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, , DISCLAIMER

This report was prepared as an account of work sponsored by the United States

Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness, or usefulness of any information, apparatus,

product, or process disclosed, or represents that its use would not infringe privately owned

rights. Reference here_n to any specific commercial product, process or service by trade name,

mark manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,

recommendation, or favoring by the United States Government or any agency thereof. The

views and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.
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ABSTRACT

Low-temperature catalytic pretreatment is a promising approach to the development of an

improved liquefaction process. This work is a fundamental study on effects of pretreatments on

coal structure and reactivity in liquefaction. The main objectives of this project are to study the coal

structural changes induced by low-temperature catalytic and thermal pretreatments by using

spectroscopic techniques; and to clarify the pretreatment-induced changes in reactivity or

convertibility of coals in the subsequent liquefaction. This report describes the progress of our

work during the first quarterly period. Substantial progress has been made in the spectroscopic

characterization of fresh and THF-extracted samples of two subbituminous coals and fresh samples

of three bituminous coals using cross-polarization magic angle spinning (CPMAS) solid-state 13C

NMR and pyrolysis-GC-MS techniques. CPMAS 13C NMR and pyrolysis-GC-MS provided

important information on carbon distribution/functionality and molecular components/structural

units, respectively, for these coal samples. Pyrolysis-GC-MS revealed that there are remarkable

structural differences in structural units between the subbituminous coals and the bituminous coals.

Furthermore, significant progress has been made in the pretrearments and spectroscopic

characterization of catalytically and thermally pretreated as well as physically treated Wyodak

subbituminous coal, and temperature-staged and temperature-programmed thermal and catalytic

liquefaction of a Montana subbituminous coal. The analytical results show that both catalytic and

thermal pretreatments result in some changes in coal structure. In many cases such structured

changes are subtle and not easily detectable by conventional analytical methods such as FF-IR. We

have detected the changes in coal macromolecular structure by using a combination of pyrolysis-

GC-MS and CPMAS 13C NMR as well as FF-IR. Liquefaction data indicates that low-

temperature catalytic pretreatments enhance coal conversion and oil production. Among the two

different liquefaction procedures incorporating pretreatments, temperature-programmed

liquefaction of a Montana subbituminous coal using dispersed Mo catalyst has been shown to be

superior to the temperature-staged liquefaction.



INTRODUCTION

The importance of coal liquefaction to produce liquid transportation fuels is well documented

(Lumpkin, 1988; DOE COLIRN, 1989). Liquefaction is also one of the important routes for

producing useful aromatic chemicals and advanced materials from coals (Song and Schobert,

1992a). However, the coal conversion into liquids is an extremely complex process and involves

both chemical and physical transformations. Despite enormous strides in coal liquefaction research

and process development, coal-derived liquids are still not competitive with petroleum crudes.

Further improvements are required and the most promising approach would be the development of

improved catalytic process. It is known that direct liquefaction of coals proceeds through two

loosely def'med stages, coal dissolution into solvent-soluble materials, followed by upgrading of

the solubilized products. The distribution and quality of primary liquefaction (coal dissolution )

products depend on the coal, ca:alyst, solvent and process conditions used in the first stage, The

upgrading of primary liquefaction products into transportation fuels requires an overall upgrading

of heavy materials to distillable materials, followed by the upgrading of different distillate fractions

to liquid products with the necessary properties for use as transportation fuels including gas,_iine,

jet fuels, and diesel fuels.

The conventional concept for high,severity conversion of coal is that coal must be heated to

high temperatures (400-450°C) causing thermal cleavage of bonds in organic matrix of coal to yield

free radicals, which are capped by hydrogen to form low-molecular-weight products. However,

recent fundamental research in coal liquefaction and pyrolysis has revealed that coal is more

reactive than had been thought previously. The thermally initiated reactions of coal can take piace

very rapidly (Whitehurst et al., 1980a, 1980b) and, especially for low-rank coals, can occur at

lower temperatures (Neavel, 1982; Suuberg et al., 1985, 1987). Temperature-progrmnmed

pyrolysis (TPP) of different coals ranging from brown to bituminous coals clearly showed that

more bonds in low-rank coals are thermally broken at lower temperatures as compared to

bituminous coals, and a concept of bond energy distribution has been developed from TPP (Song

et al., 1991a; Song and Schobert, 1992b). Considerable work at Penn State (Davis et al., 1986,

1989; Derbyshire et al., 1986a, 1986b, 1989; Stansberry et al., 1987; Burgess and Schobert,

1990; Burgess et al., 1991) has demonstrated that the combination of low-temperature catalytic

reaction followed by the high temperature catalytic reaction using dispersed molybdenum

significantly enhanced coal conversion and oil production. More recent work in this laboratory has

shown that temperature-programmed liquefaction using prolg_ammed heat-up is more effective for

converting low-rank coals (Song et al., 1991b; Song and Schobert, 1992b; Huang et al., 1992].



Ali these results point to the beneficial effects of reactions at lower temperatures as compared to

conventional high-severity processes.

The aboveresults strongly suggest that low-temperature catalytic pretreatment or

preconversion is a promising approach and deserves further detailed study. An important fact noted

from previous work is that the low temperature pretreatments using dispersed catalyst do not

appreciably alter the solubility of coal in THF, and the main effects become apparent only upon

subsequent reaction at higher temperature (Derbyshire, 1988; DOE COLIRN, 1989). Probably the

catalytic pretreatrnent affects the early reaction stage most significantly. The importance of, and

potential problems, associated with early steps in direct liquefaction will be discussed in relation to

the catalytic pretreatments in the section on Survey of Relevant Literature. Briefly, the most

important issue in the early stage of coal dissolution is to suppress the retrograde reactions to

produce higher yields of less refractory liquids for the down-stream catalytic upgrading. The

appropriate low-temperature catalytic pretreatments followed by high-temperature catalytic

reactions could improve yield and quali ,lyof distillate products and increase coal conversion and the

efficiency of hydrogen utilization, provided that the pretreatment can induce desirable structural

modification in coal that will improve its reactivity and reduce retrograde reactions upon

liquefaction. The study of coal structure and reactivity associated with catalytic pretreatment and

subsequent liquefaction could lead to the development of most effective preconversion and

liquefaction procedures. These advantages are of great importance to the potential commercial

applications, not only in coal hydroliquefaction, but also in coal co-processing as well as coal

hydropyrolysis. An apparent disadvantage of introducing catalytic pretreatment is that it increases

the process units, equipment costs and complexity of operation. This disadvantage can be offset

by the prospective gains in yields and quality of distillate products and suppression of unnecessary

H2 consumption, lt is undisputable that the development of a low-severity catalytic liquefaction

process has great potential to improve overall process efficiency and to reduce operating costs for

producing transportation fuels from coal.

PROJECT OBJECTIVES

This work is a fundamental srady of catalytic pretreatments as a potential preconversion

step to low-severity liquefaction. The ultimate g0al of this work is to provide the basis for the

design of an improved liquefaction process and to facilitate our understanding of those processes

that occur when coals are initially dissolved. The main objectives of this project are to study the

effects of low-temperature pretreatments on coal structure and their impacts on the subsequent
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liquefaction. The effects of pretreatment temperatures, catalyst type, coal rank and influence of

solvent will be examined. '
!,

The specific objectives are to identify the basic changes in coal structure induced by catalytic

and thermal pretreatments by using spectroscopic, thermochemical and chemical techniques; and to

determine the reactivity of the catalytically and thermally treated coals for coal liquefaction.

Combining the two lines of information will allow us to identify the pretreamaent-induced

desirable/undesirable basic changes in coal structure; to clarify the impacts of pretreatments on coal

liquefaction; to identify the structures responsible for retrograde reactions; to evaluate the structural

differences resulting from different catalytic actions in relation to the overall catalytic effects in

liquefaction; and ultimately, to develop a structure-reactivity relationship for liquefaction associated

with catalyst type, coal rank and solvent. Furthemlore, this research will contribute greatly to the

development of effective pretre_tment procedures which will allow coals to be liquefied more.

efficiently than the current practice. Finally, much of the knowledge to be generated from this

research is not only critical for developing advanced hydroliquefaction processes, but also very

useful to development of coal/petroleum resid co-processing, pyrolysis and hydropyrolysis

processes.

SURVEY OF RELEVANT LITERATURE

The present research project involves the tests using dispersed catalysts. An extensive

review of catalysts and pretreatments relevant to the proposed, work axe discussed below. The

following literature review and discussion on chemistry of coal pretreatment and

preconversion covers catalytic pretreatments, thermal pretreatments, special chemical

pretreatments, and physical pretreatments.

Catalytic Pretreatment. Sulfided molybdenum is a typical hydrogenation cataly.,_t.

Extensive research at Pittsburgh Energy Technology Center (Bockrath et al., 1984, 1986, 1991;

Utz et al., 1989) and at Penn State (Davis et al., 1986, 1989; Derbyshire et al., 1986a, 1986b,

1989; Stansberry et al., 1987; Burgess and Schobert, 1990; Burgess et al., 1991) has

demonstrated the potential of dispersed molybdenum cataly,,,t. In most cases, the catalyst was

impregnated on coal as a precursor salt such as sulfided ammonium molybdate or ammonium

tetrathiomolybdate, which decomposes upon heating to higher temperatures to form MoS2

(Naumann et al., 1982) and thus disperses MoS2 on coal (Stansberry et al., 1987; Utz et 'al.,

1989). These previous investigations have demonstrated that low-temperature catalytic reaction
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using dispersed molybdenum catalyst can improve coal reactivity. In the temperature-staged

liquefaction, conducting the reaction using sulfided molybdenum at low-temperature leads to

higher oil yield upon reaction at high temperature, without remarkable increase of hydrocarbon

gas. The low-temperature stage is apparently more than a simple slow-down of thermal

fragmentation of coal. Recent work in this laboratory has revealed that the reactions using

dispersed molybdenum catalysts remarkably enhanced hydrodesulfudzation of high-sulfur lignites

at the temperatures as low as about 300°C (Garcia and Schobert, 1988, 1989a, 1989b, 1990,

1991).

On the other hand, even in the presence of finely dispersed molybdenum catalyst, the low-

rank coals were found lo be more sensitive to the temperature of catalytic pretreatment and higher

pretreatrnent temperature (350°C) resulted in higher extent of retrograde reactions such as

crosslinking in the residue part of a subbituminous coal (but not for a bituminous coal) as

suggested by microscopic examination (Derbyshire, 1988), Consequently, lowering the

temperature of catalytic treatmentreduced crosslinking (Derbyshire and Luckie, 1986). The

pretreatments (up to 300°C), in general, do not remarkably increase liquid yield. However,

catalytic pretreatment of a subbituminous coal at 300°C for 1 h increased the swelling ratio of

chloroform-insoluble residues and this was attributed to the removal of crosslinks (Derbyshire et

al., 1986b) from comparison to thermal treatment which decrease swelling ration (Suuberg et al.,

1985). From the above results, it was inferred that low-temperature reaction using sulfided

molybdenum catalyst appears to cause subtle changes in coal structure, and the main effects of

which become apparent only upon subsequent liquefaction at high temperature (Derbyshhe, 1988).

Two key questions that arise are: if such pretreatments result in the modification to coal

structure that rendered it more reactive to the subsequent liquefaction, what are the basic changes in

coal stnlcture .9and how can we enhance such desirable change ? These questions need to be

answered with respect to the effects of the pretreatments on coal structure and reactivity.

Another type of dispersed catalyst is Lewis acidic metal halide. ZnCI2 is a typical Lewis

acidic molten salt catalyst. Since the work of Zielke et al. (1966a, 1966b), this catalyst has been

widely studied both in liquefaction of coal and in the reaction of model compounds, as reviewed by

Derbyshire (1988). While the insufficient recovery and corrosive nature of this acid catalyst

hindered its practical application, the catalyst chemistry is sufficiently attractive to warrant a

continuing research effort (Derbyshire, 1988). Although ZnC12 has been demonstrated to be an

active liquefaction catalyst, the low-temperature pretreatment using ZnC12 has been little studied.

Recently, Shabati et al. (1985a, 1985b, 1986) reported a procedure of multi-stage liquefaction, in

which the first stage reaction of bituminous and subbituminous coals using Lewis acid (ZnCI2,



FeCI3) catalysts at 250-275°C results in higher conversions in the subsequent stages. While the

pretreatment has impact on the subsequent stages, it did not appreciably alter the yields of'H-IF

solubles. Again, the question as to what structural changes occurred during the pretreatment

remains to be answered, lt has been found that NiCI2-LiC1-KCI ternary salt is an excellent

dispersed catalyst for coal hydroliquefaction (Song et al., 1986a). This catalyst becomes molten at

>360°C, and can substantially enhance coal conversion inlow temperature pyrolysis (300-400°C)

even under N2 atmosphere, and significantly promotes oil production in liquefaction at 400°C,

especially for subbituminous coals (Song and Nomura, 1986a, 1986b, 1987a; Song et al., 1988a,

1988b, 1991a).

The pioneering investigations on liquefaction using dispersed catalysts were reported by

Weller and Pelipetz (1950, 1951) and summarized by Hawk and Hiteshu (1965). Besides the

water-soluble catalysts like those mentioned above, Hawk and Hiteshu (1965) and more recent

reports (Watanabe et al., 1984; Suzuki et al., 1985) also showed that other types of dispersed

catalysts, oil-soluble organometallic compounds such as Mo naphthenate, Fe(CO)5, and Mo(CO)6

are effective catalysts or precursors for(high-severity) liquefactions. The use of oil-soluble

catalyst (or precursor) in coal/resid co-processing has also been reported to be successful (Curtis et

al., 1987). However, the low-temperature catalytic activity or organometallic compounds has not

been studied and deserves further study in catalytic pretreatment.

The influence of solvent in catalytic pretreatment will also be examined in this project. The

use of solvent is important in catalytic reactions from both physical (dilution, heat and mass

transfer) and chemical (H-donor, synergistic effects) viewpoints, although in general catalysts

plays a more important role. The use of ammonium molybdate (Bockrath et ai., 1986) and NiC12-

LiCI-KC1 catalyst (Song et al., 1987, 1988) in liquefaction of bituminous coals has been found to

reduce the demands placed on the solvent. However, an important effect of decreasing the total

hydrogen consumption (sum of hydrogen consumed from H2 and tetralin) was observed with the

co-presence of tetralin solvent and NiCI2-LiCI-KCI catalyst, as compared to the solvent-free

catalytic liquefaction (Song et al., 1987a, 1988b). The use of LiC1-KC1 (without NiCI2), at

various loading levels (from 0.1:1 to 1:1weight ratios) on a subbituminous coal (which showed little

catalytic effect on oil production and conversion) in the presence of tetralin, dramatically eliminated

the consumption of gas phase H2 - below the detectable level (Song et al., 1988b). Garg et al.

(1985) also observed a synergistic effect between dispersed Mo catalyst and high-boiling solvents

in improving liquefaction of a bituminous coal at 440°C.
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These prospective results strongly suggest that some catalyst and solvent can act in concert to

enhance oil production with reduced H2 consumption, lt has yet to be established what is the

synergistic mechanism behind such a desirable effect, N-containing solvents may also be

beneficial to catalytic pretreatments, although they are widely considered to be poisons and

deactivators for supported Ni-Mo catalysts in hydrotreating. Recent work in this laboratory has

revealed that the addition of a small amount of THQ to coal/naphthalene system using sulfided

ammonium molybdate or incorporating THQ into precursor salt improved conversion and oil yield

in temperature-stage..a liquefaction of a subbituminous coal, although adding THQ had little

apparent effect for the low temperature (350°C) stage (Burgess and Schobert, 1990). Based on the

foregoing, the influence of solvent in catalytic pretreatments will be studied in this work using H-

donor (such as tetralin), r.on-donor (such as methylnaphthalene), a process recycle solvent, and a

petroleum resid.

Thermal Treatment. Thermal treatments will also be conducted in ,*hisproject as

baseline to assess the effects of catalytic pretreatments. Purely thermal reactions are, in general,

not easily controllable and in most cases are undesirable. For low-rank coals, the thermally

initiated retrograde reactions may be of most significance during the heat-up period (to high

temperatures) where the radical-capping ability of the system is relatively low. Low-rank coals

generally have higher oxygen functionality and lower aromaticity (Schobert, 1990). The high

thermal reactivity of low-rank coals has been demonstrated by Suuberg et al. (1985, 1987), who

studied coal pyrolysis and evaluated crosslinking by using the solvent-swelling method (Green et

al. 1982, 1984). For the lignite studied, the swelling ratios decreased very early and continued to

decline with increasing temperature, indicating that the onset of cross-linking occurs much earlier

in lignites than in bituminous coals. They further observed that the low-temperature crosslinldng

associated with low-rank coals appeared to correlate with the evolution of CO2. This correlation

was also confirmed in recent work reported by Solomon et al. (1988) and Deshpande et al, (1988),

who further found that the loss of carboxyl groups correlated well with the evolution of CO2. On

the other hand, McMillen et al. (1985b) suggested the possibility of retrograde reactions involving
polyhydroxy aromatic structures.

The apparently mildest thermal treating, pre-drying coals to improve the economics of

handling the raw coals, has been a standard practice (Deurbrouck, 1981). However, some recent

work on the influence of pre-drying in pyrolysis and liquefaction (Suuberg et al., 1985; Serio et al.

1990) raises the question of whether this is "economic". lt has been found that drying the coal had

a negative impact on the liquefaction yields of low-rank coals such as lignite and subbituminous

coal, especially for lignite, but it had little effect on bituminous coal (Serio et al., 1990), This



work provided striking evidence of the extremely sensitive nature of low-rank coals to thermai

treating, lt is not clear whether the results associated with drying were caused by physical (e.g.

water removal) cr chemical effects. Many researchers have reported that low-rank coals are less

easily liquefied than bituminous coals, although there is evidence to the contrary (Whitehurst et al.,

1980, 1980b; Derbyshire and Stansberry, 1987). In general, low-rank coals show high propensity

to undergo crosslinking upon heating, which renders them less amenable to liquefaction.

It should be noted that, however, thermal treatments in the presence of some solvent may

have positive effect depending on the coal and solvent used. Snape et al. (1990) found pre-

soaking of bituminous coal/solvent slurries at 250°C increa_sedcoal conversions (SCT: 400°C for

10 minutes) for 9,10-dihydrophenanthrene but not tetralin. Narain et al. (1983) found similar
1

improvement!; in SCT liquefaction with 1-methylnaphthalene. Recent work in this laboratory

demonstrated that in temperature-programmed liquefaction of low-rank coals, the programmed

heat-up in H-donor tetralin solvent is superior and affords considerably higher coal conversion

than the rapid heat-up (Song and Schobert, 1992b; Song et al., 1992a). Miller et al. (1990)

showed that the use of tetrahydroquinoline (THQ) in both low (350°C) and high (440°C) severity

process improves conversions of subbituminous and bituminous coals in liquefaction and co-

processing, lt has been reported that the addition of a small amount of THQ to the naphthalene

solvent for temperature-staged non-catalytic liquefaction of a subbituminous coal remarkably

increased conversion but the effect at the first stage (350°C) was very small (Burgess and

Schobert, 1990). Hydrothermal treatment of coal with water has also been shown to have some

modest effect on coal liquefaction in terms of enhanced conversion (Bienkowski et al., 1987) or

improved product quality.

The above review raises a series of important questions. What kinds of chemical

and physical structures make coals, especially low-rank coals, so thermally sensitive ? Which

bonds break first ? What are the structures responsible for retrograde reactions ? How can these

reactions be controlled ? Is there any effect of catalyst and solvent on bond cleavage and bond-

forming or stabilization at low temperatures ? These questions are critical to the initial stage in ali

of the liquefaction, co-processing, and pyrolysis as well as hydropyrolysis processes, and need to

be answered by clarifying the "reactive" structures and developing a structure-reactivity

relationship. Clarification of these important issues is one of the train objectives of this work.

Special Chemical Pretreatment. lt is not the purpose of this work to study the

effects of special chemical and physical treatment on coal liquefaction, but recent progress will



briefly mentioned here. While chemical treatment using special chemical reagents or organic

reactions may be too expensive or too slow as a commercial pretreatment step, such studies

contribute to our knowledge of liquefaction mechanism. Recently, pretreatment of coal using an

O-alkylation method, which was first developed by Liotta et al. (1981) and later modified by

Ettinger et al. (1986), has been found to be beneficial to coal liquefaction (Miller et al., 1989;

Baldwin et al., 1990; Serio et al., 1990). Schlosberg et al. (1980) first reported that Friedel-Crafts

alkylation was a beneficial pretreatment step for liquefaction under high-severity conditions.

Baldwin et al. (1990, 1991) alkylated a subbituminouscoal and observed a remarkable increase in

THF-solubles with increasing O-methylation degree of the coal in its liquefaction and co-

process_ag. They attributed this effect to the suppression of retrogressive reactions by introducing

me_yl gro_,apsto oxygen sites. From these results, they inferred that oxygen sites may be

initiators for retrograde reactions during the initial stages of coal liquefaction. Serio et al. (1990)

further compared the effects of O-methylation, demineralization by "_ICl/HFand ion-exchange (to

remove Ca, Na, and K cations) on liquefaction of lignite, subbituminous and bituminous coals and

concluded that the extent of retrograde reactions for low-rank coals (lignite and subbituminous') is

significantly reduced by methylation and demineralization but these treatments do not have much

impact on bituminous coal.

Physical Pretreatment. Some physical treatments have also been reported in the

literature. The typical physical treatment is solvent swelling, as reported by Rincon and Cruz

(1988), who found that pre-swelling coals in THF increases conversions in both anthracene oil and

tetralin. Joseph (1991) also reported on the beneficial effects of pre-swelling coals in polar solvents

for coal liquefaction. Recent work in this laboratory showed that pre-swelling coals in some polar

solvents could improve coal conversion at low temperatures, depending on the solvent, coal and

catalyst (Artok et al., 1991). Another type of physical pretreatment is solvent extraction. Snape et

al. (I 990) reported some sm'prising results that pre-extraction with THF significantly increased

conversions of a bituminous coal in polyaromatics such as pyrene. The suggested explanation is

that pyrene is an effective H-shuttler for available hydrogen in the coal but solvent-extractable

materials limit access for larger polyaromatics such as pyrene. This finding is, however, in distinct

contrast to those of other liquefaction (Larsen t al., 1980; Chamberlin and Schobert, 1991) and

pyrolysis (O'Brien et al., 1987) studies where prior removal of chloroform-extractable materials

significantly reduced conversions. These treatments are apparently associated with modification in

either physical structure (by solvent swelling or extraction) or some change in chemical

composition which is caused by the removal (via extraction) of the so-called mobile phase (Given

et al., 1986). The information from above-mentioned chemical and physical pretreatments, though

indirectly, could also be useful in examining the effects of catalytic and thermal pretreatments.
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Statement of Work

The major technical approaches to be adopted are 1) spectroscopic, thermochemical and

chemical characterization to assess the structural changes induced by pretreatments using different

catalysts in the absence and presence of solvent, with thermal treatments as baseline; 2) liquefaction

of pretreated samples to examine the effects of catalytic and thermal pretreatments on coal reactivity

and product selectivity, with the runs for original coals and untreated catalyst-loaded coals as

baseline. The pretreatments, structural characterization and liquefaction will be directed to

examining the above issues associated with the effects of catalyst L.vpe,coal rank and solvent. The

experimental efforts can be divided into seven Tasks.

Task 1. Selection of Samples

The objective of this task is to select coals and solvents. Two lignites, two subbituminous

and two bituminous coals shalk be selected from the Penn State Coal Sample Bank. For direct

comparison of results, one li_.,,nite,one subbituminous and one bituminous coals that are being

used in on-going DOE projects are to be used. A hydroaromatic compound (such as tetralin), and a

aromatic compound (such as 1-methylnaphthalene) shall be selected as rep_sentative H-donor and

non-donor solvents, respectively. A process vehicle solvent and a petroleum resid will also be

selected. The process solvent will be one of the liquefaction recycle solvents or middle distillates, '

preferably one of those from Advanced Two-Stage Coal Liqt_efaction Plant at Wilsonville. The

resid shall be one of those used in the current co-processing project.

Task 2. Characterization of Coals

The objectives of this task are to study the structure and thermal reactivity of coals using a

combination of modem spectroscopic and thermochemical analytical techniques including cross-

polarization (CP), and dipolar-dephasing (DD) magic angle spinning (CPMAS and DDMAS) solid

state 13C N]VIR,flash pyrolysis-gas chromatograph-mass spectrometer (Py-GC-MS), bT-IR, and

TGA-DTA. CPMAS and DDMAS NMR will be used to determine distributions of aliphatic and

aromatic carbons and their degree of protonation. FT-IR will be used to determine chemical

functionality in addition to CPMAS 13C NMR. Flash pyrolysis-GC-MS will be conducted at

different temperatures to clarify the type and distribution of structural units of the coals. To

examine thermal reactivity of coals, TGA-DTA measurements shall be.performed for both
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isothermal and non-isothermal analyses at different temperatures and heating rates. To evaluate and

quantify the "reactive" structures in coals, a number of specific chemical reaction methods (Task 5)

shall be used in combination with the spectroscopic and thermochemical techniques.

Most of the characterization methods to be usexl in Tasks 2, 4, and 6 are state-of-the-art

analytical techniques including CPMAS and DDMAS 13C NMR, FT-IR, Py-GC-MS, and TGA-

DTA. M_aaypapers have described the use of CPMAS 13C NMR (Maciel et al., 1979; Earl et al.,

1980; Wilson et al., 1984; Hatcher et al., 1989a; Song et al., 1992); DDMAS 13C NMR (Alemany

et al., 1983; Hatcher et al._ 1987, 1988a); FT-IR (Painter et al., 1983; Senftler et al., 1984; Fraser

and Griffiths, 1990); Py-GC-MS (Saiz and Leeuw, 1984; Hatcher et al., 1988b, 1989b; Song et

al., 1992b) which is a combination of pyrolysis-GC and MS (Gallegos, 1979; Meuzelaar et al.,

1983); GC-MS (Mudamburi and Given, 1985; Song and Hatcher, 1992); TGA-DTA (Song et al.,

1986a, 1987a, 1989); and solvent-swelling (Liotta et al., 1983; Green et al., 1982, 1984; Artok, et

al., 1991).

Task 3. Coal Pretreatment

This task involves low-temperature pretreatments using two dispersed catalysts, which will

be impregnated onto the coals (1 wt% active metal based on coal, daf basis).

1) sulfided molybdenum catalyst by using anamonium tetrathiomolybdate (ATTM) as

precursor salt. The precursor salt will be loaded onto coal by using incipient wetness impregnation

method with the solution of ATFM in organic or aqueous-organic solvent system.

2) molybdenum catalyst by using molybdenum naphthenate or hexacarbonyl as precursor.

The precursor will be impregnated on to coals in light hydrocarbon solvent followed by gentle

evaporation.

The impregnated coals will be stored in N2 atmosphere before use. The pretreatments shall

be conducted in 25 ml microautoclave reactor with 7 MPa H2 (cold) for 30 min. Since low-rank

coals are more sensitive to temperature, the influence of pretreatment temperature will be studied in

the range of 250-350°C at 50°C intervals for the two catalysts in the presence and absence of H-

donor (such as tetralin) and non-donor (such as 1-methylnaphthalene) solvents. Two

representative temperatures will then be selected and used in the catalytic pretreatments of ali coals

with and without solvent. Thermal pretreatments shall also be performed as baseline, both in the

absence and presence of solvent. Each of the pretreatments shall be conducted at least two times to

provide samples for characterization and liquefaction, respectively.

lt should be noted that previous work showed that low-temperature pretreatments have little

impact on the increase in solvent-extractable materials relative to thermal treatment. Therefore, to
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derive useful iuformation, the characterization in Task 4 shall be focused on the (insoluble) organic

network of pretreated and original coals. The liquid products in pretreated coals or physically

entrapped materials in original coals shall be removed prior to characterization by exhaustive THF

(tetrahydrofuran) extraction. The yields of solvent-extractable materials as well as gaseous

products (if any) shall also be determined for assessing the apparent effects of pretreatments. Our

previous analysis showed that even after vacuum drying at 110°C for over 6 h, trace amount of

THF remains in the residue, which affects the solid state NMR and Py-GC-MS analysis.

Therefore, the THF-insoluble residue will be washed sequentially by acetone and pentane to

remove THF completely, followed by vacuum drying at 110°C for 6 h. The samples (for

characterization) shall be stored under N2 atmosphere.

Task 4. Effect of Pretreatment on Coal Structure

This task aims at clarifying the basic changes in coal structure that are caused by catalytic

and thermal pretreatments. Spectroscopic and thermochemical techniques such as solid state

CPMAS and DDMAS 13C NMR, FT-lR, flash pyrolysis-GC-MS (Py-GC-MS), and TGA shall be

used to characterize the structure and thermal reactivity (in the ways described in Task 2), and the

results will be compared with those for origin_d coals. The advantages of applying CPMAS 13C

and Py-GC-MS techniques to characterizing coal structure and liquefaction processes have been

demonstrated by our recent work (Song et al., 1991b, 1992b). To identify "reactive" structures

and to clarify their change during the pretreatment processes, modem spectroscopic techniques

shall be combined with specifically designed chemical reaction methods. CPMAS 13C NMR and

FT-IR combined with chemical methods shall be used for identifying and quantifying the change of

reactive oxygen functional groups (such as COOH and OH, which are rich in low-rank coals)

between pretreated and original coals.

The chemical methods to be considered include ion-exchange (Hengel and Walker, 1984),

acetylation (Painter, 1982) and O-methylation (Liotta et al., 1981). These methods (to remove or

to add metal cations to carboxylic groups; to add a specific substituents to hydroxyl groups) will

allow detailed analyses of COOH and OH groups and associated aromatics and eliminate the

influence of water (OH signal overlapping in FT-IR) present in coals especially low-rank coals.

Chemical hydrogen-donation tests of the pretreated and the raw coals will also be performed for

several coal samples (two subbituminous, one lignite, and one bituminous coal). Such tests

involve hydrogen transfer from mobile hydrogens present in coal or pretreated coal to a

polyaromatic compound such as anthracene at 400°C for 5-10 minutes. This technique is very

useful for quantifying the u'ansferrable hydrogens present in coal macromolecular network before
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and after pretreatment. A number of catalytically and thermally pretreated as well as raw coals and

THF-extracted raw coals shall also be comparatively examined for their swelling behavior in a

solvent such as pyridine.

Task 4 and Task 5 represent the most important parts of our experimental efforts. The most

novel approach of this research is the way in which we seek to develop fundamental understanding

on coal structure and reactivity relationship with the emphasis on the catalytic preconversion and

liquefaction. This approach will provide the most needed information on the basic structural

features of coals at the molecular level; dependence of characteristic structures on coal rank; the

nature of coal reactivity; "reactive" structures in coals; the structures responsible for retrograde

reactions; effects of catalyst on coal structure at low temperatures; the structural differences

resulting from using different catalysts; influence of solvents and their additive/synergistic effects

with catalyst at low temperatures. The knowledge on the identity of "reactive" structures and the

structures responsible for retrograde reactions to be generated from this research wiillenable the

competitive reaction between stabilization of coal-derived reactive fragments and their retrogression

to be more clearly understood. This knowledge could be used to develop a key technique to

efficiently enhance coal reactivity and suppress the retrograde reactions. This approach, if

successful, will advance the state-of-the-art of our knowledge and will contribute siignificantly to

improve the efficiency of liquefaction processes.

Task 5. Effect of Pretreatment oa Liquefaction

The specific objective of this task is to examine the effects of catalytic pretreatments on coal

reactivity in coal liquefaction. The liquefaction of pretreated coals shall be performed at two or

three temperatures in the range of 375-425°C (at 25°C intervals) for 30 minutes. After the reaction,

the gaseous products shall be analyzed by GC. The liquid and solid products shall be separated by

Soxhlet extraction into oil (hexane-solubles), asphaltene (hexane-insoluble toluene-soluble),

preasphaltene (toluene-insoluble THF-soluble), and 'H-IF-insoluble residue. In most cases, the

molybdenum catalysts will remain in the residue. The liquefaction reactivity of pretreated coals

shall be evaluated from conversion and and product selectivity. For evaluating the net effects of

the low temperature stage, liquefaction of impregnated coals, without any pretreatment, shall also

be performed. Liquefaction of ali the raw coals shall be performed as baseline runs. Both the

liquid and solid products shall be stored under N2 atmosphere.

For selected coals, especially low-rank coals, temperature-programmed liquefaction (TPL)

will also be carded out, which incorporates the pretreatment in the programmed heat-up from a low

I,I1_..... _l,llll,r.... _..........
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temperature (200-300°C) to a final temperature (350-425°C) followed by holding at that

temperature for a certain time period (30 minutes). We have shown that TPL is a promising

approach for converting low-rank coals such as a Montana subbituminous coal and a Texas lignite

(Song et al., 1991b; Song and Schobert, 1992a, 1992b; Huang et al., 1992).

Task 6. Effect of Pretreatments on Product Quality

The objective of this task is to evaluate the effects of catalytic pretreatments on the quality

and composition of liquefaction products. A set of liquefaction products from a number of
t

representative experiments (m Task 5) shall be analyzed. Emphasis on product quality shall be

placed on oil products. The analysis of asphaltene, preasphaltene and residue shall be directed to

the structural correlation with pretreated coals and original coals. Ali the products from selected

experiments will be subjected to elemental analysis. The oil products shall be analyzed by capillary

GC-MS and capillary GC for product identification, liquid chromatography for product

distribution in terms of functionality (LC or HPLC) and molecular weight (GPC), and liquid lH

and 13C NMR. The asphaltene, preasphaltene, and the residue from a number of typical

experiments will be characterized by solid state CPMAS & DDMAS 13C NMR, and Py-GC-MS.

Task 7. Evaluation of Catalytic Pretreatments

The main objective of this task is to make an overall evaluation of the effects of catalytic

pretreatments on coal structure and reactivity. The specific objectives are to evaluate the effects of

pretreatment temperature, effects of catalysts and their type, coal rank dependence and influence of

solvents. This task involves an extensiw_, comparative examination, and is a process of scientific

integration and reduction of data generated from Tasks 1 through 7.

The subtasks include I) comparative examination of the stn_ctural differences between the

catalytically and thermally pretreated coals and the original coals, and identifying the basic changes

that are caused by catalytic and thermal treatments, respectively; I1)comparative examination of

liquefaction results (conversion, product distribution, and H2 consumption) of catalytically and

thermally treated coals, original coals and untreated catalyst-loaded co_s to clarify the effects of

low-temperature pretreatments, high-temperature reactions and overall catalytic effectiveness for

coal conversion and product selectivity; and to identify the pretreatment-induced reactivity change

of coal in liquefaction; 3) correlation of I and II; IV) elucidation of "reactive" structures in

pretreated and raw coals; V) elucidation of structures responsible for retrograde reactions in coal

liquefaction; VI) comparison of composition of liquefaction products from catalytically and

thermally pretreated coals, untreated catalyst-loaded coals, and original coals to assess the effects
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of pretreatments on product quality; VII) development of a structure - reactivity relation ship for

coal preconversion and liquefaction associated with effects of temperature, effects of catalysts and

their type, coal rank dependence, and influence of solvent composition. As applicable, we shall

use computer-based chemometrics in the work relating to the development of structure - reactivity

relationships.

Finally, comprehensive examination of ali the relevant results to be derived from this

project may allow us to generate some kind of "response surface" which represents three process

response (Z). The concept of the "response surface" is illustrated in Scheme 1.

Z Response Surface

f

Y

X: Structural Characteristics

Y: Process Severity

Z: Process Response (such as conversion, oil yield, etc.)

Scheme 1. Conceptual "response surface" that might be generated from this project.

The process response (Z) could be total coal conversion, oil yield, asphaltene yield, etc. The

structural characteristics need to be represented by a "reactive structural parameter" that varies in

some regular fashion with coal rank or other coal properties, and which can be determined by the

standard analytical techniques and/or their combinations. While we still do not know what the
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most appropriate structural characteristic is, we seek to define such a parameter through

combinations of spectroscopic, chemical, thermochemical and reaction techniques. The process

severity usually refers the temperature, time and pressure, etc. However, we need to define a

single variable that combines the effects of temperatures and times. Since the severity parameter

does not involve catalysis, different sets of graphs will be generated for thermal runs and for

catalytic runs.

TECHNICAL PROGRESS

Task 1. Selection of Samples

The coals selected are the Department of Energy Coal Samples (DECS-series) stored in

Penn State Coal Sample Bank, as listed in Table 1.1. These samples were recently collected by

Energy and Fuels Research Center and stored in multilaminate foil bags under argon atmosphere.

As described by Davis et al. (1991), ali the fresh coal samples were collected from channel seams

in active underground coal mines. The samples were immediately placed in barrels filled with

argon for transport and storage. Working cuts of 100-300 g are taken from storage, ground to <

60 mesh and stored in nitrogen. The detailed properties of these coals are given in Appendix 1.

Table 1.!. DOE/Penn State Coal Samples To Be Used in This Project

State Number Name/Rank C%, daf

ND DECS-11 NorthDakota(Beulah)Lignite (74.2%C)

"IX DECS-1 Texas(Bottom)Lignite/Subbituminous (74.3%C)

WY DECS-8 Wyodak(Smith-Roland)Subbituminous (75.8%C)

MT DECS-9 Montana(Diez)Subbituminous (76.1%C)

WY DECS-7 Wyoming(Adaville)Subbituminous/Bituminous (77.1%C)

UT DECS-5 HiawathaBituminous (79.5%C)

UT DECS-6 BlindCanyonBituminous (81.3%C)

PA DECS-12 Pittsburgh#8 Bituminous (84.8%C)
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Table 1.2 shows the solvents selected. We are planning to use four solvents: 1) tetralin

(1,2,3,4-tetrahydronaphthalene); 2) 1-methylnaphthalene; 3) middle distillates (204-343°C)

produced from two-stage liquefaction of Pittsburgh #8 bituminous coal using Shell 324 Ni-Mo

catalyst in Run 259E at Advanced Two-Stage Coal Liquefaction Plant, Wilsonville, Alabama; and

4) Hondo petroleum resid which contains about 16% asphaltene, and 84% maltene. The major

pm of experimental work in Tasks 2-6 in this project will be carded out using the six coals (two

lignites, two subbituminous and two bituminous coals) among the eight coals shown in Table 1.1,

and four solvents mentioned above. For some comparison experiments, two other coals (one

lignite or subbituminous coal and one bituminous coal among those shown in Table 1.1) and two

other solvents may be selected and used as deemed necessary. Examples of such solvents ate

decalin, which is a poor H-donor as compared to tetralin, and pyrene, which can act as a

hydrogen-shuttler (Table 1.2). Such solvents may be used in some experiments for comparative
examination of solvent effects.

Table 1.2. Solvents To Be Used in This Project

Solvent Compound Class Chemical Functions

Main Selection

1-Methylnaphthalene Aromatics Non-donor

Tetrahydronaphthalene Hydroaromatics Hydrogen-donor

Wilsonville Middle Distillates Aromatic Mixture Process Recycle

Hondo Resid Aliphatic Mixture Co-Processing

Additional Candidates
Decalin Cycloalkane Weak H-donor
Pyrene Polyaromatics Hydrogen Shuttler

Task 2. Characterization of Coals

The coals used in the first quarterly period were two subbituminous coals including

Wyodak coal (DECS-8), a Montana coal (DECS-9), and DECS-1 coal which is on the boundary

between lignite and subbituminous, and three bituminous coals including Adaville #1 (DECS-7)

Blind Canyon (DECS-6) and Pittsburgh #8 (DECS-12) coals. The coals were classified using
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conventional coal parameters, ultimate and proximate analysis, and vitrinite reflectance data, Table

2,1 shows the px_ximate analysis data and Table 2.2 shows the ultimate analysis data for the three

bituminous coals, Coals are listed according to increasing rank, These data were provided by the

DOE/Penn State Coal Sample Bank maintained by the Energy and Fuels Research Center at Penn

State.

Table 2,1 Proximate analysis of selected coals

Coal DECS- 1 DECS-8 DECS-9 DECS-7 DECS-6 DECS- 12

(as rec'd) Texas Lig Wyodak Montana Adaville #1 Blind Pittsburgh

Canyon #8

% moisture 30,00 28,42 24.68 1'7.34 4.73 2,40

% ash 11.07 9.90 4.80 3.45 5,56 10.00

% volatile 33.18 32.38 33.46 38,11 42.40 35.16

% fixed 25.75 29,30 37.06 41.11 47.31 52,44

carbon
i i i ......

Table 2.2 Ultimate analyses of selected coals

Coal Name Rank %ca %Ha %Na %SC %ob %Vit.. %Res.

DECS-1 Texas Lig/Sub 76.13 5.54 1.50 1,05 15.78 nd d nd d

C

DECS-8 Wyodak Sub C 75.84 5,15 1,02 0.51 17.48 nd d nd d

DECS-9 Montana Sub B 76.11 5.14 0.91 0,33 17,50 ndd nd d

DECS-7 Adaville#1 HVCb 77.45 5.51 1.04 ,91 15,09 nd d nd d

DECS-6 Blind Canyon HVB/Ab 81.72 6.22 1.56 .40 10.10 69.1 5,0

DECS-12 Pittsburgh #8 HVAb 84,75 5.66 1.40 .83 7.37 83,0 2.6

a dmmf
b dmmf, determined by difference
c organic
d not determined

Characteristic chemical changes occur with increasing rank. Notice, as rank increases the

percent carbon increases from 75.8 % to 84.8 % and the oxygen content decreases from

17.5 % to 7.4 %. Both the percent volatiles and moisture content decreases with increasing

coalification. Based on this data Adaville #1 is a HVC bituminous coal, and Pittsburgh #8 is a
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HVA bituminous coal, For the Blind Ctmyon coal the proximate analysis data classifies this coal

as a HVA bituminous where as the reflectance data classifies it as a HVB bituminous. Thus it is

probably on the boundary between high volatile B/A bituminous.

Activity 1. Characterization of Subbituminous Coals

Wyodak subbituminous coal (DECS-8) and a Montana subbituminous coal (DECS-9) were

characterized by using solid-state CPMAS 13CNMR and Py-GC-MS. The NMR spectra were

acquired on a Chemagnetics M-100 NMR spectrometer by using the combined high power proton

decoupling, cross-polarization and magic,angle-spinning (CPMAS) techniques. The measurements

were carried out at a carbon frequency of 25.1 MHz. About 0.4-0.6 g of a sample was packed in a

bullet-type Kel-F rotor (0.4 ml capacity); the spinning speed of the rotor was about 3.5 kHz. The

experimental conditions for ali the samples are as follows: a cross-polarization contact time of 1 ms

and a pulse delay time of 1 s. An instrumental calibration test was performed with the rotor

containing hexamethylbenzene, which was adjusted to the magic angle (54.7 °) to give the correct

chemical shifts, To assure good spectra with high signal-to-noise ratios, the number of pulses

accumulated for obtaining a spectrum was at least 10,000, and most of the spectra were obtained

with numbers of scans between 20,000 to 35,000.

Py-GC-MS analysis was performed on a Du Pont 490B GC-MS system fitted with a 30 m x

0.25 mm i.d, capillary column DB-17 coated with 50% phenylmethylsilicone stationary phase

with a film thickness of 0.25 um, and interfaced to a Chemical Data Systems Pyroprobe- 1000

pyrolyzer. Helium was used as a carrier gas. The data acquisition and data processing were

controlled through a computer-aided system. Prior to the start of data acquisition, the samples were

flash-pyrolyzed at 610°C for 10 seconds, during which the pyrolysates (pyrolysis products) were

retained in the clsoe-to-inlet part of the capillary column by coiling with liquid nitrogen. The

column was held at 40°C for 5 minutes and subsequently programmed to 280°C at a rate of

4°C/min. The mass spectrometer was operated in the electron impact mode at 70 eV. In order to

derive information related to the macromolecular network, the low molecular weight species in the

coal and coal liquefaction products were removed by THF extraction prior to Py-GC-MS analysis.

The other experimental details about the NMR and Py-GC-MS are similar to those described by
Hatcher et al. (1988).

CPMAS 13C NMR

The NMR data and Py-GC-MS data for DECS-8 coal are reported in Task 4, together with

those of the pretreated samples from DECS-8. Figure 2.1 shows the CPMAS 13C NMR spectra of
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the fresh DECS-9 coal and the unreactc d but THF-extracted DECS-9 coal. It is interesting to note

that the THF-extracted coal, which lost about 8 % "lT-IF-solublematerials, gave a spectrum similar

to that of the raw coal in terms of the aromaticity and functionality (see below). Integration of the

spectra gives only a slightly higher aromaticity (fa) value for the THF-extracted coal than for the

raw coal. lt should be noted that for some coals, the THF-extracted samples may display

substantially different spectra. In addition, a general observation is that these NMR spectra are

relatively poorly resolved, as compared to the spectra of pure materials, primarily because of the

presence of a large number of different molecular species that have only slightly different chemical

shifts.

Pyrolysis.GC.MS .....

Py-GC-MS analysis can provide information on the molecular components or structural units

of coal macromolecular network when using the THF-extracted raw coal samples. With the aid of

computer-based data processing, it is now possible to perform a compound type analysis of coal

pyrolysis products by using the selective ion monitoring technique in Py-GC-MS, as has been

used for hydrocarbon type analysis of liquid fuels by GC-MS (Song and Hatcher, 1992)_ Low

rank coals are known to have higher oxygen functionalities (Schobert, 1990), and therefore we

have examined the oxygen compounds as well as hydrocarbons in the pyrolysis products by using

the characteristic ion masses for phenol (m/z 94), cresol (m/z 107, 108), xylenols and ethylphenol

(rn/z 122), and catechol (m/z 110). The hydrocarbon compounds usually show characteristic ions

at different m/z: long-chain paraffins (m/z 71), alkylbenzenes (m/z 91, 105), naphthalene or

nonane (m/z 128) and alkylnaphthalenes (m/z 141). Figures 2.2-2.5 show the total ion

chromatogram (TIC) and selected ion chromatograms (SIC) for the above-mentioned characteristic

ions. Within the retention time (RT) range of 2-22 minutes, the four most predominant peaks in

the TIC are ali phenolic compounds. Also found in this sample are catechol and methylcatechol.

The two relatively large peaks around RT of 3 rain are p- and o-xylene, in that order. It should be

noted that there are a number of major hydrocarbon peaks which appeared between 0 to 2 min and

whose intensities are higher than the largest peak phenol in Figure 2.2. Those peaks are C5-C8

alkanes plus alkenes, which are not well separated, and toluene, the second largest peak. There are

many other small peaks appeared over the whole RT region, and selective ion monitoring at m/z 71

indicates that they are long-chain alkanes and alkenes (Figure 2.4). Overall, these results show

that the DECS-9 coal contains significant amounts of oxygen-containing structural units such as

phenol and alkylphenols as well as alkylbenzenes and catechols, lt is also interesting to note that

the long-chain aliphatics still exist after long time Soxhlet extraction with toluene and THF.
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Activity 2. Characterization of Bituminous Coals

The maceral content of the three bituminous coals has been determined in white and

fluorescent light for the whole coal samples, as shown in Table 2.3.

Table 2.3 Maceral analyses of selected coals

DMMF % (vol.) DECS-6 DECS- 12

Blind Canyon coal Pittsbuq[h #8 coal
vitrinite 69,1 83.0

fusinite 1.8 2.7

sernifusinite 5.6 4.0

macrinite 5.3 1.4

•micrinite 0.9 0.8

sporinite 10.8 5.5

resinite 5.0 2.6

alginite 0.4 0.0

cutinite 0.8 0.0
i i i j

These results show that the dominant maceral is vitrinite, particularly in the HVA bituminous

coal. Irl comparing the liptinitic macerals, sporinite and resinite, the Blind Canyon coal has twice

the amount of each of these as compared to the Pittsburgh #8 coal. As for alginite and cutinite the

Blind Canyon has these present where as the higher rank Pittsburgh #8 has none. As it will be

shown these macerals are important in which pyrolysis products are formed.

Pyrolysis.GC.MS

Using a heated filament pyrolysis method, work has been initiated to determine the

relationship between coal structure, its chemistry and the types of compounds and their relative

abundances released during flash pyrolysis. Depending on a coal's volatility, between 0.5 mg to

1.5 mg of a coal is placed in the probe of a CDS pyroprobe. For the Pittsburgh #8 coal a larger

amount of sample is required compared to the Adaville #1 to get comparable yields. The probe is

then placed into the injection port of a GC at which time the pyroprobe is started. The sample is

heated at a rate of 5oC/ms to 610oc for 10s. The pyrolyzate is ¢,a'yotrapped then separated by the

GC and analyzed by a Dupont GC/MS according to the method described Hatcher et al (1988).

Figures 2.6-2.8 show the pyrograms for each of the coals.
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Comparing the total ion chromatograms (TIC) of each of the coals distinct compositional

differences are readily apparent. These differences are directly related to the differences in rank as

well as maceral content of :.hecoals The Adaville #1 pyrogram, Figure 2.6, is dominated by a

, homologous series of alkanes and alkenes with the most dominant peak being C- 19, prist- 1-ene.

Carbon numbers range from C-4 to C-31. The Blind Canyon coal, Figure 2.7, also shows this

trend as well as having a strong bicyclic sesquiterpenoid component. Pittsburgh #8, Figure 2.8,

shows an entirely different pyrogram, lt is composed mainly of a complex mixture of aromatic

compounds, benzene and alkyl-benzenes, ions 78, 92, 120, Figure 2.9, alkylnaphthalens, ions

128,142,156, Figure 2.11, phenol and alkylphenols, ions 94, 108,122, Figure 2.10. There are

only a minor amount of alkanes-alkenes. See Table 2.4 for the list of components and
nomenclature.

Table 2.4 Nomenclature for Figures

Components Nomenclature

Alkanes-Alkenes C4-C31

Phenol, methyl phenol, etc. P, C1-P, C2-P

Indene, methyl-indene I, C 1-I

Naphthalene, methvl-naphthalen.,, etc N, C 1-N

The nature and origin of the various chemical components of the pyrolyzate is determined by

the coals rank and maceral content. The homologous series of alkanes are derived form the

liptinitic macerals. A high concentration of sporinite and resinite with minor amounts of cutinite

and alginite in the Blind Canyon produce a high yield of these compounds. However the

Pittsburgh #8 lacked some of these or had a low concentration of other' in this group of macerals

resulting in a low yield of the alkanes-alkenes. On the other hand this high rank coal had a high

concentration of vitrinite which produced a high yield of phenol, alkylphenols, benzene, alkyl-

benzenes and alkyl naphthalenes. The lower rank coals produced a much lower amount of these

aromatic compounds.

In the Blind Canyon another major series of compounds is produced, Figure 2.7, because of

the high concentration of resinite. Resins are composed of bicyclic sequiterpenoids and

diterpenoids (Crelling et al., 1991). When thermally degraded they produce a series of two ring

compounds from fully saturated bicyclic sequiterpane,m/z 208, through partially saturated

compounds, m/z, 206,204,202,to a fully unsaturated C-5 naphthalene, m/z, 198 (Crelling et al.,
1991).
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A thermal desorption experiment was conducted on this resin-rich coal. Instead of

immediately pyrolyzing the coal once the probe has been inserted into the GC's injection port the

sample is first thermally desorbed at 280°C for 30 minutes. The coal is then pyrolyzed and the

pyrolyzate analyzed, Figure 2.13. This procedure removes any volatiles that are not bond to the

coals macromolecular structure. By comparing the Blind Canyon's pyrograms, Figures 2.7 and '

2.13 in the region in which the sesquiterpanoids are eluted, between C-15 and C-20, it is seen that

these resins have been completely volatilized at 280 °Cand are not present in the thermally desorbed

pyrogram.

In conclusion it is apparent that there are definite compositional differences ofthe pyrolysis

products from each of the coals which are due to the differences in maceral concentrations,and

differences in rank. Further steps will be taken to determine the relationship of these differences

and how they relate to the products that _,re generated during pyrolysis. Thermal desorption

experiments will be run on the Pittsburgh #8 and the Adaville coals. Also flash pyrolysis GC/MS

will be conducted at different temperatures to further help quantify the relationship between the

structure of the coals and the products generated.

Task 3. Coal Pretreatment

Various pretreatments were performed using Wyodak subbituminous coal. The

pretreatments include catalytic and thermal reactions in the absence of any solvent and in the

presence of a H-donor tetralin and a non-donor 1-methylnaphthalene vehicle. We also examined

the effects of drying by analyzing the fresh samples with the samples dried in vacuum and in air at
95 °C for 2 h.

Catalyst Loading

The coal used was a Wyodak subbituminous coal (DECS-8) and a Montana subbituminous

coal (DECS-9). The catalyst precursor, ammonium tetrathiomolybdate (ATTM) (purchased from

Aldrich, 99.97%), was dispersed on coal by incipient wetness impregnation method. The loading

was 1% of molybdenum on the basis of dmmf coal. In an effort to achieve a better dispersion, a

mixture of H20/THF (44 : 56) was employed as impregnation solvent. In some experiments,

aqueous solution of ATITI was used for comparison. After loading of the catalyst precursor, the

coal sample was dried in vacuum for 2 h at 105°C, then removed and stored under a nitrogen

atmosphere.
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Pretreatments

The pretreatment/preliquefaction experiments were carded out in tubing bomb

microautoclaves at 300 and 350 °C, and H2 pressure of 1000 psi (7 MPa) cold. The solvents used

were tetralin and 1-methylnaphthalene. Both the thermal and catalytic experiments were performed

with and without solvents. The amounts of predried coal (vacuum dried at 95 °C for 2 hours) and

solvents used for various experiments are about 4 g. The reactor bombs containing samples were

heated by immersion in fluidized sand bath for 30 minutes plus 3 minutes for reactor heat-up.

After the reaction, the bombs were cooled by immersing quickly in water for a very short contact

time, enough to bring the temperature of the reactor to below 200 °C, followed by cooling to room

temperature in air. The bombs were then vented to determine the volume of the gases by

volumetric measurement. The gases were analyzed by gas chromatography (Perkin-Elmer

AutoSystem). The liquid and solid products were separated by sequential extraction (Song and

Schobert, 1992b) into oils (hexane-soluble), asphaltenes (hexane-insoluble, toluene-soluble) and

preasphaltenes (toluene-insoluble, THF-soluble). The final residues (THF-insoluble) were first

washed with acetone and then with pentane followed by drying under vacuum at 110 °C for six

hours. The residues were then analyzed by solid State 13C N_,iR, Py-GC-MS and FT-lR

techniques.

Table 3.1 shows the results of Soxhlet extraction of the fresh (as received) Wyodak coal

and the vacuum dried coal. The yields of total toluene- and THF-solubles are almost the same. In

fact, we also conducted the same experiments for fresh and vacuum dried Montana coal. The total

yield of THF-extractable materials was 7.2 % for the fresh (as received) coal, and about 7 % for

the vacuum dried coal. Therefore, the vacuum drying does not seem to have any significant effect

on the yields of toluene and THF extracts of the Mw coal.

Table 3.1 Extraction of the Fresh and Vacuum-Dried DECS-8 yodak Subbituminous Coal

Expt. No. 3 3a

Sample Undried, fresh Vacuum dried

dmmf coal 3.162 g 3.869

Product Distribution, dmmfwt%

Hexane solubles (Oil) 0.92 1.60

Toluene soluble (Asph) 1.99 2.20

THF-Soluble (Preasph) 3.86 3.69

Total conversion 8.76 8.50



25

Thermal Pretreatment at 300 and 350 °C

As shown in Table 3.2, thermal pretreatment at 300 °C appears to have a little effect on the

product yields as compared to that of the raw coal. There is a very little increase in the product

yields of the experiment without any solvent or catalyst ('Fable 3.2). The presence of solvent

increases the total conversion, but only by 2-4%. Preliquefaction at 350 °C without any solvent

have only a slight increase in the total conversion as compared to that at 300 °C. This is mainly due

to the gain in the qTqF-solubles. But with the presence of solvents the increase in the yields are

appreciable. There is an increase from 13.38 to 19.92% in presence of tetralin and from 15.83 to

21.99 % in presence of 1-methylnaphthalene. This increase is essentially due to the increase in the

yield of ali type of products except with 1-methylnaphthalene the hexane solubles have decreased

slightly. The gases produced as a result of the pretreatment of the coal at 350 °C are given in Table

3.2. The GC data for runs at 300 °C are not available yet

Pretreatment at 300 and 350 °C with Mo Catalyst

Table 3.3 shows the product distributions for the pretreatment exp'eriments at 300 and 350

°C in presence of catalyst. The total conversion at 300 °C is expected to be same as without

catalyst because at this temperature the catalyst is less likely to decompose into a catalytically active

specie. At 350 °C the total conversion has increased markedly as compared to the catalyst free

pretreatment. In the solvent free run the total conversion has increased from 12.5 to 28.8 %. This

increase is essentially due to the increase in the yields of ali the products. In presence of tetralin as

solvent the increase is from 24.1 to 36.0 % and with 1-methylnaphthalene the increase is from _'

18.0 to 31.1%. With tetralin the increase is mainly due tothe increase in the yields of hexane and

Toluene solubles, TttF-solubles remaining the same. With 1-methylnaphthalene the increase is

due to the increase in the yields of ali the products.

The quantitative analysis of the gases collected after the reaction is also given in Table 3.3.

The gases produced as a result of the pretreatment of the coal and identified are CO, CO2,
lp"

methane, ethane, ethylene, propane, propylene (propene)i n-butane, isobutane, and butene.
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Table 3.2. Products distribution for the preliquefaction of DECS-8 coal

without catalyst.

i , ,, , , , ,,, , , ,,,, ,,T_ .......... 300 ° C 350 ° C .

Expt._ 4 5 6 7 8 9

Coal 4.095 g 4.021. g 4.140 g .... 4.06a g 4.057 cs 4.:L259
dmmf 3.448 g 3.386 g 3.486 g 3.42,2 g . 3.416 g 3.474 g

Solvent none Tetralin MN none Tetralin I-MN
, ......

wt. Sol. 4.100 g 4.335 g 4.586 g 4.411 g

O*_:J 0,078 2,26 0,061 1,80 0,088 :2,52 0,090 2,63 0,131 4,04 0. i 30 3,74
L

HcMae solublc* 0,071 2,06 0,097 2,R6 0,169 4,1,S 0,081 2,37 0,295 8,63 0.i01 2,91

(diff,) (diff,) (diff,) (dill,),, ,

Toluene soluble8 0,089 2,58 0,142 4,19 0,133 3,11 0,0_9 2,60 0,402 11,77 0,279 1,03

THF SolUble, 0,098 2,84 0,152 4,49 0,162 4,6_ 0,154 4,50 0,lET 5.47 0,254 7,31
, ,, .... , ,,

Rcliduc 3306 3,568 3,588 3,634 3,03ar 3,361
.... , ,,,,

ToUd Ce_vcr*k:m 0,389 I 1.28 0,453 13,38 0,552 15,83 0,429 12,5.4 1,022 29.92 0,764 21,99
,,,

OAS ANALYSIS
, , , ,1

Otis wt, 111, wl, 8, wl, |,....

CO 1.600E-3 6.90P.,.3 7,100E-3
.... , ,,

CO_ 159,0E.3 128,0E-3 149,0E-3
,, , , ,,, ,,

C, (CH,) 4,000E.3 3,396E.3 4,40_P..-3

C_ (C?H_,C_HO ........ 1,137E.3 1,328F..3 .... 1,241E-3

Cj (C_HI.Cml-_ 1,293E.3 I, 127E..3 1,212B.3
,,

C, (C,tI,4,,Ito-Bui) 0,591E-3 0,412E.-3 0,455E,-3
,,, .-

C,
, J
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Table 3.3. Products distribution for the preliquefaction of DECS-8 coal in

presence of ATTM as catalyst.

_;_ _. ;-"' ,,...............T., , ,............. ........... ,i , , _ ,: _ ,,,,,,,IT,r ,_ ,,,,

Temp. 300" C 350" C
.... - , ..... u ,, , , ., ., ,,, ,, ,.,., ,

Expt.__ ....!3...........1,4............z5 ......z9 22..... z2
coaz 4.106 g.... 4.026 g 4..!zTg ,,4.042g.,, ,,4'12,s g 4.1,e6 g

dmme 3.45. g , 3.791, g 3,,.,4_g .?.404 g ....... 3.,47!sg 3.,,525g
Solvent none Tetralin MN none Tetralin MN

- ,,,, .... _, , ..... , .,, ,,, ,,,, , , , ,..,, ,

wt. Sol. - .... 4.303 g 4.249 g ....... 4.239 g 4.459 g
.... j,,, _ ,,, _,, ,, , ,.., ,, ,., , , ,

,,1,1aI, ,a,_, .a,i,.ll,.a,'_ '_,_I, '_,_ ,_,IBI, _, _ ',tm,ll, _,'_ _,Iml, _,%

Oa_m.4 0,031 0,89 0,032 0,94 0,031 1,00 0,094 2,76 0,|0_ 3,16 0,|13 3,27
_,,, ,,,,, ,,, , ...... ,,,

Hcun_ Jolub_..4 0,0_4 2,42 4,004 4,431 0164 7,7;S $, 11S | 3,9 4,955 $,43
wlsol, w/ml, wl_oi, wlDoL

_,, J , , , , , ,

Tolu_,_Solub_ 0,041 I.I11 0,091 2.611 0,071 2,04 0.138 4,05 0,343 10,09 0,3411 10,06
, , . .... , ,, , ........ , ....

THF S_lu.blea 0,211 6,10 0,13., 3,911 0,176 .S,07 0,349 10,25 0,301' 11,111 0,426 12,32
....... , ,, _ , , | , ...... , .... , ,,

R¢std_ 4,00"7 3,9(;7 3,1174 3,060 2,1126 3,(DO
........ , ,,_,,, .... : •

To_ ConvcrsLcm 0.367 I0,60 0,9112 2g,IN 1,230 36,00 1,075 31,09,.... , ;.,,, ,

OAS ANALYSIS
.... _ ,, _

Oas_ wt r,, wt II. wt, II, wl,, II. wl, II. wt Ii,, ....._ . ........ ,,

CO ._,057E,3 2,072 B.] 2,09gB.3 _ ,24011.-3 ._.0611E.3 3,9265._
....... ,..... , ..... , . , , ,. ..........

CO_ 43,945.3 34192_,.3 36,91E-3 | |,'r25.3 |04,IIZ.3 116,6P.3
, _, .... ,, | _ ,

C, (CH.) 0,736_3 0.1136E.3 0.I0_//._ 5,680R-3 5,45013,.3 4,9405.3

C_(C_:C_I-_) 0,NgF._3.... 0.,458E.3 0,6liE.3 3,5695.3 2,33153 };9_2B,3

C, (C_H_IC_H_ , 0,1375.3 0,2395.3 0,371E._ 3,129_1 1,4795.3 |,351P...3,,, ........ ,, | .....

C_(C,H_,i._o..Bus) ,077F...3 0,070E.3 0,193B.3 | ,31135.3 0,3'r2_3 0,3265.3...........

C_
., , ,, _ . .,,, , ....

,_,...,



Task 4. Effects of Pretreatment on Coal Structure

+

The main objectives of this Task are to identify the basic changes in coal structure that are

caused by pretreatments and to correlate them with coal reactivity changes in liquefaction, In this

quarter, the effects of thermal and catalytic pretreatments using dispersed Mo catalyst at different

temperatures and with different solvents have been examined. Spectroscopic studies on the effects

of drying coal in vacuum and in air and THF-extraction on coal structure are also reported in this

quarter,

Analysis of Residue

The CPMAS 13C NMR spectra and Py-GC-MS profiles were obtained by using the same

equipments and operational parameters described in Activity 1 of Task 2. The infrared spectra

were recorded on Digilab FTS60 FT-lR system. The transmission spectra of the samples were

recorded using finally ground samples pressed in KBr pellets. A small amount of predried

samples (2.0 mg to 3.0 mg) were weighed (to :!:0.01 mg) in dry aluminum weighing dishes and

added to a weighed amount (about 300 mg determined to +0.1 rag) of KBr. The KBr and samples

were mixed by grinding in stainless steel grinding capsules for 30 seconds and pressed into a 13

mm diameter pellet in an evacuated die. The pellets were then weighed and the sample weight per

cm2 of pellet area was determined.

FT-IR Analysis

Umreated raw coal

Quantitative FT-IR functional group analysis was performed on the starting coal before

and after drying and on the residue of the THF-extracted raw coal. The drying of coal does not

seem to have any effect on its functionality other then the broad band center at 3400 cre-1

decreases in intensity which also includes the hydroxyl bands (Figure 4.1). The infrared spectra

of the THF-extracted coal also does not show any apparent differences.

Preliauefaction at 300 °C

Figures 4,2 and 4.3 show the FT-IR spectra of the THF-insolubles after pretreatment at

300 °C. Preliquefactions without catalyst (Figure 2) produced spectra quite similar to each other

except a slight reduction in the aliphatic region and hydroxyl region as compared to that of the raw
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coal, The presence of solvents like tetralin or 1-methylnaphthalene also seem to produce no effect

on the spectra. In presence of catalyst (ATI'M) the infrared spectra show some noticeable

differences (Figure 4,3). Compared to the raw coal and to the non-catalytic runs ali the spectra

showed a reduction in the aliphatic and the ether region, The hydroxyl region also seems to be

reduced appreciably. The catalyst seems to have more effect on the ether region. Again the

presence of solvent did not produce any noticeable difference in infi'ared spectrum as compared to
the solvent free run,

i

Preliauefaction at 350 °C

FT-IR analysis of the residua produced at 350 °C showed appreciable differences from that

of the raw coal. The infrared spectra of the pretreatment experiments at 350 °C are shown in

Figures 4.4 and 4.5. In the catalyst free runs (Figure 4.4) the spectra showed noticeable reduction

in the relative intensities of almost ali the bands. The presence of solvents seem to produce slightly

more reduction in the spectra compared to that of solvent free run. The ether region seems to be

more affected by the solvents. The FT-lR spectra of the pretreatment runs in presence of catalyst

are shown in Figure 4.5. The presence of catalyst has further reduced the intensities of the

aliphatic, hydroxyl and the ether bands. The ether region seems to be more reduced than the other

region as compared to the catalyst free runs.

CPMAS 13C NMR

Figure 4.6 shows the CPMAS 13C NMR of the raw coal and after THF-extraction of the

unreacted raw coal. The NMR spectrum of the raw coal shows two major broad bands between 0-

60 ppm (aliphatic region) and 80-200 ppm (aromatic region). The aromatic region has three

peaks: an intense peak around 130 ppm (aromatic C), and two shoulders, one at about 142 ppm

(possibly catechol like C), and another at 152 ppm (phenolic or aromatic ether C). A p'eak near

180 ppm (carbonyl C) and a broad band near 210 ppm (ketone ar aldehyde C) define rest of the

spectrum. The NMR spectra of dried and undried raw coal do not show any changes in their

functionalities, The two spectra perfectly match with the NMR spectrum of the mw coal. For the

pretreated coal at different conditions there are some noticeable changes in the structure of the coal
discussed below.
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Preliauefaction a_00 °C

Figure 4.7 shows the comparison of the CPMAS 13C NMR spectra of the THF-extracted

coal after the reaction at 300 °C without catalyst and in presence and absence of solvents, As

compared to the spectrum of the raw coal there are very little but noticeable changes in the

aliphatic (0-60 ppm) as well as in aromatic (80-200 ppm) regions. In general, the intensity of the

aliphatic region decreases, and the aromaticity increases. This change is more in the presence of

solvents. The shoulders on the low energy side of the aromatic peak are apparent but slightly

weak as compared to that of the raw coal. The peaks at 182 and 212 are much weaker after

pretreatment in presence of solvents.

The pretreatment performed at 300 °C in presence of catalyst (ATTM) did not show any

drastic effect on the coal structure. There is only a slight reduction in the aliphatic region. The

CPMAS 13C NMR spectra shown in Figure 8 are for the THF-insolubles from the pretreatrnent

experiments in the presence of catalyst at 300 °C with and without solvents and compared with that
of the raw coal.

Preliouefaction at _50 o_

The CPMAS 13C NMR spectra from the pretreatment experiments at350 °C without

catalyst are shown in Figure 4.9. There are several structural differences which are apparent as a

result of pretreatment of coal at 350 °C. The relative intensity of the aromatic and the aliphatic

bands in the solvent free run seems to be similar to that in the NMR spectrum of the raw coal. But

there are reduction in the shoulders of the aromatic band on the low energy side. The shoulder at

142 ppm seems to have disappeared, or it is very weak. The other bands at 182 and 212 ppm are

also very weak compared to those of the raw coal and the pretreatment experiments at 300 °C.

The presence of solvents have also shown a drastic effect on the coal stn lcture (Figure 10). The

aliphatic region seems to be reduced relatively increasing the aromaticity. The peaks at 142 and

212 ppm are weaker compared to the raw coal but relatively stronger than in the solvent free run.

The type solvent used also seems to have effect on the structure of the coal. The presence of 1-

methylnaphthalene as a solvent seems to have reduced more aliphatic carbons as compared to the

experiment with tetralin as solvent. The shoulder at 152 ppm is stronger but the at 142 ppm is

weaker in the experiment with 1-methylnaphthalene is stronger than with tetralin.

The pretreatment at 350 °C in presence of the catalyst (Aq'TM) has shown more severe

effect on the coal structure. The FT-IR spectra of the THF-isolubles are shown in Figure 4.10.

The aromatic region seems to be more effected then the aliphatic region. The aliphatic region

seems to be affected in a similar fashion as in the catalyst free runs. The reduction of the aliphatic
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band is observed in the experiment with 1-methylnaphthalene as solvent, The aliphatic band in

solvent free run and with tetralin seems to have very little effect,

The effect of catalyst on the aromatic band is much more clearer. The shoulder on the

aromatic band at 142 ppm has disappeared along with the band at 212 ppm, The shoulder at 152

ppm is weaker in the experiment with tetralin but in the solvent fl'ee and with 1-methylnaphthalene

runs this shoulder is quite comparable to the shoulder in the NMR of the raw coal,

Pyrolysis.GC.MS Results

P_'olvsis of theraw coal and eff_t of drying

Figure 4.11 shows the Py-GC-MS chromatograms of the raw coal and the coal dried under

vacuum and in air. The pyrolysis of the unreacted raw coal has produced several aromatic

compounds along with the alkanes and alkenes. The major aromatic peaks identified are given in

Table 4.1. The drying of coal does not seem to have any effect on the pyrolysis products as ali the

major bands are common in ali the spectra having similar relative band intensifies. Figure 4.12

shows the Py-GC-MS chromatograms of the undried (as received, fresh), vacuum-dried, and air-

dried (THF-extracted) raw coal. Relative to the unextracted raw coal, there are apparent

differences in Py-GC-MS profile of the extracted raw coal. The major difference is the presence of

intense methylnaphthalene band in the chromatogram of the THF-extracted undried raw coal and

vacuum dried raw coal. This peak is also present in the THF-extracted air-dried raw coal but is

relatively weak, The methylnaphthalene peak is missing in the Py-GC-MS of the unextracted raw

coal. All the other peaks corresponding to the compounds listed in Table 4.1 (compounds 1 to 11)

can be identified in the Py-GC-MS chromatogram of the THF-extracted raw coal but their relative

intensities are low. The drying of coal has also effected the alkane and alkene peaks, Their

intensities have also been reduced. There are apparent differences among the Py-GC-MS

chromatograms of the THF-extracted raw coal, The major difference is the relative intensifies of

the bands other then methylnaphthalene band. Ali the bands are more intense in the air-dried THF-

extracted coal. The C2-phenol peaks are either missing or they are too weak to be detected in the

undried THF-extracted raw coal. The alkane and alkene peaks are more intense in the air-dried
coal.



32

pyrolysis of THF-extracte_coal pretreatedat300 °C

Py-GC-MS chromatograms of the THF.e,xtracted coal, and the samples from thermal runs

at 300 °C with aid without solvent are shown in Figure 4,13, The major compounds which are

Identified are given in Table 4,2, As these clu'omatograms are compared with that of the THF-

extracted dried raw coal (Figure 4,12) the differences occurred in the smtcture of the coal after

pretreatment are obvious, There are severalnew compounds have appeared lifter the pretreatment

of the coal, such as tetralin, dihydronaphthalene and naphthalene, The intensities of the other

compounds have reduced drastically, The intensitiesof the peaks due to tetralin,

dihydronaphthalene, naphthalene and methylnaphthalene also vary with the solvent,

The presence of catalyst in the pretreatmentexperiments at 300 °C also affects the structure

of the coal, The structural changes produced, compared to the thermal pretreatment, are apparelat

by the Py-GC-MS chromatograms shown in Figure 4,14. The major compounds produced by the

flash pyrolysis of the 'li-IF-extractedresidues and identified are listed in Table 4.3, Compared to

the pyrolysis products produced in the catalyst free expeflments themajordifference is the relative

intensities of the peaks due to various compounds, Particularly, the phenol peak is very intense

in experiments with the catalyst, The C3-benzene _aks are also observed which were not
detected or were too weak to be detected in the thermal runs,
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Table 4.1. Major identified peaks in Py-GC-MS chromatograms of
the raw coal.

_i_ ......-_......TolUene .....

2 p-Xylene
3 o-Xylene
4 C3-Benzene
5 C3-Benzene
6 Phenol
7 o-Cresol

8 m- + p-Cresol
9 C2-Phenol
I0 C2-Phenol
ii C2-Phenol
12 Naphthalene
13 Methylnaphthalene

Table 4.2. Major identified peaks in Py-GC-MS chromatograms of
the THF-extracted coal preliquefied at 300 "C without
catalyst.

No. Identified Compounds
i ..... _Toluene

2 p-Xylene
3 o-Xylene
4 Phenol
5 o-Cresol

6 m- + p-Cresol
7 Tetralin

8 Dihydronaphthalene
9 C2-Phenol
i0 Naphthalene
Ii Methylnaphthalene



34
!

I

Eyrolysis results of TI-IF..extracted coal preliquefled at 350 °C

Figure 4,15 shows the Py-GC-MS chmmatograms of the THF-extracted coal reacted at

350 °C without catalyst, The compounds identified are given in Table 4,4, Compared to the

pyrolysis results for the pretreatment at 300 °C there are apparent changes in the pyrolysis profile

of the residues from pretreatment at 300 °C, The major compounds are the same but there is a

severe effect on the relative intensifies of the peaks, Particularly, the tetralin peak which is present
L

in the ali the pretreatment experiments at 300 °C is either very weak or disappears at 350 °C. The

naphthalene peak also shows the similar changes at higher temperature pretreatment runs, From

these results, the structural changes seem to be severe at higher temperature particularly in

presence of a solvent,

The presence of the catalyst considerably affects the relative intensities of various peaks,

The Py-GC-MS chromatograms for the THF-extracted coal reacted at 350 °C in presence of the

catalyst are shown in Figure 4,16 and the pyrolysis products are listed in Table 4,5,
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Table 4.3. Major identified peaks in Py-GC-MS chromatograms of

the THF-extracted coal preliquefied at 300 °C in

presence of ATTM.

NO, identified Compounds
1 Toluene .........

2 p-Xylene

3 o-Xylene

4 C3-Benzene

5 C3-Benzene
6 Phenol

7 o-Cresol

8 m- + p-Cresol
9 Tetralin

i0 Dihydronaphthalene

ii C2-Phenol

12 C2-Phenol

13 Naphthalene

14 Methylnaphthalene

_entified peaks in Py-GC-MS chromatograms ofTable 4.4. Major

the THF-extracted coal preliquefied at 350 °C without

catalyst.

No, identified Compounds

1 Toluene

2 p-Xylene

3 o-Xylene
4 Phenol

5 o-Cresol

6 m- + p-Cresol
'7 Tetralin

8 Dihydronaphthalene

9 C2-Phenol

i0 C2-Phenol

Ii Naphthalene

12 Methylnaphthalene
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Table 4.5. Major identified peaks in Py-GC-MS chromatograms of

the THF-extracted coal preliquefied at 350 °C in

presence of ATTM.

No. Identified Compounds
1 Toluene

2 p-Xylene

3 o-Xylene

4 C3-Benzene

5 C3-Benzene
6 Phenol

7 o-Cresol

8 m- + p-Cresol
9 Tetralin

I0 Dihydronaphthalene

ii C2-Phenol

12 C2-Phenol
_3 Naphthalene

14 Methylnaphthalene
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Pv-GC-MS of Thermally Treate_l Montana Coal

Figures 4.17-4.20 show the specific and total ion chromatograms from Py-GC-MS

(pyrolysis at 610°C) of the THF-insoluble residue from a non-catalytic, temperature-programmed

liquefaction (TPL) of Montana coal at final temperature of 300 °C in tetralin. Details of TPL may be

found elsewhere (Song and Schobert, 1992b). Figures 4.17-4.20 are comparable to the

corresponding Py-GC-MS data for the 'ITIF-extracted but unreacted DECS-9 Montana coal (Figures

2.2-2.5). Phenol, alkyl phenols, alkylbenzenes, catechols as well as alkanes and alkenes are

formed from flash pyrolysis of the THF-extracted raw coal. Relative to this sample, there is

apparent change in Py-GC-MS profile of the residue from TPL at 300°C. The appearance of a major

peak for naphthalene and disappearance of catechol differentiate the latter from the former. This is

especially interesting, since the NMR spectra of these two samples (Song et al., 1992a, 1992b) and

the corresponding yields of THF-solubles (7-9%) are similar to each other. From these results, it is

clear that the reaction at 300°C did cause some structural change. The naphthalene peak in Figure 3

is due mainly to the use of tetralin solvent, because this peak was found to be very small with other

solvent or without solvent. Since the residue has been extracted by THF for over 24 h, washed by

acetone and pentane (to remove THF completely) and dried in vacuum at 90-100°C for 6 h, the

naphthalene/tetralin remained in the residue must be either chemically bound to other species or

physically entrapped in solvent-inaccessible micropores or closed pores which can not be removed

by solvent extraction.

From comparative examination of the data from different analytical techniques, it appeared

that Py-GC-MS can detect some subtle differences in coal structure which are not easily detectable
by CPMAS NMR and FT-lR.

Task 5. Effects of Pretreatment on Liquefaction

Effects of"pretreatments of coals on their liquefaction reactivity were examined by

conducting the thermal and catalytic liquefaction of Montana coal under conventional rapid heat-up,

single stage (SSL), temperature-staged (TSL), and temperature-programmed (TPL) conditions.

Pretreatment

The coal was dried at 95°C in vacuum for 2 h before use. For compaaison, the dried coal

was extracted by solvents in the order of hexane, toluene and THF. The results showed that the
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hexane soluble (oil) was 3.1%, toluene soluble but hexane insoluble (asphaltene) was 0.2 % and

THF soluble but toluene insoluble (preasphaltene) 3.5 %. For tile catalytic runs, ammonium

tetrathiomolybdate (ATI'M) was dispersed on predried coal (1 wt% Mo on dmmf coal) by incipient

wetness impregnation method. After loading of the catalyst precursor, the coal sample was dried in

vacuum for two hours at 105°C, then removed and stored under a nitrogen atmosphere.

Coal Liquefaction

Liquefaction experiments were conducted in microautoclave reactors (tubing bombs)in a

preheated fluidized sandbath. For each reaction, 4 g of coal and 4 g of Wilsonville Middle

Distillate (WI-MD) as reaction solvent were added to the reactor, following which hydrogen: was

purged three times, with a final pressure of 7 MPa at room temperature. The reactor was then

plunged into the sandbath and agitated at 200 cycies per minute. The tubing bomb reached the

reaction temperature in about three minutes. For a single-staged liquefaction (SSL), the tubing

bomb was rapidly heated-up to 400°C and held for 30 minutes followed by rapid quench. For a

temperature-programmed liquefaction (TPL), the tubing bomb was rapidly heated-up to a relatively

low temperature (200-300 °C) and soaked in sandbath at that temperature for 15 minutes. The

temperature was then gradually increased to a higher temperature level (400-450 °C) and held for

30 minutes, followed by rapid quench. The rate of temperature increase was 3 °C/min to

8.3°C/min, depending on the difference between the lower temperature and the higher temperature.

The heat-up period was about 30 minutes, and the total reaction time was about 75 minutes.

Temperature-staged liquefaction (TSL) was a different procedure from TPL. A tubing bomb was

rapidly heated-up to a low temperature (200-300 °C), soaked at that temperature for 15 minutes,

then it was immediately (without a heating period) transferred to another sandbath of a higher

temperature (400 °C) and held for 30 minutes followed by rapid quench. Since there was no

heating period between two temperature stages, the total reaction time was about 45 minutes,
which is different from TPL.

After the reaction, the gaseous product was vented into a gas sample bag and later analyzed

by gas chromatography. The liquid and solid products and residue were washed into a tared

ceramic thimble using hexane. Then the products were separated under a nitrogen atmosphere by

Soxhlet-extraction using hexane, toluene and THF as solvents. After extractions, solvents were

removed by rotary evaporation and the products were dried in vacuum at 110 °C for about 12

hours, except for the hexane solubles. The solid residue was washed first by acetone and then by

pentane several times and dried in the same procedure as the reaction products. The asphaltene,
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preasphaltene and residue were then weighed, and conversion and product distributions were
calculated based on dmmf coal.

Table 5.1 compares the coal conversion and distribution of products from TPL and SSL.

In the absence of a catalyst, TPL total conversion is 6.4 % higher than SSL. This is mainly due to

the gains in asphaltene and preasphaltene yields, while file oil yield remains almost identical in both

cases, about 30.2%. In the presence of ATrM as catalyst precursor, total conversion increases

again in TPL by 6.6 %, similar to those experiments without catalyst, lt is noticed that, different

from non-catalytic liquefaction, the oil yield increases drastically by 8.8 % in TPL, while

asphaltene decreases by 4.9 %. This may suggest that TPL, with presence of the catalyst,

promotes the further cracldng or hydrogenation of asphaltene to oil, though the detailed mechanism

is not yet clear.

Another comparison has been made for the liquefaction with and without catalyst. In SSL

runs, total conversion increases 32.2 % by employing AT'FM as catalyst. This is mainly due to an

oil yield increase (by 12.5 %) and an asphaltene yield increase (by 16.4 %), and to a lesser extent,

to a preasphaltene yield increase (by 3.3 %). In TPL runs, catalytic liquefaction affords 32.4 %

higher total conversion (than non-catalytic run). Increases in the yields of oil plus gas are the

predominant (by 21.2%) contribution to the increase in total conversion. Asphaltene and

preasphaltene increase by lesser amounts, 6.7 and 4.4 % respectively. This comparison indicates

that the addition of ATrM as catalyst significantly improves both the total conversion of

liquefaction and the selectivity of products to the more desirable oils.

As mentioned in previous section, in the procedure of sample preparation, both H20 and

H20/THF (44 : 56) were employed as impregnation solvents. The volume of the H20/THF

mixture required to achieve incipient wetness is about three times of that ef pure water. It is

considered that the mixture has higher affinity toward the coal surface than water. This difference

in affinity may lead to a different dispersion of the catalyst precursor on coal, which will

subsequently result in a difference of catalyst performance. Table 5.1 provides the conversion data

to compare the solvent effect on liquefaction. For SSL runs, samples prepared using H20/THF

appear a bit more active than samples prepared using H20. For TPL runs, the difference is more

pronounced. By using H20/THF as impregnation solvent, total conversion increases by 10.4 %,

which is due to the increase of gas and oil yield (by 10.3 %). The asphaltene and preasphaltene

yields are identical within experimental error. This set of data supports the assumption that by

employing H20/THF, better catalyst dispersion will be achieved, thus leading to a better catalyst

performance.
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Temperature-programmed liquefaction may be advantageous over temperature-staged

liquefaction because TPL provides a heating period which could slowly generate radicals and

allows hydrogenation to take piace. Table 5.2 compares TPL with TSL. For 200/400 runs (the

first number indicates the f'trst stage temperature and the second number indicates the second stage

temperature), the total conversion increases slightly (1.5 %) in TPL with a remarkable increase in

gas and oil yield (7,5 %). In contrast, tile asphaltene and preasphaltene yields decrease slightly,

For 300/400 (the teml:;eratures for lower and higher temperature stages, respectively, in °C) runs,

the same phenomenon is observed, though in 300/400 runs, both TPL and TSl., achieve higher

total conversion and gas oil yield. It is apparent that TPL is more favorable to achieve high

conversion and better product selectivity. Consistent with the previous observations, the

asphaltene yield decreases in TPL experiments. This again reflects the fact TPL promotes the

conversion of asphaltene to oils.

Figure 5.1 shows the conversion as a function of the temperature in the first stage in TPL

runs. The curve starts at room temperature, which is in fact the SSL run. The total conversion

reaches a maximum at 200 OC(91%) and starts to decrease as temperature increases, 86.6% at 250

°C and 89.7% at 300 °C. 'I1aeoil yield changes in a very si_rfilarway as total conversion, 51.5% at

200 °C, 46.8% at 250 °C and 50.6% at 300 °C. The low temperature stage is used to allow time

for the reaction solvent to penetrate into the interior of coal particles (Song et al,, 1991b; Song and

Schobert, 1992b). If the temperature of this stage is too high, the reaction solvent may evaporate

before penetration. In this case, less solvent will be in the interior of coal and this could result in

reduced H-transfer to the coal radicals, which will consequently cause poor liquefaction results.

The temperature of the first stage may also affect the activation of catalyst precursor, but how this

will subsequently affect the liquefaction is still unknown.

The effect of changing temperature of the second stage in TPL is shown in Figure 5.2.

Although the total conversion, as well as the yields of asphaltenes and preasphaltenes, show a

trend of decreasing, the gas and oil yields show a remarkable increase as the temperature increase

from 400°C to 450°C (51.5% to 62.4%). This indicates that an increase of second stage

temperature may not favor high total conversion of liquefaction, but it has some benefit in

achieving high yield of oil and gas. The decrease of total conversion might be caused by

retrogressive reactions. At temperatures as high as 450°C, radicals formed in thermal cracking

immediately CTosslinkand recombine with one another to form some very stable compounds that

are difficult to liquefy.
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In summary, addition of ATI'M as catalyst precursor will increase the total conversion

substantially. In the impregnation procedure, using organic compounds in the impregnation

solvent may lead to a better dispersion of catalyst precursor thus giving a higher conversion,

Temperature-programmed liquefaction is advantageous over temperature-staged and single-staged

liquefaction regardless of whether a catalyst is used, The change of first and second stage

temperature in TPL will influence the conversion, though determining the reasons for these
influences relies on future research,

Table 5.1, Comparison of TPL and SSL of DECS-9 Montana coal

Temperature Condition. Tot. Conv Oil + Gas Asph. Preasph.

dmmfwt%, dmmfwt%, dmmfwt%, dmmfwt%.
i i i i i ii

Non-cat SSL 52.22 30.21 12,46 9.55
i i ii ilill iii J i jl

TPL 58.57 30.27 17.24 11.06
I i i i iiij i iii

ATTM SSL 84.4 42.73 28,86 12.82
i i i iii

THF/H20 TPL 91 51,49 23,93 15.5
ii i i i i i ii

ATFM SSL 83.24 38.98 19.46 24.8
i ii

H20 TPL 80.57 41.18 23,4 15.42

Oil: hexane soluble.

Asphaltene: toluene soluble but hexane insoluble.

Preasphaltene: THF soluble but toluene insoluble

Table 5.2. Comparison of TPL with TSL of DECS-9 Montana Coal

Temperature Condition. Tot. Conv Oil + Gas Asph. Preasph.

dmmfwt%, dmmfwt%, dmmfwt%, dmmfwt%.

200/400 TPL 91 51.49 23,93 15.5
,,, ,, , i , J,i ii i L

TSL 89.46 43.98 27,62 17.87
iii , i ull

300/400 TPL 89.67 50.61 22.67 16.4

TSL 87.91 42.66 28.37 16.89
,,,r , , , ,
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Figure 2.2 Specificionchromato_ms(SIC)atm/z94, 107and108andtotalion
chromatogram(TIC)from Py-GC-MSof theTHF-extractedDECS-9Montana

subbituminouscoal (pyrolysis:610°Cfor 10s;heatingrate:5 °C/ms).
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Figure 2.3 Specific ion chromatograms (SLC)at m/z 122, 110 and 124 and total ion

chromatogram (TIC) from Py-GC-MS of the THF-extracted DECS-9 Montana

subbituminous coal (pyrolysis: 610°C for 10s;heating rate: 5 °C/ms).



TIC_ 170:Bin = O, Max= 385.5, Delta = 385,5

_00_

50

,,.,, i,,,,l,,-,., i,,,, i,,,, l,,,, i,, ,,t,,,, i,,,, t.,,,., i,,,, I,.,,, i,,,-,1

0 5 t0 t5 20 25 30 35 40 45 50 55 60 65

M/z71_ t2:Min= O,Max= 5461.25,Delta= 5461.25

tLO0]

/__

0 5 t0 15 20 25 30 35 40 45 50 55 60 65

M/z9t _ 1: l,lin - O, Max- 65535,Delta = 65535

 oo1

50i I11 '
O_',-i',,,-rlt_+;i''"I''"i''"l""'i'"'I'" '_""I'"' i,,,,-r_

0 5 10 t5 20 25 30 35 40 .4.5 50 55 60 65

M/z105_ 5,32113:Min= OiMax: 12316,Delta= _2316

100-

50-

__ .I,_ LL ...... ,.O"
Fill I'Ll I I-I I ' l I ' [71"I ' 'I' l '"_T_ I ' " ['1''I I I l I l I'I ['''I '" l-)l I I I ["l "l;I 'I'I , , , ,

0 5 10 15 20 25 30 35 40 45 50 55 60 65

13:\PAT\SgtSX-C

Figure 2.4 Specific ion chromatograrns (SIC) at m/z 71, 91 and 105 and total ion

chromatogram (TIC) from Py-GC-MS of the THF-extracted DECS-9 Montana

subbituminous coal (pyrolysis: 610°C for 10s; heating rate: 5 °C/ms).
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Figure 2.5 Specificionchromatograms(SIC)at m/z 128, 141and191andtotal ion
chromatogram(TIC)fromPy-GC-MSof theTHF-extractedDECS-9Montana

subbituminouscoal(pyrolysis:610°Cfor 10s;heatingrate:5 °C/ms).
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Figure 2.9 Pyrolysis/GC/MS single ion chrornatagrams representing the
benzene/alkyl-benzene fraction from the Pittsburg #8 coal.
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Figure 2.10 Pyrolysis/GC/MS single ion chromatograms representing the
phenol/alkyl-phenol fraction from the Pittsburg #8 coal.
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Figure 2.11 Pyrolysis/GC/MS single ion chromatograms representing the
naphthalene/alkyl-naphthalene fraction from the Pittsburg #8
coal.
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Figure 4.1 FTIR spectra of
a) Undried and unextracted raw coal;
b) Dried and Unextracted raw coal;
c) Undried and THF-extracted raw coal;
d) Dried and THF-extracted raw coal.
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Figure 4.2 FTIR spectra of the THF-extracted coal preliquefied
coal at 300 oC without catalyst;
a) solvent free;
b) with tetralin as solvent;
c) with 1-methylnaphthalene as solvent.
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Figure 4.3 FTIR spectra of the THF-extracted coal preliquefied
at 300 °C in presence of ATTM;
a) solvent free;
b) with tetralin as solvent;
c) with 1-methylnaphthalene as solvent.
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Figure 4.4 FTIR spectra of the THF-extracted coal preliquefied
at 350 cC without catalyst;
a) solvent free;
b) with tetralin as solvent;
c) with 1-methylnaphthalene as solvent.
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Figure 4.5 FTIR spectra of the THF-extracted coal preliquefied
at 350 °C in presence of ATTM;

a) solvent free;

b) with tetralin as solvent;

c) with 1-methylnaphthalene as solvent.



Figure 4.6 CPMAS 13C NMR spectra of the;
a) raw coal;
b) undried and THF-extracted raw coal;
c) dried and THF-extracted raw coal.
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Figure 4.7 CPMA8 I_C NMR spectra of THF-insoluble residues from

preliquefaction of coal at 300 oC without catalyst
a) solvent free;

b) with tetralin as solvent;

c) with 1-methylnaphthalene as solvent,
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Figure4.8 CPMAS i_C NMR spectra of THF-insoluble residues from
preliquefaction of coal at 300 °C in presence of

ATTM;

a) solvent free;

b) with tetralin as solvent;

c) with 1-methylnaphthalene as solvent.
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Figure4.9 CPMAS t3CNMR spectra of THF-insoluble residues from
preliquefaction of coal at 350 °C without catalyst
a) solvent free;

b) with tetralin as solvent;

c) with 1-methylnaphthalene as solvent.



m 'I

A ^ c,
,.,' .j

PP_

. I I I I s I t I ,. I. I. I [ I . I . I .... I. I.. I . ,,I. , I .I I . J

350'00 300,00 250.00 2Oo. oo 150.00 100.00 50.00 0.00 --50.00 --_00.00 IISO. O0

Figure 4.10 CPMAS t3CNMR spectra of THF-insoluble residues from
preliquefaction of coal at 350 °C in presence of

ATTM;

a) solvent free;

b) with tetralin as solvent;

c) with l-methylnaphthalene as solvent.
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Figure 4.11 Py-GO--MS profiles of a) raw coal; b) vacuum-dried
and unextracted raw coal; c) air-dried and
unextracted raw coal.
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Figure 4.12 Py-GC-MS profiles of the THF-extracted a) undried
unreacted coal; b) vacuum dried unreacted coal; c)
air-dried unreacted coal.
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Figure 4.13 Py-GC-MS profile of the THF-extracted coal
reacted at 300 °C without catalyst a) solvent free;

b) with tetralin; c) with 1-methylnaphthalene.
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Figure 4.14 . Py-GO-MS profile of the THF-extracted coal
reacted at 300 °C in presence of ATTM a} solvent
free; b) with tetralin; c) with 1-methylnaphthalene.
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Figure 4.15 Py-GC-MS profile of the THF-extracted coal

reacted at 350 uC without catalyst a) solvent free;

b) with tetralin; c) with l-methyinapntnalene.
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Figure 4.16 Py-GC-MB profile of the THF-extracted coal
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.... ' -' ............... o '.,I ._i, _-muunyln_,phthaiene.



TICM525:Min= 0, Max= 124,829,Delta= i24,829

i00-I a

i/_l_j,Llfl,.jlg.,.,l .... .. ,,
0 '_'_r:'_'-wS':_-T'_-i_-:'-'_u:'7"+_P'_'m_

5 l0 15 20 25 30 35 40 45 50 55 60 65

_l/z94_ 2,80568:Nin = 0, t,lax= 23358,Delta= 23358

I004

q i_ 'l

I''''l'''-"l ''''1'' '"')'''' I'""' I'' _'1'""""'J''''l _-,--r-q-r"_
5 i0 i5 20 25 30 35 40 45 50 55 60 65

N/Zt07_ 7,35522:Nin= 0, Nax= 89t0, Delta= 8910

t
fi:,J..,

o+_+__,_,__.___,T,_.,,.,.,,....r_..',,.._',.,.,...._....,..
5 I0 15 20 25 30 35 40 45 50 55 60 65

N/z108_ 5,83415:Nin= 0, Nax= 1t233,Delta= 11233

too.I

50'
I

0"_qh"r'r'_ "-_'Q'" '"' I' "' "t'_,, "1,7_,,l,,,, lm-r-fT,,,, i,, ,, 1,,,, 1,, ,.q__
5 iO t5 20 25 30 35 40 45 50 55 60 65

D;\PAT\S,ql4X-f:

Figure 4.17 Specificionchromatograms(SLC)at m/z94, 107and 108and total ion

chromatogramf'£IC)fromPy-GC-MSof the qT-IF-insolubleresidueof DECS-9Montana
coalreacted in"rPLat qOO°t'_{nvrt,l,,_{o.,_lr,O,-',¢... la.. ,___.,.......

_r.,-'-',., ..... ,.,,,, ,.. ,vL iva) licatmg rate; _ -_/ms).
_

=



TIC_(525:Min= O,Max= 124,829,Delta= 124,829

tOO!I

tj,. :l ......,,. ,.
F"" ,'-'-"

5 _0 i5 20 25 30 35 40 45 50 55 GO G5

N/z122_ 12,5642:Bin= O,Max: 521G,Delta=.5216

_00._
',

50! ,

i ' 'O._,C' _', i _' "-; '"' _'" "" I" ' "" 1' " 'I' ' ' ""' " ' " 1""' '_"1''"_' ' I" ' "' '_'
5 lO 15 20 25 30 35 40 45 50 55 60 65

M/Zi10 W33,694t: Min= O, Max= _945,Delta = i945

loo
i
i

504
i

_;,, I-,,_, i ,,,, i,, ,, i,, ,, i, ,,, ,,,,, 1,,;_,i_-_,

5 lO t5 20 25 30 35 40 45 50 55 60 65

M/z_,24_ EIB,2032:Bin: O,Max=743,Delt:a: 743

tO0-1

l " " l " " l ' " "i'"';'" "

5 :10 t5 20 25 30 35 40 45 50 55 60 G5

D:\PAT\Sgt4X-C

Figure 4.18 Specific ion chromatograrns (SIC) at m/z 122, 110 and 124 and total ion ,

chromatogram (TIC) from Py-GC-MS of the THF-insoluble residue of DECS-9 Montana

coal reacted in 'rPL at 300°C (pyrolysis: 610°C for 10s;heating rate: 5 °C/ms).
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Figure 4.19 Specific ion chromatograms (SIC) at m/z 71, 91 and 105 and total ion

chromatogram (TIC) from Py-GC-MS of the THF-insoluble residue of DECS-9 Montana

coal reacted in TPL at 300°C (pyrolysis: 610°C for 10s;heating rate: 5 °C/ms).
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Figure 4.20 Specificionchromatograms(SIC)at m/z 128, 141and 191and total ion

chromatogram(TIC)fromPy-GC-MSof theTHF-insolubleresidueof DECS-9Montana
coalreactedin TPLat 300°C(pyrolysis:610°Cfor 10s;heatingrate: 5 °C/ms).
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Appendix 1

Complete Data Sheets for Eight Coals Selected

DECS-1 Texas (Bottom) Lignite/Subbituminous (74.3%C)

DECS-5 Hiawatha Bituminous (79.5%C)

DECS-6 Blind Canyon Bituminous (81.3%C)

DECS-7 Wyoming (Adaville) Subbituminous/Bituminous (77.1%C)

DECS-8 Wyodak (Smith-Roland) Subbituminous (75.8%C)

DECS-9 Montana (Diez) Subbituminous (76.1%C)

DECS-11 North Dakota (Beulah) Lignite (74.2%C)

DECS-12 Pittsburgh #8 Bituminous (84.8%C)
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