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A b stra c t

Coal liquefaction conversion enhancem ents through iron 

pen tacarbonyl (Fe(C O )5 ) im pregnation techniques were investigated. 

Illinois # 6  high volatile bituminous and W yodak subbituminous coals 

were used for the study. Both tetrahydrofuran (THF) and hexane 

insolubles were measured to quantify the converted asphaltene and 

oil fractions. Fe(CO ) 5  was deposited onto the coal matrix through two 

operations, a THF slurry or a vapor deposition process. An attempt 

to swell the coal during these processes was made through direct 

contact with the fluids involved in the pretreatm ent step. Carbon 

dioxide was the fluid used in the vapor deposition of Fe(CO)5 .

Swelling was considered im portant in order to increase the 

dispersion of Fe(CO ) 5  into the porous coal matrix. Only Wyodak 

exposure to CO 2  was shown to increase the surface area as measured 

by CO2  B E T. Other swelling procedures produced little change or 

were detrim ental to the nitrogen B E T. surface area.

Pretreated coal conversions were compared to their respective 

raw coal reactivities in order to evaluate the effectiveness of the 

treatm ent. All treated and baseline coals were subjected to 

hydroliquefaction  conditions w ith tetralin  or l-m ethylnaphthalene 

solvents. Reaction conditions consisted of 10 and 30 minute run 

times at temperatures of 350°C and 400°C.
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Two catalysts were prepared which contained species sim ilar to 

those which were fabricated on the coal structure. Cyclohexene was 

then reacted with hydrogen in the presence of these catalysts to 

characterize their hydrogenation, hydrocracking, and isom erization 

potentials. The first catalyst (GR-1) had highly dispersed (-2 0 0  À 

diam eters) am orphous iron oxide (T e^G ^) precursor catalysts sites

which were transform ed into hydrogenation active species under 

reaction conditions. The second catalyst (GR-2) contained a hydrated 

iron chloride species (FeCl2  H 2 O). Both catalysts were supported on

graphite, which was determined to be essentially inert during 

reaction. At 350°C reaction temperature, the cyclohexene 

hydrogenation conversion to cyclohexane almost doubled with GR-1. 

Slight hydrogenation enhancements were realized at 400°C with GR- 

1, and with GR-1 plus a trace addition of sulfur. A significant 

fraction of the hematite was converted selectively to iron metal, or 

both iron metal and pyrrhotite when sulfur was added to the system 

as (CH g)2 S, at both 350°C and 400°C. The conversion to regressive

products, predom inantly bicyclohexyl, increased for all added 

catalyst experim ents. GR-2 produced a greater amount of 

isom erization products than the base case run.

W yodak liquefaction was enhanced at low severity conditions 

with only the vapor deposited Fe(CO ) 5  in CO2  atmosphere, followed

by exposure to air treatment. At high severity, the W yodak coals 

which were im pregnated with hem atite, or liquefied with Fe(CO)^

i v
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added directly produced m oderate liquefaction enhancem ents. The 

previously m entioned enhancem ents were obtained in both 

liquefaction solvents, and thus, hydrogen transfer to the coal was 

considered to have been direct, as least to some extent, via the active 

iron species. Illinois # 6  iron treated coals provided no significant 

conversion enhancem ents at either severity, and some detrim ental 

effects were evident at the lower severity. Swelling of Illinois # 6  

coal in THF only seemed to moderately improve the hexane 

conversions at low severity.

F e (C O ) 5  added directly to the reactor during W yodak 

liquefaction was converted to both FegO ^ and pyrrhotite. The 

im pregnated hem atite in the W yodak coal was eventually converted 

selectively to pyrrhotite. Iron metal formed from the added 

hem atite may have been an unstable, yet significant interm ediate 

species during liquefaction.
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In tro d u ct io n

Energy consumption in the United States has initiated an 

increasing dependence on foreign crude oil over the past 40 years. 

Crude oil imports from other nations currently make up just over 

half of America's total oil needs (1). The large demand for foreign oil 

often plays a major role in, or even initiates political and economical 

conflicts on the international level. Oil embargoes in the past, such as 

during the 1970's, created delicate diplom atic situations, which 

ultim ately harmed the American consumer. These troublesom e 

situations that have developed through foreign oil dependence 

obviously indicate the need for increasing efforts to dom estically 

produce energy. Developing feasible alternative energy sources 

would certainly reduce the dependence on oil from foreign nations. 

M any alternative energy sources exist and have been investigated, 

only to prove to be uneconomical when compared with oil. These 

sources include various other fossil fuels such as coal, tar sands, and 

oil shale, as well as numerous renewable sources.

Crude oil is used primarily as a feedstock for refineries, which 

in turn produce many liquid transportation fuels, oils, and other 

chem ical products and feedstocks. M ost transportation systems rely 

on the use of these liquid fuels. One alternative is to convert other 

readily available fossil energy resources, such as those previously 

m entioned, into liquid fuels rather than adapting the transportation
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system to use solid or gaseous fuels. A potential application of this 

idea is coal liquefaction, which has the potential for producing large 

quantities of fuels from solid coal.

Coal in the United States has (up to this point) been used 

prim arily as an energy feedstock for electricity generating facilities. 

Very few alternative uses for coal are currently employed. 

Combustion for direct heating, feedstock to small scale liquefaction 

processes, and precursors to activated carbon and graphite are a few 

other small consumption operations. Coal is being explored for 

alternative and expanding uses due to the the vast sources that exist 

dom estically. Gasification, pyrolysis, and liquefaction are three 

processes being studied as alternative ways to utilize coal.

Gasification (>1000°C) involves the conversion of coal into CO, CO2 » H2  

(2). The CO and H 2  can then be used as feedstocks for a wide variety 

of chem ical synthesis procedures. Pyrolysis (350-500°C) subjects 

coal to progressively higher temperatures in an inert atm osphere, 

where the organic matter then decomposes into water, tar, gas, and a 

solid residue (2). The tar can be further processed into liquid fuels 

and the gas used for process fuel. Coal liquefaction is the conversion 

of coal into liquids through hydrogenation mechanisms (3). In direct 

hydroliquefaction, the coal is subjected to high tem peratures and 

hydrogen pressures. Here, thermal degradation of bonds in the coal 

m atrix leads to smaller structures through hydrogen capping, or 

coking due to recombination of newly formed free radicals. Overall,
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liquefaction leads to the conversion of coal solids to gaseous and 

liquid hydrocarbons, as well as some rem aining unconverted organic 

solids and ash. Selectivity to liquid products is preferred due to their 

higher energy density over gaseous hydrocarbons. Therefore a 

process which minimizes solid residuals and maximizes the 

selectivity toward a liquid product is the optimal goal.

The principal difference, from a chemical viewpoint, between 

coal and petroleum  oil lies in their hydrogen-to-carbon (H/C) ratios. 

Though a broad distribution exists, the H/C ratio for most coals is 

approximately 0.7, whereas the H/C ratio for petroleum oil is 

normally >1.2. Thus in simplistic terms, the primary goal is to 

increase the H/C ratio for coal. Through this increase, it is quite 

conceivable that some of the coal will convert into a liquid phase. 

Rejecting carbon (pyrolysis) or adding hydrogen are two methods 

which can accomplish this needed ratio increase. The addition of 

hydrogen, or direct hydrogenation, has been the preferred method of 

coal liquefaction both in laboratory investigation and developm ent 

routes. Hydrogenation of the initial coal structure occurs through 

two routes: direct addition from a hydrogen atmosphere or through 

the use of a hydrogen-donor solvent. Commonly used solvents 

include te tra lin  (1 ,2 ,3 ,4-te trahydronaphthalene) and 

dihydrophenanthrene (DHP) which are arom atic m olecules that 

relinquish particular hydrogens with relative ease. The solvent can 

act as a shuttling vehicle, transferring hydrogen from the gas phase
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to the coal matrix. In most laboratory investigations the solvent is 

used in excess, so that solvent rehydrogenation is insignificant. On a 

larger and continuous scale, the solvent used is often a higher 

m olecular weight recycle stream obtained from the coal liquefaction 

process. This recycle stream is most often not an effective hydrogen 

donating moiety. Co processing is the term used to describe a 

liquefaction system which utilizes a liquefied coal derived fraction to 

slurry with fresh coal for the first stage feed. Co processing is 

popular because the recycle stream is readily available and it is often 

upgraded to lower m olecular weight products during the liquefaction 

process. The most prom inent mode of hydrogen transfer is 

dependant upon the severity of the liquefaction conditions.

Coal liquefaction is certainly not a new science, as large scale 

processes existed many years ago. The Bergius process transformed 

coal into gaseous product and liquid hydrocarbons in the early 

1900's. Developed in Germany, this process continued until the end 

of W orld W ar II, producing synthetic transportation fuels and 

heating oils. This two stage large-scale hydrogenation process 

involved high tem peratures (475-485°C) and high pressures (3500- 

1 0 , 0 0 0  psi), using either red mud (iron oxide, Fe2 0 3 ), tin oxalate, or

im pregnated ferrous sulfate to help catalyze the direct addition of 

hydrogen to thermally cleaved coal bonds. Exact conditions and 

catalysts were a function of the coal rank. Heavy oils produced from 

the liquefaction process were recycled and slurried with fresh coal
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for the first stage feedstock. Organic matter conversions of nearly 

1 0 0 % (ash and m oisture free basis) were not uncommon, although 

gas yields were large due to the extremely high severity conditions 

(2).

Coal liquefaction processes started to phase out after W orld 

War II as a result of the discovery of large oil fields in the U.S. and 

various foreign nations, but a few facilities continued research. The 

Liquid Fuels Act passed in 1944 allowed these research facilities to 

continue their efforts in the area of coal liquefaction. The U.S. Bureau 

of M ines pursued their efforts in coal liquefaction as did a few 

private com panies during the 1940's and 1950's. Based on the early 

German design, these early efforts in the U.S. in liquefaction were a 

result of the dram atically increasing U.S. energy demands (3).

Second generation liquefaction techniques, though seem ingly 

direct descendents from the Bergius design, began using lower 

tem peratures (2). M ost involved catalyzed reactions between 

m olecular hydrogen and coal-oil slurries, placing a greater 

im portance on the hydrogen transfer within the slurry oil, whereas 

the Bergius process depended prim arily on m olecular hydrogen for 

the addition. Although the slurry oils were potential hydrogen 

donors in the Bergius process, the severe tem peratures em ployed 

worked against efficient solvent to coal hydrogen transfer.

Therefore, these second generation liquefaction processes put more 

em phasis on the hydrogen donation capabilities of the solvent or
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slurry oil. Gas make at lower temperatures was significantly 

decreased, which encouragingly im proved the selectivity toward 

liquid product. Unfortunately, coupled with the use of lower 

tem peratures for liquefaction was lower ultim ate conversion of the 

coal solid. Thus, investigations continued to persue ways to enhance 

the ultim ate coal conversion to liquids.

For untreated or uncatalyzed processes, low severity 

liquefaction gives low liquid conversions for residence times similar 

to the high severity liquefaction operations. Intuitively, low liquid 

conversion is due to slower dissolution rates as less energy is 

available for bond cleavage at lower temperatures. An increase in 

residence tim e could overcome the low conversion level, although 

this would inhibit operational cost effectiveness. A lternatives to 

enhance coal conversion at low severity conditions include increasing 

the reactivity of the coal toward lower molecular weight products, 

curtailing any retrogressive reactions during liquefaction, or 

producing more efficient coal radical capping mechanisms. These 

alternatives will increase overall coal dissolution and com bat the 

inherent decreased reactivity involved with the use of low severity 

co n d itio n s.

Addition or im pregnation of effective hydrogenation or 

hydrocracking catalysts or mild chem ical coal pretreatm ent 

techniques are routes which are being studied at present to help 

com bat lim itations imposed by low severity conditions. The purpose
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of chem ically pretreating the coal is to aid in weakening selective 

structures in the coal (i.e. hydrogen bonds) or to help decrease 

retrogressive reactions during the initial stages of liquefaction which 

tend to form unreactive char. Addition of active catalytic species 

during liquefaction can enhance reactivity in two ways; through 

effective coal radical capping or actual cracking of coal bond 

structures. Both methods enhance the ultimate conversion of coal 

and help combat the consequences of using low severity conditions.

Due to coals' varying content and poisoning effects of sulfur 

and nitrogen on some catalysts, their uses were initially not studied 

thoroughly. In 1924, M atthias Pier prepared sulfides and oxides of 

molybdenum , tungsten, and iron group metals which appeared to be 

sulfur resistant during coal hydrogenation studies (4). These 

catalysts were claim ed to have cleaved carbon-carbon bonds, as well 

as rem oved heteroatoms such as sulfur, oxygen, and nitrogen. Other 

effective hydrogenation catalysts that have been reported include 

stannous chloride, nickelous chloride, and ammonium m olybdate (5).

Current applications for coal liquefaction are carried out in a 

tw o-stage process. Each stage incorporates its own reactor using an 

appropriate catalyst and hydrogen source. The goal of the first stage 

is to reach maximum dissolution rates while using an inexpensive 

disposable catalyst. Once liquefied, the first stage exit stream enters 

the second stage reactor, usually containing

and prom oted m olybdenum  hydroprocessing c,,,iysL Thvf̂ ti
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stage com bines hydrogen with the first stage product and upgrades 

the stream to a typical fuel range. The second stage catalyst is used 

in a continuous manner, although regeneration is periodically 

n ee d e d .

Many previous catalyst studies have applied to the first stage 

of a typical two-stage liquefaction operation. The first stage focuses 

on obtaining high liquid yields whereas the second tends to upgrade 

the liquid product to typical fuel fractions. The first stage catalysts 

are usually considered disposable and treated in a manner sim ilar to 

the ash derived from coal. The catalyst comprises only around 10% 

of the total solid residue mass leftover from liquefaction, thus 

proving separation of the ash from the catalyst too difficult and 

expensive. Therefore, using a relatively inexpensive catalyst at low 

loadings in the first stage is a must for overall technical and 

econom ic feasibility of the operation.

In general, the most active com m ercially used hydrogenation 

catalysts contain nickel or palladium , although other metals such as 

iron, platinum , and copper also dissociatively adsorb hydrogen to 

lesser degree (6 ). One advantage in using iron over the more active 

nickel or palladium  catalysts involves its lower cost. When 

incorporating hydrogenation catalysts during coal liquefaction, 

considerations other than inherent activity must be studied. The 

sulfur in coal is often liberated during liquefaction and can poison 

many initially effective hydrogenation catalysts. Iron has the
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advantage over most group VIII metals in that it is sulfur tolerant. 

When converted to an iron sulfide, its hydrogenation activity is 

dim inished, yet still active. Palladium, platinum, and copper are 

inactive toward hydrogenation once poisoned with sulfur.

Other im portant factors in liquefaction, which are often 

overlooked, involve the intimacy of the catalyst-coal contact and the 

physical distribution of the catalyst in the coal matrix. Early 

investigations by W eller et al. involving ball milling coal and catalyst 

together before liquefaction gave enhanced liquefaction conversions 

(5). Even larger conversions were often discovered when the 

catalyst was im pregnated from an aqueous solution rather than 

added directly in powder form. This phenomenon exists with many 

cataly tic  system s.

This research focuses on development of catalysts for the first 

stage type operation, where disposable catalysts and large 

dissolution rates are optimal. U tilizing low severity conditions, 

selectivity to liquid phase products can theoretically be maximized. 

Low severity translates into tem peratures less than 350°C and 

pressures less than approxim ately 1450 psig. When considering a 

two stage process, with the first stage designed to run at low 

severity , asphaltene products are preferred over preasphaltenes. 

A sphaltene products, being less refractory, are much more amenable 

to subsequent upgrading during a second stage operation. U ltim ate
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conversion of the coal solid into liquid form is usually a secondary 

consideration when utilizing low severity conditions.

Obviously, if coal liquefaction ever becomes a commercial 

source of synthetic fuels, the process must be economically 

com petitive with current energy sources. The many changes that 

have been made on the early German liquefaction plant model have 

had economic ties. Low severity operation is one possibility for 

im proving the economic feasibility of coal liquefaction and creating a 

new viable source for fuels due to the decreased operating and 

capital costs (7). Overall development of an economically feasible 

tw o-stage process requires a low severity first phase, which 

m inimizes gas yields, yet has high conversion to middle oils suitable 

for upgrading in the second stage. The complete two stage operation 

w ill then result in improved economics and increased ultim ate 

conversion to liquid synthetic fuels.
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Project Objective

The purpose of this research project was to investigate the 

feasibility of enhancing the reactivity of coal by solvent-induced 

sw elling effects and selective iron pentacarbonyl im pregnation 

techniques. Various liquefaction conditions were investigated in 

order to determ ine those best suited for a low severity, first stage 

process. Given a large spectrum of coal types available, differing in 

com position, physical structure, and degree of coalification, a 

selection of two coals was made based on uniqueness of each. 

Therefore, a treatm ent which seems to enhance the reactivity of two 

extrem ely different coals, has a good chance to increase liquefaction 

conversion results for many other coal types. A high volatile 

bituminous coal, Illinois # 6 , and a subbituminous coal, Wyodak, both 

received from the Argonne Laboratory Premium Coal Sample Bank 

were the coals studied in this thesis. Besides rank, other major 

differences in these coals are the quantity of inherent iron (pyrite, 

siderite, pyrrhotite, etc...), sulfur, and ash. Inherent iron is an 

im portant consideration as our goal is to add iron to the coal matrix 

in a highly dispersed nature. Sulfur is also significant because it is 

able to change the state and composition of both the added catalyst 

and inherent iron during liquefaction experim ents.

W hen determ ining the effectiveness of a pretreatm ent, another 

im portant factor is the hydrogen donation capability of the solvent
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used under direct liquefaction conditions. Two model solvent 

systems were chosen to help illum inate the effects of hydrogen 

donation on the effectiveness of an impregnated iron catalyst.

Tetralin was used for its known hydrogen donation capability, 

whereas 1-m ethylnaphthalene was chosen as a model non-donor 

vehicle. Other variables included in this matrix of liquefaction 

experim ents were time and temperature. Runs were made at 350 

and 400°C for both 10 and 30 minute reaction times.

To compare reactivities in each case, coal conversions to 

tetrahydrofuran (THF) and hexane solubles were determ ined. 

Untreated coals were run at all possible liquefaction conditions in 

order to provide a conversion baseline for comparison. Liquefaction 

runs were also conducted after a swelling process only, with no 

added iron catalyst, to selectively factor out the swelling effects on 

liquefaction  results.

The term reactivity, used throughout this thesis, should be 

construed as a change toward lower molecular weight products. A 

highly "reactive" system can also be used to explain an accelerated 

coking mechanism, though this will not be the case unless otherwise 

spec ified .

Following the state and amount of the added iron catalyst were 

also im portant factors in determ ining pretreatm ent effectiveness 

toward added hydrogenation activity. M ossbauer spectroscopy was 

used to decipher the state of the added iron throughout liquefaction.
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whereas atom ic absorption was used to determ ine the quantity of 

iron added to the coal matrix. Since atomic absorption required a 

liquid phase sample, the iron in the coal was first dissolved into 

solution using appropriate acids and heat treatm ent. X-ray 

diffraction was ineffective in analyzing the iron compounds, possibly 

because of the size limitation of the technique (>50 angstroms), or 

due to the iron being present in an amorphous state.

Due to the highly microporous structure of most coals, solvent- 

induced swelling procedures were investigated to help increase pore 

diam eters. Intuitively, the dispersion of the adsorbed iron onto the 

coal matrix would increase if the micropores could be expanded to a 

point where iron pentacarbonyl could physically penetrate. Upon 

com pletion of iron pentacarbonyl im pregnation, the solvent was 

removed from the coal. The Brunauer, Emmett, and Teller (B.E.T.) 

method (9) using nitrogen was used to determine the reversibility of 

the solvent swelling procedures through m easurem ents of total 

surface area. Surface area was determined for raw coals for baseline 

co m p ariso n .

Because of the heterogeneous nature of coal, a model compound 

study was also conducted in order to help explain the added role of 

the im pregnated catalyst. Hydrogenation of cyclohexene was 

perform ed in the identical system under the same severity 

conditions as were the liquefaction experiments. A catalyst was also 

added to the reactor assembly. The catalyst preparation procedure
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created very finely divided (angstrom size) iron oxide or iron 

chloride sites, the same species that were present on the treated coal 

matrix before liquefaction. To simulate what would happen when 

using a high sulfur content coal, dimethylsulfide was added to the 

model compound system. Again, M ossbauer spectroscopy was used 

to follow the state of the iron after hydrogenation of cyclohexene. A 

gas chrom atograph-m ass spectrom etry apparatus was used to 

determ ine the extent of conversion to cyclohexane and identify other 

species produced during the reaction.
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Literature Survey

1. Creating a High Dispersed Catalytic Iron Species

Iron metal is not a widely studied elem ent in catalysis because 

of its usually low activity. Although not an extremely active 

hydrogenation metal, iron is often utilized due to its low cost. Iron is 

both less active and less expensive than most of its group VIII metal 

counterparts; platinum , molybdenum, cobalt, and palladium . The 

zero-valent form of each metal noted above is most active for 

hydrogenation, although recent studies have incorporated metal 

oxide forms in their research. M atsui et al. (10) investigated 

prom oted iron oxide catalysts and their activity decay during 

dehydrogenation of ethyl benzene.

Creating a highly dispersed iron metal catalyst has been the 

subject of many recent studies. Typical catalyst preparations which 

involve salt solution impregnation of a porous support usually create 

dispersions an order of magnitude less for iron than other group VIII 

metals. Reduction in a hydrogen stream of the impregnated cationic 

iron species must be done at high tem peratures, which induces 

sintering and eventual low dispersion. Creating a highly dispersed 

catalyst is beneficial in two ways. First, lower iron loadings can give 

the same number of surface exposed atoms as a higher loading with 

a lower dispersion. Secondly, it has been shown that some reactions 

are often times sensitive to the size and structure of the catalytic
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sites. Dumesic et al. (11) claimed ammonia synthesis to be more 

active on the larger iron metal particles (non-cluster). Having the 

ability to create a highly dispersed iron metal would allow 

researchers to investigate and propose the structure sensitivity of 

the reaction as well as the optimal catalyst site diam eter for highest 

ac tiv ity .

One reference was found which proposed a way to create a 

highly dispersed iron metal species beginning with an iron salt.

B ou dart et al. (12) claimed to have created a highly dispersed iron 

metal catalyst with use of a iron nitrate solution impregnated on a 

m agnesium  oxide support. High tem peratures were not necessary 

for catalyst preparation and the iron particles sizes were reported as 

being in the range from 1.5 to 30 nm. Particle sizes were determined 

with M ossbauer spectroscopy, electron microscopy. X-ray line 

broadening, chem isorption, and m agnetic susceptibility.

The use of iron pentacarbonyl (Fe(CO)^) has been thoroughly

studied as a possible precursor in the preparation of highly dispersed 

iron supported catalysts or discrete metal clusters. Fe(CO)$ has a

normal boiling point of 103°C, a vapor pressure of 40 mmHg at 30°C, 

and homogeneously decomposes at 200°C. Fe(CO ) 5  zero-valent and

is therefore a prom ising precursor for producing zero-valent iron 

sites upon therm al decom position, releasing all five ligand carbonyl 

groups. Thus, a final high temperature reduction step in hydrogen is 

not necessary and high dispersions are seemingly possible.



T - 4 1 14

M ost referenced catalyst preparation techniques utilizing a 

F e (C O ) 5  precursor to create zero-valent iron particles involved a

vapor deposition step followed by a thermal decom position 

procedure (13,14,15,16,17,18,19,20,21,22). During the deposition 

step, Fe(C O ) 5  physically adsorbed onto a support in a highly

dispersed manner. Upon com pletion of deposition, the sample was 

slowly heated, until carbonyl groups began releasing from the iron 

com plexes. Controversy exists as to whether or not a zero-valent 

iron state can be produced through this process (16,17,18). Brenner 

et al. proposed that a stable subcarbonyl species was produced from 

this process, and that other researchers used techniques that were 

insensitive in distinguishing a subcarbonyl species from a zero- 

valent iron particle.

For many of the catalyst preparations described in the above 

references, a zeolite support was used (13,14,15,19,20). Nagy et al. 

utilized 1 3 C-NMR spectroscopy to analyze the adsorption, binding, 

and behavior of Fe(CO)^ on HY zeolite support. Photochemical and

therm al decom position procedures were reported as possible ways to 

prepare highly dispersed and pyrophoric iron. The adsorbed Fe(CO ) 5

m olecules were claim ed to have undergone five reversible series 

reactions, losing a carbonyl group in each step. Catalyst samples that 

decom posed to com pletion were also pyrophoric upon exposure to 

oxygen, indicating the presence of very small Fe particles. Thus, the 

therm ally decomposed samples with small iron particles could not be
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directly observed with electron microscopy. Instead, iron oxide 

forms were analyzed after the sample was exposed to air. 

Transm ission electron m icroscopy provided a particle size 

distribution, which ranged from 12 to 50 angstroms in diameter.

Zeithen et al. (14) investigated the thermal decom position of 

F e (C O ) 5  in Faujasite-type X zeolite, using M ossbauer and mass

spectrom etry to m onitor the adsorbed species during the 

decom position stage. Thermal decom position of the samples under 

both static and continuous vacuum were reported as possible 

procedures for producing small diam eter iron particles. Others used 

infrared spectroscopy (15) and Foner m agnetom etry (19) techniques 

which provided evidence to the developm ent of highly dispersed 

iron particles.

A lum ina is another popular m aterial in literature which has 

been used to support a highly dispersed iron species.(16,17,18,21). 

Brenner et al. (16,17,18) developed an experim ental apparatus which 

was able to quantify all the carbonyl groups that decomposed from 

the Fe(C O ) 5  molecule upon heating. In this way, the average number

of carbonyl groups per iron atom on the support could be determined 

during thermal decom position, with knowledge of the initial Fe(CO)$

loading. Tem perature programmed desorption up to 600°C on the 

vapor deposited sample proved to evolve only 3.0 CO/complex, 

providing evidence for the possible existence of a stable Fe(CO ) 2  

adsorbed species. CO2  (2CO = CO2  + C) was not reported as being
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detected during the thermal decom position stage. The decomposed 

samples, rigorously free of any oxygen exposure, did not chemisorb 

any H 2 , which is often used for chemisorption on iron surfaces.

Instead, CO was found to chemisorb on the decomposed iron species. 

CO chemisorption gave dispersions of 36% with a maximum 

tem perature of 120°C during programmed desorption and 2% at 

600°C. Thus, the author claimed to be able to synthesize an iron 

catalyst which is a full order of magnitude more dispersed than that 

obtainable with the traditional techniques of catalyst synthesis, 

although zero-valent iron can not be fabricated using this method. 

The author also rem arked that those investigators who have claimed 

to have produced iron particles (13,14,15,19,20) through 

decom position of Fe(CO)^ used techniques which were insensitive

and zero-valent m etal was never actually attained.

One literature source which claimed to have fabricated small 

particle iron metal on a carbon support used in-situ M ossbauer 

spectroscopy to analyze the state of the iron on the decomposed 

sample. Phillips et al. (22) ph y si sorbed Fe(CO >5 on Graf oil® ,

therm ally decom posed the sample, and utilized transm ission electron 

m icroscopy to measure the size distribution of the iron particles. 

D iam eters as low as 12 nm were recorded, although significant 

sintering occured beyond a tem perature of 450K.

W hether or not zero-valent iron particles can actually be 

obtained with Fe(C O ) 5  using  this method is not of significant
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im portance in this research. If zero-valent iron can be produced 

with the vapor deposition method, the particles are small enough to 

become pyrophoric when subsequently exposed to air. On the other 

hand, if Fe(CO ) 5  is only physisorbed onto a surface (no thermal

treatm ent), the complex is again pyrophoric if exposed to air. Thus, 

the end result in both cases is an oxide form of iron, hematite, 

following exposure of the sample to oxygen. Most importantly, all of 

the authors noted above claimed to produce a highly dispersed iron 

species, no matter its actual state. The goal in this research is to 

vapor deposit Fe(CO)$ on a graphite support or on coal, then expose

the entire material to oxygen (air), ultim ately creating a supported 

and highly dispersed iron oxide.

2. Hydrogenation of Benzene and Cyclohexene

Many model compound reaction studies reported in literature 

have been thoroughly investigated to help provide insight for a more 

com plex system. Often times the diversity of the com plicated system 

renders detailed quantitative analysis im possible. Cyclohexene is 

often used as model feed for crude oil to test hydroprocessing 

catalysts. Cyclohexene is a simple unsaturated ring molecule which 

can provide inform ation to three kinetic pathways; hydrogenation, 

hydrocracking (ring opening and straight chain), and isom erization. 

Coal liquefaction is an example of a complex system which is often
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modeled with simple reactant molecules. Benzene, a simple 

representative aromatic m olecule, is often used as a model compound 

to test a catalyst’s hydrogenation activity.

One previous investigation concerning the hydrogenation of 

cyclohexene over iron oxide, which was similar to the the aim of the 

model com pound reaction study in this present research, has been 

reported in literature. M ost of the literature that was found reported 

on the hydrogenation of cyclohexene over hydroprocessing catalysts 

or the hydrogenation of benzene over zero-valent iron supported 

ca ta ly s ts .

2.1 Benzene Hydrogenation Over Iron Catalysts

The kinetic behavior of benzene hydrogenation over both 

supported and unsupported group VIII metals has been widely 

investigated. Most previous studies utilized nickel (Ni), platinum  (Pt) 

and palladium  (Pd), although few used iron (Fe). Iron, the least 

active hydrogenation metal of those noted above, has been studied 

due to its low cost. The benzene model reaction has often been 

studied as it is the simplest aromatic molecule which can be used to 

characterize hydrogenation catalysts. The benzene reaction is also of 

some current interest as it can be used to characterize catalysts for 

the upgrading of aromatic hydrocarbons obtained from coal 

liquefaction processes (29).
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Early studies indicated that iron metal was inactive for benzene 

hydrogenation, although subsequent investigations claim ed iron films 

(23,24), iron powders (25,26), promoted iron (25,27), and silica- 

supported iron (28) were able to hydrogenate benzene to 

cyclohexane. More thorough studies involving actual catalyst 

characterization have reported rate expressions in a Langm uir- 

H inshelw ood type expression (29,30).

Rastogi et al. (30) prepared a highly dispersed iron on zeolite 

catalyst which was utilized in a fixed bed reactor. Catalyst 

preparation involved slurrying an iron sulfate solution with a zeolite 

support, followed by drying, then reduction in a hydrogen stream at 

a high temperature. Transm ission electron microscopy was used to 

show that the diameters of the iron particles on the catalyst surface 

ranged between 50 and 150 angstroms. By varying the partial 

pressures of hydrogen and benzene in the reactor feed, an 

appropriate Langm uir-H inshelw ood type expression was determ ined 

and reported. The reaction rate was proposed to be controlled by a 

E ley-R ideal m echanism , where the benzene associatively adsorbed 

and subsequently reacted w ith hydrogen.

Yoon et al. (29) tested the kinetic behavior of benzene over 

unsupported iron and iron dispersed on SiC>2 , T)" AI2 O 3 , and carbon

supports. A differential plug-flow  reactor was used to determ ine 

catalytic activity. The supported catalysts were prepared through

incipient wetness of an iron nitrate solution, followed by reduction in
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hydrogen. The reaction rates were reported in turnover frequencies 

(TOF), where the iron surface areas were determined with CO 

chem isorption. Yoon et al. claimed that the iron catalysts provided 

TOF values 10-fold lower than other group VIII metals. A proposed 

m echanism  assumed the benzene to associatively adsorb to the 

surface, which then reacted with hydrogen molecules, sim ilar to 

Rastogi's et al. (30) findings. Dispersion measurements of the iron 

particles on the carbon and graphitized carbon were reported as 

having diameters of 12 nanometers on average. The TOF's for iron 

on carbon supports were noticeably larger than those determ ined for 

all other supports, thus indicating the possibility of a carbon based 

support which strongly interacted (strong metal support interaction, 

SMSI) with the iron metal sites to enhance the hydrogenation 

a c tiv ity .

All the hydrogenation studies of benzene noted above were 

conducted at 200°C or less. Those interested in determining a 

m echanism  (23,29,30) found that the hydrogen either did not 

dissociate on the iron surface sites or if dissociated was not reactive 

with the associatively adsorbed benzene species, which was claim ed 

to be in a n  -complex state. This author suggests that a com petitive 

adsorption process possibly existed where the benzene m olecules 

dom inated the surface, preventing any significant hydrogen 

dissociation, which requires two physically adjacent catalyst sites.
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2.2 Cyclohexene Hydrogenation Catalysts

Cyclohexene is often used in a mixture with thiophene and 

possibly other compounds to characterize a catalyst for its relative 

hydrodesulfurization (HDS), hydrogenation, hydrocracking, and 

isom erization activities. Hydroprocessing catalysts are most often 

molybdenum  prom oted by cobalt or nickel supported on high surface 

area alumina. The main function of a hydroprocessing unit in an oil 

refinery is to remove the sulfur from heterocyclic molecules, 

although side reactions do occur. Isomerization occurs due to the 

acidic nature of the support, whereas hydrocracking is proposed as 

occuring on the metal's step sites.

Jirâtovâ et al. (31) reported the cyclohexene hydrogenation and 

isom erization activities from various promoted HDS catalysts to be 

quite significant. Ramirez et al. (32) reported the effects of flourine 

on hydrogenation of cyclohexene on sulfided hydroprocessing 

catalysts. Addition of flourine enhanced cyclohexene hydrogenation 

in num erous cases.

A thorough investigation concerning catalyst characterization 

was not conducted in either of the above noted articles. The rates of 

cyclohexene hydrogenation were reported at a sim ilar tem perature 

(350°C) to that used in this present study.

One citation investigated the selectivity of particular coal 

minerals using cyclohexene as a probe reactant (33). Curtis et al. 

studied three kinetic pathways for cyclohexene reaction, which
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included hydrogenation, isom erization, and hydrocracking. The 

reactions were performed in 15 cc stainless steel tubing bomb 

reactors. Hydrogen was loaded into the reactors at 25°C to 900 psig 

and heated to 400°C in a fluidized sand bath. The catalysts used in 

two selected runs were hematite (Fe2 0 g) and coal ash (which 

contained Fe2 0 g). In both cases, hydrogenation was the 

predom inant reaction pathway, where the final product m ixture 

contained approxim ately 80% cyclohexane (the hydrogenation 

product) on a mole basis. W hat the authors failed to mention was 

that the hem atite, present in both cases, most likely transformed into 

zero-valent iron under reaction conditions, which was the species 

m ost likely to be active toward hydrogenation. Other coal minerals 

which were tested for catalytic behavior were kaolinite, 

m ontm orillonite, illite, dolom ite, ilm enite, aluminum oxide, titanium  

dioxide, and iron pyrite, all of which were much less active toward 

hydrogenation than hem atite and coal ash.

3. Solvent-Induced Swelling of Coal

M any methods have been investigated for their swelling effects 

on certain coals. In theory, many reasons exist as to why swelling a 

coal before liquefaction would be beneficial. The diameters of the 

pores, especially those in the microporous region, increase as a coal is 

swelled. A highly swollen coal could increase the accessibility to
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catalysts and other reagents, such as hydrogen donors, to reactive 

sites within the coal (34). Thus, potential im provem ents are possible 

in direct conversion of coal to distillable products. Swelling alone 

may also help counter the low conversions realized under low- 

severity  reaction conditions.

M ost swelling procedures involve contacting the coal and some 

solvent for a long period of time, followed by extraction of the 

solvent, although few novel methods have been investigated. 

W arzinski et al. used a supercritical fluid media to try and increase 

the accessible surface area of the coal, as well as use the fluid as a 

means for dispersing reactive species within the coal (34). 

Supercritical carbon dioxide (CO 2 ) was utilized in an attempt to 

deposit M o(CO ) 6  deep into the coal matrix. Success of the swelling 

procedure was not determ ined directly, but rather indirectly from 

liquefaction conversion measurem ents. It has been suggested that 

C O 2  interacts with oxygen functionalities in coals resulting in

swelling (35). Reucroft et al. utilized dilotometric studies on three 

coal samples in various gaseous environments. The three coals were 

chosen for their different carbon contents (65.8%, 78.3 %, & 83.8%),

and the coal with the lowest carbon content showed the maximum 

length increase. Equilibrium between the CO2  and coal was not

established even after 280 hours of exposure, although a length 

increase of 0.5% was reported for the low carbon coal. Xenon (Xe), 

helium  (He), and nitrogen (N2 ) gases were also exposed to the coal.
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all of which produced slight decreases in the coal length over long 

lengths of time.

Swelling behavior has also been observed in several 

investigations with coal slurried in organic liquids (36,37,38). Nelson 

et al. measured the swelling of various coals when contacted with 

four organic solvents; benzene, methanol, pyridine, and tetralin. 

Pycnom etric and gravim etric techniques were used to determ ine the 

extent of coal swelling. The pycnom etric technique was insensitive 

to sorption due to swelling. Hence, a comparison of sorption values 

obtained by these two techniques provided a measure of solvent- 

induced swelling in the porous samples. M aximum solvent-induced 

swelling was found with coals having a ~75% carbon content, 

suggesting the flexibility of the chain segments between the 

crosslinks in these coals was also at a maximum. Reucroft et al. (37) 

defined a swelling param eter, Q, as the swollen volume divided by 

the unswollen volume. They found many solvents, most used to 

determ ine coal surface area by sorption techniques, swelled the coal 

matrix. W ater, methanol, ethanol, acetone, hexane, cyclohexanone, 

pyridine, and CCI4  were all reported to have swollen Kentucky No. 12

coal. Reucroft decided to interprété the sorption that occured at high 

relative vapor pressures (P/P0 >0.3) as solvent-induced swelling. 

Pyridine and acetone gave the largest swelling param eters, both 

increasing the coal volume by approximately 50%. Nguanprasert et  

al. determined the swelling that occured in Illinois # 6  and Wyodak
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coals through a volumetric technique (38). Approximately 1 gram of 

coal was loaded into a tube, which was then centrifuged to pack the 

particles. After recording the initial volume, ~ 8  ml of solvent was 

poured into the tube. Mixing well, centrifuging, and repeating until a 

maxim um  volume was found, the volume increase was determined 

as the swelling. Pyridine, acetone, tetralin, hexane, and 

tetrahydrofuran were used to m easure swelling on both coals. 

Tetrahydrofuran, which was used for swelling purposes in this study, 

approxim ately doubled the volume for both coals.

Before determining the effects of swelling alone on the 

liquefaction conversion results, the solvent must in some way be 

rem oved from the coal before undergoing reaction. Thus, the choice 

of a solvent and extraction method which produce irreversible 

swelling is critical. The possibility exists that when a solvent is 

removed from the coal matrix, the pores can collapse. It has been 

reported that the final surface area of the solvent-induced swollen 

coal, which was good for indicating the success of the swelling 

procedure, was quite sensitive to the method of solvent (pyridine) 

extraction (34). Supercritical extraction of the solvent with CO2  was

determ ined as the best method of solvent rem oval, whereas the 

"standard" vacuum procedure significantly reduced the total surface 

a rea .
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4. Surface Area of Coal

D eterm ination of the true surface area of coals has induced 

significant debate in the past. Although alternative techniques such 

as small angle X-ray scattering (SAXS) have recently been 

investigated for determining the surface areas for coals (43), the 

most common procedure is the B.E.T. method. Measurements of the 

surface area utilizing the B.E.T. method for the same coal have varied 

by more than an order of magnitude (i.e. 13-144 m 2 /g, ref. 25) 

depending on the adsorption gas utilized in the study 

(34,37,39,40,41,42). W arzanski et al. found that the surface area for 

raw Illinois # 6  coal obtained from the Argonne Premium Coal Sample 

Bank was 25.8 m 2/g with nitrogen (N%) and 76.8 m2/g with carbon 

dioxide (CO 2 ). After vacuum drying the Illinios # 6  coal, gave 1.7 

m 2 /g, and CO 2  gave 90.3 m 2 /g. Reucroft et al. (37) found that 

acetone, CO 2 , ethanol, and methanol gave significantly higher surface 

area estimates of Kentucky No. 12 coal than N 2 . Gan et al. m easured 

significant differences in the surface areas of some coals with CO2  

and N 2  adsorbates, although a few selected coals produced areas that

were approxim ately the same. Areas of coals that were of the same 

m agnitude (with CO2  and N2 ) had carbon contents between 75.5 and

81.5 m 2 /g. W alker et al. also determ ined consistently higher surface 

areas for many coals with CO2

Larsen et al. provided some tentative explanations as to why 

their surface area measurements of coals with CO 2  gave significantly
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higher values than both argon and cyclopropane. They felt that the 

solubility of CO2  in coals is not great enough to explain the large 

surface areas observed and CO2  surface areas agree well with those 

obtained using SAXS (42). Thus, assuming CO2  surface areas are 

approxim ately correct for coals, an explanation must exist for the 

anom alously low surface area obtained with cyclopropane (a 

m olecule with a sim ilar cross-sectional area). Larsen reported that 

C O 2  must be able to reach coal surface which is inaccessible to

cyclopropane. Assuming then that cyclopropane is insoluble in coals, 

this species would be unable to reach surface area which is located in 

closed pores. On the other hand, CO2  which is soluble to some extent

in coals, could diffuse into the closed areas and account for internal 

pore surface area. Others have also suggested that lim itations are 
imposed by an activated diffusion process for N 2  and/or shrinkage of

the coal pores at 77.8 K (40,43). Larsen finally (yet tentatively) 

concluded that most of the surface area of the coal (Illinois # 6 ) was 

inside closed pores.

5. Low Severity Coal Liquefaction

Low severity coal liquefaction has numerous potential 

advantages over the processes which operate at more severe 

conditions (7). The potential advantages are as follows:
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(1) Low er hydrogen consumption.

(2) Reduced conversions toward gaseous products.

(3) Suppression of retrogressive reactions which tend to

produce unreactive char and coke.

(4) Liquefaction products more amenable to upgrading.

(5) Lower capital and operating costs.

Reducing the gas make during coal liquefaction is advantageous 

due prim arily to the desirability of lowering hydrogen consumption 

since light hydrocarbon gases have high atomic H/C ratios. Also, the 

energy density of liquids is higher than that of gases. The reduced 

capital cost is derived from the potentially less expensive materials 

needed for process equipm ent, whereas operating costs should 

decrease because of the low er tem peratures and pressures required 

under low severity conditions.

Reduced production of undesirable light hydrocarbon gases can 

im prove the selectivity of coal conversion to liquid products 

provided that the ultim ate coal conversions can approach those 

obtained at high severity conditions. Thus, the major disadvantage 

of low severity coal liquefaction arises due to the decreased rate of 

dissolution of solid coal into liquid product. The lower temperatures 

and pressures associated with the low severity conditions provide 

less energy to induce thermal cleavage of the coal structures. 

Therefore, the coal liquefaction process must be modified in order to
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obtain favorable liquefaction rates and ultimate coal conversion to 

liquid products.

6 . Reactivity Enhancem ent M ethods

Many procedures have been investigated which attem pt to 

enhance the inherently low coal conversions obtained when 

liquefaction is conducted under low severity conditions. The 

procedures either attempt to modify the initial coal structure or 

com position through chem ical pretreatm ent or catalyst im pregnation, 

or they add a reactivity enhancem ent "agent" to the liquefaction 

reactor such as a catalyst or promoter. M ost reactivity enhancement 

procedures attem pt to increase the dissolution rate of the coal by 

increasing the hydrogenation activity or retarding the retrogressive 

reactions. All enhancem ent methods have relative advantages and 

d isa d v a n ta g e s .

6.1 Prom oter Compound Addition

One procedure which can potentially enhance the norm ally low 

coal reactivity at low severity conditions is the addition of promoter 

compounds. At one time the most commonly studied group of 

prom oter com pounds were nitrogen-containing chem icals, which 

aided in coal dissolution at the molecular level. Cronauer et al. (44) 

investigated num erous nitrogen-containing com pounds such as
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tetrahydroquinoline which were claimed to have enhanced coal 

reactivity. The nitrogen prom oters were used because of their basic 

nature and potential hydrogen shuttling (radical capping) capacity.

In fact, Cronauer reported that the nitrogen prom oters acted as 

hydrogen atom transferring vehicles. Because of the nitrogen's basic 

characteristic, the prom oter would abstract hydrogen atoms from  the 

process solvent, then the nitrogen complex would eventually migrate 

to a coal fragment radical and cap the radical with the previously 

abstracted hydrogen. The prom oter continued this hydrogen atom 

transferring process throughout the entire reaction. The increased 

hydrogenation activity obtained with the nitrogen prom oters also 

retarded retrogressive reactions, or coal fragm ent radical 

recom bination during liquefaction.

Barring any consum ption, the promoters were then actually 

considered catalysts in the ideal case. Unfortunately, a fraction of 

the nitrogen compounds added to enhance the reactivity, were also 

incorporated into the coal liquefaction products, which prevented 

their use in the developm ent of liquefaction processes (45,46). 

G iacom elli et al. (47) reported adduction losses under low severity 

conditions of 4-piperidinopyridine as high as 14% of its initial solvent 

w eight to the liquefaction products. McHugh et al. (48) determined 

that the quantity of nitrogen prom oter adduction increased as the 

severity conditions of liquefaction increased.
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The disadvantages of using nitrogen prom oter com pounds are 

num erous. F irst, irreversible incorporation into the liquefaction 

products creates the need for a continual addition of the prom oter 

into the liquefaction feed stream, econom ically rendering the process 

unfeasible. Also, nitrogen compounds would need to be removed 

from  the liquefaction products stream before upgrading, as nitrogen 

can poison a catalyst at ppm levels (6 ). Even if the liquefaction 

stream  was not subsequently upgraded, the nitrogen would most 

likely need to be removed at some time before or after its intended 

use due to increasingly strict environm ental regulations on gaseous 

em issions from com bustion sources.

6.2 Raw Coal Pretreatm ent

Other procedures which are being investigated to enhance the 

low severity coal reactivity involves a coal pretreatm ent procedure. 

A chem ical pretreatm ent can be conducted before liquefaction in an 

attem pt to alter the coal structure so that the ultimate coal 

dissolution is increased. As an example, alkylation procedures have 

been studied which attem pt to selectively cleave particular coal 

bonds under mild chem ical pretreatm ent (49,50,51). The alkylation 

pretreatm ent of coal is conducted in order to induce increasing 

dissolution rates during liquefaction, as certain labile bonds have 

already been broken. Alkylation of particular coal bonds can also 

prevent these same bonds from  thermally cleaving, and eventually
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recom bining, a mechanism which can produce unreactive char. 

D isadvantages with alkylation methods include potentially long 

pretreatm ent reaction times and chemicals which are d ifficult to 

manage on an industrial level.

A nother type of pretreatm ent method involves the 

im pregnation or dispersing of a catalytic species onto the coal matrix. 

The catalytic species can be either active hydrogenation or

hydrocracking agents which promote higher dissolution rates. In

theory, the hydrocracking catalytic sites cleave some bonds to give 

low er m olecular w eight products, whereas hydrogenation species aid 

in capping coal radical fragments. It has been reported that if a 

pretreatm ent process is successful at highly dispersing an active 

catalyst throughout the feed coal, then an enhanced reactivity will be 

certain in the liquefaction stage (52). Early investigations that were

not concerned with low severity liquefaction found that

im pregnation of a catalyst provided better coal conversions over 

external addition of the same catalyst (5). The difference was 

attributed to better and more catalyst/coal contacts, as the finer the 

catalyst dispersion obtained, the better the enhancem ent was for coal 

d isso lu tio n .

6.3 External Catalyst Addition

Particular classes of catalysts are often added directly into the 

liquefaction system as a fine mesh in order to enhance the reactivity
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of coal, usually through hydrogenation (52). The catalyst utilized in 

liquefaction must maintain some activity after being sulfided, as the 

inherent sulfur content in coal often poisons many initially active 

catalysts. M atthias Pier, in 1924, was the first to report about "sulfur 

resistant" catalysts, which were them selves already in some sulfide 

form (4). Pier claimed to have cleaved carbon-carbon bonds with 

sulfided forms of molybdenum, tungsten, and iron metals. The coal 

liquefaction conditions that were used were certainly not low 

severity, though most im portant was the discovery of catalysts that 

could maintain some activity in the presence of sulfur. Many other 

investigations which utilized some form of iron as a catalyst will be 

thoroughly outlined in upcoming sections under the main heading of 

iron catalysis in coal liquefaction.

The use of catalysts in the first stage of liquefaction requires 

the catalysts to be relatively inexpensive, as they are not easily 

recoverable for recycle. Also, the catalysts utilized must be resistant 

to significant coke build-up for continual effective activity. Iron is 

an inexpensive metal, and is therefore one of the few catalysts which 

could be incorporated into the development of a coal liquefaction 

process. Iron catalysts were utilized with effectiveness in the 

Bergius process where red mud (Pe^O ^) was added directly to the

reaction system or ferrous sulfate was impregnated into the coal 

before liquefaction (2 ).
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7. Evaluation of Reactivity Enhancement

If a coal has been chemically pretreated, impregnated with a 

catalysts, or if an additive (catalyst, promoter, etc...) was included 

with the raw coal in the liquefaction reactor, the extent of reactivity 

enhancem ent m ust be quantitatively measured. In general, if a 

chem ical pretreatm ent step is conducted, the am ount of coal that 

dissolves in a given organic solvent before and after treatm ent is 

often taken as an indication of the effectiveness of the procedure. 

W hen a chem ical pretreatm ent method has successfully altered 

particular segments the coal structure, these regions are more easily 

interrupted in a given organic solvent (3). Thus, higher dissolution 

weights w ill be measured for the pre treated coals than the raw coal.

In any potential reactiv ity  enhancem ent procedure,

(pretreated) coals are often liquefied, and subsequently fractionated 

according to their solubility in particular organic solvents (benzene, 

THF, toluene, hexane, etc...). The extent to which the coal liquefaction 

products are soluble in a given solvent is utilized as an indication of 

the degree of hydrogenation achieved under liquefaction conditions. 

Thus, hexane conversion is defined as the weight of liquefied coal 

that dissolves in hexane, divided by the initial weight of coal (dmmf).

The effectiveness of a reactivity enhancem ent procedure can then be

quantitatively  determ ined through com parison with raw coal

experim ents of particular solvent conversions after liquefaction.
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Coal liquefaction products which are soluble in a certain organic 

solvent are often lumped into a particular category. M aterials 

soluble in hexane are referred to as oils. Products soluble in toluene, 

yet insoluble in hexane are called asphaltenes. Preasphaltenes are 

coal liquefaction products that are soluble in THF, but insoluble in 

both hexane and toluene. THF and pyridine, benzene and toluene, 

and hexane and cyclohexane are often îhterc hang able due to their 

respective sim ilarities in ability to solvate organic m aterial.

8 . Coal Liquefaction Solvent Effects

The chemical composition of the solvent employed in coal 

liquefaction controls the overall behavior of the process during 

reaction (53). In industry, several chemical classes of compounds are 

evident in liquefaction recycle solvents. Solvent species are usually 

categorized into one of four various groups; H-donors, phenols, H- 

shuttlers, and H-abstractors. Each com ponent has an influence on the 

extent of coal dissolution, coal conversion, hydrogen conversion, 

product distribution, the chemical nature of the products, char 

production, and the ability to regenerate solvents (53).

The solvent aids in governing the product selectivity by 

controlling the path taken by the interm ediate species. W hen a coal 

bond is therm ally cleaved, at least four different pathways exist 

which determ ine the product form ation; H -abstraction,
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rearrangem ent and elim ination, recondensation with other coal 

radicals, and addition to aromatic s. M ost often, the availability of 

hydrogen-donors w ill determ ine the preferred path (53). The 

hydrogen-donor capacity of a solvent is believed to be im portant in 

the defunctionalization of dissolved coal and prevention of char 

form ation. This class of liquefaction solvents includes tetralin and its 

hom ologs, partia lly  hydrogenated pyrene, phenanthrene, and other 

polycyclic aromatic compounds. Another type of hydrogen transfer 

capability of some solvents is shuttling, whereby hydrogen may be 

supplied from the coal itself to the thermally cleaved fragments.

Some solvents which appear to function in this manner, that is, 

complex with hydrogen from one site in the coal and carry it another, 

include naphthalene and its alkyl derivatives, phenanthrene and 

other tri- and tetrarom atic hydrocarbons and their alkyl derivatives, 

and heterocyclic polyarom atics.

W hether or not the converted coal actually physically dissolves 

depends on the physical solvation properties of the solvent 

em ployed. Physical solvation can also provide better dispersem ent 

of the coal structure within the medium, providing an increased 

opportunity to abstract hydrogen from w illing donors upon cleavage. 

Components which are insoluble in a mixture will tend to condense, 

forming coke at a faster rate than if they were freely dispersed with 

the solvent medium. High solubility can also aid in transporting 

material in and out of a solid catalyst. During physical dissolution.
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few bonds, if any, are broken and little hydrogen is transported to 

the coal from the solvent (53).

By definition a H-donor solvent is one which can give up one or 

more hydrogens to another species when they interact. The extent of 

hydrogen donation is often dictated by the demand for hydrogen 

from other species, as well as the reaction conditions for liquefaction. 

W hitehurst conducted a model compound study utilizing 

benzophenone, where three model solvents were em ployed to 

determ ine capabilities of hydrogen donation (53). 9,10-

dihydrophenathrene was shown to be a much more effective H- 

donor solvent than tetralin, p-cresol, and 2 -m ethylnaphthalene 

under conventional liquefaction conditions in converting 

benzophenone to diphenylm ethane. A lthough, as the hydroarom atics 

were depleted, p-cresol and even m ethylnaphalene became m ajor 

sources of hydrogen. Elemental hydrogen was also shown to react 

directly with benzophenone at 800°F.

The hydrogen consumption during liquefaction will be dictated 

by the thermal reactions of coal. These reaction continually demand 

hydrogen, which will be taken from any available source. The 

demand for hydrogen is highest at the initial stages of coal 

liquefaction, when easier broken labile bonds cleave. As the reaction 

continues, the rem aining bonds that can be thermally cleaved are 

stronger, creating a lower rate of demand. In a study of the 

conversion of Illinois # 6  coal with a synthetic solvent, the molar
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reactivity  of dihydrophenanthrene was shown by W hitehurst (53) to 

be forty times faster than tetralin. Also, little evidence existed for p- 

cresol and m ethylnaphthalene to participate in the H-donation role.

In another study of the same coal, 70% coal conversion was reported 

with a solvent containing no hydroaromatics (53). Re formation of 

the solids was reported as the mechanism for conversion. That is, 

hydrogen abstracted from one region of the coal was transported to 

another, where the hydrogen atom was then donated, creating both 

low er m olecular w eight products and undesirable char.

In an investigation concerning the liquefaction of Austrailian 

Brown coal, two solvents were compared for their respective 

hydrogen donating capacity (54). Tetrahydrofluoranthrene (4HFL) 

was selected for its four donatable hydrogens with high reactivity, 

and octahydroanthracene (8 HAn) for its eight lower reactive 

hydrogens. 4HFL was found to give higher yields of asphaltenes and 

oils than 8 HAn when used separately as a liquefaction solvent, 

although when utilized as a mixture, the solvents seemed to share 

the roles in the depolymerization of coal molecules in a two stage 

reaction. A mechanism  of fragments stabilization and hydrogen- 

assisting bond fission was used to explain the high oil yield when the 

liquefaction solvent utilized was a combination of the two model 

so lv en ts .

M eyer et al. (55) modeled the hydrogen transfer in coal 

hydroliquefaction by reacting benzylphenylether with four
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hydroarom atic solvents. D ihydrophenanthrene (DHP), tetralin, 

indane, and 1,2,3,4-tetrahydroquinone (THQ) were reacted with 

benzyl and phenoxy radicals in microautoclaves. The reactions were 

carried out in a nitrogen atmosphere at 300°C for various run times. 

The rate of decom position of benzylphenyl ether into benzyl and 

phenoxy radicals did not depend on the solvent used, although the 

stabilization of the therm ally produced radicals was effected by the 

medium. The study focused on determining the best solvent of these 

four on a stability basis. That is, what fraction of each solvent could 

be recovered after reaction for potential reuse. DHP was shown to be 

the most efficient solvent, followed by tetralin, THQ, and finally 

indane. M eyer et al. (56) also studied this same system from 300°C 

to 450°C, where solvent degradation began to occur. Though some 

differences were found from the study at 300°C, in general, the same 

order of efficiency was evident. Korobkov et al. (57) studied the loss 

of donor properties of tetralin under the modeling of coal 

hydrogenation. Tetralin was found to isomerize and cleave the 

naphthalene ring. Solvent decom position was effected by both 

reaction tem perature and the nature of the initial radicals formed 

from the model compounds.

An investigation concerning a comparison of anthracene and 

phenanthrene in coal liquefaction concentrated on hydrogen 

shuttling effects (58). Phenanthrene was found to be a better 

physical solvent than anthracene for liquefying W yodak and
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Kentucky 9/14 coals, although anthracene and its derivatives were 

better hydrogen-shuttling solvents than phenanthrene. Labile 

hydrogens from the coal structure appeared to escape readily before 

reacting with hydrogen-shuttling solvents under the atm ospheric 

e n v iro n m e n t.

9. Coal Hydrogenation Catalysts

Using coal directly as either a fuel or chemical feedstock has 

many lim itations and negative environm ental impacts. A lternative 

uses such as coal liquefaction and gasification can lead to cleaner 

products which are potential petroleum  replacem ents (59). The 

potential to transform  coal into liquid hydrocarbons by direct 

hydrogen addition as well as by indirect hydrogenation, via 

gasification and subsequent carbon monoxide addition, has been a 

subject of extensive research. The first industrial practice of coal 

liquefaction through hydrogenation occured in Germany in the early 

1 9 0 0 's, known as the Bergius process. The Bergius unit provided 

significant influence for later hydrogenation/liquefaction systems 

such as the Exxon Donor Solvent (EDS), Gulf Solvent Refined Coal 

(SRC), and H-coal processes (60). There has been an increase in the 

unstanding of coal hydrogenation since that time, both in terms of 

hydrogen donor solvents and catalyst uses.
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9.1 External Catalysts

The wisdom of application of hydrogenation catalysts in coal 

liquefaction was questioned up until the work com pleted by M. Pier 

in 1923, who discovered selective oxidic catalysts that were resistant 

to total poisoning by the sulfur compounds (4). Though his initial 

research was in the area of catalytic ammonia synthesis, his results 

were later adapted to the process of coal liquefaction. In 1924 Pier 

fabricated sulfides and oxides of molybdenum, tungsten, and iron 

group metals which proved to be sulfur resistant in coal 

hydrogenation. These catalysts added hydrogen to the coal, split C -C  

bonds, and elim inated heteroatoms such as sulfur, oxygen, and 

nitrogen from coals and oils (4).

The central idea behind the utilization of catalysts in coal 

hydrogenation is to improve the rate of and selectivity for addition 

of hydrogen to the coal matrix. Catalytic hydrogenation of coal has 

been referred to in many cases to explain enhanced coal conversions, 

although the initial break-up of the organic coal matrix can not be 

accelerated through catalysts or any other hydrogen transfer agent 

(61). The duration of this initial coal dissolution is often on the order 

of seconds, and has been considered to be a purely pyrolitic break

up (62). After longer reaction times, however, catalysts and H-donor 

solvents such as tetralin have been shown to improve coal 

conversion. Thus, the interm ediates in the disintegration of the 

organic matrix of coal have been widely accepted to be radicals
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(60,63). Cleavage of C -C  and C -O  bonds can lead to either the 

evolution of light products directly split out of the coal matrix, or 

production of highly reactive interm ediates which can abstract 

hydrogen to become stable, or react with one another to give higher 

m olecular weight m aterials, including coke. Addition of 

hydrogenation-active catalysts can potentially aid in the pathway the 

reactive coal interm ediates tend to follow. By providing hydrogen 

atoms through catalytic dissociation during coal hydrogenation, in 

theory, the "capping” of the coal radical fragments should occur at an 

increased rate than in the system without a catalyst. Thus, coal 

hydrogenation with an active hydrogenation catalyst can enhance 

ultim ate coal conversions.

The added external catalysts in this investigation were 

considered "once-through", as they were disposed of after one pass 

through the reactor. Thus, the catalysts need to be inexpensive 

and/or used in very small amounts for economic feasibility on an 

industrial level. Initially, studies in coal hydrogenation sometimes 

used up to 25% by weight of catalyst, which was then attempted to 

be regenerated by oxidation after reaction, but inorganic m aterial 

that deposited on the catalyst during the hydrogenation stage 

reacted with the catalyst during the oxidation step, rendering it 

ineffective for reuse (4). The problem of catalyst separation and 

recovery has essentially still not been solved, so the use of small 

amounts and/or low cost catalysts is still a necessity.
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In early investigations of coal hydrogenation catalysts, 

im pregnation of 0 .0 2 % m olybdenum (ammonium form) of brown coal 

gave satisfactory conversions in small scale experim ents conducted 

at Ludwigshafen (4). In addition, considerable im provem ents were 

realized when dilute sulfuric acid was mixed with the low 

molybdenum loadings, as the acid achieved neutralization of some 

calcium  humâtes which were considered hydrogen abstracters. Due 

to the low availability and high cost of molybdenum in pre-war 

Germany (1932), it became necessary to find other first stage 

hydrogenation catalysts. Low cost iron ores were then found to have 

sufficient catalytic activity when used in amounts of 2 % or more by 

weight. In addition, it was also found in some cases (with low sulfur 

content coals) that elem ental sulfur was a needed supplem ent to 

enhance catalytic activity (4). Further studies conducted in the 

laboratories in Billingham, England on other catalysts proved a 

combination of tin and hydrochloric acid to be an active catalyst with 

all bituminous coals tested. This discovery was implemented in the 

first bitum inous coal hydrogenation plant at Billingham. With iron 

again being the focus of investigation, ferrous sulfate im pregnated on 

most coals was found to give better results than iron ore alone (4). 

D ifferent coals required different amounts of these catalysts to 

optimize both output and reliability. Because of the low cost of crude 

oil in the 1950,s and 1960's, coal hydrogenation did not find 

com m ercial application. However, the early hydrogenation and
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hydrocracking catalysts that were developed found worldwide use in 

the petroleum  refining industry.

Research in the area of coal liquefaction certainly slowed with 

the discovery of oil, yet it did not die completely. Many other 

catalysts were tested for hydrogenation activity and various patterns 

were discovered in their ultimate use. In the liquid phase 

hydrogenation of coal on a large scale, the necessity of achieving a 

good catalyst distribution in the coal-oil slurry was found to be a 

significant factor in the ultimate coal conversion (5). In order for a 

catalyst to be effective at hydrogenating coal, intim ate coal-catalyst 

contact m ust be sustained. Good catalyst distribution throughout the 

coal not only provides for better overall contact, but also allows for 

lower catalyst loadings to reach maximum coal conversions. W eller 

et al. was the first to complete and report on a systematic study of 

the distribution of coal hydrogenation catalysts (5). Though a 

universal generalization was not evident in every catalyst W eller 

investigated, a significant pattern was obvious for most coal 

hydrogenation experim ents. The pattern that was found in most 

catalysts was that the more intim ate the catalyst's contact with coal, 

the greater the catalytic effectiveness. Catalysts which followed the 

hydrogenation pattern were qualitatively the same for both Rock 

Springs subbitum inous and Bruceton bitum inous coal under 

liquefaction with and w ithout an added vehicle. Conversion of the 

coal to benzene soluble products and gases was determ ined to be
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representative of the hydrogenation activity under liquefaction 

conditions. Some catalysts that were added to the reactor system as 

a powder which provided little or no effect were claimed to be as or 

alm ost as effective as stannous chloride when impregnated into the 

coal structure. Among the catalysts that followed this trend were 

ferrous sulfate, nickelous chloride, and ammonium molybdate. Part, 

though not all, of the potential catalytic effect was attained through 

ball-m illing catalysts and coal together before liquefaction.

Exceptions to this pattern followed two different directions. As to be 

expected, some m aterials showed no, or very little hydrogenation 

activity when added as a powder or when impregnated on coal. 

Cobaltous chloride, zinc sulfate, and zinc bromide were shown to be 

ineffective as powders and as impregnated species. On the other 

hand, tin com pounds were peculiar in that, at high concentrations, 

they were almost as effective in the powder form as when 

impregnated on the coal. W eller refused to rule out the possibility of 

a unique mechanism  for tin compounds only which provided 

intim ate coal-catalyst contact no matter the form of addition. In fact, 

many of the tin compounds melt or vaporize at liquefaction 

tem peratures. Thus, impregnation of the catalytic species was 

generally, though not universally, considered to be better in the 

hydrogenation of coal.

Though the discussion on coal hydrogenation catalysts up to 

this point only covers m aterial through approxim ately the 1950's,
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subsequent investigations of solid catalysts for first stage 

liquefaction did not prove to be as significant in the following 40 

years. Instead, some subsequent studies became more fundam ental 

and focused on subjects such as hydrogenation mechanisms, optimal 

catalyst loadings, and techniques for providing better catalyst 

dispersions of those active species already found to give adequate 

coal conversions. Because of the topic of this research and the vast 

amount of literature on liquefaction coal catalysts, a survey of more 

recent literature will be discussed in an upcoming section and will 

focus only on a few various forms of iron in coal hydrogenation 

catalysis. First, although, inherent minerals in coal will be surveyed 

as possible active hydrogenation species during the conversion of the 

organic m atter in coal.

9.2 Inherent Coal M inerals

D eterm ining the catalytic hydrogenation effect of inherent 

m ineral m atter during coal liquefaction is extremely difficult. One 

way to estim ate the catalytic effects of coal minerals is to compare 

the hydrogenation of raw coal against that of the same coal with the 

m inerals rem oved through acid washing (64) or m echanical rem oval 

(65). Such experiments, however, fail to isolate the effects of 

individual inorganic constituents and the dem ineralization process 

itself may alter the coal structure (6 6 ). Thus, the hydrogenation of 

coal may be effected as well by the difference in structure induced
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through the dem ineralization process. Experim ents involving the 

addition (64) or removal (67) of single inorganic compounds from 

coal have been carried out and seem to provide useful information. 

The results of a hydrogenation study of several coals showed that 

added iron compounds found in coal improved the conversion of coal 

if the iron was sufficiently dispersed (6 6 ). Favorable effects from 

other added minerals inherent in coal have only been observed 

occasionally (6 8 ). W right et al. found that the conversion of lignite 

increased with added potassium  and sodium, whereas M ukherjee e t  

al. im proved the hydrogenation of bituminous coal with impregnated 

titanium oxide or kaoline. Jackson et al. hydrogenated brown coal 

with added minerals inherent to coal and found that only hematite 

had a dramatic effect on total coal conversion. Other tested minerals 

such as sodium, calcium, magnesium, silica, and alumina exhibited 

little change in coal conversion from the uncatalyzed reactions.

A lternative studies have focused on the ability of inherent coal 

m inerals in hydrogenating solvents common in liquefaction 

experim ents. In a study focusing on the hydrogen-transfer catalytic 

activity of minerals common to coal, the four most active minerals, in 

order of decreasing activity on a weight basis, were found to be 

lim onites (-hem atite), pyrites, diaspore (hydrated alum ina), and 

m agnetites (71). Gangwer et al. utilized a model compound system 

of tetralin , 1 ,2 -dihydronaphthalene, and naphthlene to test the 

hydrogenation activity of these minerals.
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A nother possible way to attack the problem of determ ining the 

effects inherent coal m inerals under liquefaction conditions is to 

separate a series of samples from the same coal through float-and- 

sink methods (69,70). The fraction of samples with the highest 

density have also been shown to contain the highest percent of 

mineral matter. Given et al. made the observation that the 

liquefaction yields of lignite increased almost linearly with increasing 

densities. In addition, the most dense lignite fraction contained the 

highest percent of pyrite. Gray reported on the com plications that 

arise when the float-and-sink method is utilized to determ ine the 

catalytic effects of inherent coal minerals. Four difficulties were 

noted, which include; (1) The effect of the pétrographie constitution 

of the coal fraction, (2) The m ineral-m atter distribution in the 

fraction, (3) Physical distribution of the mineral m atter phases in the 

coal, and (4) Effects of transport and diffusion. The first difficulty 

notes that a change in maceral distribution is often evident from 

float-and-sink fractions so that essentially a different coal is being 

hydrogenated. The second and third noted problems deal with the 

nonheterogeneity of m ineral m atter distribution, both in com position 

and physical distribution. The last point is a bit more difficult to 

realize. In a system where coal particles are allowed to contact each 

other, agglomeration or caking of the coal can result when the coal 

passes through the liquid m esophase state during the hydrogenation 

reaction. The agglomeration effect can create a diffusion problem for
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the coal’s access to hydrogen. In addition, the agglomeration 

behavior of different float-and-sink fractions will be expected to 

vary with the extent of the reactive maceral distribution. From 

hydrogenation experiments of a South African coal, Gray found that 

the variation of conversion of organic coal m atter with mineral 

content was parabolic in shape, with the highest conversions being at 

the lowest and highest fractions of mineral matter. Although, with 

added sand, which was inert during reaction, the liquefaction results 

slightly and alm ost linearly improved with increasing m ineral matter 

content. U ltim ately, Gray determined that the mineral m atter acted 

as an internal physical diluent, reducing the agglomeration of the 

coal particles. He also noted that it would be ideal to find a coal that 

showed very little variance in maceral contents with float-and-sink 

fractions in order to determine true effects of inherent coal minerals.

10. Iron Catalysts in Coal Hydrogenation

Many forms of iron have been utilized in attem pting to 

increase coal liquefaction conversions, both in a mode of 

hydrogenation and hydrocracking. Various iron sulfides such as 

pyrite  (73,74,75,76,77,78,80,81) and pyrrhotite (73,74,78,80) have 

been added to coal liquefaction systems for their hydrogenation 

potential. Iron chlorides (82,93) on the other hand have been 

utilized for their hydrocracking abilities. Other forms of iron which
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have been investigated for possible catalytic enhancem ent in coal 

liquefaction include iron oxides (85,87,88,89,90,93), iron 

oxyhydroxides (72), iron pentacarbonyl (83,92,93,94,95), iron 

acetylacetonate (84,93), acid com plexes of iron (79) and sulfate 

prom oted iron oxides (86,88,90,91). These catalysts are often 

transform ed into various species of iron under coal liquefaction 

conditions. A survey of 1 -  of these catalyst species and their roles in 

coal liquefaction will be provided in the following sections.

10.1 Iron Pentacarbonyl

Iron pentacarbonyl (Fe(CO)$) is a liquid at atmospheric

conditions, and therefore has many advantages in coal liquefaction 

over other iron catalysts. Fe(CO)^ is soluble in most all co processing

oils and model liquefaction solvents such as tetralin and all 

m ethylnaphthalenes. Introducing the catalyst as a soluble species 

can increase its dispersion (catalyst surface area per mass) in the 

coal-solvent slurry (83). Thus, the potential of creating a highly 

dispersed catalytic species from direct addition of the Fe(CO)$

precursor in both direct liquefaction and co-processing is very high. 

It is generally believed that highly dispersed catalysts are very 

effective in the conversion to coal liquids (83). Another positive 

advantage in using Fe(CO)$ as a precursor catalyst is its potential for

good catalyst-coal contact, unlike supported hydroprocessing
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catalysts such as cobalt/m olybdenum  metals on alum ina which 

suffer from poor contact.

Herrick et al. completed a com prehensive study of the effects 

of Fe(CO ) 5  in the co processing of Maya ATB residuum and Illinois # 6

coal. Many analytical techniques such as X-ray diffraction (XRD), 

M dssbauer spectroscopy, scanning electron m icroscopy (SEM ), and 

transm ission electron microscopy (TEM) were utilized to determ ine 

the particle sizes and compositions of the eventual iron species 

derived from the Fe(CO ) 5  precursor. Use of 0.5% by weight of iron 

added as Fe(CO ) 5  resulted in an increase in coal conversion to 

methylene chloride solubles from 39% to 89% on a moisture and ash 

free (maf) basis. Coal conversions to methylene chloride solubles 

were not enhanced with larger percentages of iron catalyst additions. 

The effect of the precursor iron pentacarbonyl catalyst was limited to 

enhancing coal conversion, as hydrogenation of the residuum or 

subsequent upgrading of the coal liquids was not apparent. The 

F e (C O ) 5  precursor initially decomposed in the reactor to produce a 

m ixture of highly dispersed pyrrhotite ( F e ^ S ) ,  iron carbide (FegC ), 

and other various iron oxides and oxyhydroxides. However, with 

longer reaction times (~ 60 minutes), over 95% of the iron was 

converted to F e ^ S .  Using the technique of X-ray line broadening, 

the average particle size of pyrrhotite in the coprocessing residue 

was considered to be approximately 12 nm. The pyrrhotite diam eter 

increased with reaction times surpassing 60 minutes due to sintering.
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U nfortunately, the author could not separate the pyrrhotite derived 

from  the Fe(CO ) 5  and the pyrrhotite produced from the inherent iron

in the Illinois # 6  coal (initially ~1.5% by weight). Thus, to eliminate 

interference of the iron and other mineral matter in the coal, a model 

catalyst system was used that consisted of activated carbon with iron 

deposited on it. The model catalyst was produced by heating a 

m ixture of activated carbon, toluene, and Fe(CO ) 5  in order to

decom pose the precursor into small particles, some of which ended 

up on the carbon support. The predominant form of iron was 

m agnetite (F e^U ^) as detected with Mdssbauer, and a broad

distribution of particle sizes from 1 0  to 1 0 0  nm was measured with 

TEM. Energy dispersive X-ray (EUX) analysis confirmed that the 

particles measured contained iron. Herrick then claim ed that a 

highly dispersed pyrrhotite catalyst could eventually be generated 

from an Fe^U ^ precursor, which sintered only slightly with long

reaction  tim es.

A series of studies conducted at Kyoto University using iron 

pentacarbonyl as a precursor catalyst in coal liquefaction proved to 

be less com prehensive than Herrick's work, yet was still inform ative 

(92,93,94,95). W antanabe et al. (93) liquefied Japanese M iike and 

Taiheiyo coals in tetralin and added Fe(CO ) 5  precursor catalyst, at 

temperatures ranging from 375°C to 445°C. With the addition of less 

than 1% by weight Fe(CO)5 , noticeable conversion (maf basis) 

increases in the oil and asphaltene fractions were observed with
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M iike coal at temperatures greater than 425°C. In addition, marked 

decreases in the am ount of naphthalene formed from tetralin 

dehydrogenation and increases in the amount of m olecular hydrogen 

absorbed were noticed in comparison with the no catalyst case. 

W antanabe claim ed that the Fe(CO ) 5  appeared to penetrate the pores 

o f the coal particles and decompose to metallic iron and iron sulfide, 

which were active toward direct hydrogenation of the coal. That is, 

m olecular hydrogen dissociated on the transform ed iron catalyst 

sites and then stabilized coal radical fragments by "capping” them. 

The direct hydrogen transfer, although, seemed more prom inent in 

the liquefaction experiments at 375°C. Other hydrogen transfer 

m echanisms that were considered to be aiding in its increased 

consum ption included hydrogenation of coal-derived liquids and 

naphthalene. The therm odynam ic lim it of tetralin dehydrogenation 

to naphthalene at these high tem peratures and hydrogen pressures 

(as calculated in an upcoming discussion section, 2 .2 ) lies far to the 

right, thus, this author feels that naphthalene rehydrogenation seems 

very unfeasib le.

Sukuki et al. (94) conducted hydroliquefaction experim ents 

with Taiheiyo, M iike, Wandoan, and Illinois # 6  coals in the presence 

of Fe(C O ) 5  and 1 -m ethylnaphthalene at tem peratures ranging from 

425°C to 460°C. With the addition of Fe(CO)5 , coal conversion (maf 

basis) to tetrahydrofuran solubles was increased substantially for all 

coals, and hydrogen consumption was increased 2-4 tim es when



T - 4 1 1 4

compared to the no catalyst cases. A process involving direct 

hydrogen transfer to coal radical fragments via the active iron 

species was proposed. The use of a non-hydrogen donating solvent 

was initiated in order to elucidate the hydrogen transfer effects of 

the catalyst. Although, at the high temperature used for these coal 

liquefaction studies, the solvent not only dem ethanates to 

naphthalene, but also hydrogenates to tetralin. Some m ethyltetralin 

com pounds were also identified in the post reaction solvent analysis. 

Hydrogen was needed to produce the hydroarom atics from 1- 

m ethylnaphthalene. This reaction was somewhat catalyzed by the 

addition of iron pentacarbonyl, although the amount of hydrogen 

needed to transform  the solvent could not com pensate for the total 

extra consum ption observed during liquefaction. Naphthalenes and 

their methyl derivatives can act as hydrogen shuttling agents, 

transferring atomic hydrogen from one region of coal to another, yet 

the involved hydrogen atoms are usually not considered to have 

initially come from the molecular state. Thus, Fe(CO)$ can be

considered as an effective catalyst to promote coal liquefaction of 

various ranks, and at least to some extent, direct hydrogen transfer 

seems evident via an active iron species derived from the Fe(CO)$

p re c u rso r .

Suzuki et al. (95) followed up with another study using Fe(CO)$ 

as a precursor catalyst in coal liquefaction, although this time with 

low sulfur Australian coals. W andoan and Yallourn coals, both with
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about 0 .2 % total sulfur, were liquefied with and w ithout added sulfur 

in the presence of Fe(CO ) 5  precursor catalyst and 1-

m ethylnaphthalene solvent. From X-ray diffraction analyses of 

liquefaction residues, it was concluded that Fe(CO ) 5  was converted to 

into pyrrhotite when sulfur was present, whereas m agnetite (F egO ^) 

was the prom inent species without any added sulfur. Coal 

conversions (m af basis) to tetrahydrofuran solubles with added 

F e(C O ) 5  increased from 49% to 85% and 37% to 70% with Wandoan 

and Yallourn coals, respectively. With added sulfur and Fe(CO)^, 

liquefaction conversions surpassed 92% for both coals at a 

tem perature of 425°C. Thus, the transformed iron species eventually 

form ing pyrrhotite and pyrrhotite itself were considered to be more 

active in coal hydrogenation than were the iron species present 

w hich ultim ately form ed m agnetite.

10.2 Iron Oxides and Sulfate-Promoted Iron Oxides

Iron oxides have been given adequate attention in coal 

liquefaction literature (85,87,88,90,91) possibly due to the fact that 

red mud, which contains F e^C ^ was used extensively in the Bergius

process in the early 1900's. Iron oxide is also a relatively 

inexpensive and readily available mineral. As of late, the focus has 

extended to using sulfate promoted iron oxide as potential 

hydrocracking catalysts in coal liquefaction (88,90,91).
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Silver et al. investigated the effects of Fe2 C>3  and sulfided 

F e 2 0 3  on the liquefaction of Clovis Point subbituminous coal, chosen 

for its relatively low sulfur (.96% dry basis) and iron (0.25% as 

pyrite) contents. Coal-derived solvent, hydrotreated at 368°C, was 

slurried with coal and liquefied in a 2 dm 3 batch reactor. The 

liquefaction conditions were arbitrarily set at 440°C for 30 minutes 

with an initial cold reactor hydrogen pressure of 13.8 MPa. The 

sulfided Fe2 C>3  was considered to be pyrite by analysis of the overall

stoichiom etry, although the actual state was not determ ined by any 

other analytically method. Hydrogen-free gas, C^-455°C distillate,

and >455°C yields were determined for each experiment. Sulfided 

F e 2 C> 3  was significantly better than Fe2 C>3 in decreasing the

hydrogen-free gas yield (13% and 10% respectively, dry coal basis) 

over the no catalyst case, although Fe2 C>3 was the most effective in 

decreasing unconverted coal yields. The role of the sulfided Fe2 C>3

was presum ed to have catalyzed the rehydrogenation of the donor 

solvent, whereas the Fe2 C>3  acted to inhibit retrograde reactions

during dissolution of the coal by eliminating oxygen functionalities in 

the coal.

Kam iya et al. studied the effects of added Fe2 C>3 and elemental 

sulfur on the liquefaction of brown coal in a solvent composed of 

tetralin  and 1 -m ethylnaphthalene (1:3 ratio respectively) at 400°C. 

Yallourn brown coal has relatively little sulfur (0 .2 % dry and ash- 

free basis) and ash (2.5% dry basis), but does have a high oxygen
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content (28.4% dry basis). Both B e^ O ^  and ¥& 2^3  with added 

elem ental sulfur increased coal conversions to tetrahydrofuran (THF) 

solubles. Both iron systems were claimed to have improved the 

hydrogen donor capabilities of the solvent through hydrogenation.

In order to elucidate the role of Fe^O ^ on the hydrogenation of the

initial liquefaction products, the THF soluble fraction was again 

treated at 450°C for 60 minutes with 5 MPa hydrogen pressure. The 

form ation of solid carbonaceous residues was m arkedly suppressed 

in the presence of iron with and without added sulfur, and the 

hydrogenation reactions were reported as being accelerated with 

their additions. The mechanism was presumed to have been direct 

addition of hydrogen to the THF soluble fraction via the iron oxide, as 

no solvent was added to the system. The author fails to mention the

final state of the iron any experiment, although it is quite possible

that the iron oxide transformed into either the m etallic state or a 

sulfided form under the high severity conditions. The transform ed 

iron states could then be the active hydrogenation species.

In a model compound reaction study, M atsuhashi et al.

hydrocracked benzyl phenyl ether and diphenyl ether in the 

presence of many metal and binary metal oxides. These model 

com pounds were chosen for their C -O  linkages, which are key bonds 

present in the structure of coal. The cleavage of this bond is 

essential for coal liquefaction. The hydrocracking reaction was 

conducted in a high pressure microreactor, which was filled with
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selected catalysts. The catalysts were tested for their hydrogenation 

activity, that is, their effectiveness at "capping” the free radicals 

form ed from therm al hydrocracking. Ineffective catalysts would still 

show large conversions, but to condensation and rearrangem ent 

products. The reactor was heated to 400°C and the residence times 

were between 60 and 90 minutes. Two types of hematite were 

fabricated from different iron salts (FeCNOg)] 9 H 2 O and 

F eN H 4 (S 0 4 )2 *1 2 H 2 0 ), both of which gave almost all lower molecular 

w eight products for the amount of benzyl phenyl ether that was

converted (75% and 53%, respectively). The conversion of diphenyl

ether to benzene and phenol were 23% and 0%, respectively, with a 

total conversion of 33% for the first fabricated hem atite sample. 

U nfortunately the author failed to provide a base case run with no 

catalyst for both model compounds.

Tanabe et al. (88) tested the catalytic effects of Fe2 0 3  and 

sulfate (SO 4 2 ) promoted Fe2 0 g on the hydrocracking of Akabira 

bituminous coal. The coal was liquefied for 60 minutes at 400°C 

under 10.1 MPa of hydrogen pressure. The distribution of products

(weight %) on a maf basis were as follows:

C a ta ly s t Benzene soluble Hexane soluble Gas

N one 12 .2  7.2

FeaOg 5 1 .2  2 2 .3  1.7

Fe2 C>3 + S 0 42- 6 9 .4  3 1 .0  2 .4
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The added hem atite significantly enhanced the conversion of coal to 

benzene and hexane solubles, yet the sulfate-prom oted iron oxide 

producesd even better conversions. The author fails to mention the 

final state of the iron in both runs.

Tanabe et al. (90) followed up the previous study a few years 

later with a more com prehensive investigation on the function of 

many metal oxide and complex metal oxide catalysts for the 

hydrocracking of Akabira coal and Big Brown lignite at 400°C for 60 

minutes in a batch reactor. The hydrocracking of diphenylm ethane , 

diphenylether, and benzyl phenyl ether were conducted over these 

same catalysts in an attempt to model typical coal reactions. The 

reaction of naphthalene to tetralin tested the hydrogenation ability 

of these catalysts. Be^O^ was shown to have no activity in the

hydrocracking of diphenylm ethane at 400°C, although it was claimed 

to have high activity for hydrocracking benzyl phenyl ether and for 

the hydrogenation of naphthalene at 300°C. Sulfate-prom oted 

hem atite (Fe2 0 3 -S 0 42-) was highly active in hydrocracking

diphenylm ethane, and was therefore considered to be a strongly 

acidic com pound, prom oted by the com plex interaction between 

F e 2 0 3  and S 0 42". The activity for the dehydration of 2-butanol,

known to be catalyzed by acids, was found be be 300-2000 times 

higher for sulfate promoted F e^C ^  than for pure F e^C ^ . Product 

distributions were not given in any case. Fe2 0 3 -S 0 42_ and Fe2 C>3
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catalyst additions gave essentially the same conversion levels of 

benzene and hexane solubles, and gas product for the hydrocracking 

of Big Brown Lignite (relatively high oxygen content), showing the 

added acidic (sulfate prom oted) behavior did not enhance the lignite 

conversions. The added acidic function on the Fe2 0 g catalyst was

shown to significantly enhance Akabira coal (relatively high carbon 

content) conversions as m entioned in Tanabe's earlier study. Again, 

final forms of the iron catalysts were not determ ined, although they 

were considered to not transform  during reaction. Two conclusions 

were postulated to interpret the results; ( 1 ) the acidic property of a 

catalyst played an important role for C -C  bond cleavage, and (2) the 

hydrogenation ability of a catalyst is important for C -O  bond 

cleavage. That is, the addition of a highly acidic catalyst resulted in 

high liquefaction conversions for bituminous coals with high carbon 

contents, whereas catalysts with hydrogenation abilities showed 

greater activities in the conversion of lignite which contain large 

am ounts of oxygen functionalities.

K otanigaw a et al. investigated the effects of sulfur and sulfate 

in sulfur-prom oted iron oxide (F e^C ^) catalysts for liquefaction of 

Japanese subbituminous Taiheiyo at 450°C. Fe2 0 3 (SC>4 )2" was

considered to act as a super-acid, which when added alone enhanced 

coal conversion to benzene solubles (maf basis) and decreased the 

tetralin solvent conversion to naphthalene. A complex formed 

between Fe2 0 g (S 0 4 )2- and FeS2  was shown to give by far and away
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the best coal conversions (~ 1 0 0 %) when added to the reaction 

sy s tem .

Probably the most influential paper on the use of iron oxide 

catalysts in coal liquefaction came from Andrés et al. who prepared 

F e 2 C>3 particles approximately 0 .05 ]Jim (TEM determined) in 

diam eter through flame decom position of FeClg. The small iron oxide 

particles were combined with CS2 , tetralin, and a high volatile 

bituminous coal in a batch reactor, and heated to 450°C for 3 hours. 

Reaction products were put through a series of vacuum distillations 

and extractions until the remaining residue was considered to be 

pyridine insoluble organic and mineral matter. Addition of 0.5% 

F e 2 0 g decreased the percent of residue from distillation, and

increased, the total liquid yield . The final state of iron was 

determ ined to be pyrrhotite through X-ray diffraction. The 

significant conclusion obtained from these experim ents was that the 

particle size of iron-based catalysts was one of the most im portant 

param eters of their efficiency for coal hydroliquefaction.

10.3 Iron Chlorides

Another class of less commonly used iron catalysts in coal 

liquefaction are iron chlorides, FeCl2  and FeClg. Iron chlorides are

known to be hydrocracking catalysts rather than hydrogenation 

active compounds. The major drawback of using iron chlorides or 

any other metal halides, such as zinc chlorides and bromides, and tin
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chlorides, are their tendency to corrode the liquefaction system. The 

halides com bine with hydrogen to form hydrochloric and bromic 

acids, which slowly wear away the m aterials composing the reaction 

sy s tem .

W antanabe et al. (93) investigated the effects of impregnated 

F eC lg  on the liquefaction of Japanese Miike and Taiheiyo coals in 

tetralin at 425°C. In the case of Miike coal, FeClg decreased the THF 

soluble fraction from 97.2% (daf basis) for the no catalyst case to 

93.0%, although, the oils (hexane soluble material) fraction was 

increased from 38.8% (no catalyst case) to 50.8% when FeClg was

im pregnated onto the coal matrix. Hydrogen consumption was also 

m oderately increased by approximately 30% with the use of iron 
chloride. The increase in oil conversion found with the F eC lg-trea ted

coal was reported as being due to the high cracking ability of the 

c a ta ly s t.

In a com prehensive study conducted by Lytle et al. on the 

kinetics of coal liquefaction, iron chlorides were two of the many 

metal halide catalysts employed. The process was considered dry 

hydrogenation, as no solvent was slurried with the feed coal. Short 

residence times on the order of a few seconds were investigated to 

elucidate the process variables that determ ine space rate utilization 

factors. Since most current processes have space utilization factors of 

less than 0.000223 g s-1cm "3, this investigation was conducted to try 

and increase this value. A low space rate utilization factor simply
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means that extrem ely large reactor volumes must be used to produce 

adequate hydrocarbon fuel yields. Increasing this factor would 

potentially make coal liquefaction more com petitive to oil refining 

processes. Though intricate kinetic models were developed for many 

of the of the process variables such as catalyst concentration, 

hydrogen pressure, tem perature, and coal type, only the 

effectiveness of the iron chlorides on coal conversion will be 

discussed. Extremely severe temperatures of 550°C to 600°C were 

employed in the attempt to liquefy the coal. At these high 

tem peratures, the converted products were m ainly light 

hydrocarbon, CO, and CO2  gases. The remaining unconverted coal 

(daf) was considered to be coke. FeClg proved to provide better 

conversions than FeC l2 , with both above the baseline no catalyst

case, although the coal conversions were significantly below the more 

effective tin and zinc chlorides (SnCl2 , ZnCl2 ). In the hydrogenation-

pyrolysis type system Lytle developed, the space rate utilization 

factor was enhanced to 0.0534 g s-1c m - 3 with the more effective 

c a ta ly s ts .

10.4 Iron Sulfides

A thoroughly studied group of iron compounds that have been 

utilized in coal liquefaction are iron sulfides, as pyrite (FeS2 ) &

pyrrhotite  ( F e ^ S ) .  The stiochiometry of pyrrhotite is variable 

(where 0  i x 2 0.125), and has been involved in extended
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controversy as to the form of its most catalytically active state in coal 

liquefaction. Various viewpoints gathered from experim ental data 

on the use of pyrite and pyrrhotite will be reviewed.

M ontano et al. (78) determined the stoichiom etry of iron 

sulfides in liquefaction residues and correlated them with coal 

conversions to THF and benzene solubles. Three coals (Illinois # 6 , 

Kentucky No. 9/14, W est Virginia Blacksville No. 2) with varying 

amounts of inherent iron pyrite and sulfur content were liquefied in 

SRC II (solvent refined coal) heavy distillate at 425°C for 30 minutes 

in m icroautoclave batch reactors. M ossbauer spectroscopy was used 

to determine the iron compounds in the raw coal and THF insolubles, 

as well as the number of nearest-neighbor vacancies to iron in 

pyrrhotite. The magnetic hyperfine field (m .h.f.) differs considerably 

at the different iron sites in the pyrrhotites, depending on the 

number of vacancies in the immediate vicinity. That is, the iron in 

pyrrhotite was determ ined as having 0, 2, or 4 nearest-neighbor 

vacancies, each having its own respective m.h.f. Each liquefaction 

residue contained a com bination of the three pyrrhotite compounds, 

where an average num ber of nearest-neighbor vacancies was 

determ ined by summing the products of the M ossbauer spectral area 

percent of each stoichiometry by the number of vacancies for that 

com pound. Few rectilinear correlations were obtained from 

integrating the coal conversion data with the M ossbauer results.

Both THF and benzene solubles were found to be linearly dependent
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on the percentage of iron in the pyrrhotite from the residue 

(conversion increased with decreasing Fe%). Also, the average 

num ber of vacancies followed a rectilinear correlation with the 

average m.h.f. determ ined from M ossbauer. Thus, a tentative 

conclusion was that the highest coal conversion to "liquid” products 

was associated with a pyrrhotite having the largest number of 

vacancies. It was not implied as to how the role of the added 

catalyst improved coal hydrogenation. Though the data can not be 

argued, this author feels the interpretation indicates an enormous 

unm entioned assum ption, that is, w ithout the presence of any pyrite, 

each coal would be identically reactive. More coals needed to be 

incorporated into the study, as three coals could possibly provide a 

coincidental conclusion.

Garg et al. (76) conducted some simple experiments to 

elucidate pyrite catalysis in coal liquefaction. Elkhorn No. 3 and 

Kentucky No. 9 coals were liquefied in a 100 pound/day continuous 

stirred autoclave at 850°F for approximately 35 minutes. The 

process solvent used to slurry the feed coal was SRC II Fuel Oil Blend 

supplied by The Pittsburg and Midway Coal Mining Co. The results 

showed that for Elkhorn No. 3 coal, pyrite catalyzed the oil and gas 

production, increased coal conversion (daf basis) increased 

hydrogenation of process solvent, and catalyzed nitrogen rem oval 

from the oil fraction. Addition of pyrite to Kentucky No. 9 coal 

im proved conversion and oil production and prom oted
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rehydrogenation of the process solvent. The final state of iron was 

not determined, yet was assumed to be iron sulfide (FeS). In another 

experim ent, the solvent was hydrogenated at identical conditions in 

the presence and absense of pyrite. The oils fraction and hydrogen 

content increased with pyrite addition, whereas the the solvent was 

slightly dehydrogenated in the absence of pyrite. No unreacted 

pyrite was detected, as X-ray diffraction identified the final iron 

product as FeSj 0 9 9 .

Garg et al. (77) followed up with another study of the effect of 

catalyst distribution in coal liquefaction. Eastern Kentucky Elkhorn 

#2 was liquefied in a continuous reactor at 825°C to 850°C with SRC- 

II solvent. Three modes of iron catalyst addition were investigated; 

( 1 ) direct particulate pyrite ( ~ 1  m 2 /g), (2 ) im pregnation with iron 

sulfate, (3) potential molecular dispersion with addition of iron 

naphthenate. General conclusions were that pyrite addition 

significantly catalyzed coal liquefaction reactions as shown by 

im proving coal conversion (THF solubles, daf basis), increased oil and 

gas production and hydrogen consum ption, and rehydrogenated 

process solvent. Varying the pyrite concentration between 2.5% and 

10% of the dry coal had little effect on the THF soluble conversion 

results. Impregnation of iron sulfate and addition of iron 

naphthenate did not alter the ultim ate coal conversion, although the 

oils fractions in both cases were significantly increased. Hydrogen 

consum ption was markedly less for these two cases than for the



T - 4 1 1 4

added pyrite case. The iron was assumed, yet not analytically 

determ ined, to eventually have formed an iron pyrrhotite.

The effect of additives on the stoichiometry of iron sulfides 

formed during liquefaction of a Powhatan No. 5 coal was investigated 

by Bom m annavar et al. (included Montano, 78). M ossbauer 

spectroscopy was utilized to determ ine the m.h.f. and isom er shifts of 

the iron pyrrhotites in the liquefaction residue. Stoichiom etry of the 

resultant pyrrhotites was shown to be influenced by the H2 S partial

pressure in the reactor, where higher pressures yielded pyrrhotites 

with more iron deficiencies. The variation in hydrogen pressure was 

controlled through the addition of pyrite, troilite, or pyrrhotite. It 

was also shown that pyrrhotites with the same approxim ate atomic

iron fraction contained w idely different nearest-neighbor vacancy 

distributions on the iron sites.

In another study which focused on the effects of iron sulfide 

surface area on coal liquefaction, Stohl (74) discovered only slight 

coal conversion differences with significant variations in surface area 

of the initial catalyst (2.0 to 80 m 2 /g). Several iron sulfides were 

synthesized including pyrites, pyrrhotites, and iron-sulfur 

com pounds of unknown com position. Catalytic activities were tested 

in a batch reactor at 425°C for 30 minutes with W est Virginia 

Blacksville No. 2 coal and SCR-II heavy distillate. THF soluble coal

conversions did not differ by more than 5% (daf basis) for all runs,

indicating that the conversion was invariant to catalyst size when
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added externally. The results from an additional series of runs, 

which was conducted in order to determine iron sulfide surface area 

changes during liquefaction, showed that the surface areas were 

drastically changed during the two-minute heat-up time of the 

reactor. A pyrite sample and iron-sulfide compound with initial 

surface areas of 2 . 0  and 80 m 2 /g, respectively, yielded surface areas 

of 5.2 and 10.8 m2 /g, respectively, after a two-m inute heat-up to 

425°C and subsequent rapid quench. Thus, Stohl claimed that the 

transform ations of pyrite and iron-sulfur com pounds to pyrrhotite 

were so rapid that they were almost complete before coal dissolution 

b eg an .

The effect of pyrite and pyrhotite on free radical formation in 

coal has been investigated by electron spin resonance (e.s.r.) 

spectroscopy by Srinivasan et al. Though this author is not fam iliar 

enough with e.s.r. to offer any critical advice, general conclusions will 

be provided. Each catalyst was added (separately) at 8 % by weight 

(dry coal basis) with the coal under hydrogen or a vacuum, then 

subsequently heated to 500°C in steps of 50°C intervals, holding for 

30 m inutes at each tem perature. Param eters determ ined with e.s.r. 

spectroscopy were recorded at each interval. From the data obtained 

with e.s.r., it was concluded that the formation of free radicals in 

coals was facilitated by the pyrite to pyrrhotite conversion 

m echanism and by the presence of pyrrhotite itself. It was also
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reported that the Fe vacancies in F e ^ S  were likely responsible for 

its catalytic activity.

Brooks et al. completed a study of pyrite catalysis of coal 

liquefaction, hydrogenation, and interm olecular hydrogen transfer 

reactions. The first stage of the study involved liquefaction of 

Blacksville Mine No. 2 coal in Kentucky No. 9 light recycle oil at 450°C 

for various run times, then separating coal products into oils 

(pentane soluble), asphaltenes (benzene soluble), preasphaltenes 

(m ethylene chloride soluble), and insoluble organic matter. Coal 

charged to the reactor was significantly converted to other products 

at relatively short reaction times (7.5 minutes). Preasphaltenes, 

which were formed rapidly, reached a maximum concentration at 

short reaction times, then decreased as the reaction proceeded. 

A sphaltenes were formed quickly, then more or less rem ained 

constant up to the ultimate reaction time of 60 minutes. Little 

difference in preasphaltene and asphaltene concentrations were 

observed with the addition of pyrite. Conversion to oils, although, 

was significantly enhanced with pyrite addition. In order to provide 

more insight into which particular reactions the pyrite was 

catalyzing, certain model com pound experim ents were perform ed.

The direct hydrogenation of an aromatic was conducted with 

quinoline as a reactant. The donation of labile hydrogen from a 

hydroarom atic (1 ,2 ,3 ,4-tetrahydroquinoline) to a hydrogen acceptor 

(benzophenone) was investigated. The last m echanism  explored was
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the direct hydrogenation of a hydrogen acceptor with m olecular 

hydrogen. Pyrite was shown to be most active as a catalyst in direct 

hydrogenation with m olecular hydrogen, and to have lesser, yet 

finite, activity in the acceleration of reactions involving hydrogen 

transfer mechanisms from a donor to an acceptor molecule. Thus, 

pyrite was suggested to be predom inantly catalyzing the 

replenishm ent of solvent hydroarom aticity during coal liquefaction, 

which then aided in increasing the oil fraction of the ultimate coal 

p ro d u c ts .

A nother model compound study was completed to elucidate the 

role of pyrrhotite and pyrite in the hydrocracking of 

diphenylm ethane. Ogawa et al. controlled the ultim ate species of 

iron sulfide form ed during reaction with appropriate initial hydrogen 

sulfide (H 2 S) partial pressure. Reactions were conducted in a batch

reactor at 425°C to 450°C for 30 to 60 minutes. Starting with 

pyrrhotite under high H 2 S overpressure, pyrite bands appeared in

the M ossbauer spectra, providing proof of the reversibility of pyrite 

decom position under coal conditions. With lower H 2 S partial

pressures, pyrrhotite transformed into lower activity troilite. The 

largest cataly tic activ ities (highest diphenylm ethane conversions) 

were obtained with H2 S pressures which maintained high iron

deficient pyrrhotites. This author feels that the catalysts can not be 

selectively considered as hydrocracking com pounds, as subsequent 

hydrogenation was also a necessity for com plete conversion to a
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low er m olecular weight product. Thus, highly active hydrogenation 

catalysts could also give large diphenylm ethane conversions, 

assuming thermal cleavage is evident, which is probable at severe 

tem peratures ranging from  425o-450°C.

11. Two Stage Coal Liquefaction

Two stage liquefaction can benefit from effective coal 

pretreatm ent methods which allow the first stage to run at lower 

severity conditions. The goal of the first stage in a two stage process 

is to thermally degrade and solubilize the coal. The second stage can 

then catalytically upgrade the first stage product stream into the 

desired liquid fuel ranges. In theory, in order to obtain the desired 

coal dissolution in the first stage under low severity conditions, the 

coal must be effectively treated, or an effective disposable catalyst 

added. The intent in this research is to impregnate the coal structure 

with an inexpensive iron catalyst at low loadings. In theory, this 

added catalyst will then enhance the normally low coal conversions 

obtained at low severity. If ultim ate conversions with the treated 

coals at low severity can approach those obtained with raw coals in 

high severity operation, the pretreatm ent can be considered 

successful. Also, gas make should be decreased at the lower 

tem perature, providing an increased selectivity toward "liquid" 

products for the low severity coal liquefaction operation. The
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catalyst im pregnated into the coal structure for pretreatm ent must 

be inexpensive for overall economic feasibility, as the catalyst is not 

easily  recoverable.

Many two stage processes have been developed which utilize 

either a residual petroleum  feedstock or a recycle stream to slurry 

with the initial coal. If a residual petroleum feedstock is used to 

slurry with the coal for first stage feed, the idea of upgrading both 

the oil and coal is implemented. Residual petroleum  streams contain 

almost no hydroaromatics, a class of chemicals that are effective in 

liquefying coal (53), although some claim a synergistic effect arises 

between the coal and petroleum  stream, where they both obtain 

higher degrees of upgrading when liquefied together than when run 

separately. The synergistic effect only occurs with selective systems 

where the petroleum  solvent has properties which beneficially 

interact with the coal. The residual petroleum stream must be a 

good chemical and/or physical solvent. This type of coal liquefaction 

system is known as co processing. When a recycle stream is used to 

slurry with the first stage feed coal, the recycle is one or a 

com bination of the higher m olecular weight product streams 

obtained from the liquefied coal.
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Experimental Procedure

1. Experim ental Design:

The purpose of this study was to investigate the reactivity of 

highly dispersed iron im pregnated coal under direct 

hydroliquefaction conversion conditions. The coal was swollen in 

either tetrahydrofuran (THF) or carbon dioxide (CO2 ) before

im pregnation. The reactivity enhancem ent was measured for two 

different ranks of coal, subbituminous and high volatile bituminous. 

Three other variables were included in this study: reaction time, 

tem perature, and solvent type. Table 1 gives an overview of the 

fixed and variable liquefaction param eters used for this research.

The two coals used in this investigation included a high volatile 

bitum inous, Illinois # 6 , and a subbituminous rank, W yodak. These 

coals were chosen not only for their different ranks, but also for their 

large differences in com position and physical structure. The Illinois 

# 6  coal has a relatively large amount of sulfur, iron, and other 

mineral matter. W yodak, on the other hand, has about one fifth the 

sulfur, one seventh the iron, and one half the total mineral content as 

Illinois # 6 . The predom inant forms of inherent iron are pyrite (FeS^) 

and siderite (FeCOg) in Wyodak coal, and pyrite in Illinois # 6 . Both

coals have relatively minor quantities and trace amounts of other 

iron containing minerals such as iron sulfates (FeS0 4 *XH2 0 ) and iron
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Table 1
Liquefaction Reaction Conditions

Fixed Param eters:

R eactor: M icroautoclave Tubing-Bom b

V olum e: 18 cm3

M ixing M echanism: Reciprocating arm with two stainless
steel mixing balls inside the reactor

H ydrogen

1 0 0 0  psig

1 . 0 0 0 0  ± 0 . 0 1 0 0  grams

2 . 0 0  ± 0 . 0 2  grams

Reaction Gas: 

Cold Pressure: 

Feed Coal: 

Solvent:

V ariab le  Param eters:

Coal: 1) W yodak Subbitum inous
2) Illinois # 6  High Volatile Bituminous

Solvent: 1) 1,2 ,3 ,4 -T e trah y d ro n ap h th a len e  
-or- Tetralin

2) 1 -M ethylnaphthalene (1-M N)

T e m p e ra tu re : 1) 350°C
2) 400°C

Reaction Time: 1 ) 1 0  minutes
2 ) 30 minutes
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oxyhydroxide (FeOOH). The minor iron elements were neglected in 

the technical discussion.

Reactivity enhancem ents observed in the two different coals 

can be used to infer or predict liquefaction results for coals with a 

com bination of chemical and physical characteristics of Illinois # 6  

and W yodak coals. A complete matrix of liquefaction runs, shown in 

Table 2, was conducted in order to better understand the effects of 

each reaction condition variable. Solvent-induced swollen coals with 

no added iron were liquefied at all reaction conditions specified so as 

to isolate the effects of the iron catalyst.

Due to the heterogeneous nature of coal, a model compound 

reaction study was first conducted. The study was conducted in 

order to determ ine the effectiveness of the catalytic iron sites toward 

hydrogenation or hydrocracking/isom erization. The model 

compound utilized in this part of the study was cyclohexene.

Catalytic sites sim ilar to those impregnated on coal were prepared on 

an inert graphite support. The graphite catalyst was then combined 

with cyclohexene and loaded with high pressure hydrogen gas into 

the identical system used for liquefaction experiments. Reaction 

tem peratures were identical for the model com pound reaction study 

and the coal liquefaction experim ents, although run times were 

different. Table 3 tabulates all the param eters used in the model 

com pound investigation .
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Table 2
Liquefaction Reaction Parameters

Coal Solvent
Reaction

Temperature
(°C)

Reaction
Tim e

(minutes)

Wyodak

Tetra lin

3 5 0
1 0

30

4 0 0
1 0

30

1-MN

3 5 0
1 0

30

4 0 0
1 0

30

ll l in o is # 6

Tetra lin

3 5 0
1 0

30

4 0 0
1 0

30

1-MN

35 0
1 0

30

4 0 0
1 0

30
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Table 3

Cyclohexene Reaction Conditions

Fixed Param eters:

Reactor:

V olum e:

M ixing Mechanism:

Reaction Gas:

Cold Pressure:

C yclohexene

C atalyst:

M icroautoclave Tubing-Bom b 

18 cm3

Reciprocating arm with two stainless 
steel mixing balls inside the reactor

H ydrogen

1 0 0 0  psig

1 . 0 0  ± 0 . 0 2  grams

. 1 0 0 0  ± 0 . 0 0 1 0  grams

V ariab le  Param eters:

T em perature & 
Reaction Times: 1) 350°C for 30 minutes

2) 400°C for 60 minutes

(CH 3 )2 S 0 . 0 1 0  ± 0 . 0 0 1  grams
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2. M aterials & Apparatus:

2.1 Coals:

The two coals involved in this investigation were Illinois # 6  

high volatile bitum inous and W yodak subbituminous. Coal 

com position and properties as provided by Argonne National 

Laboratory are shown in Tables 4 & 5. The coal samples were 

received in 5 gram ampoules of -100 mesh in a nitrogen atmosphere 

to prevent any oxidation. The ampoules were keep intact until the 

moment they were needed. All coal samples were liquefied, some 

after pretreatm ent, within 7 days of removal from the ampoules. All

pretreatm ents were conducted in the absence of oxygen. This

assured an essentially oxidation-free coal specimen. All coal samples

were dried under a high vacuum (<20 microtorrs) for at least 24

hours before liquefaction to rem ove almost all inherent m oisture 

(+95%). Any excess coal remaining following liquefaction was stored 

under vacuum for further analysis, which included M ossbauer 

spectroscopy, atomic absorption, scanning electron m icroscopy (SEM), 

and B.E.T. surface area analysis.

2.2 Coal Liquefaction Solvents:

All liquefaction experim ents were conducted using one of two 

different solvents. Both solvents were obtained from Aldrich
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Table 4 
Feed Coal Properties

U ltim ate A nalysis Illinois # 6  Wyodak
(Dry wt% basisl B itu m in o u s S u b b itu m in o u s

Carbon 6 5 .6 5  6 8 .4 3
Hydrogen 4.23 4.88
Nitrogen 1.16 1.02
Organic Sulfur 2.01 0.43
Pyritic Sulfur 2.81 0.17
Sulfate Sulfur 0.01 0.03
Chlorine 0.05 0.03
Oxygen 1 1 .42  1 6 .44
Ash 15 .48  8.77

Table 5
Major & Minor Coal Ash Elements

Ash Components Illinois # 6  Wyodak
(wt% in Ash^ B itu m in o u s S u b b itu m in o u s
AI2 O 3  18.3 15.5
BaO   0.5
CaO 7 .9  15.1
Fc2 0 3  18 .0  1 0 . 2

K20  2 .9  0.8
MgO 1.2 3.6
MnO   0 .0 4
N a20  0 .0  1.5
P2O5 0.2 1.2
SO3  6 . 8  2 2 .0
S i0 2  4 3 .7  28 .7
SK>2    0.4

T i02  1.0 1.2
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Chem ical Company, Inc. Tetralin or 1,2,3,4-tetrahydronaphthalene 

(C iQ H  1 2 ) purity was labeled at 99% and 1 -m ethylnaphthalene 

( C j i H j o )  at 98%. Tetralin was used for its hydrogen donation 

capability , and was converted to naphthalene upon dehydrogenation. 

No interm ediate, partially hydrated species were detected. 1- 

M ethylnaphthalene was used for its known non-hydrogen donating 

ch a ra c te ris tic .

2.3 Coal Conversion Solvents:

Following each liquefaction run, the reactors were washed with 

tetrahydrofuran (THF, C ^H gO ) to remove all products, liquid and

solid. Centrifugation aided in separating the insoluble solid fraction 

of the liquefaction products. A rotovap held at 80°C was used to 

rem ove the THF from the THF solubles, which were then dumped 

into a large volumetric excess of hexane (C ^H ^^). The cloudy

m ixture was again separated through centrifugation and subsequent 

rotovaporization in order to determ ine the hexane insoluble fraction. 

The THF was received from J.T. Baker Inc. and the hexane from 

Union Carbide Chemicals and Plastics Company, Inc., both at 99% 

m inim um  purity .

2.4 Gases:

Three gases were used during this investigation, one for 

liquefaction and two for coal pretreatm ent purposes. The reaction
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gas used during the coal liquefaction experiments was hydrogen 

(H 2 ). The slurry im pregnation pretreatm ent used nitrogen (N 2 ) as a

purge to prevent any oxygen into the system. The vapor deposition 

process involved the use of carbon dioxide (CO2 ) to potentially swell

the porous structure of the coal before impregnation. All gases were 

industrial grade quality, obtained from General Air Services, Inc.

2.5 Chemicals:

Iron pentacarbonyl (Fe(C O )5 ) was the precursor catalyst used

for all coal impregnation techniques. The model compound chemical 

used for hydrogenation studies was cyclohexene (C 5 H 1 0 » 99%). 

Anhydrous dim ethyl-sulifide ( (C H g ^ S , 99%+) was added to the 

reactors in few model reaction runs. Carbon tetrachloride (C C l^  

99.9% ) was combined with iron pentacarbonyl to create iron 

chlorides. All were obtained from Aldrich Chemical Company, Inc. 

Atomic absorption iron standards were prepared from a stock 1002 

ppm aqueous iron solution obtained from EM Science.

2.6 Catalyst Support:

Graphite was used as the support for fabrication of 

hydrogenation and hydrocracking catalysts. G raphite was initially 

chosen for its inert trait during hydrogenation reactions. The 

graphite was obtained at -325 mesh from J.T. Baker Inc., labeled 96% 

p u r ity .
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2.7 Routine A pparatus

C o rn in g ®  pyrex centrifuge jars used for separating insolubles 

from either THF or hexane solvents were obtained from VWR 

Scientific, Inc. Approximate weight of a ja r was 250 grams with a 

total volume of 250 ml. Stainless steel utensils, ribbed funnels, and 

glass rods, also obtained from VWR, aided in washing out the reactor 

bod ies.

A Rotavapor-R®  from Brinkman Instruments, Inc. was used to 

boil off the hexane and THF solvents. In all cases, the bath consisted 

of water at 80°C. A Furnatrol® 133 muffle oven from Thermolyne, 

Sybron Corporation was used to ash the coal samples. Drying all coal 

samples before liquefaction of inherent water was done with a 

General E lectric Duo-Seal® vacuum pump. All sample drying was 

conducted in a Precision Scientific® oven, held at 110°C, from GCA 

corporation. A Bransonic® 220 sonicator, used to help loosen 

residual fragm ents from the reactors, was obtained from Branson 

Cleaning Equipm ent.

Two scales were used in the investigation. A Sabrius 1712MP8 

was capable of weighing to the nearest .0001 gram. The sensitive 

scale aided in accurately determining ash and moisture fractions. A 

less precise scale, M ettler PC 2000 was capable of determining 

weight to the nearest .01 gram. The centrifuge bottles, with and
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w ithout the insoluble fractions, were weighed on the less sensitive 

scale.

THF insoluble fractions and hexane soluble fractions were kept 

in 2 0  ml scintillation vials made of borosilicate glass, obtained from 

VWR Scientific. Excess treated coals were stored in borosilicate 

bottles sealed with Parawax® to prevent significant oxidation. The 

two pretreatm ent assemblies used various sizes of Tygon® tubing.

3. Model Compound Study:

The model compound investigation utilized cyclohexene in all 

cases as the reactant. Two separate catalysts, both supported on 

graphite, were prepared and studied. The first catalyst contained 

precursor sites of Fe^O ^ , which then transformed into Fe and/or

F e 1_xS under reaction conditions. The second catalyst contained 

hydrated FeC l2  sites. For comparison, raw graphite, sulfided Shell

324, and no catalyst were also employed during the model compound 

studies. Reaction pathways for hydrogenation, regression, 

isom erization, and cracking m echanisms were followed as described 

in the discussion section.

3.1 Catalyst Preparations:

The support used for all self-fabricated catalysts was graphite. 

The initial step involved a vapor deposition of Fe(CO)$ onto the
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Figure 1. Vapor Deposition Assembly
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support. The deposition step was completed in the apparatus shown 

in Figure 1, at 50°C for 48 hours. 10 grams of graphite was loaded 

into the round bottom flask and 3.5 grams of Fe(CO ) 5  into the smaller

bottle attached inside of the round bottom flask. The entire system 

was slowly flushed for 2 0  minutes with CO2  for a total of 1 0

volumes. The entire system was then sealed from atmospheric gases. 

An electrical heating jacket (not shown in figure) was then installed 

and regulated to maintain the deposition flask at 50°C. A stirrer bar 

continually churned the contents of the flask to ensure an evenly 

dispersed adsorption. Upon completion of Fe(CO ) 5  deposition, two

separate routes were selected.

The first route created a fine particle distribution of iron oxide, 

F e 2 0 3  (Hematite) on the graphite support. By simply exposing the

m aterial (initial step com pleted) to the atmosphere, the "dry", 

dispersed Fe(CO)^ became pyrophoric, oxidizing selectively to Fe^U ^.

During hydrogenation experim ents, the iron oxide then transform ed 

into either zero-valent a  -Fe, or in the presence of sulfur, pyrrhotite 

(F e 1-xS) and cx-Fe. Both transformed species of iron dissociatively 

adsorb hydrogen.

The second route of catalyst preparation involved the addition 

o f carbon tetrachloride (CCI4 ), sim ultaneously preventing any oxygen

to diffuse into the deposition flask. All iron pentacarbonyl species 

transformed into a hydrated form of iron chloride, FeCl2  H 2 O. The

entire contents of the flask were rotovaporized at 75°C, separating
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out all unused CCI4 . The final catalyst was then dried in an oven at 

105°C for 24 hours.

3.2 Reaction Equipment:

H ydrogenation experim ents were conducted in two 

sim ultaneously run m icroautoclave reactors. Running two separate 

reactors at the same tem peratures and run times ensured confidence 

in the data by facilitating direct comparison of each result. The two 

reactors, identical in construction, were also used for reproducibility 

studies. Figure 2 illustrates the entire m icroautoclave reactor 

assembly. The body of the reactor was 5" in length, 1/2” outside 

diam eter, and constructed of thick wall 316 stainless steel tubing. 

The bottom end was sealed with a Swagelock® 1/2” nut and endplug. 

A 1/2” Cajon® VCR female gland fitting was welded to the top end of 

the reactor body. The reactor head consisted of a 1/2” Cajon® male 

gland fitting welded, opposite of gland end, to a Swagelock® 1/8" 

male run-tee. Attached to the two free ends of the male run tee 

were a therm ocouple and an Autoclave® severe service valve via a 

short length of 1/8” stainless steel tubing. The Omega® type K 

therm ocouple extended through the reactor head, allowing 

observation of the body tem perature during liquefaction. A 

S w a g e lo c k ®  1/8" to 1/16” stub reduction fitting was used to seal the 

therm ocouple to the reactor head.



T - 4 1 1 4 9 0

Flange [

Reciprocating Arm

Thermocouple 

Autoclave Engineers Severe Service Valve

1/8" S tainless Steel Tubing

1/8" Male Run Tee 

Cajon 1/2" VCR Male Gland Fitting 

Cajon 1/2" VCR Female Gland Fitting

1/2" Stainless S teel Tubing

D D D D ] D 0 0 0 5 )  H086 Clampr~n-~
Swagelock 1/2" Endplug

Figure 2. Model Compound/Liquefaction Reactor
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A sacrificial nickel gasket sealed the body and head together 

during pressurization and subsequent liquefaction runs. All welding 

of the stainless steel fittings was performed by Russel D. White of 

Boulder, CO.

The entire reactor, body and head, once loaded with proper 

reactants was securely attached to a reciprocating arm. The severe 

service valve was bolted to a flange, while the body was tightly

bound to the arm with an adjustable hose clamp. The arrangem ent

of fastening is shown in Figure 2. The thermocouple was then 

connected to a readout for continuous tem perature monitoring. Only 

one of the two reactors thermocouples was utilized, as identical 

tem peratures were assum ed. M onitoring both reactors tem peratures 

and concluding variance was always less than 1°C was completed in 

an earlier thesis (8 ).

The entire liquefaction reaction system, of which the reactors 

are a small yet integral part, is illustrated in Figure 3. The system 

can be split into three main functions: the mixing assembly, the 

pressurization lines, and the heating mechanism.

The mixing assembly ensured agitation of the reactor

contents. The top end of the repicrocating arm was attached to a 

short link, then connected to the drive shaft of a variable speed 

electric motor. When in motion, an up and down shaking action was 

evident. The arm reciprocated at a rate of 270 cycles/m inute.



T - 4 1 14 9 2

Speed
Control

Reactor
T em perature

< D O
Reactor ( ^ )  VV.

P re ssu re

Needle
Valve c

©
Vent

Com pressor

M *
Shotoff
Valve

Hydrogen

Sandbath
T em perature
Control

TIC
"W

I

Compressed
Air

M otor

4i
Reciprocating

Arm

L
Reactors

Fluidized ; 
Sand Bath:

Bath Lift

Figure 3. Model Compound/Liquefaction Assembly



T - 4 1 1 4 93

The pressurization lines allowed convenient hydrogen gas 

loading into the reactors. Beginning with the hydrogen gas cylinder, 

1/4" stainless steel tubing was used to direct the gas through a 

regulator, then in series, a gas compressor and needle valve. The 

com pressor was utilized only when the internal gas cylinder pressure 

did not exceed the desired reactor pressure, 1000 psig. The 

pressurization line then came to a tee, where one option was a 

bypass shut-off valve then vent. The needle valve was used to 

control hydrogen gas flow through the line and into the reactors. The 

other option led to a pressure regulator and another shut-off valve. 

The pressurization line was then reduced to 1/8", and ended with 

appropriate  A utoclave®  fittings, which allowed direct connection to 

the severe service valve for hydrogen gas loaded. Once the pressure 

gauge registered the correct reading, the needle valve was first shut, 

next the severe service valve, then finally the in line shut-off valve 

was closed. Once the reactors were isolated from the gas delivery 

system , the line was then relieved through the bypass shut-off valve 

and vent.

The last function of the liquefaction system, the heating 

m echanism , brought the reactors to the desired tem perature within 2  

minutes. A Tecam® model SBL-20 fluidized sand bath was 

positioned on an adjustable hoist, which was raised to submerse the 

reactors in the preheated sand bath, and lowered upon com pletion of 

reaction. Reaction time began when the hoist was raised to its
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maximum position, and ended upon initiating hoist lowering. A 

fluidization of the sand in the bath was ensured through feeding air 

at the rate of 150 SCFH. The temperature of the sand bath was 

regulated with a Leeds & Northrup® PID controller in line with a 

Leeds & Northrup® SCR, fed with a source of 208 Volts. An Omega® 

type K thermocouple, feeding the controller, was located inside a 

hollow shaft installed just above the heating coils inside the sand 

bath. From am bient temperature, one hour was sufficient to heat the 

bath to 350°C and ninety minutes to 400°C. The bath was preheated 

to approxim ately 5°C above the desired reaction temperature. The 

bath, once raised up into the agitating reactors to initiate reaction, 

quenched to the set tem perature. The controller was then adjusted 

(decreased 5°C) to maintain the desired reaction temperature. The 

bath was lowered upon completion of reaction and the reactors were 

cooled with a high pressure air stream followed by quenching in a 

water bath (~25°C).

3.3 Experim ental Procedure:

For every run, the reactor bottom was initially weighed to 

determ ine if a polym er or residue of some type was building up 

during reaction. Approximately 0.1000 gram of catalyst, 0.01 gram 

(C H g )2 S and 1 . 0 0  gram of cyclohexene were loaded into the reactor

body, followed by the addition of two stainless steel balls. The balls 

were added for mixing purposes. Placing a new nickel gasket on
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low er gland fitting, the reactor body and head were sealed together 

and securely fastened to the reciprocating arm. The thermocouple, 

which extended down 2 /3 's the reactor length, was connected to a 

display for continuous monitoring. The pressurization line was 

connected to the severe service valve for hydrogen addition to the 

reactor. The reactor was then filled with ~100 psig of hydrogen and 

purged three consecutive times. This flushing procedure removed 

most of the oxygen in the reactors, which not only prevented any 

oxidation of the coal, but more importantly prevented the possibility 

of an explosion during liquefaction. The reactors were finally 

pressurized to 1000 psig and isolated from the feed lines. To check 

for the possibility of leaks, a liquid leak detector was applied to the 

gasket area, as well as all other joints. If a leak was detected, the 

reactor was slowly purged, then repaired where the leak occurred. 

Once both reactors were secured with no leaks detected, the 

reciprocating arm was started in motion, followed by imm ersion into 

the sand bath. Reaction temperature was considered to be reached 

when within 2°C of the set point. Upon completion of the 

hydrogenation run, the bath was lowered and the reactors cooled 

with an air stream to <100°C, and finally dipped into a water bath to 

am bient tem perature. Total quenching was com pleted w ithin 3 

m inutes. The reactors were disconnected from the reciprocating arm 

and mounted in a vice. First confirming the reactors were 

com pletely cooled, the severe service valve was then slowly cracked
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allowing the reactors to purge excess hydrogen. The seal was broken 

and the reactants collected in an inert sample bottle.

Tetrahydrofuran was used to clean out the reactor body and head. 

The catalyst was filtered out from the THF decant, dried, and saved 

under vacuum for further analysis in some cases. The reaction 

products were latter quantitatively analyzed.

3.4 A nalytical Techniques:

A Perkin-Elm er II 951 atomic absorption spectrom eter was 

used to determine the quantity of iron on the raw graphite and iron 

oxide catalyst. The spectrophotometer was set at a wavelength of 

248.3 nm and utilized an acetylene/air mixture for the flame. The 

method of iron dissolution from the graphite and catalyst utilized 

four acids, heat, and was obtained from Huffman Laboratories, of 

Golden, Colorado. Each solution obtained from the acidic extractions 

was analyzed 3 times, each aspirated for 5 seconds, then common 

sta tistics were determ ined.

Two separate representative samples for each catalyst were 

analyzed with atomic adsorption, then an average loading 

determ ined. The iron deposited onto the catalyst was first dissolved 

into solution with 10 ml of a prepared digestion acid (1:5:2:5 ratio of 

concentrated sulfuric, nitric, perchloric acids, and water) under low 

heat for 30 minutes. Care was taken to avoid heating this solution to 

dryness. 5 ml of concentrated hydrochloric acid were added to the
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solution once cool. The sample was then diluted to 100 ml with 

deionized water in a volumetric flask. A particular volume, Y(ml), of 

the well mixed 1 0 0  ml solution was again diluted into another 1 0 0  

ml volumetric flask with deionized water. The last dilution aimed at 

reducing the concentration of the iron to 3 mg/ml. Using an initial 

estim ate of approximately 5% by weight of iron on the catalyst, 

appropriate dilution of the dissolved iron mixture was carried out:

Dilution Factor = Y(ml) = 3000/(wt% Fe * mg sample)

The final solution iron content was required to be in the 1-5 mg/1 

range, where the absorption readings were linear with iron 

concentration. Beyond 5 mg/1 of iron, the absorption reading was no 

longer linear, and a new solution needed. Upon completion of 

dilution, the samples were stored in Nalgene® bottles and analyzed 

within one week.

Four standard iron solutions were prepared from a stock (1002 

ppm) iron solution obtained from EM Science. A blank standard was 

also prepared from the digestion acid stock. A least squares linear 

regression was developed from the five standards and their 

corresponding absorption readings. The absorption reading from 

each catalyst sample solution was then translated into a 

concentration from this regression. Total iron loadings were then 

determ ined after incorporating the appropriate dilution factors:
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%Fe = (absorption) * (10/(Y * mg sample)) * 100%

Reaction products from all hydrogenation experim ents were 

injected into a gas chromatograph with a mass spectrom eter detector. 

The gas chrom atograph was a Hewlett Packard model 5890A with a 

SP1000 column. The capillary column separated species on ionic 

behavior and boiling point differences. The species, once separated, 

were transfered into a Hewlett Packard model 5970 mass selective 

detector. The products' mass spectra were then com puter searched 

for a match, where over 80% of the species were confidently 

id e n tif ied .

M ossbauer spectroscopy, layout shown in Figure 4, was used to 

identify the state of the iron on the raw catalyst as well as the post 

catalyst, which was collected after most runs. Samples prepared for 

transm ission type spectra were formed into pellets with a hydraulic 

press, 1.3 cm A2 in circular cross sectional area. The quantity of 

sample used, which was a function of its iron percent, varied 

between 50 to 200 mg. The Co5 7  source was contained in a rhodium 

metal m atrix and was mounted on a constant acceleration drive. A 

high voltage detector, filled with krypton gas, collected gamma-ray 

transm ission. The detector signal was then am plified and 

accum ulated on a Tracor Northern NS-700 Series pulse height 

analyzer, on 256 channels. When an entire spectrum was collected.
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the data was transfered to and stored on a main frame computer.

The spectrum was then analyzed with a com puter program 

(NORMOS) in order to fit the experimental data with M ossbauer 

param eters such isom er shift, quadrupole splitting, and magnetic 

hyperfine field (6 -peak spectra) for each subspectra. NORMOS basis 

is a non-rectalinear least-squares fit, assuming sums of Lorentzian 

line profiles. These em pirically determ ined param eters were then 

com pared with literature to determ ine the state of the iron species. 

Zero-velocity was always determined with respect to m etallic iron. 

M ossbauer analysis was conducted at temperatures of ~300K, ~76K 

(liquid nitrogen), and ~15K (liquid helium) for the GR-1 catalyst.

X-Ray diffraction on each sample was used to provide essential 

inform ation of the precursor catalytic species. The source of X-rays 

was initiated by applying 60 KV and 50 ma to the system. Steps of 

0.05° were taken across the range 20°-70° (26  scale), holding for 2 

seconds at each step. A Rigaku Rotaflex® diffraction unit and Rigaku 

control unit provided the diffraction pattern, which was converted 

from a binary language into a data file with the software package 

M icro.

Hydrogen chem isorption was conducted on the GR-1 catalyst to 

determ ine if hydrogen dissociation occured on the precursor sites. A 

M icrom eritics A ccusorb®  2100E adsorption apparatus was used to 

conduct chem isorption experim ents. Conventional in terpretations as



T - 4 1 14 101

found in Satterfield (6 ) were followed in order to determine the 

quantity of chem isorbed gas.

Scanning electron microscopy (SEM) with an energy dispersive 

X-ray (EDX) capability was utilized to determine the physical 

distribution of the iron species on the GR-1 catalyst. A Tracor 

Northern microscope with an EDX capability was integrated with a 

Jeol JXA-840 scanning microanalyzer. The EDX spectra were 

displayed on a Tracor Northern monitor. A computer keyboard, also 

obtained from Tracor Northern, was used to control the system while 

in operation. The resolution was good to -200  angstroms.

4. Coal Pretreatm ent Techniques:

Each pretreatm ent technique was designed to potentially

enhance coal reactivity and minimize waste and aging before the
/

liquefaction experiments were conducted. Upon removal from each 5 

gram ampule, the coal was treated, dried of inherent moisture, and 

liquefied within 7 days. Analytical techniques applied to the unused 

portion of the pretreated coals were not always im m ediately 

com pleted. Therefore, all unused portions of the pretreated coals 

were stored in 2 0  ml borosilicate sample bottles and sealed with 

P a ra w a x ® . The samples were then held under vacuum to help 

prevent any potential aging. Preservation of the samples was critical 

in order to prevent false analytical results.
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4.1 Vapor Deposition:

Figure 1, the same apparatus used for preparing the iron oxide 

catalyst, also pretreated coal in the vapor deposition technique. 25 

grams of coal (5 ampules) were loaded into a 1000 ml round bottom 

flask imm ediately following removal from the ampules. A 3/2” 

stirrer bar was also placed into the flask. A rubber stopper with the 

appropriate fittings sealed the flask from the atmosphere. A 

therm ocouple penetrated the stopper into the center of the flask.

The therm ocouple was connected to a display for continuous 

tem perature m onitoring. Upon com pletion of initial apparatus 

assembly, the stirrer bar was continuously rotated very slowly to 

help promote even exposure of the coal to its surroundings. The 

entire system was then flushed with CO2  for 2 0  minutes at a rate of

500 ml/min. Flushing the system 10 total volumes assumed only 

trace levels of oxygen remaining. The CO2  flow rate was then

reduced to approxim ately 2 ml/min and continued for 50 hours.

Subjecting coal to the CO2  environment allowed it to swell, 

increasing the average pore diameter. Iron pentacarbonyl (Fe(CO)^)

has a trigonal -bipyram id structure with an approxim ate diam eter of

7.5 Â. Solvent-induced swelling allowed the Fe(CO)^ to penetrate

into micropores that were otherwise too small. After 50 hours of 

swelling, 3 mis of Fe(CO)^ were added into the small sample bottle

attached inside the flask, situated well above the coal. A heating
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jacket was wrapped around the flask and used to maintain a 

tem perature of approxim ately 50°G in the vessel. The tem perature 

was held at 50°C to increase the Fe(CO ) 5  vapor pressure, thereby

expediting the vapor deposition rate onto the coal matrix. After 

about 36 hours, the deposition was complete. From here, two routes 

w ere taken.

The first route allowed exposure of the coal to the atmosphere, 
where the Fe(CO)^ became pyrophoric and transform ed com pletely 

to Fe2 0 g. In the second route, 20 ml of carbon tetrachloride (CCI4 ) 

was added to the system, which reacted with the Fe(CO ) 5  to produce 

a hydrated iron chloride (FeCl2  H 2 O) species. The mixture was 

rotovaporized at 80°C to remove the unused portion of CCI4 . Finally, 

the catalyst was dried in a 110°C oven overnight. The catalyst 

species in each case were confidently identified with M ossbauer 

sp ec tro sco p y .

The treated coal was dried under a vacuum m aintained at <20 

m illitorr at atmospheric tem perature (~23°C). After a minimum of 

24 hours exposure to the vacuum environment, the coal was 

liquefied under all appropriate conditions.

4.2 Slurry Deposition:

Figure 5 illustrates the apparatus used for the slurry deposition 

of Fe(CO ) 5  onto the coal matrix. First, 25 grams of coal was loaded

into the 500 ml round bottom flask. Next, 250 mis of THF was added
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with a 3/2" stirrer bar to the flask. After sealing the system with 

the 2 -way flow pyrex cap, N 2  was continually flushed through the 

system. Flushing removed assumingly most the O2  from the vessel, 

preventing any coal oxidation. After 10 volumes of N 2  flush over 

approxim ately 2 0  minutes time, the flow rate was decreased to 2  

ml/min. The stirrer bar maintained the THF/coal slurry well stirred 

for the following 50 hours, allowing the coal to swell. At the 

conclusion of the 50 hours, 10 ml of Fe(CO)$ was added to the slurry. 

Again, the system was flushed with N 2 . The slurry was then 

continually stirred for 50 hours longer, perm itting the Fe(CO)^ to 

deposit onto the coal matrix. Upon completion of the time allowed 

for deposition, the slurry was rotovaporized in an 80°C water bath 

until all THF and unused Fe(CO)^ were removed.

The treated coal was dried under a vacuum m aintained at <20 

m illitorr at atmospheric temperature (~23°C). After a minimum of 

24 hours exposure to the vacuum environment, the coal was 

liquefied under all appropriate conditions.

5. Coal Liquefaction M easurements

5.1 Equipm ent D escription

A pair of m icroautoclave reactors were run sim ultaneously to 

m easure coal reactivity enhancem ent to THF and hexane solubles.
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Sim ultaneous experim ents guaranteed identical tem peratures and 

run tim es for both reactors, a necessity when determining 

reproducibility. The reactors have been shown previously in Figure 

2 and their physical construction is described in section 3.2. The 

reactors were connected to a reciprocating arm and brought to 

tem perature in a preheated fluidized bath as detailed above. The 

procedures described in section 3.2 were identical for both the model 

com pound study and coal liquefaction measurements.

5.2 Experim ental Procedure

For every liquefaction experim ent, the reactor body was first 

cleaned thoroughly with THF, followed by drying in a 110°C oven 

overnight. The reactor body, once cooled, was weighed and recorded. 

Approximately 1 gram of coal, 2 grams of solvent, and two stainless 

steel balls were added into the reactor body. The balls were added 

in order promote good mixing during liquefaction. The VCR fittings 

were threaded together with a nickel gasket between the glands. 

Tightening the VCR fittings provided a seal medium for the reactor 

body and head. The reactor assembly was connected to the 

pressurization line and flushed with H ^. Flushing was conducted by

filling the reactor with 1 0 0  psig, purging, and repeating a total of 

three times. Upon completion of flushing, the reactor was loaded 

with 1 0 0 0  psig pressure and sealed from the atm osphere by

closing of the severe service valve. A liquid leak detector (Snoop® )
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was applied to all exposed joints to ensure a closed system. If a leak 

was detected, the reactor was slowly and com pletely purged. After 

the problem  was identified and repaired, the reactor was again 

loaded with gas.

Once two reactors were loaded with reactants and fastened to 

the reciprocating arm, they were dipped into a preheated fluidized 

sand bath. Reaction time began when the reactors were com pletely 

submerged into the fluidized sand. Upon com pletion of liquefaction 

run time, the sand bath was lowered. A pressurized air stream 

cooled the reactors to <100°C, followed by a water bath to 

atm ospheric tem perature. The air stream was again applied to dry 

the reactors, which were then disconnected from the reciprocating 

arm and slowly purged of all gases into a vented hood.

5.3 Liquefaction Product Recovery

Following purging of all gases from the reactor, the VCR fittings 

were loosened. The pressurized air stream was then utilized to 

rem ove any loose sand particles around the gland. The following 

detailed procedure quantitatively determ ined THF and hexane 

solubles. The coal conversion to soluble fractions were the basis of 

determ ining  reactiv ity  enhancem ent effectiveness of p retreatm ent 

te ch n iq u e s .
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The reactor body and head were washed thoroughly with THF 

into a 200 ml pre-weighed centrifuge jar. Upon appearance that the 

THF no longer extracted any products from the reactor body, it was 

filled with THF and placed in a sonic bath for 2-3 minutes to help 

loosen any residual fragments. The contents of the reactor were 

again added to the centrifuge tube. After washing the reactor, it was 

placed into a 110°C oven overnight. The cooled reactor was weighed 

after removal from the oven. The difference in the reactor weight 

before and after the liquefaction run was incorporated in the THF 

insoluble fraction.

The centrifuge jar, filled with the reactor contents from 

liquefaction and THF solvent, was centrifuged at 2000 rpm for 12 

minutes. The liquid fraction was decanted into a 500 ml round 

bottom  flask, which was subsequently rotovaporized in a 80°C bath 

to remove the THF. The centrifuge ja r containing THF insolubles was 

filled with THF and sonicated for 5 minutes. The jar was again 

centrifuged, decanting the liquid into the same round bottom flask. 

The procedure of adding THF and decanting the liquid was continued 

until the THF became translucent. Two THF washings were usually 

sufficient. The ja r containing the THF insolubles was placed into a 

110°C oven to dry overnight. The round bottom flask was again 

rotovaporized to remove the THF. The remaining liquid in the flask 

was determined THF soluble products. The THF solubles, never more 

than 3 ml, were added to 500 ml of hexane. The round bottom flask
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was com pletely cleaned with a small quantity of THF and combined 

with the hexane volume.

A noticeable clouding occured upon addition of the THF 

solubles into the hexane solvent. The cloud was caused by 

liquefaction products soluble in THF, but insoluble in hexane. 

A pproxim ately 250 ml of the hexane/THF solubles m ixture was then 

added to a pre-weighed centrifuge jar. The ja r was centrifuged for 

12 minutes at 2000 rpm. The hexane and its soluble products were 

decanted into a clean round bottom flask. The hexane was 

rotovaporized in a 80°C bath. The centrifuge jar was again filled with 

the hexane mixture, separated, and decanted. Upon com pletion of 

separating the hexane from its insolubles, the jar was placed into a 

110°C oven overnight until dryness. The hexane solubles, with most 

hexane separated out, were placed into an inert sample ja r for later 

G.C. analysis.

A fter drying, the centrifuge jars were removed from the oven, 

allowed to cool, and weighed to a hundredth of a gram. The 

difference between the clean centrifuge ja r with its insolubles and 

the ja r itself was determined the insoluble fraction. Calculations 

(Discussion section 3.5) were then conducted to determine THF and 

hexane conversion.
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5.4. Tetralin Conversion M easurements

Tetralin was one of the two solvents used in the liquefaction 

runs. Tetralin conversion to naphthalene was determ ined with and 

w ithout coal (a hydrogen sink), in order to determine an effective 

difference of hydrogen use. The difference in conversion was 

considered to be promoted through the hydrogenation of coal, via the 

tetralin solvent. Exact structure and reaction chemistry involved will 

be thoroughly detailed in the discussion section.

Liquefaction runs conducted w ithout coal were considered 

blank runs, which were important in order to set a baseline 

conversion. Blank runs were conducted at the identical severity 

conditions as the coal liquefaction experiments. The four conditions 

included, 350 and 400°C at both 10 and 30 minutes.

Equipm ent utilized and experim ental procedure for the blank 

runs are identical to the liquefaction experim ents, excluding coal 

ad d itio n .

5.5 A nalytical Techniques

B E T. surface area measurements of the raw and solvent- 

induced swollen coals were made with a M icrom eritics Accusorb® 

2100E physical adsorption apparatus. The adsorption gas utilized 

was nitrogen. Conventional equations obtained from the
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M icrom eritics instruction manual were used to calculate coal surface 

a reas.

The experim ental procedure for atomic absorption which 

determined iron loading on the coals was identical to that detailed in 

section 3.4.

Hexane solubles obtained from some liquefaction experim ents 

were analyzed for relative amounts of tetralin and naphthalene. The 

same gas chrom atograph/m ass spectrom eter system  used in the 

product analysis for the model compound reaction study was also 

utilized to quantify amounts of tetralin and naphthalene.

M ossbauer spectroscopy was used to analyze the coals before 

and after the pretreatm ent techniques with Fe(CO)5 . A few selective

THF insoluble fractions were also analyzed with the M ossbauer 

spectrom eter system described in section 3.4.

6 . M oisture Fraction Determ ination

Before liquefaction, all coal samples were subjected to vacuum 

conditions (<200 millitorr) for a minimum of 24 hours. The vacuum 

procedure removed all the inherent moisture in the Illinois # 6  coal, 

but was not able to completely dry the Wyodak coal. The amount of 

m oisture rem aining in the feed coal after vacuum was im portant for 

accurately determ ining THF and hexane conversion calculations.
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Residual m oisture after drying was determined by placing a 

known quantity of representative feed coal into a crucible and then 

into a 110°C atmospheric oven. After 24 hours, the sample was 

removed, cooled, and re-weighed. The weight lost, if any, was 

determ ined to be moisture. The percentage of m oisture in the feed 

coal could then be determined. This drying procedure is an ASTM 

Standard: D 271.

The weight loss analysis was performed twice with each coal 

series. A third effort was also conducted when the absolute 

percentage of feed coal moisture did not agree to within 1 %. Upon 

determ ining two reproducible values, they were averaged and a final 

num ber used in conversion calculations.

7. Ash Fraction Determ ination

In determ ining coal conversions on a moisture and ash free 

basis, the ash fraction of the feed coal was obviously needed. Again, 

following ASTM Standard D 271, a known quantity of feed coal was 

placed into a pre-weighed crucible. The sample was loaded into the 

cold m uffle oven, raising the temperature over the next 60 minutes 

to 500°C. After holding at 500°C for another 60 minutes, the 

tem perature was finally raised to 750°C. After 24 hours at 750°C, 

the sample was removed from the oven, cooled and re-weighed. Ash 

weight per unit coal mass was then easily determined.
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Ash inform ation for the raw coals was provided by Argonne 

N ational Laboratory. The ash fractions for the coals that underwent 

only solvent-induced swelling were assumed the same as for the raw 

coals. For all iron deposition techniques, the ash fraction was 

obviously greater and needed to be determined. Similar to the 

procedure for m oisture fraction determ ination, ashing was continued 

until two reproducible ash fractions were calculated and averaged. 

Ash fractions for all series of coals are located in Table 6 . Ash 

fractions were determined on a m oisture free basis.
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Table 6
Ash Fractions of Raw and Treated Coals

Coal Series 
Raw
THF swollen 
CC>2 swollen 
Slurry Deposition 
Vapor Deposition: 

E xposed 
CC14 added

Illinois # 6  
B itu m in o u s 

.1548  

.1548  

.1548  

.170

.169

.139

Wyodak
S u b b itu m in o u s

.0877

.0 8 7 7

.0 8 7 7

.094

.089

.087
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Discussion of Results

1. M odel Compound Reaction Study

Due to the heterogeneous and highly complex nature of coal, an 

investigation was initially carried out using cyclohexene as a model 

compound. The purpose for pursuing a less complex system was to 

investigate the catalytic effects on cyclohexene under hydrogenation 

conditions, where cyclohexene was to be hydrogenated under the 

same tem peratures designated for the coal liquefaction study. For 

this study, catalytic sites synthesized on the coal during selective 

pretreatm ents were created on a graphite support, used for its 

apparent inertness under reaction conditions. Two different 

catalysts were prepared from  an iron pentacarbonyl (Fe(CO)$)

p re c u rso r .

Fe(CO ) 5  + C>2 ------- ► Fe^D ^

Fe(CO ) 5  + CCI4  ------- ► FeCl2  + C^Cl^ + COCI2

H ighly dispersed Fe2 0 g and hydrated FeCl2 , each supported on 

graphite, were com bined with the cyclohexene in the m icroautoclave 

batch reactors. Hydrogen gas was added, then the reactors were 

sealed and brought to tem perature through submersion in a fluidized 

sand bath. Upon completion of reaction time, the reactors were 

cooled to atm ospheric tem perature, purged of product gases and 

excess hydrogen, and disassem bled. The reaction products were
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stored in a 2 0  ml borosilicate sample bottle, and were subsequently 

analyzed by a gas chrom atograph/m ass spectrom eter system. Post 

run catalyst was also collected and stored for later M ossbauer 

spectroscopy analysis in order to determine the final iron state(s).

The model compound reaction study was designed to 

determ ine the increased effectiveness toward hydrogenation or 

hydrocracking of cyclohexene with the addition of selective catalyst 

species. The supported species were initially assumed inert,

until they transformed into hydrogenation active Fe or F e ^ S  sites 

during reaction. Fe was the only species detected in the absence of 

any added sulfur, whereas F e1.xS was the prom inent iron state when

sulfur was added to the system in the form of dimethyl sulfide, 

(C H g )2 S. The hydrated FeCl2  catalyst was tested for isomerization

and hydrocracking activity.

Tying together an inform ative relationship between the model 

compound reaction study and coal liquefaction was a necessity. Coal 

liquefaction involves coal matrices being therm ally or chem ically 

broken, followed by hydrogen radical capping and/or coal radical 

recom bination. The addition of an eventual hydrogenation active 

species should improve coal radical capping efficiency, retarding the 

rate of coal radical recom bination toward unreactive char. The 

catalysts which are effective tow ard isom erization/hydrocracking 

pathways should create more coal free radical fragm ents during 

liquefaction  runs.
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1.1 Initial Catalyst Analysis

Two catalysts were prepared and tested for hydrogenation 

and/or hydrocracking/isom erization  activity  enhancem ents over the 

base (no catalyst) cases. The hydrogenation catalyst was labeled GR- 

1 , w hereas the hydrocracking/isom erization catalyst was designated 

as GR-2. The initial catalysts were analyzed with five techniques.

The iron on the graphite support was dissolved into solution, and 

atomic absorption was then used to determine iron concentration. 

The species of iron were confirmed with M ossbauer spectroscopy, 

which along with X-ray diffraction and scanning electron microscopy 

(SEM ) helped determine if the catalytic sites were crystalline or 

amorphous. SEM provided an actual image of the catalyst surface 

species and its physical dispersion. Hydrogen chem isorption was 

used to determine if the initial Ee^G ^ species on GR-1 dissociated

hydrogen at room  tem perature.

Two separate representative samples for each catalyst were 

dissolved and analyzed with atomic adsorption. GR-1, GR-2, and raw 

graphite were all analyzed for iron loading, with results as follows:

S am p le  T ria l W eight % Iron

Raw G raphite 1 0 .01

GR-1 1 3 .95

GR-1 2 3 .67

GR-2 1 6.65
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GR-2 2 6.93

Final results revealed average loadings of 3.8% iron on GR-1 and 6 .8 % 

on GR-2. As expected, the graphite had very little, if any 

(experim entally), inherent iron. The detailed calculations for 

determ ining the iron loadings are located in Table A-3.

M ossbauer spectroscopy at 300K was helpful in determ ining 

the iron species initially present on both catalysts. The iron species 
on GR-1 was confirmed as Fe^G ^, a superparamagnetic material. GR- 

2  was detected as having a hydrated iron chloride species, F eG l^T f^G . 

The two spectra of the initial catalysts are shown in Figure 6 . The 

fitted parameters (all in mm/s) obtained from NORMOS, as well as 

some literature values, also obtained from M ossbauer analysis at 

300K, for comparison are as follows:

S am ple Isom er Shift* O uadrupole

GR-1 0 .3 2 0 .9 7

GR-2 1 . 1 2 2 .13
FezO g (9 6) 0 .3 2 0 .9 8
FczO g (9 7 ) 0.32 - 0.39 0.46 - 0.83
F czO s (gg) 0.3 0 .9 6 -1 .0 6
FeClz-H zO  ( 1 0 2 ) 1.13 2 .03
FeC l2 -2 H 2 0  (103) 1 . 1 2 2 .2 9

* relative to metallic iron at 300K
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Figure 6. Raw Iron Oxide & Chloride Catalysts
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The hem atite (FezO g) identified on the GR-1 catalyst did not 

exhibit a typical magnetic 6 -peak spectrum at 300K. Thus, the Fe^G ^ 

was considered to either be amorphous and/or below approxim ately 

100 angstrom s in diam eter. When com paring selective literature 

values for M ossbauer param eters obtained for small particle (<100 

angstrom s, Â, diam eter) crystalline and various amorphous 

structures of F e^G ^ , a wide range of numbers were evident

(96,97,98,99,100,101,104,105,106). The isom er shift and quadrupole 

splitting values obtained for GR-1 fit in the ranges for both 

am orphous and crystalline states of hem atite as determ ined from 

these selective studies. If the iron oxide sites on GR-1 were 

crystalline and less than 1 0 0  Â in diameter, their dispersion could 

po ten tia lly  be determ ined.

Crystalline Fe^G ^ normally produces a magnetic 6 -peak

spectrum at 300K, unless the iron oxide particles are on the order of 

a few angstroms in diameter. As the catalytic particles reach 150 Â 

or less in diam eter, the expected 6 -peak spectrum collapses into 2 - 

peaks. The collapsing phenomenon is due to the com parative rates of 

the M ossbauer effect (gam m a-ray absorption and subsequent 

em ission, i.e. excited state lifetim e) and the magnetic spin flipping of 

the Fe^G ^ molecules. As the crystalline Fe^G ^ particles reduce in

size, the rate of magnetic spin flipping increases, until finally the rate 

surpasses the M ossbauer state lifetim e (10 ' 8 s). When this occurs, 

the 6 -peaks which identify 6  different energies (Lorentzian
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distribution) at which the gamma-rays are absorbed and em itted by 

the Fe57  species are no longer distinguishable. The various magnetic 

states of the F e^O ^ are responsible for the six energy levels where

gam ma-rays are normally absorbed. Thus, when the rate of the 

m agnetic spin flipping surpasses the M ossbauer lifetim e, the six 

d ifferent d istinguishable m agnetic F e^O ^ states are not individually

detected. Instead, a typical average energy is evident, as the three 

peaks on each side of the spectrum collapse into one peak, resulting 

in a 2-peak spectrum. Under these conditions, the 

superparam agnetic behavior of the crystalline Fe^U ^ no longer has

any effect on the M ossbauer spectrum. The two separate peaks arise 

from an asymmetric charge distribution about the Fe5 7  w h ic h  

produces an electric field gradient (EFG) about the site. In a two- 

peak spectrum , the separation distance between the two peaks is 

denoted as the quadrupole splitting. The isom er shift of a two-peak 

spectrum is determ ined by the average velocity of the two peaks.

A nother im portant behavior in superparam agnetic m aterials 

involves the retardation of magnetic flipping rate when cooled to 

cryogenic tem peratures. Several researchers (96,97,104,105) have 

reported that depending on the crystalline Fe^G ^ diameter, as the

sample is cooled, the M ossbauer spectrum develops into 6 -peaks 

from  the 2-peaks at room temperature. Thus, given the tem perature 

w here the spectrum  separates into 6 -peaks, the superparam agnetic 

particle diam eter could easily be determined. If the M ossbauer
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spectrum obtained at 76K for GR-1 shows no signs of separating into 

6 -peaks, the catalytic sites can be considered as being less than 50 Â 

if  they are crystalline, thus essentially guaranteeing high dispersion.

A sim ilar tem perature behavior has also been reported for 

am orphous structures of Fe^G ^ (98). Shigematsu et al. claimed that

M ossbauer analysis of amorphous iron oxide gave 2 -peak spectra at 

room  and liquid nitrogen tem peratures, although at 4.2K a 6 -peak 

spectrum was obtained. The magnetic hyperfine fields for the 6 - 

peak spectra of amorphous and crystalline Fe^G ^ vary with particle

size, although each state has its own and different range of accepted 

values. Also, a well known effect which occurs in crystalline 

hem atite at low tem peratures (76K) is that its quadrupole splitting 

becom es positive, -0 .38  mm/sec (109). A typical quadrupole 

splitting of a 6 -peak spectrum at room tem perature for hem atite is 

approxim ately  -0 . 2 1  m m /sec.

D ispersion of amorphous Fe^G ^ can not be obtained with

M ossbauer analysis. Thus, confirmation or disqualification of a 

crystalline species is a must for correct M ossbauer interpretation. 

Vapor deposition of Fe(CO)^ and subsequent reaction from exposure

to oxygen involved rapid heat changes, which is conducive to the 

form ation of am orphous m aterials (108).

Since the M ossbauer spectrum for GR-1 obtained at 300K did 

not give thoroughly decisive inform ation as to w hether the hem atite 

exists as an amorphous or crystalline state, analysis at lower
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tem peratures were conducted. M ossbauer spectra at 76K and 15K 

were obtained and are shown in Figure 7. The spectrum at 76K 

shows that the iron oxide particles are resonating between m agnetic 

states at com parable rates as the M ossbauer lifetim e, since no 

distinct absorption pattern is evident. This spectrum provides no 

imm ediate inform ation as to the state of the hematite particles. The 

spectrum obtained at 15K, although, does show a distinct 6 -peak 

m agnetic pattern and provides some additional inform ation. The 

magnetic field was determined to be ~48T, which fell in the 

am orphous range (46-49T) rather than the crystalline range (51.5- 

55T). Also, the quadrupole splitting was -0.043 mm/sec, far from 

the positive value expected for crystalline hematite. Thus, all 

M ossbauer inform ation to this point signifies the presence of 

am orphous Fe^O ^ particles on the GR-1 catalyst. Referring back to

the spectrum obtained at 76K, the large resonating velocity range 

with the two relatively distinct middle peaks can be interpreted as 

the presence of a wide distribution of particles sizes. Also, a wide 

range of particle sizes can also explain the relatively broad peaks 

obtained at 300K for GR-1.

Although am orphous species seem significantly more plausible 

than crystalline F e^G ^ with M ossbauer evidence, more data was

gathered with X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) techniques on GR-1. XRD should show evidence of 

the existence of any crystalline hem atite greater than ~50Â with
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G R - 1  @ 76K
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1.00

•*
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G R - 1  @ 15K
1 .01

1.00

0 .99

0 .9 8
- 1 0  - 8 6 2  04 2 6 8 104

V e lo c i ty  ( m m / s e c )

Figure  7. Raw GR—1 C ata lys t  a t  Low T e m p e ra tu r e s .
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sharp intense peaks, whereas SEM can determ ine the range of 

particle sizes down to 1 0 0 À in diameter.

Figure 8  is a plot of the diffraction pattern of both the raw 

graphite and GR-1 obtained with XRD. The few peaks are due to the 

graphite support alone even though the relative heights seem to vary 

between the two spectra. Most conclusive is the fact that the 

strongest intensity peak for a -  Fe203 lies at about 33.2°, a location 

where no peak was evident on the diffraction pattern for GR-1. 

Therefore, XRD could not confirm the existence of crystalline Fe^G ^

on GR-1. Again, a problem exists as the XRD peaks are broadened 

and m arkedly dim inished in intensity for am orphous species and 

particles less than ~50 angstroms. Since the species are most likely 

am orphous, no added inform ation was provided with XRD analysis.

N oncrystalline F e^G ^ sites were not thought to be a serious

obstacle for enhancing hydrogenation activity, but correct M ossbauer 

in terpretation  was im portant for true dispersion determ ination.

W hen considering catalytic behavior, hydrogenation reactions are 

usually not structure sensitive (6 ). High dispersion was certainly 

preferred, as lower iron loadings could provide the same catalytic 

effects as a higher loading yet lower dispersed catalyst. Thus, SEM is 

one of the few tools tools which can measure directly the range of 

particle sizes

SEM is a surface technique which has the ability to show 

texture, and contrast between various species, although it is lim ited
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Figure  8. XRD s p e c t r a  of Raw an d  T re a te d  G rap h i te
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to detecting only particles greater than ~100 angstroms. Thus, 

additional clarification as to the actual Fe2 0 g dispersion and particle

size distribution was evident. The SEM exposures taken of the 

catalyst were representative of the entire surface. Figures 9 and 10 

reveal the Fe2 0 g particles (all white spots) on the graphite surface.

The exposures in these two figures show a large distribution in iron 

oxide particle sizes. One very large particle was found to be about 2 

microns in diam eter as seen in the exposure at 5000X'S 

m agnification, although the majority of the particles evident in this 

same exposure were much smaller. The exposure at 30,000X’S was a 

m agnified view of the middle section at 5000X’S m agnification. The 

two bright spots, each about 2 0 0 0  angstroms in size, were detected 

as iron species with energy dispersive X-ray spectra (EDX). These 

particles actually seem to be agglomerates of smaller iron particles. 

The sm aller bright spots that are also noticeable in this exposure are 

also Fe2 C>3 particles, which are shown with more contrast in the next

exposure at 20,000X 'S magnification. The exposure at 40,000X 'S 

m agnification is a close up of the previous exposure as seen by the 

sim ilar graphite background morphology. The m ajority of the 

particles in this exposure seem quite fuzzy, although their size can be 

estim ated at approxim ately 250 angstroms. H igher resolution on this 

SEM instrum ent was not possible. These figures show that a wide 

distribution of catalyst site diameters exist, and many if  not all are 

above a diam eter of 50 angstroms. Smaller particles may certainly
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Figure 9. SEM Exposures of the GR-1 Catalyst Surface.
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S H l l S

mm

Figure 10. SEM Exposures o f  the GR-1 Catalyst Surface.
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still exist, but confirmation of these larger size particles helps in 

illum inating the results obtained from XRD and M ossbauer. More 

confidence has been obtained that these particles are amorphous as 

no XRD pattern was evident, yet many iron oxide particles were 

above the detection radius of 50 angstroms. Also, the broad 

transm ission peaks obtained M ossbauer analysis can be attributed to 

both the amorphous nature of the Fe2 0 g particles and their wide size

d is tr ib u tio n .

Fresh GR-1 catalyst was thought not to be active toward 
hydrogenation. Until the Fe^G ^ sites transform ed into zero-valent

iron or pyrrhotite under reaction conditions, it was assumed no 

heterogeneous hydrogenation activity occured. To help support this 

assum ption, hydrogen chem isorption was conducted on the fresh GR- 

1 catalyst. A ~1 gram catalyst sample was first evacuated (<0.001 

torr) for 24 hours at 400°C. The sample was then cooled under 

vacuum to 0°C. Hydrogen chemisorption was conducted at 0°C. The 

data obtained is located in Table A -l. A plot of final equilibrium 

hydrogen pressures versus volume uptake was created and fit to a 

linear equation. The y-axis intersection was taken as the 

chem isorbed volume of hydrogen, which was essentially zero, 

supporting the assumption that F e^G ^ had no hydrogenation activity.
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1.2 C yclohexene H ydrogenation Therm odynam ics

An obvious param eter which was first established involved the 

therm odynam ic conversion lim itation of the hydrogenation reaction. 

At selective given conditions, what was the maximum extent of 

cyclohexene reacting to cyclohexane? Although a m ultiple reaction 

network ultim ately existed, the hydrogenation step was the focus of 

a tte n tio n :

O * H= o
The initial equations used to calculate the equilibrium  constant

at specific tem peratures were obtained from an introductory level

therm odynam ics text (110). Beginning with the relationship

between Gibbs free energy, AG°, and the equilibrium constant, K

/ n  K =  - ^ 1
R T

Gibbs free energy for each species was again found from a

standard therm odynam ic text (110) at standard conditions (298K).

Then applying the van't Hoff expression to determ ine the

dépendance of the equilibrium  constant on tem perature

d InK  _  AH° 
d T R T2

and knowing the standard heat of reaction as a function of 

tem perature, rigorous integration can be perform ed
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R T 2

The final integrated expression is given by

£n K =  +  — £nT +  — T + — T 2 + + I
R T R 2 R  6R 1 2 R

Here, Ah o is simply the standard heat of reaction, and I  th e  

integration constant, determ ined using the equilibrium  constant and 

enthalpies obtained at 298K. Aa  , Ab , Ac , & Ad are the differences in 

heat capacities (product minus reactant) obtained for each species in 

the general form

c pi =  A i + B iT + CiT2 + D jT3

M ost thermodynamic data at 298K was obtained from a reference 

text (111). Table A-2 follows stepwise all calculations performed, 

lists gathered therm odynam ic values, and gives the final necessary 

equilibrium  constants as k = 1 33  @ 350°C and k = 2 2  @ 400°C.

Intuitively, since H2 is in large excess and the equilibrium

constants are greater than unity, the reaction should continue almost 

to com pletion. Quantitatively, the following expression aided in 

determ ining the ultim ate conversions at both tem peratures

[ c y c l o h e x a n e  ] [ x  ]
[ c y c l o h e x e n e ]  [ h y d r o g e n  ] [ a Q — x ] [ b 0 — x  ]

W here a Q and b Q represent the initial concentrations of cyclohexene

and hydrogen respectively, and x the concentration of cyclohexane
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produced. Combining the designated initial conditions and the ideal 

gas law, the initial concentrations were

a = — = 0 j 6 8  m oles/litre 
v

b  = —5— = 2.76 m oles/litre
° R T

Substitution of the initial concentrations and the calculated 

equilibrium  constants proved x to be just slightly less than the initial 

concentration of cyclohexene, . 6 8  m oles/litre, in both cases.

Therefore, the reaction will go essentially to completion under the 

previously described tem peratures, given a long enough reaction 

tim e .

An im portant consideration inferred from this therm odynam ic 

study involves the reversibility of the hydrogenation reaction. For 

all practical purposes, with almost total completion possible, the 

reaction was considered irreversible. This sim plifies the 

mathem atics of the kinetic study carried out in a later stage of this 

research  project.

1.3 K inetic Param eter D evelopm ent

Reactions involving m ultiple pathways are often difficult to 

analyze, as many assum ptions must be made concerning the orders 

of the reactions and all possible overall reaction sequences. A 

method has been developed by this author which greatly sim plifies
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the calculation of the rate constant for the hydrogenation reaction, 

although inform ation concerning all side reactions suffers. The 

hydrogenation reaction is the main reaction, so its rate constant 

needed quantifying for both the catalytic and non-catalytic runs. 

Thus, a hydrogenation enhancem ent can be directly determ ined with 

the catalytic experim ents over the non-catalytic runs. The multiple 

reactions routes were classified into four categories as follows:

H ydrogenation:

+

Iso m er iza t io n :

+ 4- etc.

Hydrocracking

+  etc.

Regression:

O  + H2 0 ^0 *  + + e t c -
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The reactions studied involved little isom erization and even less 

hydrocracking in most cases, and therefore were lumped together in 

the param eter developm ent into a single kinetic route.

Reaction products from each hydrogenation reaction were 

analyzed with a gas chrom atograph/m ass spectrom eter analytical 

system. All product analyses considered area% equivalent to 

weight%. This assumption was qualified as the rate constants were 

only relatively com pared, and absolute values were not im portant. 

N ot all products were identified during product determ ination, 

although most species above 1 % by area count, and all major (those 

listed above) chemicals were identified to a high degree of certainty. 

M ajor isom erization products included 1- and 3-m ethyl- 

cyclopentene. Identifiable products of hydrocracking reactions were 

butane and 2-m ethyl-2-butene. The prom inent regression product 

was bicyclohexyl, though phenylbenzene was also detected in small 

am o u n ts .

The kinetic param eter development was on a mole basis, so all 

area counts given by the mass spectrom eter needed to be converted 

to a "mole count". Cyclohexane mole count was obtained by dividing 

the area count by 84. Similarly, unreacted cyclohexene (C fcH io) area

count was divided by 82, isom erization/cracking products by 82, and 

regression products by 166, the m olecular weight of bicyclohexyl.

The rate of the main reaction has been assumed to be second 

order overall, first order in each reactant:
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r a t e  =  k a [ H 2 j 1 [ C6H10 j 1

The added com plication involved in the kinetic scheme was that 

cyclohexene was also being consumed in the other two established 

routes of reactions, regression and isom erization/cracking. Rather 

than developing an intricate model for all known routes of 

cyclohexene consum ption and statistically determ ining all rate 

constants, an "effective" cyclohexene concentration was defined, 

which was involved only in the main reaction.

An analogous heat transfer scenario, one which is well known, 

is certainly helpful in describing the goal of the kinetic param eter 

developm ent. W hen predicting the heat transfer coefficient or rate 

across a typical shell and tube heat exchanger

an effective tem perature driving force must be determ ined. Usually 

defined as the log-m ean tem perature difference, this driving force 

predicts an average tem perature difference between the hot and cold 

fluids. The average tem perature difference, or geom etric mean, 

given by
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m =  CThi -  ) + ( Tho -  Tc l )
avg 2

is inadequate because relatively more "time" is spent at the 

low er tem perature differentials than the higher differences. The log- 

mean tem perature difference incorporates this idea, and is defined 

a s

T  _  (  T h l ~ T C O  )  ~  (  T h O ~ T C i  )  /  T

(T - ~ T-  >
( T ho- T cl )

The log-m ean tem perature difference is then a predictive average 

driving force used in calculating the heat transfer rate, q, or 

coefficient, h:

q  = h T ta = heat transfer rate per unit area

where the rate of heat transfer has first order dépendance on the 

tem perature driving force.

The same phenomenon can be adapted to the kinetic study 

here: hence a log-mean cyclohexene concentration will be used to 

describe the effective cyclohexene driving force for hydrogenation. 

Much like the highest tem perature differential in the shell and tube 

heat exchanger, the initial cyclohexene concentration provided the 

largest driving force for reaction. Analogous to the lowest 

tem perature differential is the pseudo initial cyclohexene
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concentration if  only the main reaction (hydrogenation) were 

occuring. A pseudo initial cyclohexene concentration in the multiple 

kinetic situation was defined as the additive final concentrations of 

cyclohexene and cyclohexane, disregarding all other products 

produced from the cyclohexene. Adding the cyclohexene and 

cyclohexane final concentrations, qualified for a batch system, 

represented the lower driving force for hydrogenation. Thus, all 

cyclohexene which was consumed in the kinetic pathways other than 

hydrogenation was effectively removed, allowing selective focus on 

only the hydrogenation route. Ignoring the hydrogenation route, the 

cyclohexene concentration dim inished in time from the initial 

concentration to the pseudo initial concentration much like the 

tem perature differential decreases with position in a heat exchanger. 

The correlation is adequate assuming that the rate of cyclohexene 

consum ption in the regression and hydrocracking/isom erization 

routes were first order rate processes. That is, the rates of 

consum ption of cyclohexene in all kinetic pathways other than 

hydrogenation were linearly dependant upon the cyclohexene 

concentration itself, much like the heat flux is linearly dependant 

upon the tem perature differential. The log-mean cyclohexene 

concentration was then determ ined from the two concentration 

extrem es, which was subsequently utilized to estim ate a reaction 

rate constant.
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The following definition will be used in kinetic param eter 

d ev e lo p m e n t:

- final cyclohexene mole count = Ô

- final cyclohexane mole count = 'I

- final isom erization/cracking = X

- final regression mole count = £

- total initial cyclohexene mole count = «  = 0 + 1 1  + X +  ( 2 x e )

The log-m ean cyclohexene concentration was 

calculated from the two extremes, which was then used in 

determ ining a rate constant, defined as an effective rate constant

k eff

w h ere :

mean cyclohexene concentration

a Q = in itial cyclohexene concentration

a G = final concentrations cyclohexene + cyclohexane

b Q = initial hydrogen concentration 

t  = time in hours
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x = consumption of cyclohexene toward cyclohexane = — = ^ a G

This kinetic method was developed in order to directly 

com pare effective rate constants toward hydrogenation for six 

various cases: (1) no catalyst, (2) raw graphite, (3) GR-1, (4) GR-1 

with added (C H g ^ S , (5) GR-2, and finally (6 ) Shell 324, an active

industrial hydroprocessing catalyst. Selectively concentrating on the 

main reaction provided an easily determ ined enhancem ent of 

hydrogenation activity. If keff increased over the no catalyst case, 

hydrogenation activity increased as well.

A possible drawback to this method involved the com parison of 

the relative activities for the three separate routes of reactions. 

Therefore a sim ple com parison was made through quantifying the 

ultim ate conversions for the three different kinetic routes, defined as

Conversions for each kinetic route signified the relative amounts of 

cyclohexene consumed in each of the cases. All raw data is located in 

Table A-4 for reactions at 350°C and in Table A -5 for 400°C.
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1.4 Iron Oxide (G R -P  Catalyst Site Transformations

The FC2 0 3  precursor catalyst sites synthesized on the graphite

support (GR-1) were transformed into a more active species for 

hydrogenation under reaction conditions. Reaction chemistry of the 

catalyst sites on GR-1 involved during the hydrogenation 

investigation was proposed as:

+ 3H%  2Fe + 3 H2 O (I)

(CH3>2S + H2  ------- ► H2 S + 2 CH4  ( I I )

Fe20 3  + 2H2 + H2S ------- ^  2Fei-xS + 3H2 °  (H I)

where only step I occured when no sulfur was added with GR-1 to 

the batch reactors. Otherwise, even with a trace of added sulfur to 

the system, all three steps occured, producing both zero valent iron 

and pyrrhotite catalytic sites. D im ethylsulfide easily converted to 

H 2 S under liquefaction reaction conditions, which subsequently 

com bined with Fe2 0 3  to form Fe1-xS. Sulfur was added to the 

system  in selective experim ents to sim ulate the possible kinetics 

involved with the catalytic sites when liquifying a high sulfur 

content coal such as Illinois #6. Direct liquefaction of Illinois #6 is 

known to produce H 2 S gas during reaction.
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The most important factors involved in the rate at which the 

sites transform ed included the activation energy for each kinetic 

step, the size of the Fe^G ^ sites, and the reaction temperature.

Norm ally, the smaller the particle, the faster the rate (per gram) of 

conversion as compared to a larger particle.

1.5 M ôssbauer Evaluation of Post Catalysts

The catalyst utilized in most hydrogenation runs was filtered 

from the liquid products, dried and stored for later M ossbauer 

analysis. M ossbauer spectroscopy was used to determ ine the 

relative amounts of each iron species (Fe^G ^, Fe, F e ^ S )  on the post

run catalyst. Figures 11 & 12 present three M ossbauer spectra 

which were of significant im portance for kinetic data interpretation. 

Figure 11 contains the results obtained from reaction conditions of 

350°C and 30 minute run time, whereas Figure 12 reveals spectra of 

post-run catalysts from a reaction tem perature of 400°C and 60 

minute reaction time. The top and bottom spectra in both figures are 

of the post catalysts from the runs with and without added (0 1 3 )2 S

to the reaction system.

All the M ossbauer data points are denoted by the small circles 

on the plots. This data was fit with a routine computer program 

called NORMOS. The user input the number of sub-spectra, where 

each represented a particular species, and appropriate param eters 

(isom er shift, quadrupole splitting) for each. The program  would
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Figure  11. P o s t  Run C a ta ly s ts  (§> 350C
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P o s t  GR—1 C a t a l y s t  @ 400C w i t h o u t  S u l f u r

1.02
Iron1 .01

| | H e m a t i t e
1 .00

0 .99

0 .98

0 .97

0 .96

0 .95

0 .94

0 .93
2 0 1 010 - 8 6 86 24 4

P o s t  GR—1 C a t a l y s t  @ 400C w i th  S u l f u r
1.03

Iron
1 . 0 2  -  I _

P y r r h o t i t e ( l )  I 
1. 01 -  p y r h o t i t e ( 2 )

1 . 0 0  < r
I | H e m a t i t e

0.99

0 .98

0 .97

0 .96

0 .9 5
10 - 8 6 2 0 24 6 8 104

VELOCITY ( m m / s e c )

Figure  12. P o s t  C a ta lys ts  @ 400C
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then obtain optim ized M ossbauer param eters for each species and 

represent them with a dashed line on the spectra. A final solid line, 

obtained through addition of all subspectra (unless only one iron 

phase existed) lines, followed the course of the data points for a good 

fit. The overall fit of the experimental data to the empirical 

representation, determ ined with the NORMOS com puter program, 

was calculated and given as a ChiA2 value. This statistical parameter 

was optimized toward unity for best fit.

Each detected species, or subspectra had an associated 

resonance area which was again determined from a com puter 

routine. The areas could then be compared to determ ine the relative 

quantities of each species on the sample. In order to obtain the 

absolute weight percents of each iron species, a factor known as the 

recoiless fraction must be incorporated with each species area count. 

The recoiless fraction is specific to each state of iron and can be 

determ ined from two M ossbauer spectra taken of the same sample at 

two widely different temperatures (i.e. 300K, 77K). Recoiless fraction 

values were not obtained in this research project, but instead area 

percents were calculated for a crude relative comparison. Area 

percentages of the three species detected in each case for the GR-1 

post catalysts at both reaction tem peratures were as follows:
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350°C:
Iron States GR-1 GR-1 with sulfur

F e203  30 17

F ei-xS 0 64

Fe 70 19

400°C:
FeaOg 1 8 5

F ei-xs  0 89

Fe 8 2  6

A large percentage of the Fe2 0 g sites on the initial catalyst 

were easily transformed in all cases. Fe2 C>3  selectively  transform ed 

into Fe when no (C H g ^ S  was added to the system, although F e ^ S

was the predom inate iron state when a source of sulfur was added 

the the reactors. More Fe2 C>3  sites were converted to Fe in the case

with GR-1 at 400°C as compared to 350°C reaction temperature. The 

preferred iron state was F e1-xS when sulfur was added to the 

reactors, but again higher conversions to pyrrhotite were obtained at 

the higher temperature. Also, a much higher selectivity to the iron 

sulfide species was obtained over zero-valent iron at 400°C in the 

case with an added sulfur source. Thus, essentially all catalytic 

enhanced effects were due to the transformed Fe sites with GR-1 and 

no added sulfur for both reaction temperatures, and F e ^ S  at 350°C 

when (0 1 3 ) 2 8  was added with GR-1.
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1.6 Kinetic Rate Comparison

Table A - 6  contains the calculated average effective 

hydrogenation rate constants, keff, as developed in section 1.3. The 

average conversions obtained the three kinetic pathways for each of 

the six catalytic cases at both 350°C and 400°C are also located in 

Table A -6 . Conversions for each kinetic pathway were also 

normalized with respect to the weight percent of metal(s) on each 

catalyst. The state and weight percent of each metal loaded on the 

three catalysts were as follows:

M eta l GR-1 GR-2 Shell 324

Fe as Fe2 C>3 3 .81

Fe as FeCl2  —  6 .7 9  —

Ni - - -  - - -  2 .2 8

M o —  —  8 .0 0

Figure 13a is a plot of the overall conversions for all six catalytic 

cases at 350°C, whereas Figure 13b shows the conversions 

norm alized with respect to metal content for the runs which utilized 

a catalyst. As expected, hydrogenation and regression conversions 

for the no catalyst and raw graphite cases were essentially 

experim entally equivalent. The graphite was therefore considered to 

be inert during the runs. Thus, when a difference in the conversions 

existed between the iron deposited graphite catalysts and the no
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■  No Catalyst 
B  Raw Graphite 
B  GR-1
E3 GR-1 with (CH3)2S 
□  GR-2 
f l  Shell 324

X,Hydrogenation X,Regression X, Isomerization/Cracking

Figure 13a. Cyclohexene Model Reaction Conversions at 400°C

M GR-1
0  GR-1 with (CH3)2S 
□  GR-2 
B Shell 324

X,Hydrogenation X,Regression X, Isomerization/Cracking

Figure 13b. Normalized Cyclohexene Conversions at 350°C.
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catalyst experim ent, the variance in reaction activity was assumed to 

be due to the catalytic iron sites.

Although its most appropriate to report the reaction rates as a 

turnover frequency (TOF), this method is not technically feasible 

here. Instead, the conversions were normalized to the weight of the 

metal on the catalyst. When these data are reported with respect to 

active metal on the catalyst, the normalized conversions can still 

produce deceiving results if different dispersions are evident with 

various catalysts.

F igure 13a illum inates many other im portant considerations. 

Upon observation, addition of only GR-1 (case 3) to the reaction 

system  approxim ately doubled the hydrogenation conversion, 

although the regression conversion was almost tripled. When GR-1 

was combined with sulfur (case 4) during reaction, the 

hydrogenation conversion was relatively unchanged, although the 

quantity of regression products significantly increased. In both cases 

the transform ed iron sites were active toward increasing regression 

products, as shown by their enhanced conversions of cyclohexene to 

regression products. With the case of added GR-1, the hydrogenation 

activity enhancem ent provides evidence toward the existence of an 

adsorbed hydrogen species. Cyclohexane was proposed to have 

formed from the successive addition of two adsorbed hydrogen 

atoms to the adsorbed cyclohexane free radical species.
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Since approxim ately 70% (determined with relative M ossbauer 
areas) of the initial FezO g sites transformed into only zero-valent Fe

with GR-1 added, the Fe sites are proposed as being active toward 

both hydrogen dissociation and cyclohexene adsorption. Due to the 

relatively  larger enhancem ent toward regression products over 

cyclohexane, a com petitive adsorption most likely exists where the 

transform ed Fe sites preferentially  adsorb cyclohexene.

When both GR-1 and (C H g ^ S  were added to the reaction

system, approximately 64% of the initial catalyst sites were 

transform ed into F e 1-xS and 19% into Fe. Again, due to the increased 

conversion toward regression products over the no catalyst case, 

both sites are proposed as adsorbing cyclohexene. A dilemma exists 

in the hydrogenation pathway, as the conversion was not increased, 

yet 19% of the transformed sites were Fe, which successfully 

enhanced hydrogenation in the case noted above. A few reasons can 

be proposed to help explain this phenomenon. It is possible, and 

likely, that the Fe sites created in the system were formed late in the 

reaction, as the sulfur concentration dwindled from com bining with 

F e 2 0 3  to give F e ^ S .  Therefore, the reactant molecules were

exposed to the Fe sites for only a short length of time. Also, the 

reaction with added sulfur transformed only about a fourth as many 

catalytic sites into zero-valent iron as did the case with no added 

sulfur. Since the hydrogenation conversion was not enhanced, the 

Fei_xS sites are proposed as dissociating essentially no hydrogen.
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Thus, the transform ed F e ^ S  sites, the most prominent iron state in

this case, were selectively adsorbing cyclohexene at 350°C.

Two other facts from the experiments carried out at 350°C 

were worth noticing. First, when normalizing the conversions with 

respect to the metal weight on each catalyst, the oxide catalyst runs 

were shown to be more active toward hydrogenation than the 

sulfided Shell 324 catalyst. Careful consideration must be taken as 

this result is not dependant upon the respective dispersions of the 

catalysts, which can have a great effect on the overall activity. GR-2 

catalyst unfortunately significantly decreased the hydrogenation 

conversion, though it was more active toward the

isom erization/hydrocracking pathway. This is most likely due to the 

highly acidic nature of the supported iron chloride species.

The model compound reaction study at 400°C (60 minutes) 

provided less encouraging hydrogenation results. Figure 14a reveals 

the three possible pathway conversions for each of the six catalytic 

cases, whereas Figure 14b shows the normalized conversions. Again, 

with added GR-1 (case 3) and added GR-1 with (C H g ^ S  (case 4), both

regression conversions were significantly enhanced, while

hydrogenation was only slightly above the baseline (graphite alone). 

Also, the runs with the oxide catalyst apparently seemed more active 

toward hydrogenation than Shell 324 as evident through the 

norm alized results. M ossbauer analysis revealed that the catalytic 

iron oxide species selectively transformed to Fe when no sulfur
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No Catalyst 
Raw Graphite 
GR-1

0  GR-1 with (CH3)2S 
D  GR-2 

Shell 324

X,Hydrogenation X,Regression X,Isomerization/Cracking

Figure 14a. Cyclohexene Model Compound Conversions at 400°C

Ü  GR-1
E l GR-1 with (CH3)2S 
D  GR-2 
■  Shell 324

X,Hydrogenation X,Regression X, Isomerization/Cracking

Figure 14b. Normalized Cyclohexene Conversions at 400°C.
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source was added to the reaction system, whereas most all oxide 

particles became F e ^ S  sites under reaction conditions. The 

selectivity to F e1-xS sites over Fe sites was much greater at 400°C 

than at 350°C. Thus, both transformed species are proposed as 

selectively adsorbing cyclohexene rather than dissociating hydrogen, 

where both are competing for the same catalyst sites.

1.7 Effective Rate Constant

To escape the confusion of incorporating the regression route 

into the conversion analysis, comparing effective rate constants (keff) 

developed for the hydrogenation reaction gave a more concise 

com parison. The kinetic param eter was developed in the previous 

section (1.3) and is graphically represented for all six cases at 350°C 

and 400°C in Figure 15. Almost the same results can be inferred 

from the keff values as those in the previous section. At 350°C, the 

hydrogenation activity was almost doubled when using only GR-1, 

although when GR-1 and sulfur was added, activity was only slightly 

increased. The slight hydrogenation enhancem ent with the added 

sulfur case which was not observed from com paring conversion 

results is due to the compensation of a lower first order driving force 

as the regression pathway consumed a large quantity of cyclohexene. 

Again, GR-2 showed a detrim ental effect in the hydrogenation 

activity. At 400°C, hydrogenation activity is increased by 

approxim ately 30% for the two cases with GR-1 (sulfur/no sulfur).
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again because the large consumption of cyclohexene to regression 

products was compensated for. Catalyst GR-2 provided a dramatic 

hydrogenation increase over its 350°C result, but the conversion was 

still short of the base (no catalyst) case at 400°C.

W henever the hydrogenation activity was proposed to have 

increased (larger keff values), the catalyst was inferred as having 

some affinity toward dissociating hydrogen. This was im portant for 

enhancing coal liquefaction reactivity results, as the added catalyst 

through pretreatm ent was designed to cap coal radical fragm ents 

produced under therm olysis conditions.

Did the model compound reaction study signify any predictions 

of what might happen in the coal liquefaction investigation? The GR- 

1 catalyst sites seemed to always enhance cyclohexene free radical 

production, but only in one case was the actual hydrogenation 

activity significantly enhanced. The effective rate constant, keff, 

basically doubled when using GR-1 @ 350°C over the no catalyst case. 

M odel compound reaction experim ents using GR-1 should best 

predict the outcome of Wyodak coal liquefaction, a low sulfur content 

coal. Thus, liquefaction of W yodak coal, pretreated through 

im pregnating Fe2 Gg sites, at 350°C should show the greatest

reactivity increase. The model reaction study may predict some coal 

liquefaction enhancem ent at 400°C for both Wyodak and Illinois # 6  

when im pregnated with Fe^G ^ sites, though low severity liquefaction

enhancem ent was the ultim ate goal.
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Use of GR-2, or iron chloride sites, may produce more coal free 

radical fragm ents during liquefaction based on the model compound 

reaction results, although because of the reduced hydrogenation 

activity, predicting a liquefaction reactivity enhancem ent was not 

obvious. It was conceivable that coal conversion could be enhanced 

or reduced as a result of the two opposing mechanisms; increased 

fragm entation and decreased hydrogenation activity .

1.8 Proposed M echanism

Though a few free radical interm ediate species were produced 

in the homogeneous media due to thermal reactions alone, as shown 

by the small hydrogenation and regression conversions in the no 

catalyst case, it was im portant to understand the surface reactions on 

the added iron sites. Thus a proposed mechanism was created to 

help provide essential inform ation concerning relative quantities of 

surface species. It must be emphasized that the following 

m echanism  was not obtained from inform ation provided by any 

analytical evidence, but rather through intuitive reasoning.
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The first step of the regression pathway may encounter steric 

hindrance due to the large size of the adsorbed molecules. Therefore, 

another possible interm ediate species which does not involve a free- 

radical surface state, yet has the ability to produce the same end 

products involves a '’cyclohexene" m olecule which is double bonded 

to the surface. The two adsorption steps most likely occur 

consecutively rather than sim ultaneously. The double bonded 

surface species can then either combine with two hydrogen atoms to 

form cyclohexane or react with another adjacent double bonded 

species then two hydrogen atoms to form bicyclohexyl.

A lternate Reactant Species Adsorption

Here, the full arrows represent single electron movement (not 

standard formalism ), while the stars are Fe and/or F e1-xS catalyst 

s ite s .

This proposed mechanism explains how the two most 

prom inent products, cyclohexane and bicyclohexyl, were formed. 

Assuming both reactant species adsorbed to the catalytic iron sites.
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as this mechanism  shows, both the hydrogenation and regression 

conversions could then be used to infer relative quantities of the 

adsorbed surface species. If indeed the adsorption process is 

com petitive between the two reactants, only noticing a large 

regression conversion infers selective cyclohexene adsorption, 

w hereas enhancem ent in both hydrogenation and regression 

conversions infers com paratively equal adsorption rates of 

dissociating hydrogen and cyclohexene. If the surface was 

essentially covered with hydrogen species (not encountered in this 

study), alm ost no additional regression products over the no catalyst 

case would have been evident. This is easily explained by the small 

probability of obtaining the cyclohexane free radical species on two 

adjacent sites.

Bicyclohexyl, the prom inent regression product was most likely 

the result of two cyclohexane "free radical surface species" combining 

before a hydrogen atom could cap either. The cyclohexane "free 

radical surface species" is proposed as being formed when an 

electron from the double bond combines with an electron from a 

catalyst site, leaving the opposing double bond electron "free". This 

adsorption phenom enon occurred on both the transform ed iron and 

iron sulfide sites. If two of these cyclohexane surface species were 

physically close enough on the catalyst, the two free radicals would 

com bine, creating an adsorbed bridge species. Successive 

hydrogenation and desorption would give bicyclohexyl as the
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product. On the other hand, if a hydrogen atom capped the adsorbed 

cyclohexene surface species, a subsequent addition of hydrogen 

would give cyclohexane as the product.
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2. Coal Liquefaction Solvent Effects

The two model solvents used for the direct 

hydro liquefaction  experim ents were 1 -m ethylnaphthalene and 

tetralin  (1 ,2 ,3 ,4-tetrahydronaphthalene). These two solvents, 

with sim ilar physical structure, were initially chosen for their 

difference in hydrogen transfer capabilities. Tetralin is 

considered a good hydrogen donor (H-donor) solvent, whereas 

1 -M ethylnaphthalene (1-M N) is considered as an adequate 

hydrogen shuttling (H-shuttling) solvent (53). A good H-donor 

solvent in liquefaction will relinquish one or more hydrogens to 

coal radicals upon mutual collision. An H-shuttling solvent will 

complex with labile hydrogens from the coal itself and 

transport them to hydrogen deficient coal radicals elsewhere. 

The extent of ability of these solvents to physically solvate 

either W yodak or Illinois # 6  coals under liquefaction conditions 

is unknown. Tetralin and 1-MN were used to help enlighten 

the effects of the added iron catalyst sites, which eventually 

becam e active species toward hydrogenation.

In general, if the liquefaction reactivity was greater for 

the pretreated coal in comparison with the raw coal when using 

1 -m ethylnaphthalene, the dom inant additional hydrogen 

source was assumed to have come from the gas phase. Thus, 

hydrogen was incorporated into the coal structure directly or 

indirectly from its gaseous state. On the other hand, if
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liquefaction reactiv ity  was enhanced through pretreatm ent of 

coal while using tetralin, but not 1 -m ethylnaphthalene, the 

difference in hydrogen addition was considered to be 

dominated by the H-donor ability of tetralin. In order to 

m easure quantitatively the extent of tetralin*s H-donor ability, 

its conversion to naphthalene under liquefaction conditions was 

d e te rm in e d .

Hydrogenation catalysts can often benefit from utilizing 

good chemical and physical solvents. A good physical solvent 

can create intim ate contacting between the coal, catalyst, and 

potential hydrogen transferring agents. Catalyst sites can also 

low er the activation energy associated with the hydrogen 

abstraction m echanism s from H -donor and H -shuttling 

molecules to the coal, thus producing an indirect hydrogen 

transfer. Thus, a synergistic effect is often evident when a 

good hydrogenation catalyst is used in conjunction with an 

effective chem ical and/or physical liquefaction solvent.

2.1 Solvent Chemistry

The chem istry involved with the solvents under direct 

hydroliquefaction conditions was found to be relatively simple. 

The tetralin was determ ined to have converted to naphthalene 

upon hydrogen transfer of its four donatable hydrogens. A 

small percentage of the tetralin was also found to have fully
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hydrogenated in the hydrogen atm osphere to 

decahydronaphthalene, but this side reaction was 

quantitatively insignificant and therefore neglected in this 

study. 1-M ethylnaphthalene was determ ined for the m ost part 

unreactive under liquefaction conditions. W ithout any external 

sources of radical formation, the solvents were found to be 

inert to any isom erization or cracking mechanisms to any 

detectable amount. The solvent chemistry that occured under 

liquefaction conditions is schem atically represented as follows

1 -M e th y ln a p h th a le n e :

No Reaction

T etra lin :

Prim ary Reaction:

esÿ -

Side Reaction:

O ÿ  + 2 H ,
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2.2 Tetralin  D ehvdrogenation Therm odynam ics

The lim it of the tetralin conversion to naphthalene was 

determ ined with basic therm odynam ic equations. The initial 

equations utilized to determ ine the equilibrium  constant were 

identical to those presented in section 1 .2 , although since heat 

capacity data was not obtained for the three species involved 

in the primary reaction for tetralin, the heat of reaction was 

considered to be constant. Thus, the final equation which was 

used to determ ine the equilibrium  constant, K, at 350°C and 

400°C was:

where the baseline equilibrium  constant was obtained at 298K. 

An outline of the equilibrium  constant calculations are located 

in Table A-7. The final results are k =4400 at 350°C, and 

K=36948 at 400°C.

Given such large equilibrium  constants, the tetralin 

conversion to naphthalene must intuitively continue to a large 

extent. Following the same quantitative analysis as given 

previously in section 1 .2 , the exact lim it of conversion was 

determ ined with the following equation:
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K =
[ N a p h t h a l e n e  ] [ H y d r o g e n  ] 2 [ x  ] [b 0 + 2 x  ] 2

[ T e t r a l i n  j

where a D and b Q represent the initial concentrations of tetralin 

and hydrogen, respectively, and x represents the concentration 

of naphthalene produced. Combining the designated initial 

conditions with the ideal gas law, the initial concentrations 

w ere :

From substitution of the initial concentrations and the 

calculated equilibrium  constants, the reaction was determ ined 

to essentially continue to com pletion at both tem peratures 

given adequate time. Thus, from this analysis, the reaction was 

considered  irreversib le .

Further considerations included an investigation to 

determ ine the possibility of the H-donor solvent actually 

expending all its available hydrogen to coal during liquefaction. 

Using conservative estim ates of 70% carbon and 4% hydrogen 

(actual values are located in Table 4 of the experimental 

procedure section) by weight for both W yodak and Illinois # 6  

coals, the extent of added hydrogen needed to reach a H/C 

atomic ratio of 1.2 was determined. The H/C ratio of 1.2 is the 

average atomic ratio for most in crude oils. Starting with 1 

gram of coal and 2  grams of tetralin, both coals could reach a

a Q= 0.0152 m oles/litre 

b Q= 2.76 m oles/litre
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H/C ratio of 1.2 by converting less than 5% of tetralin to 

naphthalene. It is certainly possible to exceed a H/C ratio of

1 . 2  during liquefaction, although this number gives a baseline 

perspective. Given the thermodynamic lim it of the tetralin 

dehydrogenation reaction and the plausible extent of the coal's 

hydrogen need, the solvent was considered to have never 

rehydrogenated under the liquefaction conditions. Thus, one 

possible role of the catalyst during liquefaction was eliminated: 

The catalyst will not aid in rehydrogenating the solvent.

2.3 Tetralin Conversion Calculations

The conversion of tetralin to naphthalene was measured 

w ith a gas chrom atograph/m ass spectrom eter system. The 

hexane soluble liquids obtained from selective liquefaction 

experim ents, which contained tetralin, naphthalene, and the 

coal derived products, were injected into the gas 

chrom atograph and identified with the mass spectrom eter. The 

total ion counts given by the mass spectrometer were taken to 

be representative of the weight percent of each species, which 

were then divided by the species m olecular weight to obtain a 

quantitative mole basis. A set of blank reactions with the 

solvent and no coal were also conducted to determine 

hom ogeneous baseline conversion of tetralin to naphthalene, 

which was calculated with the following equation:
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^  _ (moles naphthalene)
(moles naphthalene + moles tetralin)

2.4 Chemical and Physical Liquefaction Solvent Effects

Since the ultimate goal of coal hydroliquefaction is to add 

hydrogen to the initially hydrogen deficient coal structure, use 

of a hydrogen donating solvent (tetralin) should intuitively 

give better THF conversions than a non-hydrogen donating 

solvent, such as 1-m ethylnaphthalene, for both W yodak and

Illinois # 6  coals. Ironically, the actual baseline coal conversions 

values, which are located in the following discussion section, 

were not as expected in two series of runs. Baseline 

conversions of Illinois # 6  coal at 350°C revealed much better 

THF conversions when using 1-m ethylnaphthalene than when

tetralin was em ployed for run times of 10 and 30 minutes.

Also, alm ost no difference in THF conversions were evident 

between the two solvents utilized in the liquefaction of 

W yodak coal at 350°C.

The solvents can potentially play three different roles 

during liquefaction; H-donor and H -shuttling, both chem ical 

effects, and actual physical solvation. Thus, the overall 

characteristics of the liquefaction behavior of coal are 

controlled by the solvent used, given a set of conditions for
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reaction. The chemical effects of each solvent are correlated 

with their respective ability to donate or shuttle hydrogen. H- 

shuttling is lim ited by the amount of labile hydrogens 

associated with each coal, whereas ff-donors have no lim itation 

as to the amount of hydrogen that can be transferred to the 

coal if  the liquefaction experim ent incorporates excess H-donor 

solvent. The physical effect of each solvent is graded by its 

ability to solvate the coal and allow good contact between 

therm ally cleaved coal radicals and potential hydrogen 

"capping" agents.

In order to determine the extent of the chemical effect of 

tetralin, its conversion to naphthalene was obtained for both 

W yodak and Illinois # 6  coals at 350°C and 400°C. Calculations 

for tetralin conversion to naphthalene for each run is located in 

Table A -8 . A graphical representation of the solvent fate 

during liquefaction experiments is shown in Figure 16. Yürüm 

et al. ( 1 1 2 ) conducted sim ilar reactions with only tetralin in 

m icroautoclave reactors and found conversions to naphthalene 

alm ost identical to those presented in Figure 16 for the blank 

runs. Both the Illinois # 6  and Wyodak coals enhance the 

tetralin conversion over the baseline (no coal) values, although 

the W yodak much more than the Illinois # 6  coal at 350oC.

Thus, the H-donor effectiveness of tetralin at 350°C can be 

thought of as low for Illinois # 6  coal and moderate for W yodak
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coal. The H-donor ability of 1-methylnaphthalene is accepted 

to be essentially zero, although it can act as a H-shuttling agent. 

Conversions at 400°C of tetralin to naphthalene are 

significantly increased for both coals.

It is generally agreed that H-donor solvents ordinarily 

produce better liquefaction conversions than non H-donor 

solvents under the same conditions. Thus, in order to explain 

the unexpected THF conversion results for the W yodak and 

Illinois # 6  coals at 350°C, the H-shuttling and physical effect of 

1 -m ethylnaphthalene must, in com bination, be relatively  much 

greater than that of the H-donor ability of tetralin. 

U nfortunately, separating the H-shuttling and physical effects 

of 1 -m ethylnaphthalene in this case is quite difficult due to the 

relatively low conversions obtained at 350°C. The shuttling 

effect alone of any solvent can rarely be expected to give the 

same conversions as an H-donor solvent used in excess. Also, 

since the H-shuttling ability of any solvent is limited by the 

am ount of available labile hydrogen in the coal, the tentative 

conclusion that 1 -m ethylnaphthalene is a better physical 

solvent that tetralin has been made.

The conversion of tetralin to naphthalene at 400°C was 

much greater than at 350°C for both coals. Since the 

conversion behavior was controlled by the demand for
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hydrogen from the therm ally cleaved coal radicals, more 

radicals were assumed to be present at 400°C than at 350°C.

Overall, given the unexpected THF conversions for some 

baseline coal series, the physical effect of 1 -m ethylnaphthalene 

can be assumed greater than tetralin with both W yodak and 

Illinois # 6  coals. Also, the tetralin's effective hydrogen 

donation capabilities can be assumed tem perature sensitive, 

with its ability to donate hydrogen atoms much greater at 

400°C than at 350°C.
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3. Coal Liquefaction Investigations

Liquefaction experim ents were conducted on raw and treated 

coals in order to determ ine directly the effectiveness of selective 

solvent-induced swelling and catalyst impregnation m ethods. Coal 

reactivity  was indicated through conversion to tetrahydrofuran (THF) 

and hexane soluble fractions for the liquefaction products. THF 

solubles potentially contain oils, asphaltenes, and preasphaltenes, 

whereas hexane solubles are only oils. The total liquefaction 

conversion is generally regarded the THF soluble fraction, and the 

hexane solubles are often referred to as the distillate yield. Various 

reactor conditions were employed in order to try and characterize 

certain process variables, such as time, temperature, coal, and 

liquefaction solvent. In addition to coal conversion measurements, 

various other analytical techniques were incorporated to characterize 

the raw and treated coals. Nitrogen adsorption B E T. was used to 

m easure coal surface area, atomic absorption was employed to 

determ ine iron loadings, and M ôssbauer spectroscopy was used to 

identify the states of the inherent and im pregnated iron compounds.

3.1 Swollen Coal Surface Areas

Surface area m easurements were obtained using nitrogen B E T. 

adsorption. A M icrom eritics apparatus and instructions manual, 

com plete with appropriate surface area calculations to perform , were 

used for all measurements. Though controversy exists as to which
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adsorption gas is the most appropriate for correct absolute surface 

area determ ination of coals, the objective here was to measure the 

surface areas before and after two swelling techniques. The surface 

areas of each sample were used as relative values, correlating 

increased surface areas with coal swelling. Nitrogen is not soluble in 

coal and therefore can penetrate the matrix, in theory, only through 

the pores larger than its own diameter. Pores which swell increase 

their internal surface area for potential nitrogen adsorption. 

Increasing pore diam eters in the microporous range can make 

nitrogen penetrable into regions that were inaccessible before 

swelling, thus increasing the overall coal surface area m easurements. 

Thus, nitrogen was used as the adsorbate gas in order to indicate the 

possibility of pores increasing or decreasing in diam eter after the 

sw elling process.

Since the surface area experiments were conducted on 

thoroughly evacuated samples, the solvent which was employed to 

swell the coal was removed before measurement. Thus, the surface 

area m easured after the solvent-induced swelling process was 

actually an indication of the reversibility of the procedure. The two 

solvents used to potentially swell the coal at atmospheric conditions 

were THF and CO2 » both of which have previously been determined

effective in swelling coals (26,38) while the solvent was still in 

contact with the coal.
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The surface areas of the solvent-induced swollen coals will be 

discussed by coal, rather than by solvent treatment. W yodak coal 

will be the first surveyed. Detailed calculations of each nitrogen 

B.E.T. adsorption experiment are outlined in Tables A-9 through A- 

19. Reproducibility studies were conducted through duplicate 

m easurem ents on some selected samples, as well as different 

sam ples that had undergone identical solvent treatm ents. Solvent- 

induced swelling procedures consisted of contacting the coal with 

excess solvent with continuous stirring (THF) or flushing (CO 2 ) for 50

hours. THF coal slurries were rotoevaporated to remove excess 

solvent. Nitrogen adsorption B.E.T. measurements were first 

conducted on samples with a known value of surface area. 

Experim ents with both alum ina and activated carbon gave surface 

area values in the appropriate range (250 m 2/g and 1050 m 2 /g , 

respectively). All samples were subjected to vacuum conditions (<20 

m illitorr) at atm ospheric tem perature for a minimum of 24 hours 

befo re  m easurem ent.

It has been suggested that the solvent-induced swelling 

processes allow polar compounds (CO2  and THF) to penetrate the coal

m atrix and partially relieve the intrinsic van der W aals forces which 

exist between two or more coal body regions. The potential then 

exists for these areas, tightly bond by electronic forces to separate as 

the polar solvent is attracted and incorporated to these areas. The 

question which then exists is whether the polar coal regions



T - 4 1 1 4 175

reversibly collapse as the solvent is removed by vacuum processes. 

The irreversibility of the process is im portant, as subsequent

areas which were otherwise limited to contact because of the small 

pore sizes which are inherent in the raw coal. Since the iron 

pentacarbonyl im pregnation techniques were accom plished during 

the solvents sim ultaneous contact with the coal, the irreversibility 

subject should not hinder the dispersal of a catalyst on the coal 

m atrix. Although, good subsequent coal-solvent-catalyst contact 

during liquefactions could be lim ited if the solvent-induced swelling 

procedures were not irreversible.

The surface area of raw W yodak (evacuated only to remove 

water) is lower than most coals. A surface area of 4.46 m 2 /g, as 

indicated on Table A-9, was determined for raw Wyodak. A THF 

swollen sample was determined to have a surface area of 4.56 m2/g  

(Table A -10), indicating that even though swelling probably 

occurred, the process was not irreversible as the solvent was 

rem oved. Two separately CO 2  treated samples were found to have

surface areas of 6.41 and 5.61 m2/g (Tables A -11,12). Thus, some 

irreversible sw elling certainly occurred, although the solvent- 

induced swelling process did not appear to give reproducible 

measurements. It is possible that unequal quantities of CO2  still

rem ained in the two evacuated samples due to strong electronic 

attractions, which then froze under liquid nitrogen tem perature

liquefaction may allow hydrogen donor molecules in the swollen
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applied during the surface area experiments, which affected the 

u ltim ate  m easurem ents.

Relative raw and solvent treated Illinois # 6  coal surface area 

m easurem ents were not easily interpreted. Two separate raw 

Illinois # 6  coal samples were determined to have a surface areas of

24.02 and 23.16 m2/g (Tables A -13,14), values which were 

considered to be essentially identical. The CO2  solvent-induced

swelling procedure gave a surface area of 22.30 m2/g (Table A -19), 

indicating no swelling or a slight surface area reduction. Two 

separately THF treated Illinois # 6  coal samples gave surprisingly low 

surface area values of 1.91 and 1.78 m2 /g. These significantly lower 

surface area measurements were first considered to be due to the 

coal m aterial which was initially soluble in THF eventually clogging 

the pores upon solvent evaporation. Since approximately 12% (dry 

basis) of raw Illinois # 6  coal is intrinsically soluble in THF, the 

m aterial was thought to fill and block the entrance of the pores when 

the THF solvent was removed by rotary evaporation.

To check this hypothesis, the same swelling procedure with 

THF was conducted on a raw Illinois # 6  sample that had been 

repeatedly washed with THF until all the intrinsic solubles were 

removed. W ashing away all the THF soluble material would prevent 

any pore clogging, if indeed that was the reason for low surface area 

m easurem ents. Measured twice, the surface area was found to have 

values of 2.75 and 2.72m 2/g for the same sample. Thus, the surface
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area did increase when washed to remove all THF solubles, although 

the values were still significantly lower than the surface areas 

obtained for the raw Illinois # 6 . A possible explanation for the 

surprisingly low surface areas obtained for the THF swollen samples 

may be as follows. Upon removal of the solvent through 

rotoevaporation and subsequent vacuum stripping, the pores 

collapsed due to the strong interaction between the solvent and coal. 

F iguratively, the solvent-induced swelling process may have 

occurred as follows:

Solvent In troduction

Swells to:

Solvent Removal:

Collapses to:
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The magnitude of the collapsing effect was obviously much greater 

than the scale of these figures, although the idea is roughly identical. 

The effect would then prohibit nitrogen from adsorbing on the 

internal surface area of the pores which collapsed, leaving a smaller 

pore mouth diameter than that of a nitrogen molecule. Extensive 

collapsing would therefore provide a lower surface area 

measurement. If the collapsing effect was actually occurring, 

liquefaction conversions may have suffered from decreased solvent- 

coal contact, induced through overall lower surface area of the 

treated coal.

Another possibility, which was also a pointed out in the CO2  

case, was that THF was not fully removed from the pores under 

vacuum conditions. The remaining THF molecules would have then 

frozen at liquid nitrogen temperatures, providing a block in the pores 

for nitrogen molecules, thus again giving a lower surface area than 

that of the raw coal.

Overall, the CO2  induced swelling process of Wyodak coal was

the only partially  irreversible swelling technique, increasing the 

effective surface area of the raw coal sample. The THF induced 

swelling was determ ined to be very detrim ental to the effective 

surface area of Illinois # 6 . All other solvent-induced swelling 

experim ents had essentially no effect on the raw coal surface areas.

The effect of only the THF swelling procedure on both coals 

toward liquefaction conversions of both THF and hexane solubles was
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determ ined and will be discussed in an upcoming section.

Liquefaction conversions were not obtained for either W yodak or 

Illinois # 6  coals that were swollen only in CO2  (no catalyst added).

3.2 Iron Loading Through Coal Pretreatm ents

Atomic absorption was used to determine the iron loading of 

both the raw and all treated W yodak and Illinois # 6  coals. Either 

two or three separate representative samples were dissolved, 

diluted, then analyzed. The atomic absorption response from each 

dissolved coal sample was accepted if  the concentration fell in the 

linear range of 1.0 - 5.0 mg/1. This range of concentrations was 

provided by the Perkin-Elm er handbook, which stated that the 

atomic absorption response for iron was linear between 1.0 - 5.0 

mg/1. Four standards were prepared and analyzed to obtain a linear 

equation of the form: X(mg/1) = f(atomic absorption response). An 

average of the two or three accepted measurements was then 

preform ed. Table A-20 tabulates each sample's individual atomic 

absorption response, calculated concentration, and accum ulated 

average for each coal treatment. Sample identification labels are also 

defined at the bottom of Table A-20. The average results for each 

raw and treated coal were as follows:
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S am ple % Fe

Raw W yodak 0 .35

Raw Illinois # 6 2 .4 0

TS-9 1 . 0 2

TS-11 2 .6 9

T R - 6 3 .0 9

T R - 8 0 .83

T R -10 0 .6 4

TR-11 1 . 6 6

Although each pretreatm ent process was nearly identical in m anner 

of iron pentacarbonyl impregnation for both coals, the ultim ate iron 

loadings were not identical. Wyodak coal (TS-9) adsorbed 

approxim ately 0.7% of iron (as compared with the dry coal weight) 

from the THF slurry process, while Illinois # 6  coal (TS-11) only 

adsorbed 0.3%. Vapor deposition of Fe(CO)$ followed by exposure to

air loaded 0.7% iron on Illinois # 6  (TR-6 ) , though only 0.5% on 

W yodak coal (TR-8 ).

Problem s were encountered with the coal samples (TR -10,11) 

that were Fe(CO)$ vapor deposited, slurried in carbon tetrachloride 

(C C I4 ), and dried. Since the same initial vapor deposition process was 

used in this case as with the method that exposed the samples to air 

(TR-6 ,8 ), the iron loadings should have been approximately the same.
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W ith Wyodak (TR-10), only 0.3% net iron was added to the matrix, 

while with Illinois # 6  coal (TR-11), the iron loading was actually 

determined to be markedly less than the iron on the raw coal. While 

this problem was not investigated thoroughly, it was determ ined that 

some iron was lost from solvent evaporation as the CCI4  was boiled

off in the last stage of the treatment process. After being slurried in 

C C I4 , the entire contents were rotoevaporated, and the recovered

liquids were condensed and collected. The collected liquids were 

then analyzed for iron with atomic absorption, and slight amounts of 

iron were detected in both W yodak and Illinois # 6  coal treatments. 

The iron detected, however, could not compensate for the large iron 

loss observed in Illinois # 6  coal (TR-11). The iron may have been in 

the form of Fe(CO)$ that became soluble in CCI4  and never reacted.

The final form of iron on the coal through this treatment was 

intended to be an iron chloride. Thus, since the dissolution process, 

obtained from Huffman Laboratories, Inc., was intended for iron 

sulfides, oxides, and metals, it may not have been appropriate for the 

potential iron chloride loaded coals. Since the slight amount of iron 

lost in the boiled off solution was ultimately considered almost 

insignificant, the iron loading for each coal was assumed to be 

com parable to the treated coals which were exposed to air following 

the vapor deposition of Fe(CO)$. Thus, the iron loadings for Illinois

# 6  in TR - 6  and TR-11 were nearly 3.1%, whereas for Wyodak coal, 

TR - 8  and TR-10 were considered to have approximately 0.8% iron.
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3.3 M ôssbauer of Raw and Treated Coals

18 2

M ôssbauer spectroscopy was utilized to identify the 

predom inant iron m inerals presents in the raw coals, selected treated 

coals, and a few THF insolubles obtained from the liquefaction 

products. An attem pt was made to correlate catalytically active iron 

species with enhanced coal conversions to THF and hexane solubles. 

Some iron minerals of relatively small quantity (<5% by weight of 

total iron) were not detected in the M ôssbauer spectra for either of 

the raw coals because of the short time taken to collect gamma ray 

transm ission data, and/or the relatively low recoilless fraction for 

each mineral. Although M ôssbauer spectroscopy can be utilized to 

determ ine quantitative amounts of each iron state, this function was 

not incorporated into the study. Instead, the resonance area 

percents (integrated intensities) of each iron species in W yodak coal 

were utilized in subsequent analysis of treated coal samples.

The M ôssbauer spectra for Wyodak and Illinois # 6  raw coals 

are shown in Figure 17. For Illinois # 6 , the iron was determined to 

be essentially all in the form of pyrite (Fe8 ^). Two minerals, pyrite 

and siderite (FeCOg), with a relative area ratio of approximately 

2.3:1, accounted for the predominant iron states in Wyodak coal. The 

isom er shifts and quadrupole splittings obtained for raw W yodak 

and raw Illinois # 6  coals for pyrite were then fixed in the M ôssbauer 

spectra for the iron im pregnated coals, as the param eters for pyrite 

are very sim ilar to those for superparam agnetic hem atite, the
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- 1 0  - 8 6 4 2 0 2 6 8 104

W yodak
1 .01

H  P y r ite
S id e r i te

1 .00

0.99

0 .98

0 .97

0 .96

0 .95
10 - 8 6 4 2 0 2 64 8 10

VELOCITY ( m m / s e c )

Figure  17. M ôssbauer  S p e c t r a  of Raw Coals
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expected form for iron for two of the treated coals. The 

superparam agnetic hem atite (Fe2 0 g) param eters obtained from the

M ôssbauer analysis of the GR-1 catalyst were also fixed when fitting 

the experim ental M ôssbauer data obtained from the iron treated 

coals.

Figure 18 reveals the spectra obtained for W yodak and Illinois 
# 6  coals, which were slurried in THF and Fe(CO)^, rotary evaporated

to remove excess liquids, then exposed to oxygen in the air. In both 

cases, the ultim ate form of impregnated iron was determined to be 

superparam agnetic hem atite. As expected the hem atite in the 

Illinois # 6  coal had a very weak signal, as only 0.3% of net iron (2.7% 

treated, 2.4% raw) was determined to have been added through the 

atomic absorption results. The peak area obtained for hem atite was 

probably sm aller than expected (~ 1 %), which could be interpreted in 

two ways. Either some of the added iron formed pyrite, which is 

unlikely, or the recoilless fraction for amorphous hem atite is much 

lower than that of pyrite at 300K. Assuming the impregnated iron 

could not form pyrite, a large difference in the recoilless fractions for 

the two iron species could potentially explain the low relative area 

percent for hematite. The relative area signal of hematite to the 

other inherent iron m inerals was much stronger for W yodak coal, 

which was expected as the added iron content determined from 

atomic absorption more then doubled the total iron content of the
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Figute 18. THF/Fe(C0)5 Slurry Treated Coals
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raw coal (0.3& raw, 1.0% treated). As a check, the relative peak 

areas for

pyrite to siderite were 2.3:1, identical to the ratio obtained for the 

raw W yodak coal.

Figure 19 shows the M ôssbauer spectra for W yodak and Illinois 

# 6  coals which were Fe(CO)$ vapor deposited in a CO2  atmosphere

and then exposed to air. Again, the detected impregnated iron form 

was superparam agnetic hem atite for both coals. A larger hematite 

area signal was evident for the Illinois # 6  coal, whereas it was 

sm aller for the W yodak coal, both expected results when considering 

the relative iron loading. The relative areas for pyrite to siderite for 

W yodak coal was determined to be 2.2:1, essentially the same as the 

ratio obtained for the raw coal.

M ôssbauer analysis was not conducted on coals which were 

F e(C O ) 5  vapor deposited in a CO2  atmosphere, followed by CCI4

slurry. Thus, the assumption was made that an iron chloride was the 

final form of the iron impregnated on both W yodak and Illinois # 6

coals. The treated coals were not analyzed because of the limited

available tim e for the M ôssbauer spectrom eter.

In summary, the first two above mentioned coal treatm ents, 

T H F /F e(C O ) 5  slurry and Fe(CO)$ vapor deposited in a CO2

atm osphere, followed by exposure to air were both determ ined to

have added superparam agnetic hem atite to the raw coal structure.

Other inform ation concerning the dispersal of the hem atite, and the
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Figure  19. Fe(C0)5 Deposi ted  & Exposed  Coals
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depth of impregnation was not determined for either of the coals 

that were subjected to all treatment processes. This would have 

been extrem ely time consuming and difficult, if not im possible, due 

to the heterogeneity and highly complex nature of the raw coal itself.

3.4 Intrinsic Solubility of Coals

Raw coals initially have some solubility in THF, so in order to 

gain an accurate measure of ultimate coal THF solubility after 

liquefaction, the intrinsic solubility must be accounted for in 

conversion calculations. The intrinsic THF solubility is different for 

raw W yodak and raw Illinois # 6  coals, although the pretreated coals 

were assumed to have the same solubility in THF as the raw coal 

before liquefaction. Since only small amounts of catalyst were 

im pregnated into the coal structure in some pretreatm ent processes, 

and the coal itself was essentially uneffected, the intrinsic solubilities 

were assumed to have have been unchanged as well. In other words, 

upon swelling or an iron impregnation treatm ent, the raw coal 

structure itself was assumed to have not been significantly 

chem ically altered in the final treated state.

The intrinsic THF solubility of Wyodak and Illinois # 6  coals 

were not determ ined experim entally, but rather obtained from  the 

handbook received with the coal samples from Argonne National 

Laboratory. Calculated on a moisture and ash free (maf) basis, the 

percentage of intrinsic THF solubility for each coal is as follows:
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Coal Intrinsic THF Solubility

W y o d ak  1.63

Illinois # 6  11.93

The intrinsic solubility of both coals in hexane, also used as a solvent 

to m easure conversion after liquefaction, has been previously 

determined to be zero (8 ). Thus, the hexane soluble fractions of the 

coal liquefaction products were all considered to be transformed coal 

m aterial from  liquefaction.

3.5 Calculation of Coal Conversion

Coal conversions were based upon the THF and hexane 

insoluble material obtained from each liquefaction experim ent. The 

following equation was used to determine THF coal conversion on a 

m af basis:

THF Conversion = (( I - O )/I ) *100%

w h ere :

I = (g. of feed coal) * ( 1 -ash fraction) * (1-moisture fraction)

* (1-intrinsic THF solubility of feed coal)

O = g. THF insoluble material recovered - g. of ash in feed coal

The next equation was used to determine hexane coal conversion, 

again on a m af basis:

Hexane Conversion = (( P - O - H)/P )
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w h ere :

P = (g. of feed coal) * (1-ash fraction) * (1-moisture fraction)

O = g. THF insoluble material recovered - g. of ash in feed coal 

H = g. hexane insoluble material

The intrinsic THF solubility of each coal was reported in the previous 

section, and the intrinsic hexane solubility was zero for both coals.

By accounting for the intrinsic THF solubilities, the ultimate THF 

conversion m easurem ents became more sensitive to the amount of

insoluble material obtained. This made it easier to judge the

effectiveness of each coal pretreatm ent process. Granted, for a 

continuous two-stage coal liquefaction process, the overall THF 

conversion is more im portant, yet only relative values were 

necessary here for direct comparison of raw coal and treated coal 

conversions. Either way the THF conversion is calculated, the overall 

conclusions should rem ain unchanged.

3.6 Liquefaction Reactivity Experim ents

Identical coal liquefaction experim ents were conducted either 

two or three times (and occasionally only once) at each set of 

predeterm ined conditions for each raw or treated W yodak and

Illinois # 6  coals. Tables A-21 through A-26 are directories for the

coal liquefaction experiments numbers for each set of conditions.
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The following six tables, A -27 through A-32, report raw 

experim ental data and conversion calculations for each run located in 

Tables A-21 through A-26. An average of the THF and hexane 

conversions, excluding all outlying data points (marked with a in 

the appendix tables), was then determined. Outlying data points 

were not determined statistically. Of the twelve runs which were not 

included in the mean conversion calculation, approxim ately half were 

neglected due to process deviations such as inaccurate reactor 

tem perature (>131 °C) or predicted reactor leak during liquefaction 

(relatively small or no quantity of post reaction gas purge). The 

others were not included because the THF conversion varied by more 

than 1 0 % from the average of the other two runs at the same 

cond itions.

L iquefaction experim ents incorporated four variables, which 

included coal, tem perature, time, and solvent. W yodak 

subbitum inous and Illinois # 6  high volatile bitum inous coals were 

liquefied at low severity (350°C) and high severity (400°C) 

conditions. All four various combinations of solvent (1- 

m ethylnaphthalene or tetralin) and run time (10 or 30 minutes) 

were run with each coal at both severities. Thus, eight process 

condition com binations for each differently treated coal were 

investigated. The process variables were incorporated into the study 

to get a better idea of what influenced the ultimate coal conversions 

(THF and hexane solubles) for each raw or treated coal.
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Usually a net difference of >5% from the experimentally 

determ ined raw coal conversion values was needed before a 

difference in reactivity was considered to be significant for a specific 

set of conditions for two differently treated coals. The inherent 

heterogeneity of coal required net coal conversions differences of 

approxim ately 1-4% to be considered essentially equivalent. If, on 

the other hand, coal conversions were commonly less or greater by 

only a few percent for almost all conditions for a specifically treated

coal at a given severity, a general conclusion was in order. That is, a

statem ent concerning the effectiveness of the coal treatm ent was 

w arranted. Specific discussions concerning coal conversions follow 

below, and will be categorized by coal treatment. First, the raw coal

results will be discussed in order to provide a baseline for later

survey of the treated coals.

3.6.1 Raw Coals

In order to accurately evaluate the reactivity of the pretreated 

coals, swollen and/or iron im pregnated, the baseline liquefaction 

conversions for the raw coals was necessary for comparison. Both 

THF and hexane coal conversions were determined for all 

liquefaction experiments. As mentioned before, THF soluble material 

is regarded as preasphaltene product and lighter (asphaltene & oil), 

whereas hexane solubles are considered as the oil fraction or the 

distillate yield. The discussion which follows will be generally
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divided into two sections, separated by the severity of the conditions. 

Baseline reactivity data for both low (350°C) and high (400°C) 

severity conditions are shown in Figure 20 for Wyodak coal, and 

Figure 21 for Illinois # 6  coal.

The THF conversions at all process condition combinations for 

Illinois # 6  coal are greater than than those obtained with W yodak 

coal, both at low and high severity conditions. These results were 

expected as various other coal liquefaction investigations have shown 

m ost bitum inous coals to be more reactive than subbituminous coals 

at similar conditions (3). Coal conversions to oil fractions, on the 

other hand, were essentially equivalent for both coals at each 

respective set of conditions, at low and high severity tem peratures.

At low severity, W yodak reactivity seemed to be uneffected by 

the type of solvent, whereas 1 -m ethylnaphthalene gave larger THF 

conversion results than tetralin for Illinois # 6  coal liquefaction.

Some potential reasons for the unexpected better THF conversions 

with the non-hydrogen donating solvent with Illinois # 6  coal were 

the focus of attention in section 2  of the discussion chapters, hence 

the subject will not be addressed here. Run time was certainly a 

critical factor for each coal at low severity, as both THF and hexane 

conversions were almost doubled in all cases for Wyodak 

liquefaction, and significant im provem ents were realized for Illinois 

# 6  coal. The only exception may be the hexane conversion for
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Figure 20. W yodak Baseline Conversions
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Figure 21. Illinois #6 Baseline Conversions
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Illinois # 6  liquefied in 1 -methylnaphthalene, as less than a 3% 

increase (net) was evident.

At high severity, both THF and hexane conversions were 

greater than those obtained at low severity for both coals at each 

respective set of process conditions. These results were expected as 

more thermal energy is available at a higher tem perature for coal 

bond cleavages, and subsequent hydrogenation, providing a lower 

range of m olecular weight products than those obtained at the lower 

temperature. In comparing low to high severity, in general, both coal 

reactivities seemed to be more sensitive with tetralin during 

liquefaction. That is, the fractional increase in both THF and hexane 

conversions were greater for both coals in tetralin than in 1 - 

m ethylnaphthalene, for each respective run tim e, as the tem perature 

was raised from 350°C to 400°C. The sensitivity was slightly more 

evident with W yodak coal than it was with Illinois # 6  coal. For 

liquefied W yodak coal at 10 minutes run times, both the THF and 

hexane conversions were more than tripled in tetralin, although the 

conversions were approxim ately only doubled in 1 - 

m ethylnaphthalene as the tem perature was increased from 350°C to 

400°C. Similarly, for liquefied Illinois # 6  coal at 10 minute run 

tim es, THF and hexane conversions more than doubled and tripled, 

respectively, in tetralin, whereas significantly sm aller fractional 

increases were realized in 1 -m ethylnaphthalene when the reactor 

tem perature was raised from 350°C to 400°C.
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The individual coals seemed to show similar trends at high 

severity conditions, with one exception. W yodak realized better THF 

and hexane coal conversions in tetralin than in 1 -m ethylnaphthalene, 

whereas Illinois # 6  seemed essentially insensitive to the type of 

solvent used. Run time was again critical in both THF and hexane 

conversions, though not as critical as it was at low severity. 

Liquefaction of Illinois # 6  coal at high severity seemed to reach over 

85% (absolute) of its ultimate THF conversion, which was assumed to 

have been about 90% in both solvents. That is, increasing the 

liquefaction run time from 10 to 30 minutes increased the THF 

conversion from 79% to 8 8 % with tetralin, and 77% to 87% in 1- 

m ethylnaphthalene. Hexane conversions, on the other hand, were 

more sensitive to run time than THF conversions in the liquefaction 

of Illinois # 6  at high severity conditions, as fractional increases from 

10 to 30 minutes run times were greater. With W yodak, both the 

THF and hexane conversions were enhanced with run time, although 

nowhere near doubled for each respective set of conditions as they 

were at low severity.

Thus, liquefaction run time seems to be a more critical 

param eter at the lower severity conditions for both coals. Coal 

conversion to THF and hexane solubles seem essentially insensitive 

to the type of solvent for Wyodak at low severity and Illinois # 6  at 

high severity. In raising the liquefaction tem perature from 350°C to
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400°C, both coals seemed to realize better fractional increases in 

conversions in tetralin  than in 1 -m ethylnaphthalene.

One goal of this research was to determine the catalytically 

active im pregnated iron species in cases where the liquefaction 

conversions were enhanced. Thus, a baseline must also be provided 

for the ultim ate species formed from the inherent iron minerals in 

the coals. M ôssbauer spectroscopy was utilized to identify the iron 

species in the THF insoluble material from two selected raw coal 

liquefaction experiments. Two raw coal liquefaction THF residues 

were analyzed with M ôssbauer. Both samples were of Wyodak 

insolubles m aterial liquefied in tetralin, although the first was 

obtained at 350°C and 10 minutes run time, and the second at 400°C 

and a 30 minutes run time. These two residues were chosen because 

they represent the lowest and highest severity conditions. An 

attem pt was made to determ ine the relative amounts of pyrite 

conversion to pyrrhotite as a function of the severity. W yodak was 

chosen due to the relatively greater weight ratio of impregnated to 

inherent iron of the treated coals. Analysis of the insoluble Illinois 

# 6  liquefied coal residues may have elucidated very little about the 

eventual species of the impregnated iron, as the large inherent iron 

content is approximately 2.4% by weight of dry coal.

Figure 22 shows the spectra obtained from these two THF 

insoluble coal liquefaction samples. Although pyrrhotite can 

potentially  have three subspectra, the experim ental data was



NO
RM

AL
IZ

ED
 

TR
A

N
SM

IS
SI

O
N

T - 4 1 1 4 199

1.005

1.000

0 .9 9 5

1.02

1 .01

1.00

0 .99

0 .98

350C, 10 m in u t e s

P y r r h o t i t e (  1) [” 
P y r r h o t i t e ( 2 )

| 1 P y r i te
S id er i t e

 . . . . .

10 - 8 2 06 2 8 1 04 64

400C, 30  m i n u t e s

P y r r h o t i t e ( l )  |" 

P y r r h o t i t e ( S )
| | P yr i t e

S id er i t e

10 - 8 6 2 04 2 64 8 10

VELOCITY ( m m / s e c )

Figure  2 2 . Raw Wyodak L iquefac t ion  THF Inso lub les



T - 4 1 14 2 0 0

adequately fit with only two, as shown by the stick diagrams on the 

figure which identify the em pirically fit peaks for each iron species. 

In com parison with the M ôssbauer spectrum for raw W yodak coal 

(Figure 17), the pyrite peak has relatively diminished, as to be 

expected as it transform ed into pyrrhotite under liquefaction 

conditions. Also, the pyrite peak from the higher severity 

liquefaction run is smaller than that of the low severity experiment. 

As m entioned before, the area calculated for each subspectrum (area 

between the em pirically fit line and the 1 . 0 0 0  transm ission line) is 

relative to the actual weight percent of that iron species. Thus, a 

general and relative indication of the pyrite conversion during 

liquefaction can be established through com parison of the area 

fractions of each respective iron species in the coal residue (THF 

insoluble m aterial). The area percents determ ined from the 

M ôssbauer analysis of the raw W yodak coal and its two liquefaction 

residue spectra in Figure 22 are as follows:

S am ple P v r ite S id erite P v rrh o ti te

Raw W yodak 69 .8 3 0 .2 0

350°C, 10 min. 2 1 . 2 16.8 6 2 .0

400°C, 30 min. 10.5 1 1 . 1 7 8 .4

As expected, more pyrite is transformed into pyrrhotite at the 

more extrem e severity. Since the recoilless fraction of pyrrhotite is
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known to be much smaller than that of pyrite, quantification of the 

difference in conversion is difficult. In fact, the difference in pyrite 

conversion between the two runs is much larger than the area 

intensities indicate. Using the area percent of pyrrhotite obtained for 

the residue obtained at 350°C and 10 minutes as a basis, only a 26% 

area percent increase is evident from raising the temperature 50°C 

and tripling the run time, although this can not be directly correlated 

in terms of weight. The increase in pyrrhotite in the coal liquefaction 

residue from low to high severity conditions seems to be influenced 

by both pyrite and siderite degradation. Concerning only the pyrite 

conversions, roughly 70% transforms at low severity, and 85% at high 

severity. Thus, the substantial pyrite conversion to pyrrhotite was 

established alm ost im m ediately. Therefore, the different conversions 

obtained at these two liquefaction conditions can be assumed to be 

due to the various thermal and time constraints, and not the 

transient state of the iron species, as the ultimate fractions of each 

are relatively sim ilar.

The relative areas obtained here for the raw coal residues will 

be used in later analysis to help determine if and to what, the 

im pregnated iron species (Fe2 0 g) transformed. The analysis here 

will also help in determining the how the added Fe(CO ) 5  external 

catalyst reacted under liquefaction conditions.
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3.6.2 THF Solvent-Induced Swollen Coals

As discussed previously in the section involving the B.E.T. 

n itrogen adsorption m easurem ents of the raw and solvent-induced 

swollen coals, THF contact had no affect on Wyodak and was 

markedly detrim ental to Illinois # 6 . Thus, the term, swollen coals, 

seems inappropriate, although it was the original intent. Figures 23 

and 24 show the coal liquefaction conversions obtained with W yodak 

and Illinois # 6  coals, respectively, after being slurried with THF 

followed by vacuum drying.

At low severity, almost no difference in coal conversions was 

evident in the W yodak liquefaction experiments. The only slight 

variation might be that at long run times, in both solvents, the THF 

treated coal showed lower fractional hexane solubility. W ith tetralin, 

the hexane conversion decreased from 22.6% to 18.7%, whereas in 1- 

m ethylnaphthalene the conversion decreased from 20.2% to 16.5%. 

The THF treatm ent may have affected the coal structure slightly, 

though enough to prevent some of the preasphaltene product from 

diffusing out of the solid matrix into the liquefaction solvent, thus 

inhibiting good hydrogen donor contact and further hydrogenation to 

the oils product fraction.

At high severity, larger differences were observed in the coal 

conversions for Wyodak. Except for the first run in tetralin for 10 

minutes, the THF swollen coals proved to give better THF and hexane 

conversions for the other three runs. The net improvem ents ranged
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Figure 23. THF Swelled Wyodak
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from 1.4% to 6.9%. Thus, overall, the THF treatment generally 

im proved the liquefaction results for W yodak at high severity, 

though low severity results were essentially unchanged.

Low severity Illinois # 6  coal liquefaction realized better hexane 

conversions for all runs, although the THF conversions were 

essentially identical as in the raw coal experiments. This came as a 

m oderate surprize as the surface area as measured by nitrogen 

adsorption decreased by over a magnitude for the THF slurried coal. 

The possibility existed that only the pore entrance collapsed when 

the treated coal was ultim ately evacuated. Upon initial thermal 

degradation during coal liquefaction, the potentially collapsed 

entrance regions were no longer significantly lim iting solvent access 

to the internal coal regions. Thus, coal hydrogenation was seemingly 

not inhibited due to the collapsed pores. The increase in hexane 

solubles of the liquefied treated coal could be due to increased 

surface area of the internal pore structure, or a chemical effect. 

Assuming the THF did not significantly alter the coal chemically, the 

prediction is that the coal surface area actually irreversibly increased 

from the THF contact, yet the entrance of the pores collapsed when 

finally vacuumed. To test this hypothesis, CO2  B.E.T. surface area 

m easurem ents must be evaluated. Because CO2  is soluble in coal, the 

surface areas of the THF treated coals should increase for the raw 

coal surface areas. Since the assumption of no chemical affects
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occurring upon THF contact was not substantiated, this must not be 

ruled out.

High severity liquefaction of THF slurried Illinois # 6  coal was 

not as sensitive to the initial treatment. In general, only long 

reaction times with both solvents seemed to show a slight increase in 

hexane conversion. W ith tetralin, the hexane conversion improved 

from 48.7% to 54.2%, and in 1-methylnaphthalene the conversion 

was enhanced from 46.8% to 51.5%. Thus, overall, the THF treatment 

of Illinois # 6  coal seemed to improve the hexane conversions, though 

the THF conversions were essentially equivalent as the raw coal 

liquefaction runs. The hexane conversion im provem ents were more 

evident at the low severity conditions.

3.6.3 F efC O y  Catalyst Addition

Iron pentacarbonyl has been the subject of investigation as a 

potential catalyst to enhance coal liquefaction conversions of many 

researchers (83,92,93,94,95), although severity conditions in all cases 

were extrem e, with reaction tem peratures ranging from 420°C to 

465°C. Fe(CO ) 5  is soluble in model solvents and therefore has the

potential of creating a highly dispersed iron species under 

liquefaction conditions. The final species that Fe(CO)$ transform s

into is a function of liquefaction conditions, solvent, and initial coal 

com position, as was discussed in the literature survey section.
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In this research, iron pentacarbonyl was added to the 

liquefaction reactor at approximately 2 .8 % by weight of the dry coal. 

Coal liquefaction conversions were not studied as a function of 

catalyst concentration, although the reactivity of the the coal was 

assumed to have reached the full possible potential with the large 

addition of catalyst. Thus, further increases in catalyst concentration 

would not have increased coal conversion to THF and hexane 

so lub les.

W yodak and Illinois # 6  coal conversions obtained with added 

F e (C O ) 5  at both severities are shown in Figures 25 and 26,

respectively. W yodak and Illinois # 6  coal liquefactions revealed 

sim ilar trends in reactivity when Fe(CO)^ was added to the low

tem perature system. At low severity, in all but one case, the 

conversions were slightly, yet consistently lower than those obtained 

without catalyst addition. Only the THF conversion of both coals in 

1-m ethylnaphthalene for 30 m inute run times showed slightly better 

conversions than did the same respective runs with raw coal. The 

final states of iron obtained from both the inherent and added iron 

m inerals were not identified with M ôssbauer spectroscopy for any 

liquefaction runs due to time constraints. Thus, only in the long run 

tim e in 1 -m ethylnaphthalene was the Fe(CO ) 5  transformed into a

species which slightly enhanced the total coal conversion. Although, 

in this same case, with both coals, the hexane conversion was lower 

than the no added catalyst runs, indicating that one or more of these
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Figure 25. Wyodak With Added Fe(CO)5
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Figure 26. Illinois # 6  With Added Fe(CO)5
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same transform ed iron species was detrim ental to the subsequent 

production of oils. In all other cases where the THF and hexane 

conversions were lower than the raw coal runs, the added catalyst 

m ust have either influenced the retrogressive reactions or inhibited 

the hydrogenation pathways to lower m olecular weight products. A 

more specific explanation for the overall slight detrim ental activity 

of Fe(CO ) 5  toward coal conversion can not be given as the products

(residue, solvent, and coal products) were not studied with any 

analy tical techniques.

At high severity, W yodak coal reactivity was greatly enhanced 
with the addition of Fe(CO)$. In tetralin, Wyodak conversions to both

THF and hexane solubles were markedly sensitive to run time. At 

the 1 0  m inute run time, coal conversions with added catalyst were 

essentially the same as the raw coal runs, although at the 30 minutes 

run tim es, great enhancements were realized with added iron. On 

the other hand, at both 10 and 30 minute run times in 1- 

m ethylnaphthalene solvent, W yodak coal conversions were 

significantly enhanced when Fe(CO)^ was added to the liquefaction 

system. Thus, an active transformed iron species from the Fe(CO)^ 

precursor catalyst, which greatly enhanced THF and hexane soluble 

coal conversion, was obtained quickly in 1 -m ethylnaphthalene, 

although in tetralin the active species was evidently created much 

later in time.
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The M ôssbauer spectra of the THF insolubles m aterial obtained 

from the high severity, long reaction time liquefaction runs is located 

in Figure 27 for both model solvents. The iron species in the coal 

liquefaction residue obtained with tetralin solvent were not 

adequately identified due to the complexity of the spectrum, 

although obvious minerals which existed were iron oxide (FegO j.),

pyrrhotite, siderite, and possibly a small quantity of iron carbide 

(FegC ). The spectrum obtained from M dssbauer analysis of the coal

residue from liquefaction in 1-m ethylnaphthalene (1-M N) was 

satisfactorily fit with two subspectra each of F egO ^ and F e 1-xS, and

some rem aining unreacted pyrite and siderite. The area percentages 

obtained from the em pirical fit were as follows:

S o lv en t P y r ite  S id e rite  P y r rh o ti te  Oxide

1-M N 8 . 6  3 .3  2 6 .7  6 1 .4

One obvious ultimate form of the transformed Fe(CO)^ 

precursor was F egO ^, as no oxide iron forms were identified with 

M dssbauer spectroscopy of the raw coal residues. Due to the 

different and unknown recoilless fractions of each species, it was 

initially  difficult to determine if some of the reacted precursor iron 

ultim ately formed pyrrhotite. If the assumption is made that all of 

the iron added as Fe(CO)$ ended up in the THF insoluble fraction, the

weight ratio of added to inherent iron was approximately 8:1. Since
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the area percent ratio of iron oxide to all other minerals was about 

3:2, the assumption has been made that some of the iron 

pentacarbonyl transform ed into pyrrhotite, and the rem aining into 

the iron oxide, magnetite. The catalytically active iron species that 

aided in enhancem ent of the coal conversions were not analytically 

identified, although it was assumed that the transform ed pyrrhotite, 
potentially originating from both inherent pyrite and added Fe(CO)$,

was the major species responsible for the increased coal conversions.

Two other points are worth mentioning concerning the final 

iron states in the analysis of the coal liquefaction residues obtained 

when Fe(C O ) 5  was added to the reactors. First, the unexpected high

fraction of iron oxide can easily be qualified knowing that 

approximately 16.4% of the dry raw Wyodak coal weight is oxygen. 

Thus, the oxygen comprised in the iron oxide species was obtained 

either directly or indirectly from the raw coal structure. Unlike the 

model compound study, one of the ultimate iron states obtained from 

the added Fe(CO)^ precursor in coal liquefaction was most likely not

iron metal. The peak evident at approximately - 6  mm/sec on the 

first spectrum is slightly different that of the calibration (Fe) sample, 

so no iron metal was detected in the coal liquefaction residues from 

either of the two samples analyzed. The relatively low concentration 

of sulfur (0.63% by weight of dry coal) in the raw coal structure 

provides reason why all of Fe(CO ) 5  did not transform into a sulfide

form. The atomic ratio of iron to sulfur was approximately 3:1, so it
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was physically im possible to selectively produce only pyrrhotite with 

all the added iron in the system. Thus, due to the high atomic ratio 

of oxygen to sulfur (40:1) in the raw coal, most of the precursor 

catalyst seems to have ultim ately favored the formation of iron 

oxide, over both the sulfide and metallic forms. Added elemental 

sulfur, or simple inorganic or organic chemicals were necessary to 

potentially provide higher fractions of pyrrhotite in the coal 

liquefaction residue. If sulfur was added to the liquefaction system, 

coal conversions may have been enhanced to a greater extent. This 

is a subject of possible further investigation. Sulfur was never added 

to the system in this investigation because of the possibility of 

producing metallic iron from the precursor catalyst. This possibility 

can still not be ruled out, as the earlier form of iron may have been 

m etallic iron, although with long reaction times, they ultim ately 

reacted to oxide and sulfide forms. M dssbauer analysis of the coal 

liquefaction residues at short reaction times ( 1 - 2  m inutes) must be 

conducted in order to elucidate this possibility. The exact catalytic 

activity, if any, of the oxide form toward coal liquefaction 

enhancem ent is not known.

The coal liquefaction results at high severity for Illinois # 6  

were much different than those for Wyodak. Little difference in coal 

reactivity was evident with the added iron catalyst over the runs 

where no Fe(CO ) 5  was included in the reactor. Some slight variances

may be that, independent of the solvent and with added catalyst.
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hexane conversions were lower at 10 minute run times, and the THF 

conversion with 1 -m ethylnaphthalene for the same condition was 

noticeably lower. The most obvious reactivity decrease in the THF 

soluble material in the low severity case was at 1 0  minutes in 1 - 

m ethylnaphthalene as well. Thus, the detrim ental activity the 

precursor iron catalyst created seemed to be consistent in both 

severity cases, even though the reason for the lower conversions was 

not known.

Overall, the only significant coal conversion enhancements 

were realized with W yodak at high severity for long run times in 

tetralin and both short and long run times in 1 -m ethylnaphthalene. 

The precursor catalyst transform ed into both a sulfide (pyrrhotite) 

and an oxide (FegO j.) in these experiments as identified with

M dssbauer spectroscopy. The sulfide form is assumed to have been 

the active species in coal hydrogenation enhancement. Since the 

main goal of the thesis was to enhance coal liquefaction at low 

severity, certainly no encouraging inform ation was evident with 

either coal with the liquefaction experiments conducted at 350°C. 

F e (C O ) 5  addition in the liquefaction of Illinois # 6  was generally

detrim ental to both the THF and hexane soluble coal conversions at 

both severities, although greater decreases in conversion were 

obtained at low severity.
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3.6.4 T H F/FefC O y Slurry Treated Coals

The purpose of the slurry treatm ent was to try and impregnate 

coal with a highly dispersed iron oxide catalyst which eventually 

transform ed into a hydrogenation active form such as iron metal or 

sulfide. Given the results of the previous section on the final iron 

forms in Fe(CO ) 5  addition during coal liquefaction, iron metal does

not seem to be a possible stable species due to the high oxygen 

concentration of the Wyodak coal. The possibility of iron metal as a 

transient species can not be excluded. Thus, the little sulfur which 

was available from  the inherent coal sulfur hopefully transform ed 

some of the iron oxides into sulfides, and was subsequently active 

toward coal hydrogenation. Figures 28 and 29 show the coal 

conversions obtained with the slurry treated W yodak and Illinois # 6  

coals, respectively.

Low severity liquefaction of the slurry treated W yodak coal 

provided little conversion differences from the results obtained with 

the raw coal experiments. One minor, yet generally consistent result 

was that the hexane conversions were slightly lower for both 

solvents with both run times. The THF conversions were essentially 

unchanged for the treated Wyodak coal in all cases. In the 

liquefaction of Illinois # 6  coal at low severity, both hexane and THF 

conversions were essentially the same as those obtained with raw 

Illinois # 6 . Thus, at low severity, the slurry treated coal did not 

show any general improvem ent in coal reactivity, and may have
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Figure 28. THF/Fe(CO)5 Slurry Treated W yodak
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been slightly detrim ental in hexane conversions for W yodak coal 

liquefaction runs. It was possible that the iron oxide form never 

transform ed to an active hydrogenation species, although M dssbauer 

was not conducted to substantiate this assumption. It was also 

possible that even if some of the added iron oxide species did 

transform , the reaction temperature was too low to make them 

active toward coal hydrogenation. In the model reaction study with 

cyclohexene, which was discussed in an earlier section, it was shown 

that the initial hem atite on the GR-1 catalyst substantially converted 

to other iron forms (iron metal and sulfide) under tem peratures of 

both 350° and 400°C.

High severity liquefaction of the slurry treated W yodak coal 

provided enhanced reactivity for both the THF and hexane 

conversions in all cases. Liquefaction in 1-m ethylnaphthalene 

seemed to provide better fractional enhancements over tetralin. THF

and hexane conversion were increased by 14% to 19% in tetralin, 

w hereas in 1 -m ethylnaphthalene the enhancem ents ranged from 

20% to 53% over the raw coal conversions. Again, M ôssbauer was not 

utilized here to provide any insight to the active iron species,

although it was assumed at high severity, some iron oxide 

transform ed into a sulfide (through reaction with liberated H ^ S ,

originating from sulfur in the raw coal) which was active toward coal 

hydrogenation. High severity liquefaction of Illinois # 6  coal did not

provide the same encouraging reactivity enhancem ents as the
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W yodak coal. In fact, only the THF conversions at the 10 minute 

reaction time in both solvents revealed minor enhancem ents in coal 

reactivity. All other conversions were essentially identical to those 

obtained with untreated Illinois # 6  coal liquefaction.

Overall, no positive results were obtained with the slurry 

treated coals which were liquefied at low severity conditions. 

Although some reactivity enhancem ent was realized with W yodak at 

high severity, the fractional increases in conversion were generally 
not as good as the results obtained with direct Fe(CO)^ ad d itio n .

Thus, the time consuming slurry pretreatm ent process proved to be 

slightly detrim ental as com pared to the direct iron catalyst addition 

experim ents at high severity with raw W yodak coal. Essentially no 

difference in conversions were evident with the treated Illinois # 6  

coal at both severities when compared with the raw coal reactivity 

re su lts .

3.6.5 F e lC O y  Vapor Deposited Coals in a CO? Atmosphere

The coal treatment which is to be discussed was conducted in 

three steps. Both coals, directly out of their ampules, were 

independently introduced to a selective gaseous environm ent of pure 

C O 2  for approximately 50 hours. CO2  was slowly and continually

flushed at atm ospheric conditions throughout the 50 hours, whereby 

F e (C O ) 5  vapors were then introduced into the system. The

potentially swollen coals physically adsorbed the vapors slowly for
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the next 24 hours. The swollen coals were assumed to have allowed 

more vapors inside the pore structure, creating a more deeply 

im pregnated and highly dispersed iron species. Upon completion of 

the swelling and vapor deposition phases, the coals were finally 

exposed to the oxygen in the air for a few minutes, where the 

adsorbed Fe(C O ) 5  transformed into the iron oxide hematite (Fe2 0 g).

The initial goal of the liquefaction stage was to enhance the coal 

reactivity by transforming the iron oxide sites into iron metal and 

iron sulfide species. Due to the high oxygen content of the coals 

(11.4% Illinois # 6 , 16.4% Wyodak), iron metal was most likely never 

a stable species under liquefaction conditions. M ôssbauer 

spectroscopy analysis was conducted on only one sample of the 

W yodak coal residues to identify the iron states which existed after 

liquefaction and will be discussed later in detail.

Figures 30 and 31 show the coal liquefaction conversions

obtained from the Fe(CO)^ vapor deposited and exposed W yodak and

Illinois # 6  coals, respectively. Low severity liquefaction of the iron 

im pregnated W yodak coal produced the most prom ising results of all 

the coal treatments. Both the THF and hexane conversions were 

enhanced in all cases. The largest fractional increases over the raw 

coal conversion were evident at the short reaction times, especially 

in the tetralin solvent where 59% and 63% enhancements were 

realized for the THF and hexane conversions, respectively. Thus, the

creation of an active iron species derived from the added precursor
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Figure 30. Fe(CO)5 Vapor Deposited & Exposed Wyodak
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iron oxide catalyst was assumed to have been rapid, as the greatest 

enhancem ents were evident at short reaction times. Enhancem ents 

ranging from 19% to 38% were evident for all other cases of low 

severity liquefaction of W yodak.

The final states of iron in each case were not measured with 

M dssbauer spectroscopy, so again only a prediction can be 

constructed from  the collected liquefaction conversion inform ation. 

Due to the great enhancements obtained at short reaction times, and 

the low sulfur availability from the raw W yodak coal, iron metal was 

assumed to have been present for a short, yet sufficient amount of 

time in the initial stages of the catalyst transformation and coal 

dissolution. As shown in the cyclohexene model compound study, in 

the absence of sulfur and oxygen, iron metal is easily formed from 

hem atite at 350°C and a similar hydrogen pressure (1000 psig @ 

25°C). Once the oxygen and sulfur began to liberate from the coal 

structure, the transform ed iron metal was then converted back into 

an oxide or sulfide form. Extensive M dssbauer analysis of the coal 

residues obtained at various run times (0.5-5.0 minutes) would be 

needed to substantiate or disprove this hypothesis.

Low severity liquefaction of Illinois # 6  provided less 

encouraging results than those obtained with W yodak. With one 

possible exception, both the THE and hexane conversions were 

essentially the same as the conversions with raw Illinois # 6  coal. At 

the long run times with both solvents, the THE conversions slightly
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increased over the raw levels. Due to the large inherent content of 

sulfur in the Illinois # 6  coal, it is proposed that the impregnated 

hem atite slowly converted into pyrrhotite, which aided in the initial 

dissolution of the coal structure between the 10 and 30 minute 

interval of reaction time. High severity liquefaction of Illinois # 6  

was again not much different from the conversions obtained with the 

raw coal. The only slight difference was evident with the THF 

conversion at the short reaction time in 1 -m ethylnaphthalene 

solvent, where the treated coal was found to have a greater 

reactivity (77% raw, 84% treated).

High severity liquefaction of the treated W yodak coal provided 

some enhancem ent over the raw levels, though the fractional 

increases were generally not as great as those obtained at low 

severity. 9% to 17% fractional increases in the THF and hexane 

conversions were realized in the tetralin solvent, whereas 28% to 

54% increases over the raw conversion levels were evident in the 1- 

m ethylnaphthalene solvent. The larger increases in the non

hydrogen donating solvent as compared to the enhancem ents 

realized in the hydrogen donating solvent was due to the 

com parative modes of hydrogen addition. Direct coal hydrogen 

addition via an active hydrogenation iron species was most likely an 

active kinetic pathway in both solvents. This mechanism of 

hydrogen addition had to com pete with hydrogen donation via the 

tetralin solvent in a two cases, so the fractional increase over the raw
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level was smaller, although the ultim ate conversions were still 

greater, than those obtained in 1 -methylnaphthalene. That is, in 

tetralin, two prom inent modes of hydrogen addition were occurring 

in the liquefaction of the iron treated Wyodak coal, so the added 

pathway induced through the added and converted iron species was 

not as influential as in the cases with the 1 -m ethylnaphthalene 

so lv en t.

M ôssbauer spectroscopy was utilized to identify the iron 

species in the THF insoluble fraction from the high severity 

experim ent with W yodak in tetralin at the 30 minute run time.

Figure 32 shows the spectra obtained with this coal residue sample. 

The area percents obtained from the em pirically fit subspectra were 

as follows for both the treated coal sample before liquefaction and 

the coal residue:

S am p le  P y r ite  S id e rite  P y r rh o ti te  H em a tite

Treated Coal 3 7 .0  17 .2  0 4 5 .8

Coal Residue 11 .7  7 .9  7 1 .4  9 .0

The difference in the iron loadings between the Fe(CO)^ vapor 

deposited coal and the untreated Wyodak coal (0.83%, 0.35% by 

weight of dry coal, respectively) was better than doubled, even 

though the area percent, determ ined from M ôssbauer analysis, of the 

hem atite was slightly less than half for the treated coal. The
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discrepancy was most likely due to the different, but unknown 

recoilless fractions of the various iron states. The large decrease in 

the hem atite area percent for the coal residue sample, despite the 

differences in recoilless fractions, can be attributed to the fact that 

some of the hem atite converted to pyrrhotite under liquefaction 

conditions. Again, no iron metal was detected in the THF insoluble 

sample, possibly due to the long reaction time, and the small and 

large concentrations of sulfur and oxygen, respectively, in the treated 

coal. The transformed iron pyrrhotite was assumed to have been the 

stable active species which enhanced the coal liquefaction 

conversions at both low and high severity liquefaction of W yodak.

Overall, low severity W yodak liquefaction in both solvents 

im proved the coal reactivity, as the liquefaction conversions were 

greater than those obtained for the raw coal. The CO2  swollen, 

F e (C O ) 5  vapor deposited Wyodak coal was the only treated coal 

which showed any significant enhancem ent at low severity 

conditions. It was assumed that the active iron species were formed 

rapidly (<5 minutes), and iron metal may have existed as a transient 

state before returning to an oxide state or reacting with free sulfur to 

create an iron sulfide. High severity liquefaction of W yodak also 

provided enhanced conversions, yet the fractional increases were not 

as great as those obtained at low severity. Since substantial coal 

reactiv ity  enhancem ents were realized in both liquefaction solvents, 

it is predicted that direct hydrogen transfer (gas phase to coal) via
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the active iron sites occurred at both severities, though it was more 

prom inent at the higher temperature. The treated Illinois # 6  coal 

proved essentially unchanged conversions from the raw coal levels.

3.6.6 F efC O y Vapor Deposited. CCLf Slurried Coals

The initial step of pretreating the coals in this process was 

identical to the previously described coals. That is, the coals were 
exposed to CO2  for 50 hours, although the subsequent step involved 

slurrying in CCI4 . The hope was that the adsorbed Fe(CO)$ species

would react with the chloride to form an impregnated and 

m oderately dispersed iron chloride, FeCl2 . The cyclohexene model

com pound study incorporated the same iron loading procedure with 

graphite as the support rather than coal, and M ôssbauer confirmed 

the existence of an iron chloride state on the prepared catalyst. 

M ôssbauer was not used here to identify the final state(s) of iron on 

the treated coal, although it was assumed that iron chloride was the 

ultim ate form of all the added iron catalyst. M ôssbauer was also not 

utilized to identify the iron states in any of the residual coal samples 

retained from  the liquefaction runs.

The slurries of CCI4  and coal were thoroughly dried under a

final vacuum (<20 millitorrs) step for at least 24 hours, although it 

was not analytically confirmed if all the unreacted CCI4  was

removed. Thus, it would not be adequate to assume all of the effects 

noticed in the coal conversions were due solely to the added catalyst.
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as some CCI4  may have remained on the coal structure even after 

vacuum drying. Even a small quantity of chlorine can create 

substantial effects during liquefaction by combining with hydrogen 

to produce hydrochloric acid, which can act as a strong hydrocracking 

catalyst. Therefore, only a general description of the coal 

liquefaction conversions obtained with the treated coals will be 

provided, w ithout indicating the possible reasons as to why an 

enhancem ent or detrim ent in reactivity occurred. Figures 33 and 34 

show the THF and hexane conversions determined for the treated 

W yodak and Illinois # 6  coals, respectively.

Low severity liquefaction of treated W yodak coal provided two 

small, yet consistent results. In all cases, the THF conversions were 

slightly larger, and the hexane conversions were just smaller. Thus, 

the treatm ent possibly improved the initial coal dissolution, yet 

slightly inhibited the continuation toward oil products. High severity 

W yodak liquefaction provided m oderate enhancem ents in the 

m ajority of the coal conversions. In all but one hexane conversion 

(3% increase), the fractional enhancements ranged from 19% to 33%. 

Thus, m oderate im provem ents at high severity were generally 

realized for the treated W yodak coal, independent of run time or 

so lv en t.

Low severity Illinois # 6  liquefaction of the treated coal proved 

to be generally detrim ental to the ultim ate conversions. Although 

both the THF and hexane conversions slightly increased over the
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baseline levels in tetralin solvent, the THF conversions obtained in 1- 

m ethylnaphthalene were significantly reduced for the treated coal. 

The THF conversions in 1 -methylnaphthalene decreased from 54% to 

34%, and 71% to 45% for the 10 and 30 minute run times, 

respectively. High severity coal liquefaction revealed the sim ilar 

trends that were discovered at low severity. In 1- 

m ethylnaphthalene, the THF conversions were significantly reduced 

from 77% to 41% and 87% to 62% for 10 and 30 minute run times, 

respectively. The reasons are not known for why this happened, 

although it can be said that the treated coal was markedly sensitive 

to the use of a hydrogen donating solvent. Thus, liquefaction with a 

potential hydrocracking species requires a hydrogen-donating 

solvent for best conversion results. At high severity, the THF 

conversions for the treated Illinois # 6  liquefaction in tetralin were 

also reduced. The effect was not as great as was found with 1- 

m ethylnaphthalene, yet a decrease was still evident.

Overall, low and high severity coal liquefaction of the treated 

Illinois # 6  revealed markedly reduced THF conversions in 1- 

m ethylnaphthalene. Hexane conversions were only slightly 

decreased for these same runs. Liquefied in tetralin solvent, most all 

Illinois # 6  coal conversions were essentially unchanged, except for 

the THF conversions for the high severity runs, which were slightly 

reduced. Thus, it was significantly im portant to use a hydrogen 

donating solvent with potentially added hydrocracking species. High
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severity liquefaction of the treated W yodak coal generally and 

m oderately improved both the THF and hexane coal conversions, 

whereas low severity liquefaction produced essentially  the same 

reactivities as the raw coal samples.
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C o n c l u s i o n s

The major objective of this research was to evaluate the effects

of various iron pentacarbonyl im pregnation treatm ents on the

reactivities of both subbituminous W yodak and high volatile 

bituminous Illinois # 6  coals. A simplified model compound reaction 

study utilizing cyclohexene was first investigated in order to 

elucidate the technical feasibility of the proposed activity and 

transform ation of the added precursor catalytic sites. The 

conclusions which were collected from this research are as follows:

M odel Compound Reaction Study:

1. The following characteristics were determined for the initial GR-1 

ca ta ly s t: - 3.8% iron loading by weight

- hematite, Fe2 0 g, was the only species identified with

M ôssbauer spectroscopy

- all oxide sites were amorphous in structure

- the majority of the detectable Fe^G ^ catalytic sites were

approximately 2 0 0  Â in diameter, although a wide

range existed up to a size of about 2  microns

2. The following characteristics were determined for the initial GR-2 

ca ta ly s t: - 6 .8 % ion loading by weight
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- hydrated iron chloride, FeCl2  H 2 O, was the only species 

detected with M ôssbauer spectroscopy

3. The cyclohexene hydrogenation conversion to cyclohexane was 

almost doubled at 350°C, as compared to the reaction with added raw 

graphite, with the addition of only GR-1 catalyst. The hydrogenation 

conversions were slightly increased at 400°C with both GR-1, and GR- 

1 plus (CH g)2 S additions. The cracking/isom erization products were

increased with the addition of GR-2 catalyst. The regression kinetic 

pathw ay, which produced predom inantly bicyclohexyl, was markedly 

enhanced in all cases with added catalysts.

4. The hem atite precursor catalyst sites easily and selectively 

transformed into metallic iron at both 350°C and 400°C (-70%  & -82%  

conversions, respectively) during the cyclohexene hydrogenation 

reactions. W ith the addition of both GR-1 and a minute quantity 

(C H g ) 2 S, the hem atite converted into iron metal and pyrrhotite at

both 350°C (-19% , -64% , respectively) and 400°C ( - 6 %, 89%, 

re sp e c tiv e ly .

5. Cyclohexene was proposed to have preferentially adsorbed (over 

hydrogen) on the active iron catalytic sites during the hydrogenation 

reac tio n .
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Coal L iquefaction Investigation

6 . 1 -M ethylnaphthalene was found be a much better physical

solvent than was tetralin for both Wyodak and Illinois # 6  coals.

7. 1-M ethylnaphthalene, a hydrogen-shuttling model liquefaction 

solvent was found to be unreactive during liquefaction. Tetralin, a 

hydrogen-donating solvent, selectively dehydrogenated to 

naphthalene, although conversions were determ ined to be below 30% 

for even the most severe conditions.

8 . The pore entrances were proposed to have collapsed upon THF 

rem oval from Illinois # 6  coal during the attempted swelling 

procedure. CO2  swollen Wyodak coal increased its nitrogen B E T.

surface area by an average of 35%.

9. The characteristics of some of the raw and treated coals are as 

follow s:

Coal Iron Loading 

.35%

1.0%

.83%

2.4%

States of Iron

Raw W yodak 

W yodak (1) 

W yodak (2) 

Raw Illinois # 6

Pyrite (P), Siderite(S) 

P,S, & Hematite 

P,S, & Hematite 

P y r ite
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Illinois # 6  (1) 

Illinois # 6  (2)

2.7%

3.1%

Pyrite & Hematite 

Pyrite & Hematite

(1) - THF/Fe(CO ) 5  slurried, then exposed coals

(2) - Fe(CO ) 5  vapor deposited in CO2 , then exposed to air

10. A large portion of the pyrite (—70%) in the raw Wyodak coal

converted to pyrrhotite during liquefaction at 350°C for 10 minutes.

Only a slightly greater fraction transformed (85%) under liquefaction 

conditions of 400°C and 30 minutes. Thus, the majority of the pyrite 

conversion to pyrrhotite is accomplished rapidly, followed by a much 

slow er, yet continual transform ation.

11. The only significant coal conversion enhancements at low 

severity to both THF and hexane solubles were obtained with the 

F e (C O ) 5  vapor deposited, then exposed treated W yodak. The added

hydrogenation of the coal was proposed to have been direct, that is, 

from gas phase to the coal structure, via the active transformed iron 

species.

12. THF swollen coals showed very little reactivity difference from 

the raw coals. The only exception was the hexane conversions at low 

severity for Illinois # 6 , which improved from 31% to 103% over the 

raw coal conversion levels.
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13. With Fe(CO ) 5  catalyst added directly to the liquefaction system, 

W yodak coal conversions were slightly decreased at low severity, 

although at high severity the conversions were greatly enhanced. 

The final form of the added iron catalyst was determined to have 

been a combination of magnetite (FegO j.) and pyrrhotite ( F e ^ S )  at

the high severity experim ents.

14. M oderate reactivity enhancem ents were realized with the 
T H F /F e(C O ) 5  slurry treated and Fe(CO ) 5  vapor deposited Wyodak

coals at high severity conditions. The added impregnated hem atite 

was proposed as converting into metallic iron for a short length of 

time, and then some to the sulfide form, pyrrhotite.

15. The Illinois # 6  treated coals provided no significant reactivity 

enhancem ents over the raw coal levels. In fact many decreases in 

conversion were determ ined at the low severity conditions.
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R ec o m m e n d a t io n s

The work which was completed for this thesis induced few 

and/or more in-depth questions and ideas, which should be 

considered as recom m endations for further study.

1. Conduct another model compound reaction study with the same 

catalysts, although use a more complicated and coal structure 

representative chemical such as dibenzyl or dibezylether. Thus, the 

activities realized with the GR-1 and GR-2 catalysts will potentially 

be more directly predictive of the coal liquefaction reactivities.

2. M ôssbauer should be more intensively used at numerous stages of 

the model hydrogenation reaction to predict the kinetics of precursor 

iron site transform ations into various states. Thus, various reaction 

rate param eters can be calculated for the hydrogenation reaction 

itse lf.

3. GR-1 should be prepared with two different final steps. First, the 

last step should include exposure to air to guarantee an amorphous 

species. Secondly, flow a nitrogen stream with ppm of oxygen at a 

slow rate to try and create a more crystalline species. The finished 

catalyst can also be annealed at moderate tem peratures to try and 

create a crystalline iron oxide species. Thus, hydrogenation
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conversions can be monitored as to the effect of the structure state of 

the initial iron catalyst sites.

4. Disregard any more liquefaction studies with Illinois # 6 , except 

possibly the THF swollen treated coal. First, conduct CO2  B E T.

surface area m easurements on the raw and potentially swollen coals 

to help elucidate what is occuring during the THF solvent contact and 

vacuum  rem oval stages.

5. Continue a few more liquefaction studies with the iron 

pentacarbonyl im pregnated W yodak coal. Try to im pregnated the 

iron pentacarbonyl into the coal structure under an atm osphere of 

supercritical CO 2 , an initial idea for this project which was never

com pleted. Add trace quantities of sulfur to the liquefaction system 

to selectively enhance the transform ation of the added hem atite 

precursor catalyst to pyrrhotite.
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Table  A-1 
H ydrogen C hem isorp tion  D ata:

Sample Identification: Fresh GR-1
Date: 9-M ay-91

Outgas Temp.: 400°C
Outgas Time: 24 hours

Vd : 28.88 ml œ : 0.0e+0 (mm Hg)

W1 : 22.50 grams HI : 551.3 mm Hg
W2 : 21.48 grams H2 : 289.10 mm Hg
Ws: 1.02 grams Ts : 273 K

Ti = (307.2+Ts)/2 = 290.1 K
A = (.001169(Vd))/Ws = .0332
C = (.3593 Vs œ)/(Ws Ts) = 0.00E+0
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 19.84 ml
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] = .0301

Calcuclations:
I PI P2 Pe I P1 - P2 P2 - Pe I P2A2 - PeA2

69.85 36.23 .00 33.62 36.23 1312.6
150.91 95.71 36.23 55.20 59.48 7847.8
264.48 183.17 95.71 81.31 87.46 24390.8
390.51 290.83 183.17 99.68 107.66 51030.8

Va/Ws
0.02475  
0.04080  
0.06475  
0.06611

0.02475
0.06555
0.13030
0.19641

Least Squares Linear Regression Information: 

Intercept: .00143 ml

y = mx + b
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T a b le  A-2
C y c lo h e x e n e  H ydrogena tion  T h e rm o d y n am ics :

Properties:

AG°,298 : 
AH°,298 :

Cyclohexene
106900

-5360

Cyclohexene
31780

-123200

Cp = A + B*T + C*TA2 + D*TA3
-6.865E+1

7.252E-1
-5.414E-4

1.644E-7

Thermo for Reaction @ 298K: 
AG°,rxn,298 : -75120
AH°,rxn,298 : -1 17840

K,eq,298 : 1.47E+13

-5.454E+1 
6.113E-1 

-2.523E-4 
1.321 E-8

Hŷ rpflen
o
0

Units of Joules/mol

2.714E+1 
9.274E-3 

-1.381E-5 
7.645E-9 

Units of Joules/morK with T=[K]

Assuming AHrxn is Constant:
Temoerature K.ea

573 1796.5
623 246.7
673 45.5
723 10.6

When AHrxn is not considered Constant:
AA : -1.303e+1
AB : -1 .232e-1
AC : 3.029e-4
AD : -1 .588e-7

AH° = AHo + AA*T + AB*TA2/2 + AC*TA3/3 + AD*TA4/4 :
Since @ 298K: AH°,rxn,298 : -11 7840

AHo: -1 10847

ln(K) = -AHo/RT + (AA/R)*ln(T) +(AB/2R)‘T + (AC/6R)*TA2 + (AD/12R)*TA3 + I : 
Since <§> 298K: AHo : -1 10847

K,eq,298 : 1.47E+13 R: 8.314
I : -3.7796

Temoerature K.eq
573 1080.0
623 133.4
673 22.3
723 4.8
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Table  A-3
Atomic A bsorp tion  R esu l ts  for R aw  C a ta ly s ts

Standards:
grams stock diluted into 

Iron soln. ? litres*
concentration

mg/l
absorption

reading
Blank 0 0 0 0.003

1 2.0891 2.00 1.047 0.026
2 3.788 2.00 1.898 0.046
3 7.1605 2.00 3.587 0.083
4 10.1417 2.00 5.081 0.115

* 8 mis concentrated HCI added with the remaining -1992 mis distilled H20

Regression Equation: mo/ml = -0.14751 + 45.189*fabsorption reading)

Sample ma _Y_ absorption m g/m l
GR-1 93.5 3.15 .029 1.1630 3.95
GR-1 104.6 3.15 .030 1.2082 3.67
GR-2 94.4 3.15 .047 1.9764 6.65
GR-2 103.0 3.15 .053 2.2475 6.93

Raw Graphite 105.0 100 .005 .0784 .01

Average Iron Loadings:

GR-1 3.81
GR-2 6.79

GOYB^
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Table A-4
Cyclohexene Hydrogenation Summary, 350°C

T em peratu re : 350*0 Time: 30 m inutes

mol ont mol ont mol ont mol ont
Run f C a ta lv a t T ria l Cvelohexene Cyelohexane Cracking

11

J L n X.Hydrc X.Crack X.Ragi
G 17a Raw Graphite 1 0.604-6 I.Oe+6 O.Oo+O 3.7o+4

2 l.le+ 7 I.Oe+6 O.Oo+O 3.50+4
3 O.Be+e 8.30+5 O.Oo+O 4.10+4 .993 .086 8 .6 0 .0 .7

G-17b Raw Graphite 1 1.0e4-7 1.3e+6 O.Oo+O I.So+5
2 8.904-6 1.3e+6 O.Oo+O l.le+ 5
3 6 .604-6 8.60+5 O.Oo+O 4.10+4 .981 .117 11.7 0 .0 1.9

G 18a GR-1 1 2.004-7 4.9e+6 O.Oo+O 9.2o+5
2 2.004-7 5.50+6 O.Oo+O 9.4e+5
3 2.2e+7 6.3e+6 O.Oo+O 9.3e+5 .933 .200 20 .0 0.0 6.7

G-18b GR-1 1 2.30+7 5.5e+6 O.Oo+O 1.30+6
2 2.0O+7 4.8e+6 O.Oo+O 1.3o+6
3 1.8o+7 4.9o+6 O.Oo+O 1.30+6 .908 .181 18.1 0 .0 9.2

G -18a GR-1 with 1 1.7o+7 2.90+6 O.Oo+O 1.3e+6
(CH3)2S 2 2.0e+7 3.1e+6 O.Oo+O 1.5o+6

3 1.60+7 2.7e+6 O.Oo+O t.3o+6 .881 .126 12.6 0 .0 11.9
Q-19b GR-1 with 1 2.0e+7 2 .6e +6 O.Oo+O 1.20+6

(CH3)2S 2 2.0O+7 2 .0e +6 O.Oo+O l . l e +6
3 2.10+7 2.4e+6 O.Oo+O 1.3e+6 .902 .095 8.5 0 .0 9.8

G-20a Shell 324 1 3.5o+6 2 .6e +6 6.3e+5 9.8e+5
sulfided 2 5.20+6 2 5e+6 1 1o+6 9.7e+5

3 5.2e+6 3.3e+6 1 Oo+6 I . I 0+6 .717 .272 27.2 8.7 19.6
G 20b Shell 324 1 4.90+6 4.50+6 I.So+6 1.7o+6

sullided 2 5.2o+6 3.8e+6 1.30+6 l . l e +6
3 5.0O+6 4.4e+6 1.20+6 1.2o+6 .700 .319 31.9 10.0 2 0 .0

G -21a GR-2 1 l.le+ 7 3.20+5 7.30+5 5.6e+5
2 1.2e+7 8.90+5 1.7e+5 4.8e+5
3 1.20+7 3.20+5 8.30+5 5.70-2 .904 .037 3.7 4.4 5.1

G-21b GR-2 1 1 2o+7 3.30+5 7.6e+5 7.0e+5
2 9.10+6 2.9e+5 9.40+5 5 8e+5
3 1 2e+7 3.6e+5 l . l e +6 6.2e+5 .838 .024 2.4 6.9 9 4

G 22a No Catalyst 1 l .le+ 7 1.90+6 O.Oo+O 1.7e+5
2 1 2e+7 1.6e +6 O.Oo+O 1.30+5 .978 .136 13.6 0 .0 2 .2

G 22b No Catalyst 1 I.Oe+7 1.3e+6 O.Oe+O 2.20+5
2 1.2e+7 1.20+6 O.Oo+O 1.90+5
3 1.3e+7 1 2 e+6 O.Oo+O 2.0O+5 .969 .092 9.2 0 .0 3.1

G-23 Raw Graphite 1 1 Oo+7 9.30+5 O.Oo+O 7.40+4
2 1.20+7 1.2 e +6 O.Oe+O 2.5e+5
3 9.60+6 1.1 e +6 O.Oo+O 1.6o+5 .974 .088 8.8 0 .0 2 .6

G 24a GR-1 1 l.le+ 7 2 .60+6 O.Oe+O 6.3e+5
2 1.10+7 2.7o+6 O.Oe+O 6 Oe+5 .916 .183 16.3 0.0 8.4

G 24b GR-1 1 1.10+7 2.40+6 O.Oo+O 6.0e+5
2 I.Oe+7 2.3o+6 O.Oe+O 5.90+5 .915 .167 16.7 0.0 8.5

GR-25 GR-1 with 1 9.90+6 1 5e+6 7.7e+4 3.4o+5
(CH3)2S 2 1.2o+7 2.0e+6 1.20+5 8.7e+5

3 1.1o+7 1.80+6 7.50+4 8.60+5 .899 .126 12.6 0.6 9.4
G-26 GR-2 1 9.5e+6 5.4e+5 1 2e+6 6.1e+5

2 1.3o+7 6.70+5 1.4e+6 8.10+5 .814 .041 4.1 9.0 9.6
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Table A-5 
Cyclohexene Hydrogenation Summary, 400°C

T em peratu re : 4OO-C Tim e: 60 m inu tes

mol ont mol ont mol ont mol ont
Run » C a ta ly s t T ria l C vB lo lnm n t Cyelohexane Cracking R tgrtw . R m i J L J X . X.Hydro X.Crack
Q-2a graphite 1 2.3a+7 6.4e+6 O.Oe+O O.Oe+O

2 2.2e+7 5.7o+6 O.Oe+O 2.0e+6
3 2.0O+7 5.8e+6 O.Oo+O 4.8e+6 .866 .186 18.8 0.0

G-2b graphite 1 1.70+7 6.10+6 O.Oe+O 3.40+6
2 2.30*7 8.8e+6 O.Oe+O 3.2o+6
3 2.40+7 I.Oe+7 O.Oo+O 2.80+6 .823 .230 23.0 0.0

G-3a 1 2.30+7 9.00+6 O.Oe+O 2.90+6
2 2.40+7 7.3e+6 O.Oe+O 2.9e+6
3 2.60+7 8.6e+6 O.Oe+O 2.5e+6 .856 .217 21.7 0.0

G 3b 1 2.20+7 6.10+6 O.Oe+O O.Oe+O
2 2.20+7 5.1 e+6 O.Oe+O 3.30+6
3 2.10+7 6.8e+6 O.Oe+O 2.60+6 .878 .191 19.1 0.0

G-4a 1 2.20+7 7.10+6 O.Oe+O 3.9o+6
2 2.60+7 9.80+6 O.Oo+O 3.60+6
3 2.60+7 8 6e+6 O.Oe+O 3.5o+6 .817 .211 21.1 0.0

G-4 b none 1 2.2e+7 6.10+6 O.Oe+O 2.5e+6
2 2.0O+7 6.10+6 O.Oe+O 2.80+6
3 2.0e+7 5.1 e+6 O.Oe+O 2.6e+6 .832 .183 18.3 0.0

G Sa graphite 1 1.8e+7 6.3e+6 O.Oe+O 2.9e+6
2 1.80+7 6.90+6 O.Oe+O 2.80+6
3 1.8e+7 6.2e+6 O.Oe+O 3.10+6 .809 .211 21.1 0.0

G-Sb graphite 1 1.80+7 5 4e+6 O.Oe+O 2.70+6
2 2.00+7 4.9e+6 O.Oe+O 3.0e+6
3 1.7o+7 4.60+6 O.Oe+O 3.0O+6 .800 .171 17.1 0.0

G 6a Fe2G3 graphite 1 I.Se+7 7.6e+6 O.Oe+O 3.9e+6
2 1.70+7 8.90+6 O.Oe+O 5.80+6
3 1 6o+7 9.5e+6 O.Oe+O 4.9o+6 .718 .254 25.4 0.0

G-6b Fe2G3 graphite 1 1 8o+7 7.6o+6 O.Oe+O 6 .80+6
2 1.50+7 9.0O+6 O.Oo+O 7.60+6
3 1 7o+7 8 5e+6 O.Oe+O 4 .60+6 .666 .223 22.3 0.0

G-7a Fe2G3 graphite 1 1.80+7 8.3o+6 O.Oe+O 5.8o+6
2 2 Oe+7 8.10+6 O.Oe+O 5.7o+6
3 1.7o+7 9.0e+6 O.Oe+O 5.5o+6 .702 .223 22.3 0.0

G-7b Fe2G3 graphite 1 2.2o+7 7.9e+6 O.Oe+O 6.3o+6
2 1.60+7 9.5e+6 O.Oe+O 5.80+6
3 1.60+7 l.le+ 7 O.Oo+O 6.20+6
4 1.8e+7 B.Oe+6 O.Oo+O 6.0O+6 .691 .233 23.3 0.0

G-8a Fe203 graphite 1 2.Oe+7 7.5o+6 I.Se+6 S.IO+6
with (CH3)2S 2 1.80+7 9.90+6 1 5e+6 6.20+6

3 1.7o+7 I.Oe+7 1.7o+6 7.2e+6 .665 .220 22.0 3.7
G-8b Fe203 graphite 1 1.7o+7 8.0e+6 1 8o+6 7.50+6

with (CH3)2S 2 1.60+7 l.to+ 7 O.Oe+O 6 .80+6
3 1.70+7 8.8e+6 2.0e+6 7.0e+6 .625 .222 22.2 3.0

G 9a Fe2G3 graphite 1 2.40+7 1.2o+7 2.0e+6 8.7o+6
with (CH3)2S 2 2.9e+7 1.20+7 2.30+6 8.3e+6

3 2.8e+7 1.3o+7 1.20+6 6 .80+6 .690 .214 21.4 3.2
G-9b Fe203 graphite 1 2.40+7 1.50+7 2.10+6 8 60+6

with (CH3)2S 2 2.3o+7 1.40+7 1.70+6 7.80+6
3 2.3e+7 1.20+7 3.2o+6 9.3e+6 .658 .244 24.4 4.1

G-10a Shell 324. 1 1.60+7 1.9e+7 6.7e+6 6 2e+6
su llided 2 1.10+7 1.90+7 7.3e+6 5 .60+6

3 I.So+7 1.9o+7 7.10+6 6.3o+6 .631 .368 36.8 13.6
G-10b Shell 324. 1 9.9e+6 2.3e+7 7.3o+6 4 .60+6

sulfided 2 I.Oe+7 2.60+7 6.50+6 6.8e+6
3 8.7e*6 2.30+7 6.20+6 6.3e+6 .644 .458 45.6 12.9

G - l la Shell 324, 1 1.3o+7 2.0O+7 6.70+6 7.10+6
sulfided 2 1.60+7 2.3o+7 6.3o+6 5.9o+6

3 1 5o+7 2.3e+7 7.7e+6 6.7e+6 .644 .386 38.6 12.2
G-11b Shell 324, 1 l.le+ 7 2 1 e+7 7.0O+6 6.40+6

sulfided 2 l.le+ 7 1.9o+7 6.8e+6 6.20+6
3 1 2e+7 1.9e+7 6.6e+6 5.80+6 .621 .394 39.4 13.5

G-13a FeC!3 graphite 1 4.10+6 7.5e+5 4 Oe+5 6.3e+5
2 4.40+6 7.7e+5 4.50+5 4.60+5
3 4.10+6 7.70+5 5.3e+5 S.Se+S .763 .116 11.6 7.0

G 13b FeCI3 graphite 1 2 Oe+7 6 1 e+6 7.80+6 4.30+6
2 1 7o+7 5.1 e+6 5.4e+6 4.10+6
3 1.80+7 5.4e+6 4.6e+6 3.80+6 .629 .145 14.5 15.5

G-14a FeCI3 graphite 1 1.5o+7 3.6e+6 5.5o+6 4.40+6
2 1.70+7 3.8e+6 5.90+6 4.0O+6
3 1 7e+7 4.0e+6 5.20+6 3.50+6 598 .114 11.4 16.5

G-14b F e d  3 graphite 1 1.80+7 7.90+6 2.60+6 3.80+6
2 1.30*7 4.80+6 2.30+6 3.80+6
3 1 6e+7 5.5e+6 5.4o+6 3.80+6 .663 .182 18.2 10.3

X.Rogra

13.4

17.7

14.4 

12.2

18.3

16.8

19.1 

20.0

28.2

33.4

29.8

30.9

29.7

34.4

27.8

30.2

23.3

22.7

23.4

24.4

16.7 

21.6

23.8

23.4
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Table A -6
Cyclohexene Kinetic Parameters

KineUs_Study; a o . .6775
bo - 2 .7 6 3 3

[ li t re /h r 'm o l]
Condillçn; Celelyat; 10* a im J L ka. et! k. enhance
4 0 0 °C /6 0 " none .5729 .6237 .1358 .0912
4 0 0 ° C /6 0 “ raw graphite .5585 .6161 .1355 .0922
4 0 0 ° C /6 0 ' GR-1 .4703 .5676 .1580 .1 217 1.32
4 0 0 ° C /6 0 - GR-1, S .4469 .5542 .1523 .1198 1.30
4 0 0 °C /6 0 " GR-2 .4493 .5556 .0 9 4 4 .0686 .74
4 0 0 °C /6 0 * Shell 324 .4304 .5447 .2 7 2 0 .2651 2 .8 7

3 5 0 ° C /3 0 “ none .6597 .6685 .0 772 .0451
3 5 0 ° C /3 0 “ raw graphite .6658 .6716 .0658 .0378
3 5 0 °C /3 0 " GR-1 .6 218 .6492 .1 2 3 7 .0783 2 .07
3 5 0 °C /3 0 * GR-1, S .6058 .6410 .0782 .0478 1.27
3 5 0 °C /3 0 " GR-2 .5771 .6260 .0 232 .0137 .36
3 5 0 °C /3 0 " Shell 324 .4801 .5732 .2002 .1618 4 .2 9

Norm alized Normalized Norm alize!
C ond itio n: C a ta lv s t: X. hydm X. tea X. crack X. hydro X. crack
4 0 0 oC /6 0 * none 2 0 .6 14.5 0.0
4 0 0 oC /6 0 “ raw graphite 19.4 18.6 0 .0
4 0 0 °C /6 0 * GR-1 23.3 30.6 0.0 6.1 8.0
4 0 0 °C /6 0 " GR-1, S 22 .5 30.5 3.5 5.9 8.0
400 = C /6 0 " GR-2 13.9 21.4 12.3 2.1 3.1 1.
4 0 0 = 0 /6 0 " Shell 324 40.1 23.4 13.1 3.9 2.3 1.

3 5 0 = 0 /3 0 " none 1 1.4 2.6 0.0
3 5 0 = 0 /3 0 " raw graphite 9 .7 1.7 0.0
3 5 0 = 0 /3 0 " GR-1 18.3 8.2 0.0 4.8 2.2
3 5 0 = 0 /3 0 " GR-1, S 1 1.5 10.4 0.2 3.0 2.7
3 5 0 = 0 /3 0 " GR-2 3 .4 8.0 6.8 .5 1.2 1.
3 5 0 = 0 /3 0 " Shell 324 29.5 19.8 9.3 2.9 1.9
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Table A-7
Tetralin Dehydrogenation Thermodynamics:

Tetralin Conversion to Naphthalene:

P ro p e r tie s :
Tetralin  Naphthalene Hydrogen

AG*,298 : 1 6 7 1 0 0  2 2 3 7 0 0  0
AH*,298 : 2 7 6 0  1 5 1 1 0 0  0

* Units of Joules/m ol

Therm o for Reaction @ 298K: 
AG*,rxn,298 : 5 6 6 0 0
AH*,rxn,298 : 1 4 8 3 4 0

K,eq,298 : 1 .2 0E -10

A ssum ing AHrxn is C onstant: 
-Temperature K.eq

5 7 3  3 6 2
623  44 0 0
673  36 94 8
7 2 3  2 3 1 1 4 1
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Table A-8 
Tetralin Dehydrogenation Study:

Area cnt Area cnt Average
Run# Coal I t m R tr i tM r t Run Time T e tra lin Naohthalene Conversion Conversion

S -1 13 None 350°C 10 minutes 9.60E+8 2.21 E+7 2.31
S -1 14 None 350°C 10 minutes 2.00E+9 5.01 E+7 2.52
S-1 23 None 350°C 10 minutes 2.30E+9 2.96E+7 1.31

" * " " 8.90E+8 1 75E+7 1.98
S -1 71 None 350°C 10 minutes 8.70E+8 3.89E+7 4.41

• " • " 9.10E+8 3.96E+7 4.29
S-1 72 None 350°C 10 minutes 9.50E+8 3.31 E+7 3.47

" ■ • • 8.80E+8 3.53E+7 3.97
• ■ ■ ■ 9.20E+8 3.25E+7 3.52 2.90

S -1 24 None 350°C 30 minutes 8.30E+8 2.57E+7 3.09
■ ■ • " 9.30E+8 2.69E+7 2.89

S-1 73 None 350°C 30 minutes 1.10E+9 5.06E+7 4.53
• * • • 1.10e+9 4.20e+7 3.79

S-1 74 None 350°C 30 minutes 1-00E+9 4.96E+7 4.86 4.01
S-1 25 None 400°C 10 minutes 7.70E+8 2.26E+7 2.93

* * • 8.60E+8 2.90E+7 3.37
S -1 75 None 400°C 10 minutes 9.60E+8 5.16E+7 5.25
S-1 76 None 400°C 10 minutes 9.20E+8 4.76E+7 5.07 4.49
S-1 26 None 400°C 30 minutes 6.80E+8 2.20E+7 3.22

" ■ • 7.50E+8 2.87E+7 3.80
S-1 77 None 400°C 30 minutes 1 00E+9 4.80E+7 4.72
S-1 78 None 400°C 30 minutes 1.10E+9 7.37E+7 6.46 4.90
S-31 Wyodak 350°C 10 minutes 1 20E+9 1.40E+8 10.74
S -69 Wyodak 350°C 10 minutes 8.32E+8 1.06E+8 11.63 11.18
S -33 Wyodak 350°C 30 minutes 7.17E+8 1.43E+8 17.01
S-71 Wyodak 350°C 30 minutes 9.30E+8 1.70E+8 15.86 16.43
S-21 Wyodak 400°C 10 minutes 2.71 E+8 7.36E+7 21.90
S -65 Wyodak 400°C 10 minutes 9.60E+8 2.80E+8 23.12 22.51
S -25 Wyodak 400°C 30 minutes 5.82E+8 2.27E+8 28.69
S -67 Wyodak 400°C 30 minutes 8.90E+8 3.10E+8 26.43 27.56
S -32 lllin o is#6 350°C 10 minutes 6.58E+8 5.11 E+7 7.41
S-61 lllin o is#6 350°C 10 minutes 1.40e+9 1.50e+8 9.95

■ ■ • 2.60e+9 2.60e+8 9.35
S -9 7 lllino is#6 350°C 10 minutes 6.30E+8 2.63E+7 4.12

* • ■ • 1.80E+9 9.17E+7 4.99 7.21
S -34 lllin o is#6 350°C 30 minutes 2.58E+8 2.02E+7 7.47
S -63 lllin o is#6 350°C 30 minutes 1.50e+9 1.80e+8 11.01

" • • 2.50e+9 3.50e+8 12.62
S -9 9 lllino is#6 350°C 30 minutes 5.40E+8 3.07E+7 5.54

" ■ " • 1 40E+9 7.90E+7 5.50 8.27
S -22 lllino is#6 400°C 10 minutes 6.14E+8 1 36E+8 18.55

lllin o is#6 400°C 10 minutes 1.50E+9 3.30E+8 18.49
S -55 " ■ ■ 2.40E+9 5.00E+8 17.68 18.32
S -26 lllin o is#6 400=C 30 minutes 3.90E+7 9.45E+6 19.97
S -57 lllin o is#6 400=0 30 minutes 1.50E+9 3.30E+8 18.49

■ " ■ 2.40E+9 5.00E+8 17.68 19.03
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Table A-9
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: Raw Wyodak
Date: 26-M ar-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 623 mm Hg œ : 6 .6e-5 (mm Hg)-1
Vd : 28.88 ml S: 16.2 àA2/molecul€

W1 : 22.63 grams H1 : 560 mm Hg
W2 : 21.49 grams H2 : 156.20 mm Hg
Ws : 1.14 grams Ts : 75.7 K

Ti = (307.2+Ts)/2 = 191.45 K
A = (.001169(Vd))/Ws = .0296
C = (.3593 Vs œ)/(Ws Ts) = 4.66E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) J+ [1.311/(Ti Ws)] =

16.95 ml 
.0766

Calcuclations: D E F
P1 P2 I Pe PI - P2 P2 - Pe P2A2 - PeA2

154.37 32.27 .00 122.10 32.27 1041.4
263.41 94.29 32.27 169.12 62.02 7849.3
378.18 171.62 94.29 206.56 77.33 20562.8
514.60 262.49 171.62 252.11 90.87 39447.6

Va/Ws | V 1 x = P2/Ps y = x/V(1-x)
1.13937 1.13937 .051793 .0479402
0.22142 1.36079 .151333 .1310402
0 .09829 1.45909 .275446 .2605461
0 .32216 1.78125 .421290 .4086923

Least Sou ares Linear Rearession Information: y = mx + b

Slope(m): .9861 Intercept(b): -.0 09 8 R^: 0.998

Sw = (.2687*S)/(Slope+lntercept) = 4 .4 6 mA2/gram

v
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T able  A-10
B.E.T. N itrogen A dsorption S u rface  A rea  D ata: 

Sample Identification: THF swollen Wyodak
Date: 1 O-Apr-91

Outgas Temp.: 
Outgas Time:

atm  
24 hours

Ps : 
Vd :

631
28.88

mm Hg 
ml

œ : 
S:

6.6e-5
16.2

(mm Hg)-1 
àA2/molecul€

W1 : 
W2 : 
Ws :

23.56
21.57  
1.99

grams
grams
grams

H1 : 
H2 : 
Ts :

609.6
172.50

75.8

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 = 191.5 K 
A = (.001169(Vd))/Ws = .0170  
C = (.3593 Vs ce)/(Ws Ts) = 2.61 E-6 
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] =

16.61
.0430

ml

Caicuclations:
I P1 I P2 I Pe P1 - P2 P2 - Pe P2A2 - PeA2

102.78
245.17
303.42
410.60

17.87
76.22

135.86
208.38

.00
17.87
76.22

135.86

84.91
168.95
167.56
202.22

17.87
58.35
59.64
72.52

319.3
5490.2

12648.5
24964.3

I Va/Ws | V I x = P2/Ps | y = x/V(1-x)
0.67141
0.34251
0.24470
0 .24660

0.67141
1.01392
1.25862
1.50522

.028329

.120829

.215374

.330338

.0434229
1355487

.2180903

.3277199

Least So wares Linear Rearession Information: y = mx + b

Slope(m): .9349 Intercept(b): .0188 RA2: 0.999

Sw = (.2687*S)/(Slope+lntercept) = 4 .5 6 mA2/gram
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Table A 11
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: C02 Swollen Wyodak: Sample #1
Date: 6-M ay-91

Outgas Temp.: 
Outgas Time:

atm  
24 hours

Ps : 
Vd :

615
28.88

mm Hg 
ml

œ :
S:

6 .6e -5
16.2

(mm Hg)-1 
àA2/molecul€

W1 : 
W2 : 
Ws :

21.29
20.41

.88

grams
grams
grams

HI : 
H2 : 
Ts :

568.2
154.71

75.6

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 =
A = (.001169(Vd))/Ws =
C = (.3593 Vs œ)/(Ws Ts) = 
Vs = Ts/H2[(Vd(H1-H2)/307. 
B = [(.3593 Vs)/(Ts Ws) ]+

191.4 K 
.0383  

6.25E-6  
2) - (3.65 H2)/Ti)J = 
[1.311/(Ti Ws)] =

17.55
.1025

ml

Caicuclations:
I P1 I P2 Pe I P1 - P2 | P2 - Pe P2A2 - PeA2

107.96
202.64
306.73
477.00

21.622  
68.04  

130.29  
219.99

.00
21.62
68.04

130.29

86.34
134.60
176.44
257.01

21.62
46.42
62.25
89.70

467.5
4161.9
12346.0
31420.1

Va/Ws I V I x = P2/Ps | y = x/V(1-x) |
1 .08992  
0.37553  
0.30545  
0.46096

1.08992  
1.46545  
1.77090  
2.23186

.035135

.110564

.211720

.357481

.0334107

.0848259

.1516656

.2492877

Least Souares Linear Rearession Information: y = mx + b

Slope(m): .6687 Intercept(b): .0103 RA2: 1.000

Sw = (.2687*S)/(Slope+Intercept) = 6.41 mA2/gram
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Table A-12
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: C02 Swollen Wyodak: Sample #2
Date: 6-M ay-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 615 mm Hg ce : 6 .6e-5
Vd : 28.88 ml S : 16.2

W1 : 21.29 grams HI : 540.9
W2 : 20.41 grams H2 : 145.38
Ws : .88 grams Ts : 75.6

(mm Hg)-1 
âA2/molecul€

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 = 191.4 K
A = (.001169(Vd))/Ws = .0383
C = (.3593 Vs ce)/(Ws Ts) = 6 .3 7 E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] =

17.89 ml 
.1043

Caicuclations:
PI 1 P2 I Pe I P1 - P2 P2 - Pe | P2A2 - PeA2

103.48 20.359 .00 83.12 20.36 414.5
197.67 65.58 20.36 132.09 45.22 3886.2
313.48 129.89 65.58 183.59 64.31 12570.7
399.26 199.56 129.89 199.70 69.67 22952.8

I Va/Ws | V | x = P2/Ps | y = x/V(1-x)
1 .05894 1.05894 .033083 0323106
0 .32018 1.37912 .106567 0864881
0.24729 1.62641 .211070 1644966
0.23941 1.86582 .324283 2572101

Leasl_Sqv9re5 Linear Rearession Information: y = mx + b

Slope(m): .7710 Intercept(b): .0050 R^: .999

Sw = (.2687*S)/(Slope+lntercept) = 5 .61 mA2/gram
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Table A-13
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: Raw Illinois #6: Sample #1
Date: 14-A pr-91

Outgas Temp.: 
Outgas Time:

atm  
24 hours

Ps : 631 mm Hg œ : 6 .6e-5 (mm Hg)-1
Vd : 28.88 ml S: 16.2 àA2/molecul€

W1 : 22.71 grams HI : 533.2 mm Hg
W2 : 21.49 grams H2 : 146.73 mm Hg
Ws : 1.22 grams Ts : 75.8 K

Ti = (307.2+Ts)/2 = 191.5 K
A = (.001169(Vd))/Ws = .0276
C = (.3593 Vs œ)/(Ws Ts) = 4.43E-6
Vs = Ts/H2[(Vd(H1-H2)/307.2) - (3.65 H2)/Ti)] = 17.32 ml
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] .0728

Caicuclations:
I P1 P2 I Pe I PI - P2 P2 - Pe | P2A2 - PeA2 |

104.02 1.51 .00 102.51 1.51 2.3
326.3 62.91 1.51 263.39 61.40 3955.4

443.70 150.37 62.91 293.33 87.46 18653.5
524.00 236.00 150.37 288.00 85.63 33084.9

Va/Ws | V I x = P2/Ps y = x/VO-x) |
2 .72103 2.72103 .002394 .0008818
2 .78802 5.50905 .099729 .0201082
1.65322 7.16227 .238377 .0436991
1.57522 8.73749 .374123 .0684130

Least Souares JJneaLRearession Information: y = mx + b

Slope(m): .1801 Intercept(b): .0011 R^: 0.999

Sw = (.2687*S)/(Slope+lntercept) = 24 .02 mA2/gram
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T able  A-14
B.E.T. N itrogen A dsorption S u rface  A rea D ata:

Sample Identification: Raw Illinois #6: Sample #2
Date: 22-A p r-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 61 9 mm Hg œ : 6 .6e -5 (mm Hg)-1
Vd : 28.88 ml S : 16.2 âA2/molecul€

W1 : 22.22 grams H1 : 551.7 mm Hg
W2 : 21.49 grams H2 : 150.45 mm Hg
Ws : .73 grams Ts : 75.7 K

Ti = (307.2+Ts)/2 = 191.425 K
A = (.001169(Vd))/Ws = .0460
C = (.3593 Vs ce)/(Ws Ts) = 7.48E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 17.52 ml
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] = .1226

Caicuclations:
pi P2 1 Pe I PI - P2 I P2 - Pe I P2A2 - PeA2

104.45 7.78 .00 96.67 7.78 60.5
207.38 52.6 7.78 154.78 44.82 2706.2
379.56 132.50 52.60 247.06 79.90 14789.5
429.00 204.62 132.50 224.38 72.12 24313.1

Va/Ws V I x = P2/Ps y = x/V(1-x)
3 .48777 3.48777 .012564 .0036482
1.59668 5.08445 .084946 .0182580
1.44551 6.52996 .213980 .0416898
1.28604 7.81599 .330450 .0631449

Least Squares Linear Regression Information: y = mx + b

Slope(m): .1861 Intercept(b): .0018 R^: 1.000

Sw = (.2687*S)/(Slope+lntercept) = 2 3 .1 6  mA2/gram
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Table A-15
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification:
Date: 12-A pr-91

THF Swollen Illinois #6: Sample #1

Outgas Temp.: 
Outgas Time:

atm  
24 hours

Ps : 
Vd :

623
28.88

mm Hg
ml

œ :
S :

6 .6e -5
16.2

(mm Hg)-1 
àA2/molecul€

W1 : 
W2 : 
Ws :

21.81
20.42
1.40

grams
grams
grams

HI : 
H2 : 
Ts :

547.2
149.64

75.7

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 = 191.45 K 
A = (.001169(Vd))/Ws = .0242  
C = (.3593 Vs œ)/(Ws Ts) = 3 .92E-6  
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] =

17.46
.0643

ml

Caicuclations:
PI 1 P2 I Pe I P1 - P2 P2 - Pe | P2A2 - PeA2 |

104.19
205.76
314.17
422.00

24.93
72.95

136.94
212.58

.00
24.93
72.95

136.94

79.26
132.81
177.23
209.42

24.93
48.02
63.99
75.64

621.5
4700.2

13430.9
26437.7

Va/Ws | V I x = P2/Ps y = x/V(1 -x)
0 .31173
0.10658
0.12002
0.09864

0.31173  
0.41831  
0.53833  
0.63697

.040012

.117083

.219785

.341186

.1337035

.3170126

.5232849

.8130342

Least Souares Linear Rearession Information: y = mx + b

Slope(m): 2.2315 Intercept(b): .0462 R^: 0.999

Sw = (.2687*S)/(Slope+lntercept) = 1.91 mA2/gram
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Table A-16
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: THF Swollen Illinois #6: Sample #2
Date: 22-A p r-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 61 9 mm Hg œ : 6 .6e -5
Vd : 28.88 ml S: 16.2

W1 : 21.60 grams H1 : 553.9
W2 : 20.41 grams H2: 150.02
Ws : 1.18 grams Ts : 75.7

(mm Hg)-1 
âA2/molecul€

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 = 191.425 K
A = (.001169(Vd))/Ws = .0285
C = (.3593 Vs ce)/(Ws Ts) = 4 .6 8 E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] =

17.70 ml 
.0767

Caicuclations:
P1 I P2 Pe I PI - P2 I P2 - Pe P2A2 - PeA2

105.09 25.18 .00 79.91 25.18 634.0
199.03 71.06 25.18 127.97 45.88 4415.5
323.98 138.06 71.06 185.92 67.00 14011.0
546.60 245.60 138.06 301.00 107.54 41258.8

I Va/Ws | V I x = P2/Ps I y = x/VO-x) |
0 .34145 0.34145 .040664 .1241399
0.10449 0.44595 .114758 .2906959
0 .08986 0.53580 .222959 .5355199
0.12996 0.66576 .396630 .9873784

Least Souares Linear Rearession Informât! y = mx + b

Slope(m): 2 .4270 Intercept(b): .0142 R^: 0.999

Sw = (.2687*S)/(Slope+lntercept) = 1 .78  mA2/gram
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Table A-17
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: THF Swollen & Washed Illinois #6:
Date: 19-A pr-91

Trial #1

Outgas Temp. 
Outgas Time:

atm  
24 hours

Ps : 623 mm Hg œ : Ô.ôe-5 (mm Hg)-1
Vd : 28.88 ml S: 16.2 âA2/molecul€

W1 : 21.87 grams H1 : 525.8 mm Hg
W2 : 20.41 grams H2 : 143.18 mm Hg
Ws : 1.46 grams Ts : 75.7 K

Ti = (307.2+Ts)/2 = 191.45 K
A = (.001169(Vd))/Ws = .0231
C = (.3593 Vs ce)/(Ws Ts) = 3.77E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 17.57 ml
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] .0618

Caicuclations:
I P1 P2 I Pe I P1 - P2 | P2 - Pe | P2A2 - PeA2

100.54 22.091 .00 78.45 22.09 488.0
203.49 69.26 22.09 134.23 47.17 4308.9
285.05 126.75 69.26 158.30 57.49 11268.6
426.70 204.44 126.75 222.26 77.69 25730.2

Va/Ws V I x = P2/Ps y = x/V(1-x)
0 .44648 0.44648 .035456 .0823299
0.17151 0.61799 .111161 .2023693
0.06377 0.68176 .203431 .3745949
0.23941 0.92117 .328121 .5301580

Least Squares Linear Regression Information: y = mx + b

Slope(m): 1.5501 Intercept(b): .0346 R*2: 0.993

Sw = (.2687*S)/(Slope+lntercept) = 2 .7 5  mA2/gram
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Table A-18
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: THF Swollen & Washed Illinois #6: Trial #2
Date: 1 9 -A pr-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 623 mm Hg œ : 6 .6e -5
Vd : 28.88 ml S : 16.2

W1 : 21.87 grams H1 : 553.6
W2 : 20.41 grams H2 : 151.27
Ws : 1.46 grams Ts : 75.7

(mm Hg)-1 
ÂA2/molecule

mm Hg 
mm Hg 
K

Ti = (307.2+Ts)/2 = 191.45 K
A = (.001169(Vd))/Ws = .0231
C = (.3593 Vs œ)/(Ws Ts) = 3 .75E-6
Vs = Ts/H2[(Vd(H1-H2)/307.2) - (3.65 H2)/Ti)] = 
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] =

17.48 ml 
.0615

Caicuclations:
p i P2 | Pe I P1 - P2 I P2 - Pe P2A2 - PeA2
99.19 21.322 .00 77.87 21.32 454.6

209.39 70.69 21.32 138.70 49.37 4542.4
310.88 133.98 70.69 176.90 63.29 12953.6
423.60 210.42 133.98 213.18 76.44 26325.9

Va/Ws V I x = P2/Ps y = x/V(1-x)
0 .48695 0.48695 .034221 .0727667
0 .15254 0.63949 .113456 .2001195
0.14767 0.78717 .215035 .3480100
0.12729 0.91446 .337719 .5576339

Least Squares Linear Regression Information: y = mx + b

Slope(m): 1 .5862 Intercept(b): .0169 RA2: 0.999

Sw = (.2687*S)/(Slope+lntercept) = 2 .72  mA2/gram
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Table A-19
B.E.T. Nitrogen Adsorption Surface Area Data:

Sample Identification: C 02 Swollen Illinois #6
Date: 4-M ay-91

Outgas Temp.: atm
Outgas Time: 24 hours

Ps : 623 mm Hg œ : 6 .6e-5 (mm Hg)-1
Vd : 28.88 ml S: 16.2 àA2/molecul6

W1 : 22.71 grams H1 : 547.8 mm Hg
W2 : 21.48 grams H2 : 150.95 mm Hg
Ws : 1.22 grams Ts : 75.7 K

Ti = (307.2+Ts)/2 = 191.45 K
A = (.001169(Vd))/Ws = .0276
C = (.3593 Vs ce)/(Ws Ts) = 4.42E-6
Vs = Ts/H2[(Vd(H1 -H2)/307.2) - (3.65 H2)/Ti)] = 17.27 ml
B = [(.3593 Vs)/(Ts Ws) ]+ [1.311/(Ti Ws)] .0725

Caicuclations:
PI 1 P2 I Pe I P1 - P2 I P2 - Pe | P2A2 - PeA2

116.85 3.161 .00 113.69 3.16 10.0
330.12 68.86 3.16 261.26 65.70 4731.7
387.12 143.30 68.86 243.82 74.44 15793.2
478.00 221.39 143.30 256.61 78.09 28478.6

I Va/Ws I V I X = P2/PS y = x/V(1 -x)
2 .90429 2.90429 .005073 .0017557
2.41704 5.32133 .110519 .0233495
1.25383 6.57516 .229993 .0454270
1.28572 7.86088 .355326 .0701157

Least Squares Linear Regression Information: y = mx + b

Slope(m): .1940 Intercept(b): .0012 R*2:

Sw = (.2687*S)/(Slope+lntercept) = 2 2 .3 0  mA2/gram

1.000
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Table A-20
Atomic Absorption Results for Raw and Treated Coals

grams stock diluted into concentration absorption
Standards: Iron soln. ? littsa! ..mo/I. reading

Blank 0 0.00 0 0.002
1 1.0198 0.50 2.044 0.041
2 0.7565 0.50 1.516 0.031
3 1.5359 0.50 3.078 0.062
4 2.5241 0.50 5.058 0.099

' 2 mis concentrated HCI added to acidify standard

Bfiomssion Eouation: mg/ml = -0.10367 + 51.976*(AA mean response)

Samole mg % moisture resoonse dilution factot mo/ml 2SÈB Mean%F
Raw Wyodak. 1 237.8 27.7 0.031 25 1.507586 .35
Raw Wyodak. 2 237.5 27.7 0.031 25 1.507586 .35
Raw Wyodak. 3 261.1 27.7 0.028 20 1.351658 .36 0.35

Raw Illinois #6.1 127.0 6.3 0.058 10 2.910938 2.45
Raw Illinois #6.2 113.8 6.3 0.051 10 2.547106 2.39
Raw Illinois #6.3 215.2 6.3 0.140 15 7.17297 2.37 2.40

TS 9.1 135.4 5.2 0.093 35 4.730098 1.05
T S -9 .2 196.4 5.2 0.091 25 4.626146 .99 1.02

T S -11 .1.1 100.8 4.5 0.052 1 0 2.599082 2.70
T S -11 .1.2 100.8 4.5 0.053 10 2.651058 2.75
T S -1 1.2 102.4 4.5 0.051 10 2.547106 2.60 2.69
TR-6.1 131.1 0.0 0.040 5 1.97537 3.01
TR -6 .2 103.7 0.0 0.065 10 3.27477 3.16

T R -6 .3** 156.6 0.0 0.259 30 13.358114 2.84 3.09
T R -8 .1 113.9 1.2 0.042 20 2.079322 .92
TR-8.2 107.2 1.2 0.036 20 1.767466 .83
TR-8.3 134.2 1.2 0.021 10 0.987826 .75 0.83

T R -10 .1 160.0 5.8 0.058 30 2.910938 .64
TR-10.2 160.1 5.8 0.057 30 2.858962 .63 0.64
TR-11.1 99.7 2.6 0.048 15 2.391178 1.64
TR-11.2 121.2 2.6 0.040 1 0 1.97537 1.67 1.66

** AA Response outside linear region & not used in determining an average % Fe

TS-9: THFZFe(CO)5 Slurry Treated Wyodak Coal
TS-11 THF/Fe(CO)5 Slurry Treated Illinois #6 Coal
TR -6 Fe(CO)5 Vapor Deposited in C 02  Illinois #6, followed by exposure to Air
TR -8  Fe(CO)5 Vapor Deposited in C 02 Wyodak, followed by exposure to Air

TR -10 Fe(CO)5 Vapor Deposited in C 02 Wyodak, then slurried in CCI4
TR-11 Fe(CO)5 Vapor Deposited inm C 02 Illinois #6, then slurried in CCI4
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Table A-21
Liquefaction Runs for Raw Coals

Coal S olven t Tem perature
(°C)

Tim e
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetra lin
350 1 0 S-31, S-69

30 S-33, S-71
400 1 0 S-21. S-65

30 S-25, S-67

1 -M ethyl- 
Naphthalene

350 1 0 S-35. S-70
30 S-37, S-72

400 1 0 S-27, S-29, S-66
30 S-23, S-68

lllin o is#6

Tetralin
350 1 0 S-32, S-61, S-97

30 S-34, S-63, S-99
4 00 1 0 S-22, S-55

30 S-26, S-57

1 -M ethyl- 
Naphthalene

350 1 0 S-36, S-62, S-98
30 S-38, S-64, S-100

400 1 0 S-28. S-30, S-56
30 S-24, S-58, S-60

T ab le  A -22 
L iquefaction R uns for Raw C o als  with A dded Fe(C O )5

Coal S olven t Tem perature
(°C)

Tim e
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetra lin
350 1 0 S-127, S-149

30 S-129, S-151
4 00 1 0 S-131, S-145

30 S-133, S-147

1 -M eth yl- 
Naphthalene

350 1 0 S-128, S-150
30 S-130, S-152

400 1 0 S-132, S-146
30 S-134, S-148

lllin o is # 6

Tetra lin
350 1 0 S-115, S-137

30 S-117, S-139
400 1 0 S-119, S-141

30 S-121, S-143

1 -M ethyl- 
Naphthalene

350 1 0 S-116, S-138
30 S-118, S-140

400 1 0 S-120, S-142
30 S-122, S-144
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Table A-23
Liquefaction Runs for THF Swollen Coals

Coal S olven t Tem perature
(°C)

Time
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetralin
3 50 10 S-47, S-135

30 S-49, S-153
4 00 10 S-51

30 S -53

1 -M ethyl- 
Naphthalene

350 1 0 S-48, S-138
30 S-50, S-154

400 1 0 S -52
30 S -54

lllin o is #6

Tetralin
350 1 0 S -43

30 S -45
400 1 0 S-39, S-101

30 S -41, S-103

1 -M ethyl- 
Naphthalene

350 1 0 S -44
30 S -46

400 1 0 S-40, S-102
30 S-42, S-104

T ab le  A -24 
L iquefaction  R uns for T H F /F e(C O )5  Slurry T rea te d  C o als

Coal Solven t Tem perature
(°C)

Time
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetralin
350 1 0 S-81, S-89

30 S-83, S-91
400 1 0 S-85, S-93

30 S-87, S-95

1 -M ethyl- 
Naphthalene

350 1 0 S-82, S-90
30 S-84, S-92

400 1 0 S-86. S-94
30 S-88, S-98

lllin o is # 6

Tetralin
350 1 0 S-73, S-105

30 S-75, S-107
400 1 0 S-77, S-109

30 S-79, S-111

1 -M ethyl- 
Naphthalene

350 1 0 S-74, S-106
30 S-78. S-108

400 1 0 S-78, S-110
30 S-80, S-112
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T ab le  A -25 
L iquefaction R u n s for F e(C O )5  V apor D eposition , 

Follow ed by E x p o su re  to Air

Coal S olven t Tem perature
(°C)

Time
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetra lin
350 1 0 S-179, S-187

30 S-181. S-189
400 1 0 S-183, S-191

30 S-185. S-193

1 -M ethyl- 
Naphthalene

350 1 0 S-180, S -188
30 S-182, S-190

400 1 0 S-184. S-192
30 S 188. S-194

lllin o is#6

Tetralin
350 1 0 S-155. S-183

30 S-157. S-185
400 1 0 S-159, S-187

30 S-181. S-189

1 -M ethyl- 
Naphthalene

350 1 0 S-156, S-184
30 S-158. S-166

400 1 0 S-160, S-168
30 S-182. S-170

T ab le  A -26 
L iquefaction R u n s for F e(C O )5  V apor D eposition , 

Follow ed by Addition of CCI4

Coal S olven t Tem perature
<°C)

Tim e
(m inutes)

Liquefaction Run 
Number

Wyodak

Tetralin
350 1 0 S -211. S -219

30 S-213. S-221
400 1 0 S-217. S-223

30 S-215, S-225

1 -M ethyl- 
Naphthalene

350 1 0 S-212, S-220
30 S-214. S-222

400 1 0 S-218, S-224
30 S-216, S-226. S-227

lllin o is #6

Tetralin
350 1 0 S-228, S-236

30 S-230, S-238
400 10 S-232. S-240

30 S-234, S-242

1 -M eth yl- 
Naphthalene

350 1 0 S-229, S-237
30 S-231, S-239

400 1 0 S-233, S-241
30 S-235, S-243
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Table A-27
Coal Conversion Data for Raw Wyodak & Illinois #6 Coals

Wyodek Coal % ash (moisture free): 8.77
mean

g. THF g. Hexane % THF X TH F % Hexane X  Hexane
Run# <L_coal in X  moi «turc Insols Insols Ccnv (mil) Cany (mat) Cany (maD Conv (mat)
S-31 1.0043 0.44 0.83 0.04 17.3 14.2
S -69 1.0060 0.00 0.88 0.04 12.3 14.8 9.4 11.8

S-33 1.0047 0.44 0.73 0.06 28.5 23.0
S-71 1.0036 0.00 0.74 0.06 27.6 26.0 22.2 22.6

S-21 .9912 0.18 0.55 0.10 47.8 36.5
S-65 1.0039 0.00 0.54 0.13 49.8 48.8 37.6 37.0

S -25 1.0034 0.18 0.40 0.15 65.3 49.4
S-67 1.0000 0.00 0.44 0.14 60.7 63.0 46.0 47.7

S-35 1.0019 0.44 0.86 0.04 13.7 10.7
S-70 1.0028 0.00 0.84 0.05 16.4 15.1 12.3 11.5

S-37 1.0020 0.44 0.78 0.05 22.6 18 4
S-72 1.0011 0.00 0.74 0.06 27.4 25.0 22.0 20.2

S-27 .9966 0.18 0.71 0.04 30.2 27.0
S-29* 1.0056 0.44 0.59 0.07 44.1 37.4
S-66 .9998 0.00 0.67 0.18 35.1 32.7 16.4 21.7

S-23 .9988 0.18 0.61 0.05 41.6 37.1
S-68 1.0027 0.00 0.57 0.10 46.4 44,0 36 4 36.7

Dlllnolae® Coal % ash (moisture free): 15.48

g. THF g. Hexane X  THF X T H F X  Hexane X  Hexane
Run# Oujcsal.in X  moisture Insols Insols Cenyima!) Cany (mal) Canv (mal) Cany (mal)
S-32 .9999 0.00 0.64 0.28 34.8 9 5
S-61 1.0078 0.00 0.64 0.30 35.5 8.0
S-97 1.0024 0.00 0.62 0.30 37.7 36.0 9.7 9.0

S-34 1.0045 0.00 0.47 0.38 57.9 18.2
S-63 1.0052 0.00 0.49 0.36 55.3 18.3
S-99 1.0049 0.00 0.48 0.40 56.6 56.6 14.7 17.1

S-22 1.0079 0.00 0.31 0 45 79.5 29.1
S -55 1.0072 0.00 0.32 0.37 76.1 78.8 37.3 33.2

S-26 1.0012 0.00 0.23 0.33 89.9 52.1
S -57 1.0044 0.00 0.26 0.36 86.0 88.0 45.3 48.7

S -3 6 * .9961 0.00 0.60 0.33 39.9 7.9
S-62 .9968 0.00 0.51 0.36 52.1 15.1
S-98 1.0061 0.00 0.49 0.43 55.4 53.7 10.1 12.6

S -3 8 * 1.0045 0.00 0.44 0.47 62.0 11.1
S-64 1.0031 0.00 0.37 0.50 71.2 15.7

S -100 1.0040 0.00 0.37 0.51 71.3 71.3 14.6 15.2

S-28 1.0042 0.00 0.35 0.40 74.0 29 9
S -30 1.0109 0.00 0.34 0.45 75.6 25.9
S -56 1.0079 0.00 0.30 0.42 80 8 76.8 33.8 29 9

S -24 1.0012 0.00 0.23 0.33 89.9 52.1
S-58 1.0003 0.00 0.27 0.38 84.5 41.4
S-60 1.0098 0.00 0.26 0.35 86.2 86.9 46.8 46.8

* Represents outlying data which was not used in determining a mean conversion
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Table A-28
Coal Conversion Data for Raw Wyodak & Illinois #6 Coals with Added Fe(CO)5

fyodek Coal % ash (moisture free): 8.77
mean mean

g. THF g. Hexane %THF % THF % Hexane % Hexane
Run* g. coal in % molttwifl F*(C0>5 Insols Insols CflDY.imil) Conv (mat) Cgnv (mrtl Conv (mat)

S-127 .9978 3.44 0.10 0.86 0.03 13.6 8.4
S-149 .9964 1.80 0.11 0.88 0.03 13.1 13.4 11.2 9.8

S-129 1.0025 3.44 0.12 0.78 0.07 23.9 13.4
S-151 1.0006 1.80 0.10 0.63 0.06 18.9 21.4 13.5 13.4

S-131 1.0004 3.44 0.10 0.54 0.12 50.8 34.7
S-145 1.0044 1.80 0.11 0.55 0.09 51.2 51.0 42.0 38.4

S-133 1.0045 3.44 0.10 0.27 0.21 82.0 55.4
S-147 1.0025 1.80 0.10 0.29 0.18 80.2 81.1 60.5 57.9

S-1 28* .9981 3.44 0.10 0.94 0.04 4.4 .0
S-150 1.0014 1.80 0.10 0.88 0.05 13.3 13.3 9.1 9.1

S-130 1.0013 3.44 0.11 0.74 0.07 28.1 17.8
S-152 .9979 1.80 0.10 0.77 0.09 25.5 26.8 16.6 17.2

S-132 1.0044 3.44 0.10 0.54 0.14 51.0 32.8
S-146 1.0062 1.80 0.10 0.50 0.14 56.6 53.8 41.8 37.3

S-134 1.0072 3.44 0.10 0.33 0.23 75.2 46.5
S-148 1.0057 1.80 0.10 0.32 0.20 76.9 76.1 55.1 50.8

l ln o l# 0 6 % ash (moisture tree): 15.48
mean mean

g. THF g. Hexane %THF X T H F % Hexane % Hexane
Run* fl. coal In 2k moisture tu.Fe(CQ)5 Insols Insols Conv (mat) Canv (mat) Cenï.. imat) Conv-(mat)

S-115 1.0099 0.00 0.10 0.70 0.27 31.5 4.7
S-137 1.0067 0.00 0.10 0.73 0.25 27.2 29.3 6.5 5.6

S-117 1.0048 0.00 0.13 0.52 0.38 55.8 12.0
S-139 1.0011 0.00 0.11 0.55 0.40 51.2 53.5 9.8 10.9

S-119 1.0056 0.00 0.10 0 30 0.46 84.5 28 9
S-141 1.0071 0.00 0.10 0.34 0.49 79.3 81.9 24.2 26.5

S-121 1.0025 0.00 0.10 0.27 0.33 88.4 47.5
S-143 1.0042 0 00 0.10 0.30 0.36 84.5 86 5 43.9 45.7

S-116 1.0038 0.00 0.10 0.60 0.34 44.3 7.5
S -138* 1.0012 0.00 0.10 0.74 0.26 25.3 44.3 3.5 7.5

S-118 .9982 0.00 0.10 0.34 0.55 78.9 12.8
S-140 1.0074 0.00 0.10 0.39 0.57 72 6 75.7 8.9 10.9

S-120 1.0014 0.00 0.12 0.29 0.49 86.5 26 2
S-142 .9991 0.00 0.11 0.31 0.52 83.3 84.9 23.7 25.0

S-122 1.0060 0.00 0.10 0.25 0.36 91.2 46 6
S-144 .9999 0.00 0.10 0.31 0.35 83.0 87.1 43.6 45.1

2 7 5

* Represents outlying data which was not used in determining a mean conversion
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Table A-29 
Coal Conversion Data for THF Swelled Wyodak & Illinois #6

Wyodak Coal 

Run# fl. cgal in

% ash (moisture free): 

g. THF
% mflinwr* Intel#

8.77

fl. Hexane 
Insols

X T H F
Ccnv (mil)

mean
X T H F

Cflnv (mat)
X  Hexane

Ceny (mat)
S -4 7 ' 1.0019 4.17 0.73 0.02 25.1 24.0
S-135 .9997 4.23 0.82 0.05 14.3 14.3 10.0

S -4 9 * .9956 4.17 0.67 0.05 31.5 26.9
S-153 1.0106 8.18 0.68 0.09 28.1 28.1 18.7

S-51 1.0074 4.17 0.56 0.12 45.1 45.1 32.4

S-53 1.0049 4.17 0.38 0.14 65.8 65 8 50.4

S -4 8 * 1.0035 4.17 0.72 0.05 26.3 21.8
S-1 36 1.0044 4.23 0.79 0.07 18.3 18.3 11.6

S -5 0 * 1.0053 4.17 0.69 0.03 30.0 27.7
S -154 .9996 8.18 0.68 0.10 27.2 27.2 16.5

S-52 1.0006 4.17 0.62 0.10 37.7 37.7 27.3

S -54 1.0081 4.17 0.51 0.12 50.9 50.9 38.1

OillnoleS® Coal % ash (moisture free): 15 48
mean

g. THF fl. Hexane X T H F X T H F X  Hexane
Run# a  coal In X  moisture Insols Insols Cflnv (mit) Conv fmafl Cflnv.. Imiti
S-43 1.0013 5.01 0.60 0.20 36.1 36.1 18.8

S-45 1.0034 5.01 0.49 0.27 51.7 51.7 24.0

S-39 1.0086 5.01 0.32 0.38 75.9 31.9
S-101 1.0099 0.80 0.31 0.43 79.2 77.6 30.9

S-41 1.0089 5.01 0.20 0.30 92.8 56.6
S -103 1.0047 0.80 0.24 0.32 88.4 90.6 51.8

S -44 1.0029 5.01 0.48 0.34 53.1 53.1 16.5

S -46 1.0060 5.01 0.34 0 43 73.0 73.0 23.0

S -40 1.0115 5.01 0.29 0.44 80.2 28.4
S -102 1.0094 0.80 0.28 0.49 83.2 81.7 27.3

S-42 1.0012 5.01 0.24 0.31 86.9 49.9
S -104 1.0047 0.80 0.22 0.33 91.1 89.0 53.0

* Represents outlying data which was not used in determining a mean conversion

Coals

mean 
% Hexane

Conv (maf)

10.0

18.7

32.4

50.4

11.6

16.5

27.3

38.1

% Hexane 
Conv fmall

18.8

24.0

31.4

54.2

16.5 

23 0

27.9

51.5
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Table A-30 
Coal Conversion Data for THF/Fe(CO)5 Slurried Wyodak & Illinois #6

Wyodek Coel % ash (moisture free): 9.4
mean mean

g. THF g. Hexane %THF % THF % Hexane % Hexane

Run# a. coal In % moisture Inso ls Insols Cflnv (mil) Cflnv tmitl Canv (mat) Canv. (mal)
S-81" .9980 4.14 0.57 0.10 43.7 33.1
S-89 1.0029 5.44 0.83 0.05 12.3 12.3 8.0 8.0

S-83 .9983 4.14 0.69 0.11 29.6 18.1
S-91 1.0034 5.44 0.71 0.10 26.6 28.1 16.1 17.1

S-85 1.0006 4.14 0.45 0.09 57.9 48.2
S-93 .9984 5.44 0.48 0.12 53.5 55.7 40.2 44.2

S-87 1.0008 4.14 0.32 0.14 73.1 57.5
S-95 1.0038 5.44 0.33 0.15 71.5 72.3 54.6 56.0

S 82" 1.0037 4.14 0.54 0.11 47.6 35.8
S-90 .9994 5.44 0.79 0.08 16.8 16.8 8.8 8.8

S-84 1.0088 4.14 0.70 0.12 29.3 16.8
S-92 1.0052 5.44 0.69 0.12 29.1 29.2 16.3 16.5

S-86 1.0091 4.14 0.59 0.09 42.1 32.8
S-94 1.0033 5.44 0.55 0.11 45.5 43.8 33.6 33.2

S-88 1.0078 4.14 0.44 0.13 59.4 45.3
S -96 1.0010 5.44 0.46 0.12 56.0 57.7 42.7 44.0

DlllneleW C eal % ash (moisture free): 17.0

g. THF g. Hexane * T H F % THF % Hexane % Hexane
Hu m auJEaal In % mfliiturc Inso ls Insols Cflnv (mal) Cflnv (mal) Canv (matt Cflnv (mal)
S-73 1.0007 2.61 0.62 0.26 36.2 11.7

S -105 1.0031 5.23 0.61 0.24 35.5 35.9 12.8 12.2

S-75 1.0059 2.61 0.47 0.38 57.6 15.9
S-107 1.0080 5.23 0.42 0.35 63.1 60.4 23 4 19.7

S-77 1.0093 2.61 0.31 0.44 80.1 28.6
S -109 1.0064 5.23 0.25 0.42 87.4 83.8 35.8 32.2

S-79 1.0032 2.61 0.30 0.34 81.3 41.6
S -1 11 1.0068 5.23 0.21 0.32 93.1 87.2 53.6 47.6

S -74 .9977 2.61 0.48 0.40 55.7 11.4
S-106 1.0069 5.23 0.50 0.35 51.6 53.6 13.2 12.3

S-76 1.0055 2.61 0.35 0.52 74.4 13.4
S-108 1.0048 5.23 0.32 0.46 77.3 75.8 21.8 17.6

S -78 1.0019 2.61 0.27 0.45 85.4 31.6
S -110 1.0007 5.23 0.23 0.47 90.1 87.7 31.6 31.6

S -80 1.0054 2.61 0.26 0.34 86.9 46.7
S -112 1.0055 5.23 0.21 0.35 93.1 90.0 49.7 48.2

* Represents outlying data which was not used in determining a mean conversion
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Table A-31 
Coal Conversion Data for Fe(CO)5 Vapor Deposition, 

Followed by Exposure to Air

Wyodek Coal % ash (moisture free): 8.9

mean 1E

g. THF g. Hexane X T H F % THF X  Hexane % Hexane

Run* q. coal In malrturo Insols Inialt Ccnv (maf) Cany (m«t) Cony (maf> Cflnv (mail
S -179 1.0038 1.28 0.76 0.06 24.3 18.9
S -187 .9987 1.34 0.77 0.04 22.7 23.5 19.5 19.2

S-181 1.0056 1.28 0.67 0.07 34.6 27.9
S-189 1.0104 1.34 0.66 0.08 36.0 35.3 28.3 28.1

S -183 1.0086 1.28 0.52 0.09 51.6 42.5
S-191 1.0006 1.34 0.49 0.12 54.5 53.1 41.9 42.2

S-185 1.0078 1.28 0.35 0.13 70.6 56 8
S -193 1.0078 1.34 0.34 0.16 71.7 71.2 54.5 55.7

S -180 1.0018 1.28 0.79 0.09 20.8 12.1
S-1 88 1.0026 1.34 0.79 0.05 20.8 20.8 16.5 14.3

S-182 1.0085 1.28 0.69 0.10 32.6 22.7
S-190 1.0031 1.34 0.68 0.08 33.2 32.9 25 5 24.1

S-184 1.0041 1.28 0.62 0.09 40.1 31.1
S-192 1.0049 1.34 0.59 0.08 43.5 41.8 35.6 33.4

S -1 86 .9989 1.28 0.44 0.12 60.1 47.4
S -194 1.0057 1.34 0.40 0.17 64.9 62.5 46.7 47.1

Olllnolese Coal % ash (moisture free): 16.9
mean

g. THF g. Hexane X TH F X T H F X  Hexane X  Hexane
Run* a. coal In % mfliiturt Insols Insols Cflnv (mat) Conv (maf) Conv (maf)

S -155 1.0030 0.00 0.61 0.27 40.0 14.8
S-1 63 1.0051 0.00 0.65 0.29 34.7 37.4 7.8 11.3

S -157 1.0000 0.00 0.44 0.43 63.0 15.6
S-1 65 1.0055 0.00 0.43 0.46 64.7 63.8 13.8 14.7

S -159 1.0009 0.00 0.30 0.43 82.1 32.6
S-1 67 1.0076 0.00 0.31 0.45 81.1 81.6 29 6 31.1

S-1 61 1.0048 0.00 0.26 0.31 87.7 52.1
S-1 69 1.0063 0.00 0.24 0.31 90.5 89.1 54.6 53.3

S -156 1.0012 0.00 0.48 0.42 57.6 12.2
S-1 64 1.0059 0.00 0.52 0.42 52.5 55.0 7.9 10.0

S -158 1.0009 0.00 0.31 0.56 80.8 15.7
S -166 1.0063 0.00 0.33 0.58 78.3 79.5 11.5 13.6

S I 60 .9996 0.00 0.27 0.46 86.2 32 5
S-166 1.0030 0.00 0.30 0.48 82.2 84.2 26.8 29.6

S -1 62 1.0127 0.00 0.32 0.38 79.9 37.2
S-170 1.0000 0.00 0.26 0.35 87.6 83.7 46.9 42.0
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Table A-32 
Coal Conversion Data for Fe(CO)5 Vapor Deposition, 

Followed by Addition of CCI4

Wyodek Coal % ash (moisture free): 8 .7
mean mean

fl. THF g. Hexsne %THF %THF % Hexane % Hexane
Run* a. coal In % moisture Insols Insols CflflY.lClfll) Cgnï (mit) Cflnv (mit) Conv (maf)
S -2 1 1 1.0162 7.23 0.76 0.09 19.9 10.8
S-21 9 1.0017 7.23 0.75 0.11 19.8 19.9 8.2 9.5

S-21 3 .9984 7.23 0.64 0.11 32.8 20.8
S-221 1.0097 7.23 0.65 0.09 32.4 32.6 23.0 21.9

S-21 7 1.0053 7.23 0.44 0.15 57.2 40.3
S -223 1.0000 7.23 0.42 0.13 59.3 58.2 44.6 42.4

S-21 5 1.0013 7.23 0.21 0.23 84.6 57.7
S -225 1.0022 7.23 0.22 0.22 83.4 84.0 57.7 57.7

S-21 2 1.0071 7.23 0.76 0.09 19.1 9.9
S -220 1.0043 7.23 0.77 0.12 17.7 18.4 4.9 7.4

S-21 4 .9982 7.23 0.67 0.13 29.1 14.9
S -222 1.0051 7.23 0.71 0.06 24.9 27.0 19.1 17.0

S -2 1 8 1.0068 7.23 0.60 0.12 38.2 25.1
S -224 .9947 7.23 0.57 0.10 40.9 39.6 30.0 27.6

S -2 1 6* .9966 7.23 0.33 0.26 70.0 39.7
S -226 1.0058 7.23 0.42 0.16 59.6 41.5
S -227 1.0072 7.23 0.46 0.20 54.9 57.2 32.2 37.8

DlllnoledS C eel % ash (moisture free): 13.9

fl. THF fl. Hexane %THF % THF % Hexane % Hexane
Bum coal In % mpitturc Inso ls Insols Cflnv (mat) Cflnv (mil) Conv (maf) ConvJnuü
S -228 1.0029 2.26 .58 .30 40.3 11.9
S -236 .9977 2.26 .59 .29 38.5 39.4 11.3 11.6

S-230 .9995 2.26 45 .34 57.6 22.2
S -238 1.0010 2.26 .46 .37 57.7 57.6 18.8 20.5

S-232 1.0066 2.26 .36 .30 71.4 39.4
S-240 1.0087 2.26 .39 .33 68.8 70.1 33.7 36.5

S -234 .9972 2.26 .33 .22 76.4 53.0
S -242 1.0024 2.26 .32 22 75.2 75.8 52.1 52.5

S -229 1.0094 2.26 .64 .29 32.8 6.7
S -237 1.0099 2.26 .63 .31 34.1 33.5 5.5 6.1

S-231 1.0072 2.26 .52 .30 48.7 19.4
S -239 1.0064 2.26 .59 .30 40.6 44.6 12.2 15.8

S -233 1.0079 2.26 .58 .20 40.7 24.2
S-241 1.0048 2.26 .58 .22 40.4 40.6 21.5 22.9

S -235 1.0031 2.26 .44 .24 61.8 37.9
S -243 .9989 2.26 .41 .25 62.9 62.4 37.6 37.8

* Represents outlying data which was not used in determining a mean conversion


