons, esteri-
fications, alky]at1ons (with aIky]ichlor1des and h1gher e]coho]s), and'_ |
acetal productiOn nere all found to oocur substantieily, at temperatures
between 70 and 220°C see Table 8- 2. |

The catalyt1c propert1es of ZnClz alcohol comp]exes are purported ‘
to be due to comp]ex acid format1on as Meerwe1n(107) has reported

o _ :

for ZnCl 0.

2772

nC1, + 2 H0—=1nCl, (ou)

) ) —=2nC1," (OH),

22
' +2 H
However, the extent to which this reaotion occurs ' is open to question.
Hydrolysis with HC1 production moy follow the comp]exsocid formation,
i.e.

2 InCl, + Hy0 === 2 HC1 + Zn0
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Table 4-2. Reactions Catalyzed by ZnC1,-Alcohol Comp1exes
(after Kuchkarov, 105 (con€1nued

Q=0

‘ nere (O
ZnCl $EtOH or CH3 '

ZnCle (0631103)2

(2nCl,+2H,0 at higher T)
. :

+ npucy B80-85°C 2nCl2eEtOH _ .ec Bu . HOY
(180-190°C w/2nCl,+2H,0)

0 . 130-140°C | o0
CH cfo + EtOH > CH :
> ~CH 2nC1,*EtOH or 37~0CHy
- ZnC1,*BuOH

CHy | C
nProH a |
[
[E:EJ + nBuOH 200 - 220 C Alkyl derivatives

” ZnCl
or iAmOH 2 (No rxn at 165-175°C)

CH, | _
| 170-175°¢C
@ + 1ProW > 1?»-@
_ 2nC
2 ,

H ' . pee ' H H
C3HsCC  + EtOH 25°Cc - 48 hr 03117-6-!::
0 ZnC1,° EtOH | )
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The equilibrium constant for this reactdon'at;250°c is about 10'16 ]
however indiCating that HC1 production would be sma11 Chem1ca1

analyses of the reaction off- gases .failed to reveal any HC]

ZnClz-Alcohol -Coal React1ons

As noted 1n Chapter 1, coa1 is composed of .a w1de variety of:;~ Ll
5_organ1c funct1ona1 groups and aromat1c and a11phat1c moieties. Ofg
part1cu1ar 1nterest for th1s study are the. react1v1t1es of bonds wh1ch
ho]d together the 1nd1v1dua1 p1eces of ‘the’ coal polymer. Cleavage

'of these 1nterconnect1ng bonds~can,resu1t,1n so]ub111zat;on-of the
coa]dorganic matter. 'A1sa of interest will be the reactions A.speciti-

ca11y hydrogenat1on and a]ky]at1on - of the aromat1c centers.

~Two maJor types of crossl1nks a11phat1c and ether1c, are cons1dered A

important in cross]1nking-the coal structure. Co]11ns et al have shown
‘that these bonds‘aregc1eaved in donor solvent media at temperaturés in

the ranage of 400-500°¢. (32)

Aliphatic Linkages'

Taylor has studied reactions of mode1 compounds containing aliphatic
linkages in the presence of ZnC12 at temperatures between 200 and
325°C (103) Some of h1s results are shown 1n Table 4: 3 It is 1nteresting
to note that ZnC]Z can c]eave hydroxy subst1tuted diphenylalkanes
_or naphthy1ary1 alkanes, but not d1pheny1a1kanes as. such Add1t1on f
of 1000 ps1ng2 to the reaction medium has no effect, or some positive
effect, on reactant conversion. HC1 is a strong promoter, but also

‘may produce conversions without ZnC]z.
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Table 4-3. C(Cleavage of Aliphatic Crosslinks by ch12
(Taylor, 103)

ch12 - 320°C

—> NC REACTION
n = 1:2:3’"’

+ CHAR

2nCl, - 2 060
2 = 80 C.
n= 1’2

OH

ZnCloy

v - .
250°C - '

+ CHAR
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Taylor finds his results consistent w1th carbonlum 1on chemtstry for
such systems, hydroxy1 subst1tut1on on the aromat1c r1ngs leads to
more stab]e 1ntermed1ate carbon1um,ions-and thus to higher reactivity.
It is. notab]e that Taylor had no material in the system which could f

| read11y quench the. reactwve carbon1um 1ons formed by ZnClz cleavage

| of the a11phat1c bridges. As a result polymer1c mater1a1 was formed"

from part of the reactant, and th1s was 1nterpreted to occur ‘through

'Scho11 -type condensat1on

B @CHQCHQ-@CH-@

L : . o ’v;v o . ;- H+j
) The_aromatic,centers in coa1vare 1fhe1y'to bevsubstftuted,foften'
by phenoiic'érouos; furthermore, there arevmany_mu]tiplejring systems..
Therefore Taylor's findings wou1d'1ead one to.expect that ch12Ja1coho1l
systems could c1eave most of the a11phat1c br1dges in coa1 at 300 cC, |
i 1f not_at 250°C The presence of a]coho1 may or may not enhance the -

catalytic activity, but it should reduce the tendency_of cleayage ’

fragments_to polymerize, by serving as a primary capping agent.

Ether L1nkages

Mobley(108 109) has reported work on cleavage of aryl ether
and thioether bonds w1th InCl, 1n various solvents, as summar1zed
in Tables 4-4, 4.5 and_4-6. Only the diphenyl ethers arevfound to
be refractory.v In the reaction, ether cleavage is accompanied by

incorporation of the solvent. When the ether oxygen is attached to



Table 4-4, Ether Cleavage by Zinc Chloride. Data of Mobley(108) . 0,025 Moles Ethe?; 3/1 InCi/Ether (Molar);
50 m1 Solvent; 1 Hr Reaction Time,
Reactant
Conversion T P E
Ether Solvent Gas % (ec) (MPa) . Product and Yield (%)
Diphenyll Benzene H 0 327 13.6 -
Tetralin H2 6.5 230 9.7 -
Phenyl-benzy) Benzene Ho 100 226 3.9 Phenol - 61
: Diphenyl methane - 59
o-Benzyl phenol - 14
Naphtyl-Benzene N2 100 226 5.0 Naphthol - .29
Benzyl naphthols - 20
‘ Diphenyl methane - 14
Dibenzy! Benzene H2 100 232 4.8 Dipheny! methane - 80
Benzene? N2 100 228 5.1 :.DiphenyI methane - 88
Tetralin H2 100 233 4.1 Benzyl tetralins - 66
Tetralin N2 100 227 4.4 Benzyl tetralins - 62
‘Cyclohexane No 94 230 - 4.8 Tar
Methano! Hy 100 225 - 6.2 Methyl benzyl ether - 90

12.5/1 molar ZnC1/ether

20.3 moles ZnClp/ether

651



Table 4-5. Cyclic Ether Cleavage by Zinc Chlorvde Data of Mobley.(108)
3250C; 1 Hr.; 21. 5/1 Molar Benzene/Ether;

2.9/1 Molar 2nC1y/Ether.

PH Reactant
' 2 . Conversion Yield
Ether (MPa) % Product (%)
f(:)l i . 14,2 31.1 - 0.0
0 _ "
Toiamee 14.0 100 s-amyl. benzene - 8.2
: : 1-methyl tetralin 5.2
e i-propyl benzene 4.5
: t-amyl. benzene 3.3
0 E 1,3-dimethyl benzene 2.9
o ethyl benzene _ 1.6
1,1-dimethyl,2-propenyl benaene 1.4
2-methyl naphthalene - 1.2
1,1-dimethyl indan 1.0
1-methyl- naphthalene 1.0 .
S s-butyl benzene - 0.9
toluene 0.6 -
14.1 - s-butyl benzene 11.8
. . i-propyl benzene 4.8
n-butyl benzene 4.5
0 . 1-methy1- indan . 7
ethyl. benzene 0.8
tetralin 0.4
. _ . toluene 0.3
. 15,3 98.3 . phenol .21.8
' : : * hydroxy 1,2- dlphenly ethane 10,8 -
0 : ethyl benzene : v ‘9.5
2-ethy] phenol 5.0
1,1-diphenyl ethane 4.2
4-ethyl phenol 1.8
diphenyl methane 1.4
toluene L 0.7
-~ .+ bibenzyl 0.2 -
<

091



Table 4-6. Thioether Cleavage by Zinc Chloride. Data of Mobley.(109)

Reaction Reaction
Moles Solvent Moles InCl Temperature Pressure % Theoretical X Conversion
Reactant ‘Solvent Mole Reactant Mole Reactant (°C) (MPa) Products Yield of Product of Reactant
Dipheny! 16.8 0 124 14.4  Benzene 15.7(1) 32.5
sulfide Cyclohexane Thiophenol 11.0(2)
Diphenyl  Cyclohexane 16.7 2,80 323 12.1 Benzene 7.4(1) 6.0
sulfide
Dipheny) Benzene 19.8 2.67 32% 13.8 No identi- - 21.9
sulfide fiable
products’
Diphenyl  Benzene 28,0 ] 321 13.8 Thiopheno? 54.5(1) 100
disulfide : Dipheny! 30.6(2)
sulfide )
Dipheny) Benzene 24.0 3.28 323 13.1 Diphenyl 52.1(2) - 82.8
sulfide ) ' sulfide
: Thiophenol 21.2(1)
Dibenzyl  Benzene 3.4 3.18 325 13.6 _ Tolvene 24.9 100
sulfide o ) Bibenzyi 17.5
: Stilbene 14.3
Diphenyl- 11.8
methane
Dibenzy!  Benzene 23.7 0 325 14.1 Bibenzyl - 4.5 100
sulfide . Toluene: 33.0
Stilbene 7.8
Dibenzyl Benzene _17.8 2.42 225 13.8 Diphenyl- - 58,75 98.5
disulfide methane .-
Dibenzyl Benzene 27.1 3.67 320 14.2 Bibenzyl 27.4 100
disulfide Toluene 26.2
Stilbene - 7.1
. . Diphenyl- 2.9
v _ methane )
Dibenzyl Benzene 27.3 0 321 13.7 Bibenzyl 52.0 100
disulfide Toluene 32.0
Stilbene 3.8
Thiophene Benzene 21.3 2.95 325 14.8 ‘No - 5.9
reaction
Dibenzo- Benzene ) 20.2 2.79 328 13.7 No - 8.0
thiophene reaction

L9l
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Table 4-6. Thicether Cleavage by Zinc Chloride. Data of_Mobley.(lOé).

{Cont inued)
: Reaction Reactionl' to ’
Moles Solvent ° Moles ZInCl; Temperature Pressure - . ' - % Theoretical % Conversion
.- Reactant <’ Solvent Mole Reactant Mole Reactant (°c) -(MPa) - Products .~ Yield of Product of Reactant
Tetra- - . Benzene 21.7 293 26 - 13.6. . Complex . el
., hydro- . ) ) ’ : with InClp - R :
o thiophene . o ' ! . .
Tetra- Benzene 21,8 © 2,98 321 15.8 ' . Butanes 15.0 c 91.2
hydro- . . ) o --.-Propane o 13.0 .
thiophene oo . : ) . : -+ Hydrogen 6.0
. - i C» . o sulfide
e s : s R - -Ethane . - 3-0{1;
’ ] . " ‘ . Methane 2.0(3).
Lo : ) : i : L csecs . 2.4
E . . . . i - Butylbenzene . ° .
. » .- .- Toluene 1.352;
: . S - _ . Isopropyl- 0.9(2
A - : . . . ) " * . benzene
: ' v T n-Butyl- 0.8
N -+, . benzene.
llhsed on 2 moles product per mole reactant . N
Zgased on 1 mole pfoduct per. mole reactant . o -
: . R L. . ' ‘ T
: 3Ba:s_etl on 4 moles product per mole reactant : - . .
¥ - -
i ¥
" - ‘. - 3 » »

291
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_the aromatic ring a phenol results, whereas otherwise oxygen is removed
in forming the daughter compounds.
When cyclohexane is used as solvent for dibenzylether cleavage,
the parent compound incorporates and a polymer results. This result
is similar to cases where aliphatic bridges were cleaved in the absence
of a su1tab1e capping agent.
Mob]ey s result with methanol as so]vent is of part1cu1ar
interest in this~present study. A single major product, methy1' 
benzyl ether, is erﬁed at 225°C. .However, in the preéence of
some available form of hydrogen at 2509C or above, -one would expect
this compodﬁd to-undérgo oxygen removal and form toluehe-and methanol.
Newer work by Mob1ey has shown that the addition of powdered
nickel to the ZnC]z-benzene med1um does result in s1gn1f1cant toluene
yield from d1benzy1 ether, implying that the solid nickel serves as .
a hydrogenating coeqqta1yst. | ’
The reaction of methanol with dibenzyliether fits into a category

of reactions which were investigated by Briller,(llo)

involving ZnC12-
catalyzed exchange of phenolic proton by an alkyl group previously
attached-to'another oxygen-containing species (see Figure 4-1). The
existence of this type of ether-hydroxyl interchange implies that
similar reacfions_can occur with ethers and phenols in the coal.

Thus, the primary crbsslinks in the coal, which are in fact
cleaved by ZnCl2 catalysis as observed in this study, are most likely
etheric and aliphatic. A summary of.the reactions which would be

expected to occur 1s shown in F1g 4 2. Although these may represent

the essential react1ons resu1t1ng in solubilization of the coal, numerous
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1Pr,0 4+ 2nCl,-H.0 . - /=<\ -
/ 2 ~ ~ 2H?ﬁ‘>' . '@o-_iPr

- EtOH + ZnCl,=H,0 ./ o
- — zﬂeﬂx ,'.,O-/Et
- OH. o B /.
\MeOH + znc12-}120 R o
> -0-Me

» ‘ ch12-meon - .
O cne-o cn2 :» CHQ-O-me -

| | | o Zn012+HBr
| -0-CH,CHoBr * - , -> -

F1gure 4-1, Exchange Reactions of Pheno1s, Ethers and A1cohols
. (after Briller, 110). o ,

s
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InC12
Ar-(CH2)p-Ar - —=  Products
if n= i and
s S
Ar = Naphthyl
Iy or
Ar is a phenol.
o Inclz o
Ar-Ch2-0-Chp-Ar : - Ar-CHz-Solvent + H20
InCl, : ‘
Ar-CH2-0-Ar' —— Ar-CH2-Solvent + Ar'OH
14
s

Figure 4-2, Cleavage of Crosslinks Between Aromatic Centers
by Zinc Chloride (based on work of Taylor and Mobley,
103, 108, 109)
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side keact{ohs may accompany these cleavages. Of particular interest.
are the reactions which involve the'arometic centers; such reactions
may lead to further bond cleavage, a1ky1ation or, in some cases, conden-

P

sation.

Aromatic Centers

vFriede1-Crafts alkylation of-arometic_centers with Lewis;acid
catalysis has-been'tonducted'on a widé vaEiety of compounds for meny
years. An extenSive review of these reactions has been pub]iShed
work by Olah. (112) Table 4-7 1ists some of the a]ky]at1ons cata]yzed
' by ZnC12 w1th a]coho1s, ethers and’ o]ef1ns

Although it is d1ff1cu1t to alky]ate benzene or to1uene w1th
alcohols and ZnC]Z, it is seen to be easy to alkylate phenol and aniline.
ZnC]2 supported dn Ai203, 5102, or_si1ica gel js'alsb a good cefalyst
for a]kyTatieg aromatics with olefins or ethers. Such alkylations
seem not to occur w@th unsupporte&)ZnCIZ, and the acidic supbortamay>
be needed to.adso}b or aetivate the olefin; similarly, such reactions
may take'p1aceein the.coa1vmedium due to clay in the coal mineral
matter. v »

The question of whether 'or ﬁqt.methanol_will alkylate eromafic
ceﬁters remains unreso]ved;_ Olah makes no feferehce to a]kyletiens
by methanol or dimethy]'ether. 'Mob1ey.fouﬁd no alkylation prodﬁctsv
with methanol and,d%benzyl ether at 225°C, "Kuehkarov has postulated
that alkylation by alcohols occurs via production of the olefin inter-
mediate, which would exclude the possibility of alkylation by methanot. (105)

Model cbmpound studies are needed to resolve this debate.
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Table 4-7. Alkylation of Aromatic Centers with Alcohols, Ethers, and Olefins by Zinc Chloride
(after Olah, 112).
Aromatic Alcohol Ether Olefin - Catalyst-Conditions
Benzene n-Propanol Diethyl Ethylene InCly and Al703,
i-Propano} Dibutyl Propene 5107 or silica gel
n-Butano! Diisopropy! ! 2-Butene
Cyc lohexanol Difsoamyl 1-Butylene
2-Methyl-2
Butene
1,3-Butadiene
Cyc lohexene
Benzene Ethanol ZnClz-goor yleld
at 300,C
1-Butanol InC1,-2600C, 48-72 hr
Toluene i-Butanol InC12-3000C, 24 hr
: n-Butanol
"Toluene {-Propanol Diisopropy!l InC12 on A1203, S10
or silica gel
Phenol 3-Methyl InC15-Hy0
Propene
Pheno! Ethylene InCly + HgClp
Propene In
Higher
‘olefins InClz + HCL
1,3 Butadiene InCly
o-Cresol 1-Butanol InC15-1800C
n-Cresol> 1-Pentene InC12 on A1203
3-Methyl-
1-Butene
2-Methy!-
2-Butene
Antline n-Propano) InC12- 200-2809C
1-Propanol
{-Butano)
i-Amyl
t-Amy!
n-Octyl
s-Octyl .
Tetratin 1-Nonene InCip- 2500C or
. InCY7 on Al03
Naphthalene i-Propanol Difsopropyl Ethylene InC1y on Aly04
Cyclohexanol Propene

91



Table 4-7. Alkylation of_Aromatic'Centers with Alcohols, Ethers, and Olefins by

Zinc Chloride (after Olah, 112). (Continued)

Aromatic < ... Alcohol Ether Olefin Catalyst-Conditions
Anthracene : n-Butanol InC1,+HCY, 1500°C, 4 hr
" i-Amyl '

" .i-Butanol 3
Toluene Ayl : o : InCly
Naphthalene : '
Methyl-
Naphthalene
Tetralin

Bipheny!

.

891"
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Salim and Bell have studied reactions of aromatics with Zn(Cl,
without alkylating agents, in runs using cyclohexane as solvent at

(113)  pron

325°C for 1 hour at 1500 psig Hy; see Tables 4-8 and 4-9,
the aromatfbs, naphthalene and phenanthrene are unreactive, whereas
anthracene is hyarogenated witﬁ minor cracking. The presence of a

methyl group on naphthalene has a minor activating effect for hydrogen-
ation: .presence ofjhydfoxy1 is a strong activator for hydrogenation,

with thé hydroxy] gfoup'being removed. In the absence of hydrogen

(1500 psig N,), the conversion of these compounds is almost exclusively

to polymers. (Table 4-10)

Hydroaromatic model compounds generally sh@w less than 12 percent
conversion under these conditions. Most reactive of these is dihydro-
anthracene, which is primarily hydrogenated (or perhaps disproportionated)
to form octahydroanthracene. A hydroxyl group on hydrogenated»naphtﬁalene
enhances the reactivity slightly if attached to the aromatic ring, and
greatly enhances reaction (with hydroxyl removal) if attached to the
aliphatic ring. Dihydronaphthalene is rapidly converted to tetralin.
Cracking of hydroafomatic or aromatic rings is slight. Under the
conditions of the ZnC]z-alcqhol-coa1 experiments (250°C, 500 psig),

We~wou16 éxpect thesé hydrbéenatibn and cracking reactith'tp be considerably
slower. B - |
Several other reactibns are worthy of noteQ(llz) .ZnCI2 promotes‘

réarrangements in aromatic structures; for instance, rearrangements

of aryl ethers (Fries rearrangement),



Table 4-8. Conversion of' 2-Ring Aromatics'_'withv'ZnClg and. Hydrogen. 3250C; 1500 ps ig Hp; 1 hr.;
"~ 2 mole X Substrate in Cyclohexane; ZnC1p/Substrate = 1/2-Molar (Data of Salim, 113).-

Conversion, Mole X B
o ' : R Hydrogenation Ring T
Substrate Co Total ™ Only Cracking Other Products: c
‘ - 78 60 0.1 -
L ‘1.3 .. 0.4 T 0.4 R
' o 51 3.6 ' ~ 0.1 -~ - Tetralin -'1.1 = ’
CHy- - - ' o ' ‘ B Naphthalene - 0.3 .
‘ 6 . . 5.8 0.1 - Tetralin - 16
OH - : B Naphthalene - 3.4
@‘ 360 .t 1.3 Decalin + Tetralin- 0.5 ..
OH ’ . o o S Naphthalene - f'O.:'4 ! '
@‘ 80 A 0.1 " Decalin +.Tetralin : 66
- bH ' , Naphthalene - 12 |

L
3

oL
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Table 4-9, Conversion of 3-Ring Aromatics with Zinc Chloride
- and Hydrogen. 3250C; 1500 psig Hy; 2 Mole %
Substrate in Cyc]ohexane, ZnClz/Substrate = 1/2
Mo1ar (data of Salim, 113).

_ CONVERSION, mole %

SUBSTRATE o ,
| TOTAL HYDROGENAT IO CRACKING
B 68 677 0.5
l!:IlII!:, 12 6.9 0.6
GG ; ;
1!:§::a::> | 1.3 1.3 | t
(:]’Ilt:> 2.7 07 0.3

©
@0

3.0

‘::, 3.8 ' 0 3.0

©
1@
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Table 4-10." Effect of Hydrogen Pressure 1n Conversion of
' o ~Aromatics to Liquid Products. 3250¢; -
- 1500 psig; 2 Mole %. Substrate in Cyclohexane,
%?ggz/Substrate = 1/2 Mo]ar (data of Sa11m,

W

SUBSTRATE CONVERSIOlemo1e%
SUBSTRATE __"_G_A’Sf_'“ LIQUID B ’

UNREACTED POLYMERIZED
PRODUCTS .

@ | j ‘H’z» B - : o

OH

©N

O

N 4 R T

3
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Zn 1,
ron = O

*
and isomerization of xylenes (or, by'fnference, trimethyl- and tetramethyl-
benzenes).

CH3
. CHz  zZnCl, CH=
7
@l -
(%;T CH3
Decérboxylation of carboxylic acids is expected as well as removal
of carbonyls, in some cases with cyclialkylation, e.g.
oY) =, OrC
: ©
Aklylation of aliphatic ethers‘is also promoted by ZnClz.
o CH ‘ V o
[ > ZnC].
| CH=cH, + [ J > G—C(CPL)-
- Ly Y 175°C- 1 hr

g

Ha1oa1ky1kations~with formaldehyde, para-formaldehyde or haloethers
by ZnC1,/HCY, alkylations of alkenes by haloalkenes, and acylations
by acyl chlorides (or anhydrides) and ZnClewould also be rapid at
250°C. The necessary reactants for such events would not likely be

6resent in the ZnClz-alcoho1-coa1 medium, however.
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| Summarizing, many reactions may be taking place in the cohp}ex
ZnC]z-alcohd1;coa1 system. ThetmajorlreaCtiohs include: (i){tieavage.
of.a1iphatic and etheric-cross1inks between aromatics; (2) alkylations o , L
of aromatic Centers_by alcohols (larger than ethaho1), alkenesvand |
perhaps ethers; (3) hydrogenation of anthracene; (4) hydroxyl removal
Lfrém;hydrearomatics whose aliphatic rings are hydrbxy-subst%tutedf
and (5) rearrangements of alkylfsubstituted aromatics and aryi-aTkyl
ethers, | | _
'leo cracking ef arouatic‘or hydrparqﬁatic rings is ahticipated.
fIn'the'cleavage of a1iphatic and etheric>eross1inks, depblymeriied :
_products on]y result when there is a suitable capp1ng agent ava1lab1e
for the c]eaved bond s1tes, otherw1se polymer results. Hydrogen appears ‘
to be a s]ow capp1ng agent at 250 C and 500 ps1g “hydrogen pressure,
“alcohols, aTkenes and aromatwcs are more act1ve capp1ng agents through
their suscept1b111ty to a]ky1at1on

Thus the ZnC12—a1cohol coa] medium conta1ns all of the neces-

sary components for successful depo]ymer1zat1on of the bridges between

the aromatic centers in coal. These react1ons are ev1dent1y suff1c1ent ‘

£

to bring about 1ncreased pyr1d1ne solubility through ZnC]z-a1coh01

treatment.

: Re]ated.Chemistry_

In.addition to-bond scission, there are several other potential

mechanisms “by whithﬁcoa]'may“be*conVertedpwith‘ZnC12 and -alcohols.,
Larsen(55) has asserted that ZnC]2 may activate-oxygeh and nitrogen
bases in the coal for hydrogen donatipn;(ss) Hydrogeration of aro- .

‘matics in such a manner may lead to easier crosslink cleavage. Holten(48)
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apd Hershkowitz and Grens(lls) have found evidence for activation
of tetralin for hydrogen donation by ZnCl, between 250 an& 300°C;
thus it would be possible for hydroaromatics in the coal to behave
similarly, In further support of Larsen's theory, the addition of
indoline to the ZnCl,-methanol solution resulted in higher solubility
and higher H/C ratio in the treated coal.

If one assﬁmes a model of coq1 consisting of acidfpase~pairs
such as that proposed by Sternberg,(7) production of soluble material
cpuld result from ZnC12 dissociation of such pairs. The proposed model
fof Wyodak coal (Chapter 1) contains many hydrogen-bonded and acid-
base bonded paifs. Even if not impbrtaﬁt»to the breakdown of the
coal‘itseIf, these pairs would be likely to occur in the products.
The effect of HC1 washing in producing pyridine solubles from insoluble
coal may well be due to acid-base dissociation.

The rearrangement of'alkyl groups on aromatic centers may lead
to yet another mechanism of solubilization. Schlosberg has reported
isopropylation of coal with BF3/isopropy1chloride, with the product
coal giving higher yields in liquefaction and gasification.(IOG) Steric
interaction of the isopropyl group on aromatic rings in the coal is
believed to weaken the associative forces of Van derWaals attraction

- and pi-bonding, léaving the coal more unstable and more reactive.

s X —— O

iPr iPr
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Since'ZnCIé?is E°knpwh catalyst for xyfené"reaFrangement; such reactions
-mayvtake b1aée in fhe:ZnC1é-a1cohb1-c0a1fmedidm; | - v‘ ) w
Although hydrogenfﬁonatioﬁ'byfoxygeh and nitrogen-bases, acid-

“base Ciﬁé&age.énd alkyl-aromatic réarrangéménfs=mayia11'have some
role in the convefsionfbrbdéSs, it isfun1{ké1y'thatﬁthese effects
predominate. Etheric and a]iphafic"cross]ink SCisgion,ﬁemaih'the'x
most 11Keﬁy'&hemfca1 mechahism'fbr ZnClé'aCtion.'

"Thds,{in order fbvcthért'coa1 at 250°C, it is neéesSary to
‘contact the aliphatic ‘and etheric crosslinks in the'coa1'with a cleavage
cétalysf in the pressence of axsditable'capping,agent which prevents'
repolymerization. Since the coal ié"a’éemi-pdfbus‘so1fd under these
conditions, problems may be“éncbuntered in the catalyst contacting;
Recognizing this, the tpemﬁtaf mechanism will be joined with the physical
phencmena which a]So,p]gy aﬁ‘importantbrole'in the conQersiOn,

e
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CHAPTER 5

REACTION SEQUENCE LEADING TO COAL SOLUBILIZATION
’ USING ZINC CHLORIDE IN ORGANIC MEDIA

As the reactions of ZnC12 with various components of coal have.
now been examined, it'is appropriate to fit this information into
3 larger picture of the interaction of the catalyst-organic medium
with the coal particles, in which physical phenomena, such as wetting

and solvation may play an important role.

Overall Reaction

The sequence of reactions which lead to coal solubilization
during catalytic conversion with ZnC]2 in organic media is depicted
in Fig. 5-1. The primary steps include catalyst penetration, coal

activation, capping reactions, and solvent extraction of products.

Catalyst Penetration

The first step of the reaction involves penetration of the
catalyst into the pores of the coal. 'ZnCIZ, a liquid-phase or so- .
called "homogeneous" catalyst, in combination with solid coal is truly
a heterogeneoUs system. Indeed, it constitutes "inverse" heterogeneous‘
catalysis; the catalyst must diffuse into pores of the reactant and
adsorb onto reactive sites, instead of reactant diffusing into pores
of the catalyst and absorbing onto catalyst sites. Such a system
proves considerably more compiex to model than conventional heterogen-
eous cata]ytic systems, because as the coal reacts, one must consider

the changing size and pdssibly changing nature of the pores - including
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Figure S-l.--Sequence of ‘Reactions Leading to Coal Solubilization
During.Cata]ytic Coal Conversion.
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UNREACTED COAL IMMERSED IN CATALYST

lCatalyst Penetration

UNREACTED COAL IN CONTACT WITH CATALYST
t - n

Activation

ACTIVATED COAL R°".°"m°”’°"°v"-|cmn |

8

S @
] S s
s (= =
]
o c s
2 S 2
=) —
> g g

| 33

] Ty ]

DEPOLYMERIZED COAL IN MATRIX

Solvent Action

EXTRACTED PRODUCT COAL

- XBL 796-6452

Figure 5-1.
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especially surface wettabi]ity. Thus, cata]yst so]ut1ons of d1ffer1ng

v

- propert1es may have very d1fferent pore-penetrat1on rates

v' A s]ow rate of contact1ng may 11m1t the effective reactivity
of some ZnC]2 me]ts Scann1ng electron m1crographs show poor contact;
ing of coal w1th ZnC]z-HZO but rap1d and extens1ve penetrat1on w1th i
ZnC]Z-methano1 Thts_d1fference in wettab1]1ty, accompan1ed by.a é
lower viscosity forvthe methanol melt, is consistent with thevobserVa-

K t1on that coal m1xes w1th ZnC]z-HZO more s]ow]y than with ZnC]Z-methano1

R The nature of the pores in wyodak ‘coal serves to explain these

f1nd1ngs The mode1 for wyodak coal shows a preponderance of polar
,groupS'attachedtto the»organic matrix. - Thus a react1on medium hav1ng

a polar organic character shou1d be best ab]e to penetrate the coal
Alcoho]s and pheno]s would appear des1rab1e, part1cu1ar1y lower-molecu1ar-
-‘we1ghtva1coho1s which could penetrate smal]er pores. In this connectwon,
it is noteworthy that Larsen found that gas chromatograph1c co]umns
~packed with coal retain- methano] and ethano] in tailing peaks.(78)
It is also of interest to.note_that other.successful reactive break-
downs of coal. have invo1veo;media’nhich readt]y penetrate a polar
organic structure (e.g.}fBF3fpheno]; p-toiuenevsu1foniC'acid with
pheno],,haOH with;CzHSOH;'potassﬁUm with'naphtha1ene or tetrahydro-_

furan).” . .

Activation

| Penetration "alone tsvinsufficientfto cause breakdown of the.

coal without a catalyst- otherwise methanOl alone would convert the
coal. The relative ab111ty of d1fferent med1a to sp11t -reactive cross-

linkages of the coal is a cruc1a1 factor in obtaining convers1on,_'
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as previously noted, ZnC1,-alcohol melts mayvhave considerably greater
chemical activity than ZnCl,-water.

Excessive amounts of any solvent are likely to diminish activation
by occupying catalyst sites leaving too few for attack on coal. The
maximum in the curve of conversion vs. methanol amount (Fig. 3-7)
is probably dug to a tradé-off between contacting and capping (for
which methanol is necessary) and activity. Chlorinated and nitrogen-
containing solvents may play a role in reducing activation similar
to that of excess methanol.

As noted in the previous chapter, numerous side reactions may
take place. With the higher alcohols, alkylation of aromatic centers
and alkene production may fie up the catalyst, allowing less reaction
with the important linkages. Evidence of these reactions is seen
in the lower solubility and higher incorporation for isopropanol and

t-butanolkruns.

Capping Reactions

Once activation is achieved, it is critically important to have
a suitable capping agent to prevent polymerization leading toward
coke. As shown in Fig. 5-1, there abpear to be three major capping
mechanisms in the‘ZnC]z—a1¢oho1-coa1 system: hydrogenation, hydrogen
transfer, and alkylation. | _

Hydrogenation by gas-phase hydrogen is likely to be the slowest
of these capping reactions. The gaS analyses shown rates of hydrogen
consumption on the order of 6-7 x 1074 gm/hr psig at 250°C and about
1 x 1073 gm/hr psig at at 275°C. Increased product H/C ratio with
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1ncrea51ng hydrogen pressure is further ev1dence of participation
of gas phase" hydrogen. | |
Hydrogen transfer may take place by: (1) direct transfer,fromb

.hydroaromatic groups in the initial products to the reaction site;'

(2) shuttlinq of hydrOgen by aromatics such as naphtha]ene from hydrogen-' -

: rich ‘segments of the’ coal; or (3) hydrogen transfer from added donors

such as'tetralin . Minerai matter in the coal may_cata]yze the rehydro- -

qenation of donors by gas phase hydrogen Notabiy, such donbrs'tend
"'to 1ncorporate by aikylation " |

| Due to the ability of alcohols -and ethers to comp]ex with the
v cata]yst these compounds are the most iikely capping agents when

_present As shown by Mobley, dibenzy1 ether incorporates methano]

after cleavage } q R ‘ o “vv o
o C | ) ZnC12 :
CHon- CH -. 4. 2 CHz0H ——> . CH
H2 O-CHz 3 - fast . '_»2
. | | 0
Higher'hydrogen:pressures reduce‘methanoi incorporation indicating
-'either competing hydrogenation ‘and a]ky]ation or subsequent hydrogenation

of. the initial aikylation product

- Jncl, e
Hy +Hy ————> <C:)>-cn_)_«L CHyOR

slow

~ If this secondary conversion with oxygen removal is slow relative
tO‘aikviatiOn, this reaction'sequence cOuid.expiain why less oxygen
is removed in the ZnC]Z-methanoi system than in the ZnC]z -water system

for a similar 1eve1 of so]ubilization
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Iﬁdeed, the lack of a rapid.capping reaction may be anothérl
reésbn for the lower conversion in the ZnClé-water system. Since
hydrogenation is slow under reaction conditions, there is no su%tab]é
capping mechanism in the ZnCly-water solution. Addition of Zn to
the medium may enhance hydrogenation 1eading to more efficient capping
and 10% higher conversion (presumably through 1es$'rep01ymerization).
Zinc addition haé.a negligible effect in thé ZnC]Z-mefhanol medium
where another capping agent‘is available.

The necessity of capping at a comparable rate to bond activation
icahnot be overstressed; The lack of sufficient capping may be the
major reason behind the failure of more active catalysts to produce
soluble products; the major products from such reactions are gas and
'insoluble.éhar. A1C13, superacids (Lewis acid-Bronsted acid combinations
such as SbFS-HF, or A1C13-HC1), phosphoric acid, and sulfuric acid |

are all likely to have failed because activation ran too far ahead

of capping.

Solvent Action

As solubilization may be impeded by inability of the catalyst
to reach the reactivé siteé in the coal structure, a final process
of solvation and removal of products by the reaétion medium may play
an impbrtant role. A medium Which causes physical disruption of the
coal structure may enhance reactivity by increasing the reactant surface
area, enlarging the pores so as to pfomote-intraparticu]ar mass transfer,
and making the initial reaction products mobile for hydrogen shuthing

and donation.
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Scann1ng e]ectron m1crographs of the ZnClz-methanol treated coa]
show that s1qn1f1cant extract1on takes place durlng react1on cons1stent
. w1th a 1arqe tota1 extent of react1on The inability of purely extract1ve
| so]vents to promote so]ub111zat1on may be due to negat1ve effects 1n.
ear11er stages of the d1sso1ut1on (1nh1b1t1on of catalyst penetrat1on
cata]yst d11ut1on or 1nh1b1t1on of cata1yst act1v1ty) Increased product
' solvat1on and d1sso1ut1on may also be a factor in faster solub111zat1on
at h1gher temperatures - o |
| Thus, an effect1ve med1um for tru]y cata]yt1c conversion of
~ coal to so]ub]e components 1nvo1ves a cr1t1ca1 combmnat1on of components
(1) a cata]yst phase wh1ch 1s su1tab1y mob11e in the coal; (2) a catalyst
with suff1c1ent reactivity for convers1on of the cross11nks in the coa]
structure (3) a capp1ng agent wh1ch can react w1th bond fragments at
“:a rate s1m11ar to that at wh1ch they are formed and (4) a solvent

medium to remove so]ub111zed products. Certa1n1y other med1a exist

: bes1de ZnC12-methanol which may perform these funct1ons

Effect of HC1 Wash

One f1na1 resu1t still requ1res explanat1on the effect of
HC] wash1ng It has been noted by other 1nvest1gators that benzene¥
.so1ub1es may be created from pyr1d1ne so]ub]es or pentane solub1es

from benzene so1ub1es by ac1d treatment (56, 116 »117) 4 The assumed mech-

anism for such effects is the-c]eavage of ac1d-base pa1rs in the products.-

In the case of ZnC]2 treatment, a second possibf]ity ekists The
'b1va1ent zinc ion may serve as a bridge between two h1gh-molecu1ar-
we1qht fragments in the coal. Such a In- br1dged compound is 11ke1y

to be insoluble in pyridine. Treatment of this compound with HC1

e
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sﬁou1d liberate ZnC12 and the two fragments, each of which is pyridine-
soluble. There is some evidence that this may be the case: (1) extra
zinc is present in the product, beyond the amount that would balance,
as IZnCl,, the chlorine present; (2) this excess zinc is also present
in. the exfractfon residues; (3) Eemoval of the excess zinc by HC!
washing accompanies the increase in pyridine solubility.

The extent to which acid-base cleavage or zinc-bridge removal

accounts for the increased solubility awaits further experimentation.

Comparison with Current Process{ng Techniques

It is appropriate at this point t0’éompare InC1,-methanol catalyzed
coal conversion with conventional thermolytic processing. Figure
5-2 presents in schematic form the conversion of coal to various products
under different processing conditions. Pyrolytic processing heats the
coal to over 450°C, causing cleavage of many bonds in rapid succession.
Diﬁti]1ab1e products may be formed directly in this manner, but the
rapid rate of bond cleavage generally does not allow suitable capping,
and significant quantities of char and gas are produced from condensation
and fragmentation of the activated coal. Overly active catalysts (e{g.,
concentrated sulfuric acid,(lzg) or A1C13(84)) may also lead to similar
results. | |

In an effort to 1imit the side reactions, the conventional processes
utilize diverse methods of activating hydrogen in conjunction with
lower reaction temperatures (375-450°C). This moderate activation
initially produces a depolymerized coal product consisting of mostly

preasphaltenes, with some asphaltenes and oils, the total product having
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'reduced nitrogen, sulfur, and oxygen 1eve1s relat1ve to the or1g1na1”.i

" coal. Th1s product may be used as a clean- burnlng bo11er fuel, or .

may be react1vated by cata]ysts or hydrogen -rich recyc]e so]vents

to y1e1d d1st111ab1e products Some char and gas format1on st111

accompan1es the moderate actwvat1on and react1vat1on steps a]though

s1gn1f1cant1y 1ess than that wh1ch 1s formed by 1ntense act1vat1on

Y



187

Figure 5-2. Schematic I1lustration of the Conversion of Coal
to Distillable Products, Char, and Gas.
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Our new catalytic route utilizes a mobile cataiyst to contact
the coal and perform the activation at lower temperatures under more
controllable conditions. Suitable capping produces depolymerization
products almost exclusively, avoiding the side reactions that form
char and gas. Experiments in this laboratory have shown
that this process may be extended, activating fhe less reactive sites,
with the same catalyst at higher temperatures (e.g., 300°¢), using
hydrogen-donor solvents, higher hydrogen pressures, or hydrogenation
co-catalysts with the ZnC12.(115’122’123)

A thermodynamic advantage allowing the use of lower hydrogen
pressures accompanies the use of lower temperatures for coal conver-
sion. Figure 5-3 shows a plot of hydrogen pressure versus temperature
for aromatic-hydroaromatic equilibria (benzene to cyclohexane, biphenyl
to phenyl cyclohexane and bicyclohexyl, naphthalene to tetralin and
decalin, phenanthrene to tetrahydro-, octahydro-, and perhydro-phenan-

(130) The region in which the equilibrium concentration of

threne.
aromatic and hydroaromatic are equa1 is shown as a diagonal band on

the plot; the hydroaromatic form is thermodynamically favored above

this region, the aromatic favored below. Thus, this plot shows that

as the temperature is reduced, less hydrogen'is needed to make dehydrogenation
unfavorable. Since char formation results from dehydrogenation and
condensation, redhction in conversion temperature allows lower hydrogen
pressures to be utilized without the threat of char formation. Therefore,
liquid-catalyzed coaj convefsiqn can produce desired products with

higher selectivity under lower hydrogen pressures than the thermolytic

route.
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" Figure 5-3. Hydrogen preésuré versus tempefature for hydrbaromatic -
aromatic equilibria. Lower hydrogen pressures are-needed
to favor hydroaromatics during-Tower temperature processing.
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S

Thig wa;k &eﬁonstrﬁtes.tﬁaf ;uch cata]jtic con?ersibnviglinﬂéed
‘possible, ahd out]ines the direct proéess requirements for successful
low-temperature bperafion; Indirect prdcess }eqﬁifements no% yét
' §tudieh}aﬁé‘the pdténtia] corrosive properties of wet'2nC12 %n various
cbntaihing matéria]s’énd the question of nearly complete fecovery
of suc; a catalyst. Moré important, however, the ground work is set

ifor inVestigafion of media'with'similak liquefaction properties.
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CHAPTER 6
CONCLUSIONS

Zinc chloride combined with a suitable solvent is an active
liquid-phase catalyst for cleavage of bonds which crosslink the poly-
meric structure of coal. With ZnC1,-methanol at 275°C, 800 psig Ho,
and 30 minqtes residence time, the cleavage products from Wyodak coal
are rough1y'60% pyridine-soluble in addition to 40% benzene-so]ub]e;
the original coal is 12% pyridine-soluble, including less than 1%
benzene-solubles. - | |
| The mechanism for solubi]izétion involves contacting coal with
catalyst, promoted by ‘solvent, coal activation by the catalyst, “capping”
of reactive bond fragments by hydrogen or solvent, and extraction of
primary producfs which enhances further cata]yst-coal contact. A marked
reduction in dxygen content of the éoal takes place in parallel with
conversion to pyridine-soluble material, suggesting that ether-bond
cleavage is an important step in the overa]l conversion. Such a mech-
anism is supported by experiments in which ZnC]2 cleaves benzylic
ethers and certain other aryl ethers (Mobley).(108)

, In one-hour runs at 250°C and 500 psig hydrogen pressure, the-
activity of the ZnCl, is found to be‘strong]y related to.the medium -
in which it is dissolved. ZnClz-water solutions effectuate relatively
little convérsion (only 30% pyridine-soiubi]ity or less) unless accom-
panied by methy]-naphtha]éne and/or tetralin (55% solubility). : Solutions
of ZhC]z in primary'a1cohols are effective; methanol givés 70% solubility

and ethanol gives complete conversion. Solutions in secondary and
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tert1ary alcohols are 1ess effect1ve, 1soorooanol q1ves 33% and t-
| butano? nges no convers1on beyond the. 12% extract1b111ty before treat- ,
ment. _ v

"'.Thus‘ZnCIZ-methano1>mixturee are:particujar1y effecxioe in catafytic
coal conversion. Methanoiﬁappears reSponSible for enhancing coai-Cata1yst
contact1ng, 1ncreas1ng cata1yst act1v1ty, capp1ng react1ve fragments, and
extract1ng products. Some methano] 1s reta1ned dn the oroducts (0.1 to
0. 2 gm methano]/gm coal organ1c), probably due to a1ky1at1on of c]eaved
B bond sites and possibly., alky]at1on of aromat1c centers._ H1gher hydrogen *
.pressures increase conversion and decrease methano] retent1on, 1nd1cat1ng_ v
either -that hydroqenatmon competes w1th methy]at1on or that once methy]at1on
”hoccurs, hvdrogeno]ys1s occurs with accompany1ng demethy]at1on o

A varwety of 1norgan1c and so]vent add1t1ves were screened with

the.ZnCIZ-methanol and ZnC]z-water‘system§. :Inorgan1c additives genena]]y ,
have either.'no effect (CaCJZ,'ZnQ)eor a negative effecb (NaQ] + KCJ, |
 NaI + KB%,.Snc12;'5bc12);,a positive effect is found with Zn meta)
addition, -Extractive solvents (n- decane perch]oroethane, o-dichloro-J
benzene, pyro111d1ne -cyclohexane, p- xy]ene) decrease the convers1on
in proport1on to the amount_of.solven; added. React1ye so]vent§ (1ndo11ne |
anthfaCene oil, tetra]in, dihydroanchracene) increase the cgnvers1on
but also ﬁncorporate strono1y. Piperidine and‘b,N-dimethyl formamide
_ poison the catalyst. .- |
This work demonstrates,that coa1 conversion may take place dnder
;'condifons considerably less severe than;those emb1oyed in curnenti‘ ‘
coal processing technology (400°C,,2000_ps1‘g.H2 and up),"Ihe'under-

standing .of the mechanism of catalytic coal conversionawitb ZnClz
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in organic media at 250°C may well pave the way for catalytic coal
conversion processes which could be less capital-intensive, more energy-

efficient, and give better product distributions than the conventional

- thermolytic processes.
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v . CHAPTER 7
| RECOMMENDATIONS5FOR'FUTURE WORK .
The high conversion levels which ha} be'achieVéd'wffh:ZhCTéf
in organic media open many new areas for further:investigationﬁ Such
studies may.sefvé to improve the undersfandfng of ZnC]zvéatalysis
and coal chemistry, anﬁ may lead to;advéhcedtcoal processing conéepts.'
'Suégestions’fcr future study fall into five major categories: _
- (1) the ZnC]Z—methans1 system alone; (2) ZnC]Z-methanoljwith’mode1’_
| compounds; (3)”ZnC12¥methano] coé] conversion; (4) coal conversion
.catalysis in_noheZnC}z-media; and (5)_investig§tion of acid washing

and other product-washing techniques.

The ZnC1,-Methanol System

Significant gaps'in'the undefstanding of the chemistry of ZnCl,:
- alcohol systems could be f111ed by further exper1mentat1on | ‘
1) As ZnC12-a1cohol systems are alleged to have s1gn1f1cant
acidity, a study of the pH. of ZnC]Z-methano1 solutlons as a funct1on

~ of methano!l concentrat1on and temperature would be of 1nterest.

2) sThe kinetics of conversion of methanol tovdimethy1 efher‘and
chér products in thé bresente of ZnC12 Would'ﬁe]ﬁ to'détermine the
quantities of each Eomponent present in the reaction'ﬁedium. ’Thé
effects of silica, pyrite, and clay (from coal ash), and hydrogen

pressure'on thg reaction may also be important.
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InC1p-Methanol Reactions with Model Compounds

To help determine the chemical behavior of the ZnClZ-methanol
system on the coal, a detailed study of the reactions of etheric and
aliphatic crosslinks between aromatic centers with this medium would
be useful. Areas of focus should include: |
' 1) Study the competition between hydrogenation and alkylation i
which wes found in the coal studies.

2) 1Include donor solvents to determine their effect in this
- medium,

3) Seek out a temperatdre-pressure regime where the reactions
are most selective toward achieving high conversion with minimal methanol
incorporation.

4) If a selective regime is found, these reaetions may be used
with C13-methanol to depolymerize a variety of different coals for

- the purpose of coal chemistry studies.

ZnC1,-Methanol Coal Conversion

1) Improvements in the run procedure.

1) Avoid effect of heatup by injecting a coa1'slurry_iﬁto the
preheated ZnC124methan01 solution._ .

2) Perform more detailed gas collection and ana1ysie.

3) Improve the method of separating organic constituents from
.the agueous er alcoholic phase. | |

4) Perform analysis for trace constituents in the water stream.

5) Develop a procedure whereby the MTC may be extracted by

the ZhC]z-methanol solution at reaction temperature to determine the
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port1on of the coal d1sso]ved by th1s med1um Scann1ng electron m1croscopy
" of the res1due from this procedure may prove valuab]e.
6) Ana]yze the materials volat1zed dur1ng vacuum. oven,dry1ng.
'jby perform1ng vacuum d1st111at10n of the washed MTC. : |

_7)' Develop a simple, more prec1se, and mean1ngfu1 measure of
reaction y1e1d Exxon has found room- temperature cyclohexane extract1on5--
‘to corre]ate we11 with pilot- p1ant d1st111ate y1e1ds Amoco research d
has suggested extract1ons w1th THF us1ng M1111pore f11ters These'-l
- and other extract1on methods should be 1nvestvgated as a replacement
to the ted1ous and unre11ab1e Soxh]et extract1ons | |

'8) More accurate oxygen determ1nat1ons are needed A neutron4‘:

(119) may be usefu]

act1vat1on analys1s deve]oped by Vo1brath and M111er
Wet-chemical ana]yses for pheno]wc and carbony1 ‘groups shou]d be performed.
13 4nd # NWR, GPC,

9) More deta11ed product ana]yses 1nc1ud1ng c and H

SEM, mu1t1p1e fract1onatwons such as emp]oyed by Mob11 (11) ox1dat1ons
(23)

(with GCMS) for aromat1c group determ)nat1on, . 1nverse ox1dat1ons

for aliphatic group determ1nat1ons (28) or functlonal group determ1natwonsl
by tr1f1uoracetylat1on fo]]owed by F NMR(IZO) cou]d prov1de usefu]
informat1on on the chemical transformat1ons wh1ch accompany conversion,

Ii) Improved react1on rate and reduction of methano] 1ncorporat1on

1) " Investigate the further convers1on-of pyr1d1ne-1nso1ub1es.

2) if the ZnC]z-methanol reaction studies show.a siaab1e conversion
of methano] to d1methy1 ether dur1ng‘react1on heatup, it will be 1mportant
| to investigate the effect of m1xtures of methano1 and d1methy1 ether
on convers1on (or test the effect of various heatup times on convers1on

if the coal can be 1nJected after heatup)
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3) Attempt further upgfading of the product by higher temperatures
‘and pressures with ZnC]Z, or by addit{on of a more active catalyst
and more effective capping agent (ZnC1,-HC1- tetralin, for example).

4),.Use>additives which enhance hydrogenation in preference
to methylation. Among the most promising prospects would be HI or
12,'mgtals (Ni, Co, Mo, Fe, Sn or In), metal carbonyls, and Variousv
organic and inorganic hydrides. | |

5) Attempt to szstitute CO or a CO/H, mixture for H,.
I111) Process-related improvements.

1) Reduce the corrosion prob]emé by using a reactor 1fning
ofVZn, Zn0 or char, or by adding sufficient qauantities of Zn0 or
some other HC1 'getter' to minimize the effect of HCI.

2) Develop a process which uses less ZnC12 or more effectively
recovers the catalyst for recycle. Less may be used by 1mpre§nating
the coé1 with ZnC12 followed by methanol treatment, or by diluting
the catalyst with inert salts (e.g., CaC]z). Approaches!to better
geparaﬁion of ZnC]é from the products include: (i).gravity separation of
product aﬁd melt; (ii) further conversion in a second stage with product
removal by disti]iation and ash + solids removal by fi]tration; or (iii)
criticé1 solvent separation of organics from melt by methods such as
Kerr-McGee has employed with the SRC-1 pilot p]aht at wilsonvi11e.(122)
V) _Re]ated.studiest

1) Deye]op a model for the three-phase feaction sy§£em which in-
cludes mass transfer, diffusion of liquid catalyst into the coal, reaction,

repolymerization, capping, and product extraction. Considerab1e>data on
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- . reaction and mass transfer rates would need to be.gathered-for;such

~a model.

" Coal Conversion cata1ysis in Noh'ZnC12 vedia -, 0
'1) As out11ned in this study, effect1ve coa] convers1on cata]ys1s ' e

_1nvo]ves creat1ng a cata]yst so]vent comb1nat1on wh1ch enhances cata]yst-
: coal contact1ng, promotes bond c]eavage at a rate comparab]e to bond

.? capping (11m1t1ng repo]ymer1;at10n), and promotes product remova].

For contacting, quenching,vand'removal methaho] has been found to

be a very effect1ve choice of so1vent o |
A var1ety of cata]ysts from ac1d1c to bas1c may be effective for’

the. actwvat1on step From the standpo1nt of process potent1a1 the

cheapest act1ve cata]yst 1s desxrab]e A great advantage could be

qa1ned if such a cata1yst could be der1ved from the coa1 1tse1f “1In

;th1s 11ght the HZSO4-methano1 system shou]d be a top pr10r1ty, fo]]owed |

»by H3P04-methanol or NaOH-methano] A wide’ range of concentrat1ons

lshou]d be- tested to insure the proper rate of act1vat1on and capp1ng o —
Assoc1ated w1th these reactwon studies could be (1) scann1ng‘e1ec-

tron m1croscopy for 1nformat1on on contact1ng, (i1) use of hydrogenat1on

co- cata]ysts or recyc]ed solvents, (111)_use of other oxygen-conta1n1ng & -

‘solvents shou]d undesirab1e side reactions develop trom the methanol |

so]utions. | | | | - -
2) Product upgrading is.also worthyvof continued catalytfc

research Part1cu1ar1y lacking is exam1nat1on of dehydroxylat1on

'catalysts to. remove phenols from pyr1d1ne solub]es produc1ng benzene- -

solubles. Nitrogen and sulfur removal have received more attent1on
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but much work could be done using Lewis acids to attack these basic

functionalities.

washjng,TecHniques

The effect of HC1 washing in improving pyridine solubility remains
largely a mystery. Further studie§ dealing with the effects of HC1
concentration and wash time are needed. Washing with other acids
and bases could help determine whether this wash effect is due to

Zn bridge removal or cleavage of acid-base complexes.
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Appendix A

Summary of Data from Individual Runs
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Appendix B

»Ca1cu1ations and Plotting Programs

40
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PROGRANM ZNCLOR( INPUT ;OUTPUT PUNCH, TAPED9) -

CALCULAYIONS PKOGRAM —- ACCEPTS RAW DATA AND CALCULATES ELEMENTAL
RECOVERIES, INCORPORATION, SOLUBILIVIES: PUNCHES CARDS FOR PLOTTING
PROGRAM INPUT ANC GENERATES TABLES WFEN THE IDENTIFIER NOPRNT IS5 GT 0,

COMMON ZE XCUND ZADTYPA(100) 4ADTYPB(100) ,AOAMTB(100))ADAMTA(100)

COMﬂON/El?YOY/BSOL(lOO).PSDL(IOO).TSOL(loO).xIlNSL(IOOl.x!AISL(100
1), YIELD(100)

cauno~/necexr/~x.vsx(100).cooactxoon.sutc(xoo).zNCLz(loo).voroao(l
100), 1CODE(100),REC(100,47)

con~o~/nsc707/nvoc(|oo».osvoc(xoot.x~TCC(xoon

COMMON/ALL SUBZPCTR(100,7) ,RUN(100) yROSC(100) (mu

CIMMON/CONTAB/TAB(100) 4P (100)3TE(100)TECLI00)+ALC(100) WAT(1CD) A
1057C100) |

CONMMON/CHOPLO/YPL {100 ) ¢XPL {100) ¢ XMINXMAX g YMIN,YRAX ¢NPTS,ICH(300)

COMMON/NEWEST/Z(100) XTRALI00) ¢XZIN{L100)¢XNET(1C0 471,y ANW(1CD),NIPIN
ITeLBLI7) yLBLW(2) yWASH(100)

DIMENSION SPECS(30) -

DIMENSION XMTC(100),BEC(100),PYE(100) ,RES(100) FPYRNE(100)

DIMENSION OREC(100)

DIMENSICN WP (100,7)

I FORMAT(BF542)
9 FORMAT (8F6.4,F3.2)
13 FORMAT(11}

NOPRNT =0

(LR

READ 16,(LBLA(1)¢I=1,3)

READ 16,(LBL(1)e121,7)

16 FORMAT (7A3)
90 MMzMM41
: ANR(MM) =0,

READ 1 4(WP(MMy1)o1x1,6) ,GMTCIMM)RUN(MN)

READ Q¢ XMTC(MM) BE(MM), PYE(MM) RES(MM) ,FPYRNE( MM)

CALL CCNONS

READ 13, 1CODE(mMM)

WASH(MM) = 1CODE (MM)

IF(1CODE(MM) sEQ.2)G0 TO 99

CALL RECOVR(WP)

CALL EXTRAC(XMYCBEPYELRES,FPYRNE )}

IF (JCODE (MM) ¢GT.0)G0 TO 99

ICCOE(MM)=1)

WASH (MM} =1,

CALL TOTALS

D0 104 =] MM

PUNCH lOI.RUN(I).YE(I)vHP(l)le(l)qALC(l)v!AY(l)c?AB(li.lASH(l).AN
1W(T) JALTYPA(L) JADAMTA(T) 4ADTYPBL L) jADAMTB(])

PUNCH 102,PCTR(I¢1)¢PCTR(T92)9PCTRII43}4PCTR{I,6)}4PCTRILIT)\XNET(T
Bl Dy XNET(E92) ¢ XNET(1¢3)4XNET(L ¢6) s XNETIL47)yHTOC(I) 40STOC(1) XNTOC
2(1)

101 FORMAT(IX oF@el ¢3(1X F8e0) 42(1X¢F320)43(1IXeF240),2(A10,F541))

102 FORMAT (1X410(FSely1X)y3{FS5.3,1X))

103 FORMAT (1 X9FS5,2 90X e2(FSe391X)e3(FSe141X)oFS.301Xy3(FS,L¢1X))

104 PUNCH IOJ'XZN(!).Z(I)'KIRA(I).BSOL(!)'PSOL(I).ISOL(ID'QOSC(Il.lIlN
1SLUI Y XMAXSL(I),YIELD(L)

sTOP
. END

SUBROUTINE RECCVR(wP)
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DI MENS I1ON DC(?),YDT(loO)'ZNOHZ(IOO)'FCﬂ(IOO).XASN(IOO).ZNO(IOO)vﬂQ
10C(100) RBOC(10O0) CORREC(100,7) . .. . R - .
OIMENSION WP(100,7) . : —
COUMCN/NEUEST/Z(IOO).XTRA(lOO)quN(IOO).XNEY(100'7)|ANI(103)'N03RN
lT'LBL(7)'LBLI(J).IASH(IOO) N
COMMON/ALLSJQ/PCTR(100'7).RUN(100),R95C(loo).uu
COHMCNIRECTOYIHYOC(IOODoOSTOC(loo)'XNTOC(ICO)
COM&ON/RECEXT/NX.YSI(looﬁ'CDDRG(lOO)qG&!C(looJ'ZNCLZ(IOO)vTOTORo(I
100),ICODE(100),REC(100,7) - R .

€0 FORMAT (2132} . : )

3 FORMAT (2 RUN NUIBER‘.FS.I» X.AJ'C UASHt.//,s Gls uTC RECOVER:D:&.F
170201,t GMS lNCLth.F? 341/ ¢ EXCESS IN=2 ,F7, 3,: GMSE,/92 AS ZINO=2
2,F9.3./qt -AS INGH2=8,F7.3) -

. FORnAT(7(IXAJ.Z(F7.3'SX)'SX.F7.3'AX.Flo.-.ZI.FIOoJ'I)) L

19 FDGMAT(///.: {INCORPORATED CARBON/COAL CAREBOMN] IN MTC2,/,2 JIF 95
LPCY OF COAL CARBON RECOVERED #,F7:3,73% «IF 90 PCT OF COAL, CAR3ON
ZRECOVERED_’.F?53'/.¢ o«IF 80 PCT OF COAL CARBON RECOVERED#2,F8.2+7+/
3742 ASSUMING 95 PCYT OF COAL CARBCN RECCVERYees#9/7¢8 oTCTAL ORGANIC
45T2,F7e3,% GMS2,/4,% COAL, DERIVED ORGANICS::.F?.J.: GMS2,/42 .S0OLVE
SNT. INCURPORATICN= #,F7, 3,3 GMS #) *

20 FORMAT (/,# ELEMENTAL RATIOS#,/.2 H/C" CesS/C N/7C24/ 01 X9F5e3¢2X |

1eF5e3,3X4F5e34/) ¢ ) - A

21 FORMATU(//43X,# WT.PCT. GMS RECOV. CORRe. FCR ZN  NET GAIN PC
1T.RECOV.2) oo
oC (1) =23,91
CC(2)=1455 . . -
.CC(3)=0e33 . g ) : AN
‘0C(a)=0. ’ ’
DC(S)=0.
0C(6)=5.51
CC(7)=6e56 . . ) )
1F (NOPRNT.EC40 GO Y6 60. : o . *
PRINT 80 . ) .

60 NX=) '
NS UM E )
1IF (MM EQ1)GC TO 99
IF (1CODE (MM=1) .EQe 2INX=0
IF (NX,EQ.O)N=iN~1

99 WP (N,7)=0.
TOT(N)=0,
TSI(N) =0,
CDORG(N)=0. .
CO 2 1=1,7 . : ) .
REC(N'I)=-P(N.l)'5lTC(N)/100.
CORREC (N4 L)=RECIN,I) .. .

2 TOT(N) =TCTUIN) +CORRECIN,T) ~

- v

ZNCLZ(NJSREC(N'S)O(REC(N'S)II.OGO) : ‘ .;

XZNIN)ZREC (N4 )= (RECIN,S5)/1.084)
IF (XZN(N)<GE+04)GD 'TO 18
XININIZEO.

ZNCL2(N) =2, oant(nec(~.a»)

18 ZNOH2(N) €1 529 XZN(N) . . o :
INCIN)I=1 42458 XININ) ) . 0
XA SH{N) =ZNG(N) . .

CORREC (Ny6 )ZRECIN, 6)-XASH(N) .
RECIN.?)=GMTC(N)~TCT (N)

O
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CORRECIN,7 )=GMTC(N)- ZNCLZ(N)-REC(N'G)-REC(N.l)-REC(N.Z)-hE»(N.J)
IF (CORREC(NG7) LT .0, )CCRRECIN, 7)20,
AF(REC(N,7)aLT.0.)RECIN,7) =0,

Kw=1CGOE (N) ’

IF (NOPRNT,EQ.0)G0 10 96

PRINT 3,RUN(N) (LBLE(KW)GMTCEN) ¢ ZNCL2IN) ¢ XZN(N) ¢ ZNO(N) 4 ZNORH2 (N)
XNTOC(N) =(6.*COGRRECIN, 3) }/ (7, *CORREC(N,1))

HTOC(N )= 12+ CORREC(N,2) /CORREC(N,1)
OSTOC(N)=¢B%CORREC (N, 7)}/CORREC(N,1)

IF {(NOPRNT,EQ,01G0 TO 61

PRINY 204HTUC(N) ;0STOC(N) s KNTOC{N)

CPRINT 21

00 7 I=1,7

XNET (N, I1}2CORREC(N,I)-0C(1)

PCTR(N,I) =100.*CORREC(N,1)/70CL 1)

FCRIN)=CORREC(N,3)/0C( 1)

TOYORG (N)=CORREC (Ny) ) +CORREC (Ny 2 ) +CORREC(N, 3} +CORREC(N,7)
PRINT 4,(LBLCI) WP (NyI) o RECIN,I) o CORRECINGI) ¢XNETING L) ¢PCTR(NGT),1
1=1,7)

IF (N,EG.100) 60 TC 95

IF (N.EQ.MM)GD TO 97

N=Ne L

GO YO §9

IF (NX+EQe1)GO TO 93

ANB{MM)=],

ANW(MM-~-1)=],.

1F (NOPRNT.EQ.0)GO TO 63

PRINT 92 .

FORMAT (//¢ COMBINED WATER AND ACID @ASH#,/)

00 90 1=1,7

REC(1CG0,1)=REC (MM 1) +REC (MM=1,1)

CORREC (10041 )=CORREC (MM, [)+CORREC(MM~1,1)
GMTC(1GO)=GMTC(MM) ¢GMTC (MM~ }
¥P(100,1)=CORREC(100,1)/GMTC(100)

A=100

GO TO 96

DO 94 Iz1,7

PCTR(MM, 1) =PCTR(100,1)

PCTR(MM= 1,1 )=PCTR{100,1)

RISCINI=(FCR(N)~e95)/.95

KYOC (N} £ (FCRIN)=-,90) /.90

RBOCINI=(FCRIN)I-+80)/.80

IF(FCRIN)oLT «+S5)1R95CIN}=0,
TSI(N)=(ROSCIN)I®TOTORG(N) } 7{ 1+ ¢ROSC(N))
CDORG(NI=TOTORG(N)-TSI(N)

IF (NX,EQ.1)GC TC 89

ROSC{MM) =R9SC(100)

RYSC (MM~ ) =R9S5C(100)

IF (NOPRNT+EQe0)GC TU 64

PRINT 19,R9SCIN)yRIOCIN)4RBOCIN) TOTORGIN) ¢COORG(N) 4 TSTL(N)
RE TURN

END Y

SUBROUT INE Extauc(xutc.ee.av:.azs.rpvaue)

COMMON ZALL SUB/PCTR(100,7) yRUNCLI00) s ROSC( 100D o MM
COMMON/NEREST/Z(100) 3 XTRACL100)¢XZN(100) ¢ XNET(100,7) 4AN®(100) { NOPRN
1ToLBLIT) 4L BLW(S) 4WASH(100) ’



counou/necsirkux.isxiioo».coonétioo:.ﬁutc«xoo).z~CLz(lbo).ioroqétl“

100),1CODE(100) ¢REC(100,7)

s CONMON/EXYTOT/BSOL(I00)'P$0L(I00)'YSOL(loolqlNINSL(lOO)'KIAlSL(IOO
1), YIELD(100)

DI MENS|ON aATIO(loO).Asn(lOO)'pvoac(loOD.cacan(xoo).7511(100).10:;
16X (100) .
DI MEN>1ON xu1C(1oo).BE(i00).PVE(|oo).RES(loo).annNE(loo)

10 FORMAT (/7,3 EXTRACTION DATA(GNS) #4A3 .2 WASHE,/ 48 EXTRACTED MY
1C=2,F7.4,2 BENZENE EXTRACTE#,F7.84y2 PYRIDINE CEXTRACTZ8,F7.4,/,
2¢ RESIDUE=#,F7.4,¢# PYRIDINE aere«thu-s.ﬁ7.~./.¢ FRACTION OF RZT
3AINED PYRIDINE IN EXTRACT=2,FS5,3)

11 FORMAT (2 ZNCL2Z8,F7,3,%#  ASH=#,F7,3,¢ PYRIDINE soL-cncAulcs;:.F

1763474% COAL DERD ORGANICS=2,FT7,342 SOLVENTE=2,FTe3,2 TOY AL ORGv

2ANICS=2,F7.34/79¢% TOTAL SOLUBILITIES(PCT DAF)2,/,2 , BENZENE PYRI

DI NE . TCTAL#,/,3F10.3¢/7:% CCAL DERIVEL SCLUBILITY(PCT DAF)s,/,
4z MINIMUM MAXIMUME /92F10e3,7) .

12 FORMAT (/4% THECRETICAL SOLUBLE YIELD=#2,F10,3,# PCT DAFs)
NE MM . . .

IF (NX .EQe0 )N2N-1 Lo
S1 TSI(N)=(R9SCIN)®TGTORGIN) ) /L1 « $RIBC IR} |
COORGI(N)=TOTORG(N)I-TSI(N).
XTRA(N)=RESIN) 4PYE (N) +EE(N)- xntctu)
RATIO(N)=RMTCIN)/GMTCIN)
Z(N)=RAT IO (N)®ZNCL2(N}
ASH(N) =REC (N6} *RAT IG(N)
PYORG{N)=P YE(N)=Z(N)= (XTRA(N)SFPYRNE(N) ]
CDORGX (N)=CCORG (NI *RATIO(N ) :
TSIX(N)=TSI(N)*RATIO(N) . ] : .
TORGX(N)=TSIX(N)+COORGX (N ) . .
BSOL (N)=100.%BE(N) /TORGX(N)
PSOL(N)=100. *PYORG (N) /TORGX(N) : ]
TSOL(N)=ESOL (N)4PSOLIN) . E .- !
XMINSLONI=100.% ( (BE(N) $PYORG(N}=TSIX (N} }/COORGX (N) )., .
IF (XMINSLIN) oL T 000 ) XMINSL(N} =04 ..
XMAXSL (NI =100.% ((BE(N) +PYCRG(N))}/CCORGX(N])
YIELO(N) =« S5®XMINSL(N)
1F (NCPENT . EGo0 )GO -TO 60"
L=ICODE(N} - )
PRINT 10,LBLBIL) ¢XMTCINDI yBE(N) yPYE(N) yRESIN) 1 XTRA(N) yFEYRNE(N)
PRINT 110Z(N) yASHIN) JPYORG(N) 4 COCRGX (N s TSIX(N) 4 TORGX(N) 4BSOLIN) 4P
1SOL{ND) yTSOL(N) ¢ XMINSLIN) s XMAXSL(N)
PRINT 12,YIELD(N)
60 IF (N.EQ, MK)GL TO 50 oL )
NZN+ )
GO TG Si
£0 AE TURN
END .
SUBROUTINE TCTALS
conncuzALLsua/Pcrn(xoo,7).nu~(loo).ﬂ95:(|oo).-v. .
COMMCN/RECTOT/RTOC(100),0STOC(100) 4 XNTOC{ 100)
couuc~lexttovzesaL¢xoo).PSOL(loo).150;(100).xMINSL(too).luAISL(1oo
1), YIELD(100)
CD"ON/NEIESTI!(IOO)'XTRA(XOO)'XZN(lOOl'XNET(lOO.Y'.AN'(lOO).NDPRN
1T,LBLE7) yLBLW(2) ,WASH(100) . .
IF (NOPRNT .E0.01G0 TO 9
PRINT: |

i

v,

e
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1 FORMAT (3 1DATA SUMNARYS/,10Xe¢S O L U B 1 L 1 YT 1 € S&,/
1¢10X¢2 TOTAL ORGANICSE ;00X % COALS¢12Xy#® FCT C2,8X,8
2 #2479% RUN BENZENE PYRIDINE TOTAL "N (7%] Y1ELO RECOVERY
3 Re)
2 FORMATUIXFAel g X 2F Teg X FTe392X3(FT7e391X)e2F7.3)
7 FORMAT(1XoFool 12Ky 2(F6e312X) sFT7e392X¢F 7020201 X4F7e3)40X,F7,3) )
8 FORMAT (21 ELEMERTAL RATIOS IN MTC AND PERCENT RECOVERY OF ELEMENTS
1 FROM COAL FEEC#,///7,8 RUN NsC 0¢S/C N/C PCY C PCY
2w PCT N PCT 04S#,7)
00 3 I=]1,MM
3 PRINT 2,RUN(I)¢BSOLLT)¢PSOLIL)oTSOLLTI)oXMINSLEL) ¢XMAXSLEL) ¢YEELD(]
L) oPCTRCI 41) ¢ROSCLE) ’
PRINT 8
00 6 Ixz1,M¥
6 PRINT 7yRUN(1)¢HTOCEI)o0STCC(I) ¢XNTOC(I) sPCTR(3,1),PCTRII,2)4PCTRY
1143)4PCTR(1,47)
9 RETURN
END
SUBROUTINE CONONS
COWMCN/EXCENDZ ADTYPAL100),ADTYPB(100) ,ADANTB(100) 4 ADANTA( 120}
COMMON/CONTAB/TAB( 130) yHP(100) 4 T1C(100),TE(100) ALCLI00)WAT(100)¢4A
1DIT¢(100) _ )
COMMCN/ZALLSUB/FCTRE100,7)oRUNCI00) 4&R95C(100) M0
READ LoHP(MM), TE(MM) g TE(MM )9 ALCIMN) ,WAT(MNM) ;ADIT (MM)
FORMAT (3F4 0002F3.0¢F200)
READ 10,ADTYPA(MM) JADAMTA( VM) ,ADTYPB(MN) ,ACAMTE (M)
10 FORMAT (2(A10,F5.1))
IF (ADI T(MM) . EC.0.)G0 TC S
IF(ADIT{MM)ebQe14)GO TO 3
IF (ALC(MM).GT+0,)GO TO 2
IF(WAT(MM) ,GT,C. )60 TO 6
TAB(MM)=4,
GO TC 8 :
6 TAB(MM)=3, : . )
G0 10 8
2 TAB(HMM) =7,
GO YO 8
3 IF(ALC(MM)+EC.04)GC TO &
TAB(MM ) =6,
G0 TO 8
o TAB(MM) =2,
GO 10 &
S IF(ALC(MM).GT+0.)GC TO 7
TAB(MM) =},
GO Y0 8
7 TAB(MM)=3,
8 RETURN
END
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PROGRAM aLOYS(tunut.ouvput.rapsqot
[4 RLOTTING PROGRAM -~ ACCEPTS' PUNCHED DATACARDS FROM CALCULATICNS PROGAAM. .
4 AND MAKES PLOTS AS COMMANDED (SEE EXAMPLE 'PLOTTING . COMMAND) .- "
LUNMONICONTABITAB(IOO).HP(IOO).YI(lOOl.TE(lOO)'ALC(lOO).dA!(!OOl
COMMON/EXCESS/BASH(100),ANN(100),R95C(100)
COulON/EXCDND/AD!VPA(lOO)'ADTVPB(IOO)'ADAHIB(IOO).AOAlYA(IOC)
CONMON/ CHOPLO/YPL (100 ) 4 XPL{ 100)  XMINy XMAX, YMIN s YMAX yNPTS, 1CH(1:30)
counON/SECVQVJQUN(100).caEC(lool.NREC(loo).xunscc|ool.ASNkEC(IOSl-
IOSREC(lOO).CNE!(lOO).HNET(IOO).XNNE‘(IOO)'ASHNET(lOO).CSNEY(lOOl.ﬂ
270C(100),0STLC (100 )4 XNTOC(100)
COMMCN/PLTAD/SPECS(100) . :
COMMON/E XTCTN/XZN(100) yZNCLEX{ 100} yPYRRET(100) +8SO0L (1003 4P30L(100)
l"SOL(IOO).XlthL(lOO).xIAXSL(IOO)'VIELO(XOO) L R
.. COMMON/LBL WMM/¥M ,LBLW( 3) ) ! v
-~ DIMENSICN CORHTC(100) . o
101 FORMAT(1X,Fa.1,3(1%,Fa, 9)12(1X,F3. on.stlx.rz.c).Z(Axo.Fs lll ’ )
102 FORMAT (1X,10(FEal141X)¢2(F5:3,1X)) ' .
103 FORMAT(IX,F5.241X,2(F5, J.IX).J(FS.x.1x).Fs.3.|x.3(F5.x.1x)l
MM =0
READ 14(LBLE(1),1= 1,3 . o .
I FORMAT (3A3)° .. : s " L -t
T2 mMMEMMe ) S . : v . R .
READ |01.ﬂu~(un).t£(-n).Hp(nnl.Tx(uu).ALC(uu).-Attnnx.rAe(nux.-A>n
I(In).AN.(IMI.Ac?v’A(lN).ADAITA(NI),ADYVPB(H!)'ADAITE(HI)
IF (RUN(MM) .EQs0.)G0 TO 3 -, -
READ IOZ.CRE((IH)'HREC(IM)'XNREC(IH).AShREC(IM).OSREC(AN)'CNEY(,M)
1.n~er(nn).xNNEt(nn).AsnnET(nn).osuer(nu).nrocxun).OSIOC(-»).:~voct
2¥M)
RE AD 1oa.xznt~~).zncuex:nn) PYRRET(“I).BSGL(I“)q9$CL(HM)'TSOL(")v
lE95C(MM).KUINSL(NID.KHAXSL(HN).VIELD(NND - : o
G0 YC 2 - . e
MM ZM M- ] o ' . i
DO 600 I=x] .MM
IFLTAB(]I},EQ.5..0R. TAS(I) £0.6,)G0 TO 602
CORMYC(I)=HTOC (1) .
GO TC 601
602 CORHTC(1)=((.0103)%HREC(I))- (3.:((:&5:(1)/95.) 1) o ‘
601 PRINT 603,RUN(1)HTOC(1),CORHTC(I)
6C3 FORMAT(1X4Fa,1,42(2X4F5,2)47)
600 CONT INUE :
4 SAMPLE SET OF PLCTTING COMMANDS
CALL cuccSE(ALc.so..tl.oo..ve.zrs..xuthL HP, 1)
CALL TABULA .
CALL nLCT(o..o..l..zsuuvonoaen pnsssuaE(PSIG).zsnccnasctso soLuaiL -
1ITY(PCT))
CALL LSTSQR(140,0)
CCALL c~0055(ALc.so..r|.bo..ra.zsa..xnx~SL.n9.x)
CALL TABULA ) ’ o
CALL PLCTAC(Se)’ ’
CALL LSTSOR(14C,0)
CALL CHODSE(ALC¢50¢sTH06009TE2250¢ ¢ XMINSL \HP 4 1)
CALL TAbuLA
CALL PLOTAD(4:)
CALL LSTSQR(1,40,0)
C  END SAMPLE SET UF PLOTTING .COMMANDS
' CALL GDSENC(SPECS)

i
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sTOP

ENO

SUBRCUTINE TABLLA

CCMMON/EXCESS/WASH(100) yAN®(100) 4R9SC(100)
COMMON/EXCOND/ADTYPAL 10D ) ADTYPB(100),ADAMTB(100) ,ADAMTALL1DD)

COMMON/CHORPLC/ZYPLE100) ¢XPLUIO0O) o XMINGXMAX VMIN,YMAX NPTS, ICH(10D)
COMMON/L BL WHM /MMy BL w( 3)
COINCN/RECVQV/EUN(IOOD'CREC(lOO)'HﬁEC(lOOl'XNREC(IOO)'ASHREC(IOJ)'
10SREC(100) yCNETCLI00) yHNET(LU0) ¢y XNNETL100) s ASHNET (100),CSNET(10D),1
2T0C(3100)+,03TOC(100)XNTOC(100)
COU!ONIEXTCTN/XZN(IOOI'ZNCLEX(IOO).PVRRET(IOO)'BSOL(IOOD.PSOL(IOO)
L1+TSOLL100) , XMINSL(100) XMAXSL(100),YIELDL100)
COIHGN/CONTAE/YAE(IOO)vHP(IOO)'TI(IOOI'TE(lOODQALC(ICO)oIAY(lOOl

NOPRNT=1

IF (NOPRNT.EQe0)GD TO 50

PRINT )
| FORMAT(£12,11X42RUN CONDITIONS®,7Xy2% SCLUBILITIES INCORS,747X,25
L¥S GMs (C) PSIG MINS COAL+SOLVY COAL RATIO PCT RELOVERY
2 FROM COAL®,/,7 RUN NMEOM H2C T P(H2) TIME BENZ TYOTAL ™ Inw
IR w7 C < ] N 0+S WASH ADDITIEI VE S (G ¥35
4 )#y/)

2 FORRAT(2( X9 F8el )y IXgF Ie093(1XoFQ,0) 42X yFlol 4LlXe2(FSal42X) Fa,e2,2x
1T oF8e2¢2X 10 FS54191X) s 1XeA301Xe2(AL0+222,FSalyl1X},/)

3 FORNMAT(2(2Xx,FB.2))

& FORMAY (/7,2 Y VALUES X VALUES®)

DO 99 (=1 MM

IF(ICH(L)NEL1)GO 10 99

L=WASH(1)

PRINT 29RUNCT) JALCUI) yWAT (1) ¢TE(L) oMPUI1),T1(1)BSOLCL)TSOL(L),XMI]
INSLUI)gROSCII )¢ HTOC(1)oCRECII) ¢HREC(L) ¢XNREC(I)OSREC(I) ¢LBLB(L) A
2DTYPA(1) ADAMTAL(I) ,ADTYPB(I),ADAMTS(I)

9% COUNTINLE

PRINT &

00 98 I=1,APIS

PRINT 3,YPL(I) XPL (1)

98 CONTINUE
€0 RE TURN

END

SUBROUTINE CHCCSE(CA4CAV,CByCBV,,CCyCCVYINyXIN,IADWSH)

DIMENSION YIN(100) ,XIN(100)

OIMENSION CA(100),CB(200),CCC100)
COMMCN/CHUFLO/ZYPL(100) ¢XPLILOC) ¢XMINY XMAX yYHMIN,YMAKyNPTS, ICH(1CO)
. COMMON/EXCESS/BWASH{ 100) yANW(100) ,R9SC(100)

COMMCA/LBLOMM/ VN ,LBLW(3)
connonzexcoao/ADrva(|00).A07v95(x°0).AoAuts(IOO).AoAutntxool

XM IN=0.o

XMAXz0,

YMIN=O.

YMAX =0,

NPTS=0.

00 99 Jzi.MM

ICh(l)=0

IF(1ADWSH.EQ.0)GO TO 98

IF (WASH(])sECe24)G0 YO 99

IF(ADANMTA(])} .GT,0,)G0 T3 9¢%

98 IF(CA(13eNE.CAV)IGO TO 69
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1F (CB(I1).NE,CBVIGO TO 99 .
IF(CCUI)eNE.CCVIGO TO 99 ’

NP TSENPTS+] o )

ICh(1)=1 : : , S
YPLINPTS)IEYIN(]) . . : o
XPLINPTS)=XIN(I) - I I o - .
IFUYINCI D)o GToYMAX) YMAX=YIN(I) S ‘ ) - :
IFAYINCI Dl ToYMIN)YMINZY INCE) ¢
IF (XIN(I )eGTeXMAX) XMAX=XIN(T)

CBE (X INGT Dol ToXMINIXMINSXIN(L)

CONTINUE - ' - e R . : .
RETURN ’ _ ’ : : :

ENC ) S ' M -
SUBROUTINE pLor(xoec.voec.svne.acrx1L.LFr11;)
CONNDN/(HOPtO/VPL(IOO).xPL(lOO)qXMIN.qux.van.lex.h’lSql(N(lool

COMMON/PLT AD/SPECS (100} .

DIMENSICN GIVEN(S)

SPECS({20)=0.0

GIVEN(}) =XMAX : ) . .
GIVEN(2)=XMIN * - . . . . -
GIVEN(3)=210s - : o : : : ) a :
GIVEN(4)=10. . .

GIVEN(5)=1,1 :

SPECS(27) =0, - ’

SPECS(11)=1.

SPECS(26)=0, .

SPECS(25)=0. o i ) ’ . .

SPECS(24)=0. ' . o o : . ’ <o
SPECS(12)299, C ' e :

CALL NXTFRM(SPECS) ) :

caLL FAGLxx(cxvsu.specstii : : o

GIVEN(1)=ywax ° -
GIVEN(2)=YMIN

GIVEN(S)z48

CALL FAGLIY(GIVEN,SPECS)
SPECS(11)=1.0 .

CALL AXLILI(SPECS) ) ' _ .

SPECS(25)=-,15 i : - - o
SPECS(27)=-,15 o . o
CALL SAXLIF(SPECS) )

CALL SAXLIR(SPECS) - A .
SPECS(13)=NPTS - B . ' o . oo
SPECS(14)=1, : : i .
SPECS(15)=1, - = C . : . ' :
SPECS(16)=S¥Y¥8 o . ) o o ) B 4
SPECS(17)z415 . .

SPECS(18)215 Co . .
cALL" PSLxLx(xPL.va.snEcs) - . : . . .
SPECS(191=0. . - - : . : ' : , L *9\
SPECS(21) =1, : =
SPECS(24)70.05

SPECS(28)=XCEC

SPECS(17)=,25

SPECS(18)=425 : ! ' _
CALL NCDLIE(SPECS) : : i

SPECS(28)=YDEC .
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SPECS(26)=0,05

CALL NUDLIL(SPECS)

SPECS(1T)=.3

SPECS(18)=,3

CALL TIYLEB(BOTITL 4 SPECS)

CALL TITLELILFTITL,,SPECS)

RE TURN

END

SUBKOUTINE PLOTAD(SYNMB)
COHION/CHOPLOIVPL(IOO).XPL(ROD)'xNIN.lIAl.VIIN.VMAX.NPTS.ICH(IOO)

CO'NON/PLTACISPECS(!OO)
SPECS(17)=e15: .
SPECS(18)=.15

SPECS(13)=NPTS

SPECS(16)=SYMB

CALL PSLILI(XPL,YPL,SPECS)

RE TURN

END

SUBROUTINE LSTSGR(LINPLT IPARPL,LIM)

COMMUN/CHOPLO/YPL( 100) ¢ XPLE100) s XMIN, XMAX gYMINYMAX ¢ NPTS, ICH(LJD)

COMMCN/PLYAD/SPECS (100 L
DIMENSION VLlh(lOC).VPAR(IOO).VPLUS(IOOHV‘U'NS( 100),¥(10C), X(102)
XNENPTS

NP=SPECS(13)

SX=0.

SY=z0.

SXv=0,

SXX=0e

SXXX=0Q o

SXXXX=0,

SXXY=0,

D0 1 121 4NPTS

SX=SX+XPL(1)

Sy=SYeYPL( 1)

SXXzSXX+ (XPL(I)*%2,)

- SKXXESXXX¢+(XPL(1)%%3,)

SXXXX=SXXXX+ (XFL{])I®®a,) )
SXXY=SXXY+ (( XPL(I)®®2,)8YPL{]1))

SXY=SXY+(XPLI)®YPL(I)) .

Az ({ XN®SXY) ~(SXSSY )} /UL (XN®SKX )}~ (SX$%2,))

B= (SY—(ASSX) )/ 2N )

DESXNE( (SXXTSXXXX) = SAXXE2,) J+SKB((SXXXESKXN) = (SXXXXESX) ) oSN ( ( SX
IOSXXK)—({ SXX%$2,))

IF (DE+EQ+04)GO TO 98

COR(SY*((SXXESAXXX ) =(SAXX®$2,) ) +SX((SXXXSSXXY }~ (sxxlxtsxVDioSKIO(
1(SXYSSXXX)={ SXXYSSXX}) )} /DE
c1=(xu-((sxv-sux:x)-(sxxv'sxxx))osv.((sxxxnsxx)-(sxxxx‘sx))onx-((
ISX*SXXY)~{SXX®EXY) ))/DE
c2=(x~s((sxxtsxKV)-(sxxxtsxV)Dosxt((sxvuexxn-(sxxvtsx))osv-((sx-;x
1 XX)~(SXX®82,)))/DE

SEL=20.

SELS=0.

SEP=0,

SEPS=De

CO 99 1=1,NPTS

YUINUI )= (A®XPL(1) ) 4B



YPAR(I)ECO+(CLOXPLUTI I+ (C28(XPLITISB2,))

EL=YPLILI )-YLIN(])
EP=YPL(1 )~YPARL(])
SEL=SEL ((ELSEL)*8,5)
SEP=SEP ¢ ((EPSEP)®S,5).
SELS=SELSe (ELSEL)
SCPS=SEPS+(EPSEP)

99 CONTINUVE

&

AVGERL =SEL /XN

AV GERP =SEP /XN

STODEL=(SELS/XN)#5,.5

. STDDEPR=(SEPS/XN)®% .5 - o b
PRINT 2 Co

FORMAT (/2 CURVE FITS-==—w===VYRASX4D , YSCOO(Cl‘l.O(CZ‘I"ZDOo/qGX

l.Clt'IOX'SBS.ICX.lCOO.GK.’CI$q9K'¢CZC)

PRINT 3,A,8,C0yC1,C2 . - .

3 FORMAT(5(1X,1PE10,.3))

4 FORMAT (/,¢ AVERAGE ERROR
12 PAR® ,2(1Xy1PE10.3))

"PRINT 4, AVGERL ¢ STODEL yAVGERP 3 STOOEP

KINC= (XMAX=XMIN)/130. )
SPECS(13)=100 - o C
IF (LINPLT.EQ.0)GO 1O § o

CO 7 1I=1,100 ?.‘ R e
xl=1=1

'X(I)IXMINQ(XIN(‘XID

Y(I)=(A®X{1))+E

’ 'PLUS(I)SV(I)O(Zo‘STDDEL)

$a

.

YMINUS(I)sY(1)~(2.%STDDEL)
IF(YPLUS(I ) GT  YMAX)YPLUS(I)cYMAX
IF (YMINUS(I) oL ToYMIN)YMINUS(I)=YMIN
CONT INUE

CALL SLLILI(X,¥v,SPECS)
IF(LIM.EQ.0)GC TO S

CALL DLLILI(X,YPLUSse3 +405,SPECS)
CALL DLLIL I(XyYMINUSsely0e05,SPECS)
IF(IPARPL.EG.0)GD TO 98

DO 8 1=1,1C0

Xi=l-1

XCT)=XMINS(XINCEX] )
v(l)ucoo(CItx(l))0(:2'(x(l)tt2.))
YPLUSII)IEY (1) ¢(2.8STODEP) oo
YRINUS(L)=Y(E)-(2,¢STDOEPRP) B
IF(YPLUS(1)eGTeYMAX)IYPLUSLL) SYNAX
IF(YMINUSCTI) oL ToYMINIYMINUS(T)EYMIN
CONTINUE .

CALL SLLXLl(x.v.SPELS) T *
IF(LIM,EC.0)GC TC S8

CALL DLLILI(XyYPLUSyelye0S,SPECS)
CALL DLLlLl(x,YNlNUS'-I'-OS'SPECS)

SPECS(13) =NP . T o

RE TURN

" END

SUBROUT INE LABELS(PROGRI.S!.XSY"S‘.SVH.ALBL)

COMMON/PLTAD/SPECS (100) : . ot
SYM3TL*SPECS(16€) .

STD.QEVIAT!ONI./Q‘ LlN"Z(ll'IVEIO-J)'/o

04-

‘o,
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SI1ZEsSPECS(17)

SPECS(16)=SYN

SPECS(1T)=SZ' T
SPECS(18)=82

SPECS(22)2xST

SPECS(23)sYST .
IF (PROGEM,. EQ,. 1 . JCALL SYMKEY (], ALBL .SPECS)
1IF (PROGRMo EGe 2+ JCALL TITLEG(149ALBL,SPECS)
SPECS(16)=SYMBLL .
SPECS(17)=SI2E

SPECS(18)sS])2€E

RE TURN

END
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Appendix C

Raw Data for Calculations Program

Data fed to the calculations program (ZNCLOR) - e]emental ana1yses .

of the MTC extract1on weights, and run cond1t1ons -l are 11sted exact]y ;

-

in the form in which it was fed to the program

_ The f1rst 1ine prov1des we1ght percents of each e]ement fol]owed
by the weight of MTC recovered and the run number al 1n FS 2 format
The second - 11ne q1ves extraction we1ghts in gm (four values in F6 4
format), fo1lowed by the fract1on of retawned pyridine which was found
in the pyridine extract (in F3.2)., The third line gtveS'run conditions:
'hydrogen pressure ps1g), res1dence ‘time (m1n) ‘and temperature (°)

in F4, 0 methan01 loadxng and water 1oad1ng (gm) in F3. 03 and type |

of add1t1ve (0. = none, 1. = inorganic, 2. = organ1c) in F2 0. The
fourth 11ne identifies the additive and g1ves its 1oad1ng in gm. |

. The f1fth line is for program control and 1nstructs the computer that '
a new set of data 1s com1ng. (1 1nd1cates an a1together new run,

2 1nd1cates that the upcom1nq data is to be combined with the prev1ous :
data as they are from the same run w1th d1fferent run cond1t1ons; ‘ g

3 serves the same as a 1, but" 1nd1cates that the prev1ous run was

oudn .
ey

,benzene-washed )

£

For example, the first set of data is interpreted as follows: :

~ 47.6003.9800.8104.5303.2134,0051.5002.00 indicates 47.60% C, 3.98i H,
0.81% N, 4.53% Zn, 3.21% C1, 34.00% ash, 51. 50‘gm MTC‘recovered and

run number 2. The second line - 6.99920. 06600. 84406.0892. 20 - 1nd1cates
6.9992 gm MTC extracted yielding 0.0660 gm benzene extract, 0 84406 gm

~pyridine extract, and 6.0892 gm residue with 20% of the 1ncorporated_
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pyridine in the pyridine extract. The third line - 500.060.250.00.27.2
- indicafes_SOO psig hydrogen pressure, 60 m1nute§}reaction time,
250°c, 00.gh methano], 27 gm water, an organic additive present.

The fourth line identifies the additivé as 50 gm piperidine.



" 500,06Ce25CeCCe27e e

3

200.060¢250450,00,0,

"7Te12350+55551.17255.£8135.13

S . 230

H2ChCL B2

C F N ZN CLASHU+S

47.6003,9800+8104.5303.2134.0051.5002:00

6.99920, 0660C, 844C6. 852,20

500 .0604250400,27. 2,

PIPERIDINE 50,0 . 000.0

' L .

sr.:zOt.zeoo.e:ol.5ooo.zO|A.1032.000:.oo

©.36060. 19480, 56006.0660.05 _

5004060250400 27810 - o G
KBR 45.3 NAL 5741

1

67.3604.820052710.901143809.0099.9004.00 -

9.00202. 75005.47401.8930.93

5034€0Ce250.004274 24

DIRYORCANT §040 - -; ¢, 0000 . -

l " . Ty - B

©2.5404.9900.8201439C041814,4032.900%.00

6.66320413130.55306.3685.06

«CL 3746 NACL 29.4
1
68.6205.2000+5801.4000,0313.4036.9007.00
8.41700.61952+88805.2240439
$00.€60.250,00.27. 2.

MESITOL 5040 00040
1 o o
59.6703.9000.3906¢7901¢161647070.2009.00
1.38650.05750.10501430254+20
S0C.060,25¢C. 00,27.2,

T~BUTANOL 5040
1
686064 810046903:152:0010,4751.8010400
1.75700.71250.41230,7280.50
500.060.250, 00,272,
ME-NAPHTHA 5040 TETRALIN 1049
3
65,6004, 7000, 9300,88C0,1013,603420011400
8.74000.69801.73907.2750.24
500.060.275.00.27.0.
00040 000.0

PTSA 50.0

1

76,0C0S, 600C 8803,8402,7307,3380,0012,00,
3.54393.45102.99702.€319476
5004060.25040002742¢

ANThRA 1} 50-0 000.0

68, 2306 8101. 1602oJ6C0.7016 2226.0013,00
8.65501437702.6120541100.57 '
500¢060430040042740.
COO-O 000.0
1
€5, 7204, 8900.7602,6100.6714,3040, OOIQ 00

500.060.250.00.27-2g
P-XYLENE 50,0 CACL2 24,7
1 .
64, 5805.9300.7105g56€2.70!$.000l-5015.00
l-l5250.27500.5!650..710-80

00040 000.0
1 . .
6727904, 9809,9701,7100.6015,6030.8016.00
1¢87600013450,46200.9795.30
500¢0600275.0002701+
CACL2 26.7 000.0
L
65,5005.8300.7802,20€0,7015.2044,0017.00
6¢61300.87501.560004.4020.27
0004060.250.99.00.0,
000.0 600.0
1
64.0005.9700,7705.7402,3916,6081 .2%19,00
5.61151.40401.94702,2600,61
6504020427%450400604 -
000, 0 000.0
1
65.1605+0400.6406.6903.0319.9938.5020.00
663160Ce76702.15103.76€30.72
40040604320.,2%5.0042,
N-DECAM: 100, 0 000,9

1 ) .
55+ 8805.2200.,5913,3002.8925+520846321.20
6.52400, 75602.04604.C240.52
250.060.2500%50.00.2.

N—DECA& 50.0 . , OOO.J .

1 N . . oA Tt

6‘-6004.0200.9701-7900.2010.9052.:uéloJJ

9.97‘00.67202.027C0.4860.11

74 8500.0600250400527.04 7. RIS Sl 4

000.0 00040
1

9.41000,43601,79207.65¢C0.14
500.0604250.00427s 106
4 CACL2 ‘2847 . 1 :000.) - “';?
i
39.9oo¢.xooo.szza.eoar.roax.roao.Joza.-a
8.33100,97303,88904,2790,66 . .
200.0604250.50400414 o
2N 25,0 900.0
1 . .
32055030 3500,6028e5008,7652.6273.6323422
7.10700.00001+3510643650.90
250.06042504004004 2.
NyN-DMF100,0 200.0
1 . .
7006406.4400.5303.63C4.52116735646726.9¢
162140036100.63300.3020.86
250406C<25045040Ce 20
ANTHRA OIL 1040 09049
1
oe..sos.qsoo.7xoz.sool.0712.3331.7.37..J
5.94201,12901, 72903,2700.42
20000606250¢504000 16
COCL2 38.5 - 000.)
1
46.5203. 6300.0620.5900.5539.oaas.ouae.Jo
9.99300,13300, 39409,8940.29
200406002504504004 14
SNCL2 42,1 « 000,92
1

1082500+96000.49750.4400 .54
20040604250¢504004 20

TETRALIN 10,0 . 000.0
3 ' .
50+0405¢3100.4516,001442213.006349033¢ 30
1060200428001.6640042710.95
200,060, 275.5040C.Co )

. 000.0 000,0

' .
64.6505.0200.7704.520303115.4085,00314¢02
8.08200.57401:,00206.8740.10
200,060.200.50,0C. 2.
ANTHRA OIL 10.0 000.0
A . -
63403060380005406¢32C5.321869052.9032400
8.84701,38T701.74701.4480.74 '
200.,060,250,%0.0C,2., . .
cvcnexANOL 10.0 o 000.0

63.7305.0700.6002.870!-!lll-00<a. o33,
1e28850.16600,44500.6815,.50
200,060.250.00.00.2.
I-PROPANOL S$0.0 0002
1
63,3108, 5100,5506.0102,2014, 90*3...4&...
54678300661 701.24603.5390.26
200.0600250400.00.2,.°
T=BUTANOL %0.0 ' ’ 003.2
1
75,8505, 7900,610C.83C2.68307.9043,0235.2°
4e71700471501.9660201950.69
*2004060.250450400420
C2CL6 $S0.0 000.0
1
76,0805, 9800,5600,3900,6708,3052.9736,:%
1410300026650455300.2990.68
20040600250400400020
ACETONE $0,0 - 000.0

©66¢86045690102902:3200.3718: 80320502300,

74042074 1500.5301e32C0488106205062C29%20-

B
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)
61.7805.8000.5908.,7203,6518,8082.,0037.00
4.98001.39001.85001.5900.65

- 2006060,250.50400.0,

000.0 000,0

1

67.3504.41004820041100871342033.8038.00

‘.75900.08550.530[‘b5l7°.5°

200.060.250.00400420 .

ACETIC ACD $0.0 000.0

1

67.C306,2900,6904,1102, 1015.3739.5039 00

3¢768101437001.0805142270.60

$500.00604250¢5040040¢ N N
000.0 000.0

3 .

69.320%, 9000, 7502, 3200,7514.,0038,0040,00

' 0-0725!.0143!.525‘2.2890-00

200.060.250¢25400400
000,0 ooo.o
1
66.4305.970046304.4401.3816.5042,3041.00
4030800.83401,198524C620.70
200.060.250.75.00404
000,0 000,92
\
65008905.4300.4405.3105.4814.3540,5042.00
1.3460C.91400.50400.5040490"
500.060.250400e27425
TETRALIN S0,0 000,0
3
59,7605, 820047709.8906.4716.0044.4043.00
2.15000. 61251, 385C0,5880,%2
800.0604250050400e00
00040 000.0
1
68.8605.3400.8702,1591:6514+6035.5044,00
4,36106,53501.31022,7460,70
20240600250010410400
000.0 00040
1
65.0606.0600.7006.9802.6417.5045.9045.00
4.35501, 09431,57841,9520,35
000 ¢06 04 25045040040
000.0 00040
1
66.6104.6400.9702,5200.191606034,2046.00
5.80600.22020,82725,1190,07 -
2CC ¢06002506004270¢ .
000.0 00040
1
©743006.0000485030390162615:6035.6047400
2.11400,5690C.86050+8050465
803.06C.2504254004Co
00040 000.0
1
6000805.820027009.4011+3016.7044,.1048¢090
2.93700.61402.37420.4790.92
800,060,275, 50,00.0. )
- 00040 00040
1
66 ¢6805.8700.8403,8800:4716+0039.0049,00
4,36850.65001439953.0420.6%
8004060¢225¢50400400¢
000.0 00040
1
6503706.1300.5908,6400,1615.7045,5050.00
1044000.40050.626800.5200.85
000.C6Ce250450400400
000.0 000,.0
1
64 .9906.0800+7306.9803.0514.0038.3031.00
1491600.50801.00150.5860.85
800.060425063540C.00
000.0 000.0 .
%
62.0205.4600:690643000.5318.2041.0052,00
2.57450,25050.58851.8540 .85
200.060,225.50,00,0.
00040 000.0

]
$72105.100006310634C4.20822.0746+2053.00
2408000¢32000:55301.2970.90
200,060, 250,50,00. 2,
C-0ICL -BEN 60.0 000.0
3
63089004430045705:65C640512,108904934.00
1615500034100.78100.1150.30
200.060,230.00,00.2,

ETHANOL 50.0 9%0.0
1
68,0706,3700.660C.84C0,621242034475554%0
0079500.22450.43700.1905.50
500:0604250.50.00.1. -

ZND 18.8 000.0

1
66,6604, 730C,9402,36C0.,4815,5033.,7056,30
2063900.16300¢66101.8660430
800.060.250.00427.0.
000.0 000.0

1
47,3205,0000.5922.1003.3029.9032.6%57,00
10614600.19100.02250.£950.80
$000060425045040041 4

ZNO 9.0 N 000.0

58.“05.5000.5605 3909 .,6614,4044,35053, 00
1029800, 32750.97600.1440.90
530+060.250.5040041 -
HCLIPS1IG)100.0 000,90
t
65:.8706.850001506¢1101.8716.,904441039.,90
l0365000072500SIZOCQQOOOoSO
500+0600250.50.00.2¢
INDOLINE 10,0 000.0

1
54.0404,4900.9000.00004001749039.1000490
1,91200,0000C.46001.6910.05
50000600250.00.0002.
DECANE+TET250.4 HCL(PSIG)100.0
1 .
61,8804, 7500.8500,2400.1615,2325,9%62,22
2¢07300.,08260.41551.7720,10
0000060.200.00427+0. .

003, 0 000.0 ,
2
63.6504,9601 «0303.9600.3314,3010,2002,59
2+04800005350423901.5740.10
000+060.200,00427.0. :

000.0 €00.9
)
65.4504,8501 +0002.9300427154803443003.00
2.27400.10150e371114$525.05
500.0600250400427.0.

000.0 000,0
1
62¢3408.6700.8002499001615.3034,06)68,00
2.,42300, 08500, 27272,2540.10
00000000250000427+04

000.0 000.9
1
66 .1008,8700:9102,7700.5114.£033+1063+00
3.¥3700,21020,081C53,1300,20
50000600250.00027.0.

000.0 000.0
1
80,7105.2600¢5915.9003.6728.5050.5056400
1.108600,23400,40500,5$60.50
500 ¢0604250+50.00. 2,
PYROLIDINE 10.5 000.0
1
59.5704.9200.8602.7701.0516,1080430067,00
4¢353650,00000.,81304,2895,.30
000:999.040.00.0002.
ETHYLETHER306.0 000.0
3
6£02005.210008100000C040018010366506800V
4¢50100018300.20304,3670.05
00060600235.99.0Ce 00 .

000.0 009.0



1
69.5!06.6700-7001.300!obliZ.éOZS.‘CbOoOO
1.08000039500.5530042060.85
S00.060, 2504504001
. ZNO - 9.0 000-0 %“;‘f
2
-A6.2600.8800-:723.000‘.533I.9019o7°6905°
"1497300.18600.4923045055.895
500,060,250.50,00,1,. s .
IZNO 9o0 000.0. . -

1 .
61-5906.0‘00-5808.6007-9213-506‘.5070-00
10¢63600¢3970120330041995.95 ’
80C8,030,275.5C,00. 0- . .

000.0 ’ 000.0
1
03.0906.lOOO.SOOG.Q?OB.l113.6023-0072.00
10603800.23100.84600.0555.99: .
800+060025005C+0Ca0. .

©000.0 o 000.0
2 :

1406400.28790465050:2270495
80C,C60,250,50.0C.06 S

‘ 000.:0 000.0
T N
es.sooe.:ooo.s|on.9sos.oel:.cozc.ao73.oo
1.09400.32500.73950.1130:99 i
803.€604250.50,0C,0, . S

’ - 003.0 000.0
2

16J0600.27400:4725043150.9S.
800.060.250,50,0C.C. A .'-
000.0 000.0 : .

1 : '

65.2105,680C, 9000-1330-1112.3019-5076'00

2¢32650418550.77801.5485.10
8004000.250.50.00.0, . C co
00040 00040
61,8505, 170C,87C5,71€0,3816.0018,0574,50
2424150.08800427502.1285410
80C+000e25050400404 . -,
: ,000.0 . ooo.o . .
1
7C.5206. 5300, 7302,2703.6911., 2017.0075 oo
x.07500.34350.63300.1315.90
50C60606250050200404 -
0C0e0 €00.0
2 .
63,3306, 0900,6606.0802.6115.9023, 1075 so
164670044380C<56700.5595.80
500.06046250050400¢0¢ ~ - :
€00, 0 ' 000.0

1
v7o.aeoe.szoo.7soo.eson.1911 4020.2076. oo
"1e21¢5€Ce39150.682504'1930.60 ' -
8004030,250450400.0 -
000.0 900,0
2
'64&7206.0900.7506.9#0!.1917.1013.5076.50
1,5230C03390C+4295C.7630.80 - . :
800+030.250.50.00404 o
000.0 000.0
t
71.9aoe.zeoo.aooo.1ooo.zxoo.zo|9.2orr.oo

1.36100.20400, 71500, 1935, Jo' v

80)+000.275.50.0040 :
000.0 . 000.0

2

63.1305,5800.6908,1000.7818,1019.8577,50
198400.24450,53001,2170.30 '
800+000.2754504.004004 M

000,0 ’ 000.,0 -
1 ! ! -
69.lQOé.Q?OO.blOQoGGOZ.QQl1-0020.0079000
0471750.26150.38800,0930.80
502.06¢C, 250,%50,00, 1,
ZIN 1.0 000.0

61+090650300.5709.7807.121642020¢3072.50

OZ.ZSOb-OOOC-blOSoIGOJ-:’I7.301609073050

232

2

sa.s;os.oaoc.aaoe.c;co.oa:s.soza.gsy,.,;
1046000.37300.73750,4815.90 R
$00.060,250,50,00,1, . L C .

N 1.0 : 000.0

O : B
67,7605, 670C. 9500,0400,5%13,2914 38334357

0¢80100.10450.38650.2535,80
800.0600250400427414
~ZIN 10.0 330.0 ¢ :
2 ) ¢
45,5604,2100,.612C,C0C3,4038, soze sca-.;c
155800409850.48951,1290.90 ' .
80000600250000e2701¢ T .
IN 10,0 0C9.90
1 . R

v66 7205.21 00, 9501.4800. 3513 2010.6332.31

0e98600413750.5185042660.20
999.0006225:00027014 . .

IN 10.1 . ©00.0
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Appendix D
Extract Analyses

WEIGHT %
Run, C_ H N S Ash In C
Benzene Extracts

3. 82.30 10.80 0.13 1.00 - - -

4 89.22 6.31 0.12 0.20 - 0.60 0.61

5 - 81.83- 10.61 0.19 0.31 - - -
7 811 8.45 0.18 0.61 1.30 0.09 0.51

9 83.35 8.08 0.05 6.34 0.30 0.07 -
11 . 83.62 9.53 0.03 - - - -
13 86.05 7.95 0.47 - - - -
48 83.76 8.80 0.44 - - - -
55 82.14 8.43 0.42 - - - -

Pyridine Extracts

3 73.70 6.85 1.16 0.4 - - -

4 51.90 3.92 7.29 0.03 3.00 16.40 16.20

5 73.70 6.92 1.26 0.61 - 2.50 -

7 74.70 5.52 . 1.37 0.46 3.00 - -

9 61.00 5.05 2.49 7.75 8.80 6.73 -
11 76.30 5.73 2.25 - - - -
13 74.30 4.76 3.18 - - - -
15 60.60 4.93 - 4.08 - 13.50 - -
17 74.00 6.18 2.31 - 4.90 3.69 -
19 65.53 5.32 3.71 - - 10.50 -
20 - - 4.67 - - - -
21 - - 4.22 - - - -
22 - - 2.12 - - - -
23 - - 1.66 - - - -
24 - - 5.78 - - - -
26 - - 4,03 - 6.10 8.58 7.45
27 - - - 2.69 - - - -
30 51.19 4.14 7.19 - 7.00 14.90 16.24
3l - - 1.73 - - - -
32 - 4,28 - 10.80 - -
33 1.40 - - - -
34 - - 1,97 - - - -
35 76.60 5.41 2.58 - - - -
36 79.83 5.63 1.54 - - - -
37 67.53 5.46 2.98 - 8.41 - -
40 76.18 . 6.03 1.90 - - - -
43 60.13 4.81 5.50 - - - -
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58

. 58.47

Appendix D
~f-,Extr§ct Anélyseﬁ
7 WEIGHT X |
" Run C. H N s Ash In. _Cl
47 73.11  5.76 3,00 - . - -
48 56.96 4,58 6.02 - - - -
54b 57.49 4.84 3.91 - 9.90 - - 9.39
55x -~ 71.85 5.54 1.98 - 5.50 - 1.33
4.87 - 8;80_

110.20

o
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WEIGHT %
Run C " H N S Ash In Cl
Residues
Blank 62.86 4,59 . 2.69 - - -

3 62.92 3.87 2.06  0.28 21.10 - . -

4 61.61 3.53 1.41 0.77 21.70 1.61 0.12

5 60.15 - 3.97 1.82. 0.84 12.70 - -

7 58.23 3.59 1.21 1.32 30.70 - -

9 60.46 3.63 1.33 8.91 74.70 8.77 -
11 68.56 4,32 1.85 - 14.30 - -
13 61.20 3.64 1.22 - 26.20 - -
15 51.30 4,37 1.83 - 30.40 - -
16 63.30 3.95 2.11 - 25.00 - -
17 58.90 4,51 2.14 - 20.70 - -
19 51.22 4.11 1.74 - 30.60 - 0.13
20 - - 1.05 - - - -
21 - - 1.94 - - - ‘-
22 - - 2.50 - - - -
23 | - - 2.29 - - - -
24 - - 0.84 - - - -
26 - - 1.67 - 21.90 - -
27 - - 1.97 - C- - -
30 26.38 2.58 0.83 - 60.10 - -
30b - - - - 42.10 - _—
31 - - 2.64 - 14,90 - 0.09
32 - - 1.85 - - - -
33 - - 1.64 - - - -
34 - - 1.75 - - - -
35 - - 1.04 - - - -
36 - - 1.39 - - - -
37 42.41 ° 3.79 1.50 - 39.20 - 0.24
40 53.69 4,16 1.72 - 27.50 3.61 0.09
43 38.56 2.94 1,24 . - - - -
47 47.79 3.70 1.83 - - - -
48 37.65 3.27 1.44 - - - -
55 26.26 2.62  0.68 - 60.50 - -
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WEIGHT % -~

Extract-Run = ’_‘fo- “H.. N Ash

Other Extract Analyses

Cyclohexane T S
Wash - 10 - . 63.80 . 4.60 0.97 15.60
Cyclohexane-10 51.90 5.2 0.10 - ..
. Benzene-10 ' ‘84,20 . 7.27 . 0.39 -
Pyridine-10 64.60 - 4.69 4.53 -
. Residue-10 - 67.60 4,31 1,36 19.70
"Cyclohexane-12- - 91,97 6.30 -0.18 -
Benzene-12 - -~ '88.95 6.14 ~ 0.61 -
Pyridine-12 - '63.61 4,58 5.87 -
Residue-12 . - 65.80 3.93 2.11 17.50
Cyclohexane-14 - = 86.43 9.49  0.28 -
Benzene-14 83.97 9.06 0.7 -
Pyridine-14 - - 75.30 6.22 2.05 -
- Residue-14 61.71 3.94 2.51 17.10
- Benzene Wash-29 87.90 9.45 0.12¢ 0.30
"~ Pyridine-29 - 73.90 6.06 2.77 -
Residue-29 . =~ 52,05 4,34 1.87 -
Benzene Wash-39 . 86.69  9.50 0.16 -
Pyridine-39 57.95 4.76 " 2.45 <
-Residue-39 - 47.72 4,03 1.47 -
Benzene Wash-42 88.27 7.46 0.18 - -
Pyridine-42- 62.46.  4.47 5,65 . 4.90
Residue-42 27.31 2.38 1.02 -
8.95 0.28 - 1.30

Benzene Wash-53 81.97

P d;“.-?

o .

—

—
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