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CHAPTER I 

INTRODUCTION 

We are nov entering an exciting era of coal cheaistry. 

Coal che•istry has becoae at least as gla11orous as research 

on outer space or research on atomic energy. 

Coal is a heterogeneous solid substance, both physi-

cally and cheaically, that contains undesirable !•purities, 

soae incorporated in the cheaical structure an~ soae dis

tributed as discrete minerals throughout the coal structure. 

coal is the 11ost abundant fossil fuel resource vhich 

represents about 80 to 85% of the known fossil fuel energy 

reserves of the United states ( 4). While the energy content 

of the whole coal is satisfactory, .its a a lroscop ic and 

molecular foras are not. Transportation and coabustion of 

the solid coal are both di.fficul t and inconvenient. In view 

of these facts, it is apparent that the proble11 in research 

on coal technology is to develop aethods to convert coal 

into aore desirable and environaentally acceptable foras. 

As Professor Larson (2) recently put it so so aptly: 

To atteapt the rational design of catalysts for 
coal conversion with a reasonable bope of success 
ve need to knov auch 110re about its structure and 
reactivity. The rational design and developaent 
for better processes is being hindered enoraously 
by our very poor und~rstanding of coal cbeaistry. 
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Coal is a ver·y difficult •aterial to work with, 
and progress will probably be slow; but our need 
.for and ability to use in·foraation about the coal 
structure and reactivity are enoraously greater 
t~an the availability of such inforaation ••••• 
Because of the past neglect, it is inevitable that 
we will continue for a while to operate with an 
inadequate data base (p.8). 
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CHAPTER 11 

CLASSIFICATION AND STRUCTURE OF COAL 

Of course, the basic problem is with the raw 11aterial, 

coal itself. Foraed froa the reaains of living organisas 

soae 250-400 aillion years ago and subsequently subjected to 

biodegradation, it is small wonder tllat the black carbona

ceous aaterial dug frolll the ground varies aacroscopically 

from the top of the seam to the bottoa, froa side to side, 

and aicroscoptcally in the fora o.f regions of different 

properties and atomic compositions (3). Because of this 

exceeding!~ coaplex nature of coal any staple classification 

in the scientific sense is not possible. Most generally, 

coal is a aicroscopically structureless syste• consisting 

essentially of a •atrix of carbon and hydrogen organic sys

te~ts. As a consequence, the characterization of coal beyond 

presenting the geographic source or rank is of little use. 

Coals, in CJeneral, have been classified accordinCJ to geolog

ical age, recognizable coal- foraing plant aatertals, rank, 

volatile aatter and/or fixed carbon content, petrographic 

consituents etc (1). 

The classification developed by A.aerican Society for 

Testing and Materials (ASTM) (5) is in coaaon use. In this 

3 
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classification system, the higher rank coals are classified 

according to their fixed carbon content on the dry basisJ 

the lower-rank coals are classified according to their calo

rific value as shown in Table I. Aggloaeratlng cbaract~r is 

used to differentiate between certain adjacent groups. 

Applying usual aethods of eleaental analysis,· and discount

ing as~, a typical low-volatile bituainous coal has been 

found to have an approxi•ate eapirical foraula of 

Cl35H9709S. Sucm foraulas mig~t range froa C15H140056N2S 

for a lov grade peat to C240H9004NS for a high grade anthra

cite (7). 

On til is basis, several structures have been suggested 

for bituainous coals. These structures are based on ulti

aate and .functional group analyses, spectroaetric and x-ray 

data and cheaical reactions (8). The structures proposed by 

van ~revelen (9}, Given (10) and Sheer (11) are reproduced 

here in Figures 1, 2 and 3 respectively. 

Let us consider Sheer•s structure (Figure 3). Of 

course, it needs to be emphasised that there is no fira . · 

basis .for choosing this structure o·ver the others. This 

structure has soaething of everyt~ing. Six meabered aro

•atic rings predoainate although significant quantities of 

five aeabered configurations exist. The basic ring post~ 

tions are aostly occupied by carbon atoas although there are 

aany of the rings with a sulfur atom, a nitrogen atom, or an 

oxygen atoll in the r lng position. .A substantial aaount of 
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tlydro-aroaatic structures (about 15 to 20t) also exist where 

a part of the structure is saturated with respect to hydro

gen (12). Tile three betero-atoas, sulfur, oxygen and nitro

gen are present in significant quantities. This structure 

has alaost every type of oxygen, 1. e., oxygen in rings, in 

carbonyls, in ethers and in phenolic hydroxyls; nitrogen in 

pyrrole and in pyridine and sulfur, predo11.inantly as diben- · 

zothioptaene sulfur (13). On an average about one half of 

sulfur found in bituwinous coals is inorganic in nature and 

the ottaer half exists principally as thiophenes, sulfides, 

disul.fides and aercaptans (14). 

Ttae principal types of structures, naaely aroaatlc and 

hydroaroaatic are joined together to yield the fundaaental 

coal structure. It is observed that these ring structures 

are joined togettaer in various patterns vittl the basic 

structure consisting of single rings, condensed double 

rings, condensed triple rings etc. The current view i$ 

based 11ainly on the X-ray work of Hirsh (15). However, in a 

recent paper, Given ( 12) has very strongly cr 1 ticized and 

questioned' the validity of this work. Fro• the data availa

ble at present it could be concluded that tbe average size 

of a cluster aaking up the fundaaental coal structure con

sists of three condensed rings actually ranging fro• single 

rings to several condensed rings per cluster. these clus

ters are connected1 by various linkages such as ether link

age, sulfide and dlsulfide linkage and even biphenyl linkage 

etc. 
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Given• s non- planar structure for a vitrinite of 82t 

carbon was based' on dihydro-anthr acene (Figure 2 a). Brown 

et al., however, soon after the publication of Given• s 

MOdel, deaonstrated by .NMR studies that it is unlikely that 

aethylene bridges exist in coals (16). Given, in a later 

paper, agreed and proposed aodification to an isoaetric type 

of structure based on dlhydro-phenanthrene (Figure 2 b) in. 

which no aethylene b.ridges are .involved. 

The coabination of aulti;...r ing aroaatic structures and 

the presence of hetero atoas •eans that the carbon to hydro

gen ratio is too lligh for the substance to exist as a liquid 

or gas. Thus as shown tn Table II the carbon to hydro9en 

ratio for a bitu111nous coal is about 15:1 while for petro

leua it Is 7:1 (17). Hence1 any conversion to gas or liquid 

perforce requires addition of hydrogen (or re•oval of carbon 

as coke or char). 
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(a) MODEL OF CHEMICAL STRUCTURE OF COAL 

(b) GIVEN'S SUBSEQUENT MODIFICATION TO THE ABOVE 

Figure 2. Given Structure of Coal 
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.TABLE I 

ASTM CLASSIFICATION OF COALS BY RANK 

Rank Btu/Lb 

I. Anthracite 

1. Metaanthracite 

2. Anthracite 

3. Semianthracite 

II. Bi tumin·ous 

1. Low Volatile 
4J 

Q) ~ Q) 
0\ 2. Medium Volatile Q) :::1 
.ell 4J r-1 

Q) 
~ ctl 

3. High Volatile A 0 :> 
4J u 
ctl 0\ 
Ei 

4. High Volatile B ~ ~ 14,000 ·r-1 Q) ..... 
~ 0\ 4J 
0 >. ctl 
k 5. High Volatile c ~ Q) 13,000 04 0 
04 

III. Subbituminous 

1. A 11,500 

2. B 10,500 

3. c 7,500 

IV. Lignite 

1. A 9,500 

. 2. B 8,300 



TABLE II 

CHEMICAL COMPOSITION OF SOME COALS AND PETROLEUM 

Medium High High 
Anthracite Volatile Volatile Volatile Lignite Petroleum 

bit. A bit. B bit. Crude 

c 93.7 88.4 84.5 80.3 72.7 83-87 

H 2•4 5.0 5.6 5.5 4.2 11-14 

0 2.4 4.1 7.0 11.1 21.3 

N 0.9 1.7 1.6 . 1.9 1.2 0.2 

s 0.6 0.8 1.3 1.2 0.6 1.0 

H/C ratio 0.31 0.67 0.79 0.82 0.69 1. 76 

Gasoline 

86 

14 

1.94 

Toluene 

91.3 

8.7 

1.14 

.... .... 



CHAPTER Ill 

REACTIONS OF HYDROGEN ATOMS WITH CARBON 

AID COAL 

Literature Review 

The author's literature search shows only three refer

ences to the reaction of atoaic ~ydrogen with coal but aany 

references are available describing the reaction of hydrogen 

atoms vi tb v arlo us t orms of carbon. 

Tile d·trect reaction of hydrogen atoas, produced in a 

glowing discharge with soot at a te•pe.rature of 100 deg C 

vas first reporte~ by t~e Russian scientist Avraaenk~ (18) 

.in 1946. On the basis o.f spectral evidence, be suggested 

• that the. CH: radical was an intermediate in the foraation of 

the products. 

Harris and r ickner ( 19) in 1947 reported additional 

confiraation of tile occurrence of this reaction in· an inde- · 

pen dent work. In 45 minutes runs, soot deposits (aade by 

•saoking• a glass finger wit~ a gas flaae) were treated vitb 

hydrogen atoas produced by the standard Wood-Bonhoeffer (20) 

discharge technique. The valls of the cylindrical reaction 

chaaber were internally •poisoned• against excessive hydro

gen atoa recoabination by aeans of a coating of phosphoric 

12 
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acid and they claiaed a 20' concentration of hydrogen atoas 

at an operating pressure of 0.4 ••· Tbey found aetbane and 

C2-C5 llydrocarbons as the products of the reaction. 

Blackwood and McTaggart (21) reacted vood chars with 

hydrogen, oxygen and carbon aonoxide, and hydrogen atoas and 

hydroxyl radicals produced by the action of a radiofrequency 

field on hydrogen, carbon dioxide and water vapor respec

tively. The carbon saaples used in their study were pre

pared by carbonizing jarrah wood (Eucaliptus aarginta) in a 

strea11 of dey, oxygen-free nitrogen to a teaperature of 650 

deCJ c. The crushed and sieved saaples were divided into 

several portions and each of these was again heated in a 

dry, oxygen-free nitrogen ataosphere to various given teap

eratures ranging fro11 750-1150 deg c. The chars prepared in 

this aanner contained different aaounts of oxygen. One 

point worth aentiontng in their expert•ent was that the saa

ple vas just outside the radiofrequency field (contrary to 

the later works tllat follow). Tile aain product of the reac

tion was a ethane, although in.1 ttally a saall aaount of car

bon monoxide was also foraed. However, the extent of tile 

reaction is not indicated. They reported no change in the 

reaction rate with change in ·the teaperature of charring. 

They postulated that the ato•ic species ceacted on the car

bon-surface independent of tile nuaber of actiwe sites. 

Shahin ( 22) tnvestl gated the reaction of hydrogen 

atoas, produced• by tne action of •icrowave discllarge on 
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hydrogen gas, with carbon and it vas found tbat the total 

aaount of products decreased rapidly 11ben the carbon vas 

•oved away fro• the plasaa. On the basis of this experiaen

tal evidence, he reported that tbe reaction oceured·only 

when the carbon vas in the discharge zone and suggested that 

the reaction alght be wholly due to gaseous carbon. Hydro

gen atoa concentrations were not aeasured and the teapera

ture of carbon was 100 deg c. These observations suggested 

that atomic hydrogen did not react with carbon at rooa teap

erature. Methane, acetylene, and to a saaller extent, eth

ane and ethylene, were the aain gaseous hydrocarbon prod

ucts. Appearance o.f aethane as tbe aajor product also 

suggested that a significant portion of the gaseous carbon 

vas aonoatomlc. Acetylene could have arisen either fro• the 

reaction of a C2- carbon coapound with hydrogen or by tbe 

attack of ato•lc carbon on the newly foraed •ethane. 

Vastola, Walker and Wigntaan (23) aade a detailed stud'Y 

of rooa teaperature, low pressure reaction of carbon with 

the products of hydrogen, oxygen and water •icrowave dis

charges. The presence of hydrogen atoas was detected qual

itatively using a platinua wire. The reaction bet11een 

atoaic hydrogen and carbon occured at an insignificant rate 

. lf the carbon was located outside the discharge. When· car

bon vas directly exposed to the discharge, the reaction pro

ceeded at a siCJnif icant rate, with a aeries of coaplex reac

tions occurring. Ethylene and aethane were the •ajor 
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gaseous products. A yellow hydrocarbon residue was found on 

the walls within t~e disc~arge zone. Minor gaseous reaction 

products included ethane, propane and n-pentane. The con

verion efficiency of hydrogen to hydrocarbon products, both 

gaseous and solid, has been reported to be about lOt. The 

authors agreed with Shahin's earlier work that the transport 

of carbon from solid to vapor p~ase was likely. This was 

thought to arise from the bombard~ent of the carbon by ener

getic ionic species believed to be present in the disc~arge. 

King and Wise (24) studied the reaction kinetics of 

hydrogen atoms produced by a radiofrequency discbarge with 

evaporated carbon films in the temperature range fro• 365 to 

500 de~ K and the total gas pressure from 0.02 to 0.10 mm. 

The atom densities were measured calorimetrically with. a 

tungsten filament located in the main discharge tube. The 

principal carbon-containing products were methane and et~

ane, with ethylene becoming more important at higher temper

atures. Other products detected were: alkanes through C7, 

traces of cyclohexanes, benzene, diacetylene, CS2 and alkyl 

sulfides, co, C02, H20 and traces of oxygenated coapounds 

through CJ. The removal of carbon by chemical reaction, as 

detected by variation of film thickness with time was found 

to occur at two d:istinct rates with activation energies of 

9.2 and 7.1 kcal/mole. In addition, they studied the fo.rma

tion of hYdrogen molecules by atom recoabination·on the car

bon fila and concluded that this reaction, with an activa-
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;J 

tion energy . of 2 .4'< kcall'II,C;»le predo11inated over tne 
~-. . ' : ·-.__ ~~< > 

hydrocarbon fora at ion tn·~t,tt•·' temperature range they used. 

Letort et at. (25) reported t~e complete gasification 

of a ~itrlnlte when allowed to react with atomic hydrogen 

fro• a Wood•s tube (hydrogen flow 3 to 9 1/h). The atoaic 

hydrogen concentration vas deterained by a wrede-Harteck 

gauge, and was usually 30 to 50% at· the point where the 

strea• left the wood•s tube. Wnether the sample was in t~e 

discharge itself is not clear, but vitrinite in fact tumbled 

tnroug~ tne dischar~e zone in a special reactor. A pyridine 

extract of vitrinite, coronene and graphite were also gasi-

fled co•pletely. Methane, ethylene and acetylene were the 

•ain products. On the other ~and, paraffins, phenanthrene 

and pyrene were attacked but formed in· part benzene-insolu-

ble solids which were more resistant than the parent hydro-

carbon to attack by hydrogen atoms. The use of dey hydro-

gen, or hydrogen containing 3t of water, appeared to give 

si•ilar yields of a toms. Water appeared to increase the 

gaSification rate of vitrinite,· with the formation of carbon 

•onoxi~~ ana reduction of the hydrocarbon yields. 

Gill, Toolly and Moser (26) atomized hydrogen containing 

trittua at a hot tungsten filament and reacted the ato11s 

with various forms of carbon (graphite, laJIP black, and dia-

mond) at 17 deg K. At pressures low enough to allow a col-

li.son-free path for tile hydrogen atoas between the filament 

and the surtace of the carbon, several saturated hydro car-



bons, (methane, ethane, propane, 

and unidentified lligher molecular 
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n-butane and !so-butane), 

weight product(s) were 

produced. In sepacate high pressure runs at high teapeca

tures, cis-2-butene was also produced. A very significant 

aspect of. their work is the te11perature of the carbon target 

which was at 77 K. It is hard to imagine that there could 

!lave been any gaseous carbon atoms at this low temperature 

taking part in the reactions. This is totally different 

from the views held by the previous workers. Ttle authors 

concluded that methane was the initial product of the reac

t ion of hydrogen atoms with elemental carbon and hot atoms 

were required to convert •ethane to tligh~r molecular weigtlt 

hydrocabons. The data for relative total yield of products 

presented in the paper suggests that the reactivity of vari

ous forms of carbon is in ttle following order: Graphite > 

Diamond > Lamp Slack. 

Wood and Wise (27) studied the kinetics of the reaction 

between atomic hydrogen produced by radiofrequency discharge 

and solid graphite in the temperature range 450 to 1200 deg 

K). Methane ~as tile major product(91\), the rest being uni-

dentified compounds in the range C3 to ca. The rate of the 

reaction was touna to depend on ttle square root of hydrogen 

atom concentration and as well as on the hydrogen pressure. 

On these grounds, tney indicated tllat Rate = kCH21CHl ** 0.5 

over the entire temperature range investigated. The authors 

reported a maximum in the variation of the · reaction rate 
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with teaperature and they explained that this was due to the 

thermodynamic instability of methane, the principal reaction 

product, at nigh teaperature, the standard free energy of 

formation of which turns positive foe T > 830 deg 1. On 

this basis, they predicted that hydrogen and carbon would 

beco11e the favored constltuents in cheaical equlibr.lua with 

methane for T > 830 deg K. However, the theraodynamic 

instability predicted for methane at 850 deg K requires 

hydrogen and methane to be at unit fugacity and for carbon 

to be in its standard state, with a state of thermodynaaic 

equilibclum existing between the three species. In the 

hydrogen atom-carbon reaction, these criteria foe the ther

modynallic reasoning do not apply) if thermodynamic reason

ing in any foc11 could be applied to the reaction, and have 

any meaning, the system 4H + c = CH4 should bave been con

sidered (30). It is pcobable that pyrolysis of hydrocarbon 

reaction products on the nigh temperature carbon target was 

responsible for the observed maximum product yield tempera

ture. 

Sanda and Berkowitz (28) studied the reaction of dis

charge generated hydrogen species with coats and carbons. 

They p~id special attention to the effect of the reaction 

locale on product coll(>osi tion and reaction kinetics. They 

report a zero-order kinetics foe the reaction WITHIN the 

luminous zone of the discharge and n > 0 for the reactions 

farther downstream. From this order difference, they suq-
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gest that a substantially non-discriminating reaction in the 

discharge gives way to a selective reaction outside the 

luminous zone, where most of the surviving hydrogen atoa 

species were believed to react ~ith other than •active• 

sites. Reaction with carbon did not yield detectable 

amounts of anything other than methane whereas that with 

coal produced ethylene, ethane, 

addition to mettlane, CO and C02. 

McCarroll and McKee (29) 

propane and n-butane in 

studied the topographical 

changes resulting from tbe interaction of hydrogen, nitrogen 

and oxygen, as well as the corresponding monoatomic species 

with graphite single crystals with substrate temperatures 

ranging from JOO - 1000 deg K • Undissociated hydrogen was 

found to be unreactive (as well as nitrogen) toward heated 

graphite. However, ~xposure of graphite crystals to ·atomic 

hydrogen (and atollic nitrogen) produced regular hexagonal 

pits on the cleavage surface. On the basis of this observa

tion they postulated that the reactions depend on direct 

impingement of atoms from the gas phase at sites of prefer

red activity and the reaction kinetics, as measured by pit 

enlargement, would be dependent on the partial pressure of 

the reactant species. 

Snelson (30) made an excellent study on the reaction of 

thermally produced atomic hydrogen with carbon. At an ini

tial beam temperature of about 2600 deg K, the reaction of a 

beam of hydrogen atoms with a carbon surface, at approxi-
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mately 300 deg c, produced 91\ methane, 8.5% ethane and 0.4\ 

propane. very minor amounts of ethylene, propylene and C4 

species were also suspected. Contrary to the earlier report 

by King and Wise no 11aXi11um in tile llydrocarbon yield at 720 

- 820 deg K was .found. However, hydrocarbon for11ation 

increased . with temperature and the product distribution 

remained virtually unchanged in the experimental temperature 

range of 30-950 deg c. He reports a conversion efficiency 

of (fraction of ~ydrogen atoms interacting with the carbon 

target convertd to hydro hydrocarbons) 1.2% at 30 deg C and 

3.6% at 950 deg c. The methane yield - temperature depend

ence was foUnd to have three distinct phases and the follow

ing activation energies have been reported: 300 to 500 deg 

K1 E = 0.94 ± 0.2 kcal/11ole 500 to 1000 deg K, E = 0.15 ± 

0.05 kcal/mole an:l: 1000 to 1200 deg K, E =4.5±1·2 kcallaole. 

However, as Snelson himself points out, it sllould be consid

ered that the temperatures of the hydrogen atoms and the 

carbon target were considerably different from each other

sometimes by 2000 deg K whereas the simple reaction rate 

theory assu•es equal temperatures for all reactants. 



CHAPTER IV 

MERCURY PHOTOSENSITIZATION 

In order to determine the rate of interaction of hydro

gen atoms with fine coal dust, one needs a method of genera

tion of atomic hydrogen from molecular hydrogen which, 

because of the het~rogeneous nature of the reaction, · must 

necessarily be flowing to fluidize the coal dust. In the 

earlier works reported in the literature, gaseous discharges 

were used, exclusively, to generate hydrogen atoms. Because 

of the questionable value o.f this method, a photochemical 

method was used to generate hyd~ogen atoms in tbe present 

study. 

Certain chemical reactions which will not proceed under 

the influence of a given wavelength of light in a convenient 

region in the electromagnetic spectrum can be initiated by 

addition of a •sensitizer•, which absorbs the radiation and 

subsequently transfers its energy to tbe substrate in a col

lision of the second kind. This kind of inter-molecular 

transter of electronic energy is called 'photosensitization• 

and it is a valuable method in photochemistry. 

Although the earliest example of photosensitization was 

probably the sensitized decomposition of ozone to certain 

21 
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light f£equencies by the addition of chlorine (31), most of 

the reactions of·this type reported have been gas phase pho~ 

tochemical reactions using metal atoms as the sensitizer. 

The first experimental evidence indicating tbat mercury 

atoms, excited by the 253.7 nm resonance line, may transfer 

their energy to other molecules and cause reactions was 

shown by Carlo and· Frank (32) in the mercury-photosensitized 

decomposition of molecular hydrogen. Since that time, the 

technique of mercury photosensitiza~ion has p£oven an inva-

luable means of generating and studying free· radicals near 

room temperature. From the standpoint of photochemistry, 

mercury photosensitization possesses the following advan-

tages: 

1. Mercury has appreciable vapor p£essure at 
room temperature; 

2. Mercury has large absorption coefficient for 
its resonance line and 

3. the excitation energy. of mercu['y is 
sufticient to rupture most chemical bonds. 

Thus many molecules which cannot be conv~niently studied by 

direct photolysis can be decomposed by this technique. 

Respnance Lines of Mercury 

Of the many observed t['ansitions among the energy lev-

els of the me['cury atoms, there are only two transitions 

from the ground state corresponding to lines at 184.9 nm and 

253.7 nm {33). Figure {4) shows schematically tbe low-lying 
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energy levels of the mercury ato•. It will be seen that the 

two direct transitions from the ground state can be cons1d

er~d as resonance lines, with the 253.7 nm line responsible 

for t~e transition 6Cl S OJ --> 6C3 P 11 and the 184.9 nm 

line responsible for the transition 6C1 S OJ --> 6[1 P 11. 

The transition probability for t~e former is lower than for 

the latter. The life-tille of the 6[1 P 11 state of mercury 

is approximately 3.01 x 10**-10 second as compared to 1.14 x 

10**-7 second for the 6[3 P ll' state (33), and the absorp

tion coefficient for the 184.9 nm line is so high that 

effects due to imprisonment of radiation are almost !•possi

ble to eliminate. Therefore, relatively little work has 

been done with the 184.9 na line because of the many diffi

culties both in experimental techniques and in theoretical 

interpretation of results. For mercury photosensitization 

via absorption of the 253.7 nm line, the unwanted 184.9 na 

radiation emitted from a 11ercury resonance lamp can be eas

ily removed by appropriate filters (34). 

ay absorption of the 253.7 nm line, mercury at~ms are 

raised to 6[3 P ll state, corresponding to 112.2 kcal/aole, 

or 4.86 eV of electronic excitation energy. i. e., 

HgC1 s Ol • ~v (253.7 nm) --> Hg* C3 P ll (1) 

the rate o t which depends upon the optical cross section for 

reaction (1) and t~e incident flux of 253.7 nm radiation. 

In addition to the fluorescence, three types of colli

sional deactivation are possible: 



1. Loss of 112 kcal of energy in a collison of 
the second kind with the production of a 
normal Mercury atom in 6[1 S OJ state; 

2. Loss of 5 kcal of energy with production of 
meta-stable 6[3 P 01 mercury atoms. This 
transition has been observed to be induced 
efficiently with molecules such as nitrogen 
and carbon aonoxide (35}, having vibrational 
spacing in the ground state very close to 5 
kcal, and 

3. Acquisition of 13 kcal of energy through 
collison with production of 6C3 P 21 mercury 
atoas. At room temperatures only one 
collison in about 1.0 x 10** 10 is capable of 
causing such a transition (33). Hence this 
transition is neglected iri most photocbeNical 
studies. 
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Hydrogen atoas are produced by collisonal deactivation 

of excited mercury atoms with molecular hydrogen as 

represented by the reaction (2): 

Hg* C3 P 1 1 + H2 ---.) Hg Cl S OJ + 2H (2) 

Several mechanisms have been postulated foe reaction (2) 

( 37, 38). 

In a classic review, recentl~ Mains (36) discussed the 

current status of mercury photosensitization and the 

fundamental mecttanisms of energy transfer from Hg C3Pll to 

the substrates which form its quenching partners. For 

quencning of Hg C3Plll by H2, three mechanisms have been 

postulated. Cario and Frank (32) mechanism involves an 

elementary collision of Hg C3P1J with H2 to dissociate H2 

into 2H atoms. However, this was later rejected by applying 

the principle of microscopic reversibility. Mitchel (39) 

postulated th.at as a result of collision between an excited 
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mercury atom and a H2 molecule in its ground state, the H2 · 

molecule was excited to a high state of oscillation and 

rotation as follows: 

Hg [3Pll + H2 ---> H2 1 + HgClSOl 

On the basis of spectroscopic evidence, Compton and Turner 

(40) concluded that the result of collision was a HgH 

molecule and a H atom. 

Hg [JPll + H2 --> [HgHl 1 + H 

Kang Yang et al. (41) Projected the formation of HgH on the 

basis of phase space theory as had Light et al. (42) a 

little earlier. All these mechanisMs are considered to be 

energetically possible. 

Recently, Michael and Yeh (44) 1 proposed the following 

11echantsm for the pr illlary photochemical 

added to H 2: 

process in which H g 

Hg( 1 SOl' + hv( 253.7 nm) --> HgC3Pll 

Hg[JPll --> 

HgC3Pll + H2 --> 

H gH2* --> 

HgClSOJ + hv(253.7 nm) 

HgH2* 

H gC.3Pll + H2 

--> HgClSOJ + K2 + hv 1 

--> HgClSOl + H2 

--> HgCJPOl + H2 

--> HgH + H or Hg + 2H 

In spite of the complexity of the processes involved in 

the quenching of excited mercul"y atoms, reactions (1) and 

(2) are considered to be adequate to explain the formation 
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o.f H atoms via 11ercury photosensitization. Hydrogen atoas 

produced in tbls aanner in the photocbemical reactor (to be 

described later, in situ, were allowed to react with ~inely 

divided coal dust. This was the subject aatter for this 

investigation. 
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CHAPTER V 

PRKPlRlTION OF COltS 

In order to derive aeanlngful conclusions froa the 

interaction o.t tlyd•rogen atoas with coal dust, it is iapor

tant that the changes that occur to the coal samples froa 

the aine to tile laboratory be ainiaized. In addition, the 

grinding of coal presents a considerable challenge to the 

experieentalist interested in studying the fundaaental prop

erties of coal. Significant quantities of gases are 

entrained in the atcropores of coal {45, 46), aostly air 

with saaller amounts of carbon dioxide, aethane, and other 

hydrocarbons. 

The release of these gases require pore opening and/or 

widening as is found in solvent extraction of coal with 

various solvents ( 47 ). Contrary to the popular belief, the 

entrained gases are not totally reaoved by puaping, even in 

high vacuua systeas (48). Therefore, coaaon grinding proc

ess in the presence of air can produce reaarkable changes in 

the coal aatrix:, including gas evolution, surface oxidation 

and lf, violent enough, even charring. 

Ind·eed, ln their study of ewolution o.f gases froa coal 

during grinding in a Bleuler aill, Radd, Carrel and Baaatng 

28 
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(49) have shown that olefinic gases are evolved during the 

grinding process, apparently as a process of grinding 

itself. In addition, Melton and Giardini (50) have observed 

water as the 11ost abund,ant gas in their study of crushing of 

West Virginia, Kentucky and llaba•a coals; other gases were 

hydrogen, heliua, ae thane, a•aonia, aethanol, ethanol, car

bon aonoxide, nitrogen, ethane, oxygen, hydrogen sulfide, 

argon and carbon ~ioxide. 

Froa these evidences it is clear that grinding and 

storage of coals without necessary p.recautions can only •od

ify t~e coal surface and any conclusion froa such aodified 

surface will not be relevant. Therefore, it ts iaportant 

that the grinding be •tld and ttlat tbe coal be stored in a 

protective environment, e. g., nitrogen gas, until ready for 

use. 

Preliainery grinding was done on a aini-ball (Vigglebug 

Model L960) and further size reduction was accoaplished 

using a aortae and1 pestle. llfben fine fractions were needed 

tn quantity, a ha-er•ill vas used for grinding coal. The 

hammermill could grind about 200 graas of coal in about a 

ainute, the product flowing into a forty-quart plastic bag. 

Cryocrushing 

In order to alniaize the aodlfication of the coal sur

faces, a new aethod of grinding vas develped during the 

course of this investigation (51). 
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Air-dried coal was placed in a Dewar flask containing 

liquid nitrogen. All but a few milliliters of the liquid 

nitrogen were decanted and the frozen coal was rapidly 

transferred to a ha .. eraill (52). The issuing product was 

below ro• teaperature and was surroundedby an envelope of 

nitroCJen gas rlstng fro• the coal. This was in contrast to 

grinding using a aini-ball atll (Wigqlebug) where the issu

ing ground coal was hot to touch. 

Sieving was accoaplished using a Fritsch Pulverizette 

electroaagnettc vibrator sieving aacbine. Tbe sieving was 

done by pouring the ground coal1 enweloped in nitrogen gas, 

into ttle steve systea and running the aachine for fifteen to 

thirty ainutes. Sieving yield data can be deceptive since 

one can never be sure if the true size distribution has been 

achieved .. on the •acb ine being used. Hence1 only the Fritsch 

Pulverizette was used throughout this study. 

Vllile grind;ing of polyaeric aaterials at reduced teap

eratures has been rePorted (53), no such studies have been 

reported in the literature for coal. That precooling the 

coal to liquid nitrogen teaperature produced draaatic 

effects on the ground product is evldent fro• Table III. 

One llundred-gra• saaples of Illinois fl: 6 high-wolatile 

coal were ground under a variety of conitions: in air at 

a•bient te•peratures1 with dry ice, and in liquid nitrogen. 

The ground coal vas rapidly sieved into three fractions: (i) 

-500+90 •lcrons, (ii) -90+38 aicrons and (iii) -38 •icrons. 



Sample 

TABLE II I 

PARTICLE SIZE DISTRIBUTION OF COALS GROUND 
UNDER DIFFERENT CONDITIONS 

Size in Microns 

+500 -500 +90 -90 +38 -38 Most Probable Size - 38 Fraction 

g % g % g 

Air (ambient) ·-· - 21.5 34.7 35.7 

N2 (j) (air-dried coal) 0.2 0.3 19.4 25.5 32.3 

N2 (J) (wet coal) -· -- 18.9 26.6 27.0 

N2 (.£) (double ground) - --- 6.3 13.9 22.0 

C02 (s) 0.1 0.2 19.9 37.0 23.5 

• After one week, agglomeration reduced this fraction by 40%·. 

•• After one week, agglomeration reduced this fraction by 10%. 

(Coulter Counter) 

% g % 

57.6 4.8 1.1* 28 microns 

42.4 24.2 31.8 .. 18 microns 

38.0 25.2 35.4 not measured 

48.3 17.2 37.9 not measured 

43.5 10.5 19.4 not measured 
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Whereas regular grinding in air, resulted in a particle 

size distribution that averages near the 90 11icron size, 

those grindings at reduced teaperature clearly produced an 

average particle size closer to the 38 aicron size. Nearly 

a third· of the coal which was frozen in liquid· nitrogen 

passed the 38 11tcron sieve compared with 7.7\ .for ·the regu

lar grinding. Fur ther11ore, the Coulter Counter study of the 

particle distributions showed the aost probable particle 

size in the liquid-nitrogen-ground fraction to be 28 

aic.rons. The results of Coulter Counter analysis of -38 

micron coals ground in liquid nitrogen is shown in Figure 5. 

The fraction ground at dry ice teaperature was not subjected. 

to Coulter Counter analysis but aight be expected to be 

tnter11ediate since the sieve classification is interaediate 

(55). 

The size distribution of a particular grade particles 

can be deter•ined by using Rosln-Raaaler (54) relation, 

R = 100 exp t-(~/k)**nl 

where x = aperture size 

k = measure of the finness of a particle 

n :: aeasure of the size dispersion and 

R = weight of particles greater than size .x 

When x = k, R = 100/e = 36.79 

Rearranging the foraer equation, 

lntln(100/R)J· = n ln(x) + Constant 
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Figure 5. Coulter Counter Analysis of -38 Uicron Liquid 
Nitrogen Ground Coal 
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Thus, for a stze distribution obeying the Rosin-Raa•Ier 

relation, a plot of lnCln(lOO/R)l against ln(x) should give 

a straight line of slope n. 

Ttle friability of coal ground after being cooled in 

liquid nitrogen is amply illustrated by Rosin-Ra-.ler plot 

of sieving _yields in Figure 6. (Unfortunately, the value of 

these plots was not appreciated until after the sieving data 

had been taken. Hence, the liaited nuaber of points is 

regretable.) Despite ttae fact that the coal saaples ground 

in a•bient air, CO 2(s) (and not shown), and liquid nitrogen 

bad al•ost identical average particle sizes, t = 90 •icrons, 

the slopes (n values) decreased in the order cited, suggest

ing tnat so•e 10\ of ttl e 1 iquid-ni trogen- ground coal was 

under 10 •tcronsl Since the Coulter Counter analyses did 

not find any particles s•aller than three •icrons, it is 

suspected that these very fine particles were lost in the 

grinding process and evacuuated through the hood, where the 

h.a•aer•ill was located. 

That the coal ground under liquid nitrogen tends to· 

undergo less surface oxidation than tne coal. ground in tne 

presence of air vas proved fro• the ESCA results, the expe

rillental procedure o.f which is described in Chapter v. 

The survey scans of size segregated, air ground and 

liquid-nitrogen- ground coals are presented in Figures 7 

th.rougtl 10. Tile relative concentration of all the eleaents 

that were present in significant a11ounts at the coal sur-
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faces and the 0/C ratios are shown in Table IV. Because ot 

the low pressures involved and the sample handling .techni

ques (to be described later), the oxygen anal~sis is 

believed to represent the chemically bound oxygen and not 

absorbed oxygen. Further, Table IV shows that there is no 

significant concentration of·st, Al or S in the liquid-ni

trogen-ground coal. It should be observed that nitrogen 

incorporation onto tile coal surface during grinding was necr-

1 igible. Fast neutron activation analysis of the liquid 

nitrogen ground coal shows the presence of 19.55 ± 0.16 I 

oxygen at the coal surface which compares favorably with the 

results obtained from ESCA. These results suggest that the 

bulk structure of coals are rep~esented better in the liq

uid-nitrogen-ground coals than in the air ground coals. 

Naphthalene TreatMent 

A sample of coal, about 15 grams, as rec.eived was. inti

mately mixed with an equal amount of naphthalene. A three

day treatment of coal with the sublimable solid, naphthalene 

displaced large quantities of occluded gases from the coal 

(56). The coal-naphthalene mixture was frozen in liquid 

nitrogen and ground in the swinging hammermill. The grounc 

product was heated to 200 deg c to constant weight under 

flowing nitrogen gas and used in a photohydrogenation expe

riment. No naphthalene was detected in the hydrogenation 

products at 200 d eg c by either gas chro111atography or mass 
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spectrometry. It is believed that tbis tteatment, followed 

by storage under nitrogen, represents the ultimate in sample 

preparation. 

Hickel Carbonyl treatment 

At room temperature, nickel reacts with carbon monoxide 

to produce nickel carbonyl~ A sample of coal as received 

vas treated with nickel carbonyl. When the mixture was 

neated, nickel carbonyl decomposes thereby leaving finely 

divided Ni on the surface of coal: 

Ni + 4 CO --> Ni(C0)4 --> Ni + 4 CO 

The mixture was ground in the same .11anner as in. the 

case of naphthalene treatment an<i used in a bycrogenation 

experiment. the purpose of this pre-treatment was to deter

mine the effect of finely divided Ni catalyst on the photoh

ydrogenation of coal the results of which ace shown in Chap

ter IX. 



Figure 7. ESCA SUrvey Scan of +90 Micron Air-Ground Coal 
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ESCA SPECTRA OF ILLINOIS NO.6 COAL 
(-38 MICRON FRACTION. LIQUID N2 GRIND) 
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Figure 10. ESCA Survey Scan of -38 Micron Liquid-Nitrogen
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TABLE IV 

XPS ANALYSIS OF RELATIVE CONCENTRATION OF 
ELEMENTS ON THE COAL SURFACES 

1 2 3 

27 30 26 

1.4 1.1 0.9 

64 63 67 

0.7 0.2 0.3 

4.6 4.8 3.2 

1.8 1.9 1.7 

0.41 0.48 0.38 

Note: 

1. +90 micron fraction air-ground 

2. -38 micron fraction air-ground 

3. +90 micron fraction liquid-nitrogen-ground 

4. -38 micron fraction liquid-nitrogen-ground 
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CHAPTER VI 

GENERATION OF HYDROCF.II ATOMS 

The aethod of mercury photosensitization for the gener

ation of hydrogen atoas vas ruled· out by Pinchin (57) as too 

ine.fficient. However, subsequent studies (58, 59) have 

shown tile steady state concentration of hydrogen atoas to be 

of the order of 10**13 H ato•s/cc by this aethod. The tech

nique requires that the flowing aolecular hydrogen be satu

rated vi th aercury and irradiated ln a quartz .reactor (shown 

in Figure 11) with 253.7 n• resonance radiation. 

Ttle reaction sequence in the production ot 8 atOllS via 

11ercury photosensitization vas discussed in Chapter IV'. 

Hono and Mains (43) have recently eaployed •easureaents of 

Ly•an-a absorption by the H atoas produced in the quenching 

of Hg C3Pll by H2 and HD, and obtained quenching cross-sec

tions of 0.100 ~ 0.004 and 0.109 ± 0.012 na**2 respectively. 

Hence reaction {2) will occur before the excited aercury 

ato• can diffuse 10**-13 ca or radiate (t=1.14 x 10**7 sec) 

{61). So the fate of nearly every excited aercury ato• is 

reaction (2) and the rate of H ato• production is liaited by 

reaction (1), the rate of photon absorpt.lon. Further, since 

the spectral eaisston profile of the resonance laaps never 

43 



44 

quite matches tbe absorption spectru• profile of aercury in 

the reactor, but is, nonetheless, quite high, the absorption 

is believed to occur within 2-3 •• of the irradiated reactor 

wall. 'ftlus, 

fro• a phase 

the reaction systea is not only heterogeneous 

point, i.e., "solid" coal dust dispersed in 

flowing gas, lt is also heterogeneous in the generation of 

ato•tc hydrogen too. 

It the interaction of 8 atoas with the coal dust is 

neglected for ttl e aoaent, the principal back reactions are 

reactions (J) and (4), 

2H + H2 -> 282 (3) 

2H + Wall -> 82 (4) 

the ho•ogeneous and heterogeneous recoabination of H atoas. 

The three body, hoaogeneous recoabinatlon of H atoas 

has been studied extensively by several wo.rkers for over 5.0 

years. Despite the many studies, there is still considera

ble uncertainity over tbe rate data. Applying a resonance 

theory, Roberts et al. (62) predicted that the rate constant 

for the reaction (J) reaches a aaxtaua at 80 deg K. How

ever, syste•atic study of the depend,ence of the reaction on 

teaperatur e and lner t gases have been less frequent. Ben

nett ( 63) obtained a value of 3.7 x 10**-33 

ca**6/•olecule•*2-sec for the rate constant of reaction (3). 

Trainer et al. (65) reported a value of 8.1 x 10**~33 

cm**6/aolecule**2/sec for the reaction II + H + H2 and 1.0 x 

10**-33 for the reaction H + H + He. Baluch et at. (~4) 
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reco11aend the value of 8.3 x 10**-33 ca**6/llolecule**2/sec, 

with a suggested error liaits of ±50t at 300K. 

Nuaerous tteasuE'ellents of the catalytic effect of vari-

ous surfaces on t~e heterogeneous atoa reco•bination, repre-

sented by reaction (4) have been car:E'ied out in the past. 

It has been generally accepted that the kinetics of hetero~ 

geneous recombination are first order with respect to gase-

ous ato• concentration (66, 61 and 68). 

woodand Wise (69), in a classic paper, discussed the 

kinetics of H ato11 recoabination on pyrex class and fused 

quartz and caae to the conclusion that at teaperatures less 

than 500 deg K (and greater than 120 deg K), the reco•bina-
! 

tion could ·be explained by Rideal •ecbanisa, involving a 

collision between a surface-adsorbed atoa (S-H) and a gas 

ato•, i.e., s-H + H --> S + H2, with an activation energy.of 

2. 25 kcal/llole, whee eas at te•per atures greater than 500 deg 

K, by Hinshelwood ••chants•, involving two surface-bound 

atoas, 1. e., S-H + S-H --> 25 + H2, with an activation 

energy of 22.5 kcal/aole. Recently, Michael et al. (~2) 

determined the first order rate constant for the reaction 

(4), t4, on quartz valls and reported a value of 21 per sec 

at 470 deg K. This was in excellent agreeaent with earlier 

findings by Wood' and Wise (68) and Gelb and Ki• (10). 

The dif·ferential equation for the concentration of H 

ato•s/cc, n, is given by 
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2 
dn/dt - 21( a) + 0 'iln - k3CH2) (n** 2) - k4Sn (5) -

where 2l(a) is the rate of production of H atoas at any 
2 

point ln the syste-, D 'iln is the diffusion loss, s is the 

surface area of ttl e reactor, and· the last two teras are the 

bac.k reaction losses at the sa11e point. l t the steady 

state, 
2 

21(a) = -Dvn + k3(H2)(n**2) + k4Sn (6) 

The solution for equation ( 6) is dictated by tbe assuaed 

functionality of I(a), naively, Cdl(a)/drlor I(o) k exp C-k 

CR-r> 1, where l(o) is the incident light flux, R is the 

reactor radius, and k is tbe effective absorption coeffi-

cient, about l/8 per c•. Clearly, l(a) and reaction (4) 

doalnate near ttl e wall, R, and the extent to wb ich reaction 

(J) occurs is determ.tned by the diffusion of H atoas into 

the center of the reaction vessel, r=O, and the concentra-

tion of H2. The extent to which the H atoa concentration 

varies from peaking near the valls or becoaes approxiaately 

radially u·ntform in this investlgation is not known. 

F.xper !mentally, one can meausre the total rate of 

hYdrogen ato• production in the systea by scavenging thea 

with l't e·thylene and 11easurtng the butane and ethane prod

uced via reactions (8) and (9). 

H + C2H4 --> C2H5 

2C2H5 --> C2H6 + C2H4 

--> C4H10 

(7) 

(8) 

(9) 

Values ranging fro• 1. 7 x 10**-13 to 8.5 x 10**-13 
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cc/aolecule-sec nave been reported for the rate of reaction 

(7}, k7 by several workers. By an extrapolation aetbod, 

ocef and: Rabinovltch (711 reported a value of 1 x 10**-11 

exp (-1.4/RT) tor lc'l. Recent value for t7, for the pres

sures between 10 and 15 torr, the pressures involved in this 

reaserch, is l. 9 x 10**-13 cc/aolecule-sec .reported by Cow

fer et at. (73). k8 + t9 is approxiaately 5.4 x 10*~;;..11 

cc/molecule-sec (72). The ratio of products C2H6/C4H10 was 

believed to be equal to the ratio of rates of disproportion

ation and combination of ethyl radicals, k8/k9 (74) and it 

has been reported to be 0.14 (72). 

S•i til postulated the following alternative reaction· 

scheae for the production of ethane (75): 

C2H5 + H. --> C2H6*. 

C2H6 • 
C2H6* 

--> 

--> 

C2H6 + M 

2CH3 

(10) 

(11) 

(12) 

However, this was concluded to be unl•portant by Melville 

and Robb (76). This indicates a negligibly saall rate of 

combination of H atoms with ethyl radicals (). 

thus, the following expressions could be 111ritten tor 

the rate of reaoval of H atoms by (1) hoaogeneous recomb1na-. 

tion, ( il) wall recollblnation and: (11i} scavenging by ethy

lene: 

-[ d( H) I dtl•h = 

-[d (H) /drt]lf = 
-Cd( H) /d tl'S = 

k3CHl**2 CH21 

lc4CHl 

lt:7CHl'[ C2H4l' 

(13) 

(14) 

(15) 
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For an actinoaetry gas mixture 

ethylene and 98.72\ hydrogen in it, 

consisting of 1.28t 

hydrogn and ethylene 

concentrations, in aoles per cc are given by 

CH2~ = (6.023 x 10**23/22400) (98.72/100) (16) 

CC2H4l = (6.023 x 10**23/12400) ( 1.28/100) (17) 

Substitution of these values and the respective rate con

stants in equations 13 through 15, leads to 

-[d(H)/dtlll = 2 X 10**-13 [81**2 (16) 

-{d(H)/dtlw = 21 X [Hl (17) 

-Cd(H)/dtls = 1.3 X 10**5 [8] (18) 

Froa the above expressions, it is evident that in the pres

ence of saall a•ount of ethylene, the reaoval of H atoas is 

essentially due to scavenging by ethylene, and hence reaoval 

of H at011s by ho11o geneous recoabination and heterogeneous 

wall recoabination could be neglected. Thus, t·f the rate of 

production of H atoas, [d(H)/dtl, is known, tbe steady state 

H atoa concentration, CHls.s. could be calculated. 

From the 11easurement of butane and ethane produced in 

the actinoaetry experiaent, details of which is· given in ttle 

next section, it was found that 

{d(H)/dtl = 5.5 x 10**14 atoas/cc/sec (19) 

Froa equations (18) and (19) for CHls.s., it follows that 

[Rl s.s. = 2 x 10**13 ato•s/cc 
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Actinometry ExperiMents 

The following experi•ent was done to determine the 

appropriate conditions for measuring the butane and ethane 

produced when tbe actinometry gas (1.28\ C2H4 in H2) was 

passed through the syste•. Since an absolute measurement of 

the gases in tae trap was necessary, tne experimental reac

tion time was reduced from one hour (coamonly used with 

coal) to 120 sees. Therefore, a bypass line was used so 

that t1e irradiation system had tiae to equilibrate ther

mally before products were collected. It was also at this 

point that analyses of the contents of the traps T2 and TJ 

in Figure 11 were .found to be al•ost identical, implying low 

trapping efficiencies and the 6-mm glass beads were added to 

t~e traps, raising t~e collection efficiencies to 47% per 

trap for n-butane. 

T~e traps were flushed witb actinometry gas and pre~ 

cooled, with periodic shaking of the glass beads, for an 

hour before connecting the traps to the photoreactor and 

trap bypass. Compressed air was blown through a glass-wool 

After the experiment, the traps were disconnected from the 

apparatus and allowed to warm up to room temperature. After 

several hours, the total gas pressure in each trap was aeas

ured by means of an open-ended manometer. Since the trap 

volume was known from previous calibrations, the total •o.les 

ot gas in the trap could be calculated. 
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A l-ee sample loop, at atmospheric pressure, was used 

to introduce both tne reaction mixture and, separately, a 

Matheson certified calibration gas (95.05\ R2, 3.95\ C2H4, 

and 1.00\ n-C4H10) to the Perk:in El11er Model 990 Gas Chroaa

tograph, equip~ed with a thermal conductivity detector. 

Since the PV ot the gas sample introduced was known, the 

exact number of moles of product gas introduced could be 

calculated. Then, from knowledge of the PVT properties of 

the trap and collection efficiencies, an absolute number of 

moles of ethane, butane and ethylene could be calculated for 

the 120-second actinometry experiment. This leads to an 

average rate of H atom formation as 5.5 x 10**14 

atoms/cc/sec in the effective reactor volume, 528~ cc. 



CHAPTER VII 

EXPERIMENTAL PROCEDURE 

T~e continuous flow, pbotoc~eaical reactor that was 

used tor studying the reaction of atomic hydrogen with coal 

is shown in Fiqure 11. 

A known amount of coal was mixed with 

of ground glass, and placed on a frit, Fl, 

an equal amount 

for dispersal in 

the quartz reator. The trap,s were evacuated and precooled, 

with periodic shaking of the glass beads, for an hour before 

connecting the traps to the photoreactor and trap bypass. 

A 5 atcron size Millipore filter placed at the top of the 

reactor in the 11iddle of the connector C4 prevents the 

escape of coal particles from the reactor. The reactor 

walls were heated by passing current through the Nichrome 

heaters surround inq t~e reactor and the temperatures inside 

the reactor were monitored at seveal locations via a Oaega 

(Stamford, Connecticut) Model 2166A Multipoint Digital Ther-

mometer. The unit was a portable, four digit, manual-scan, 

thermocouple thermometer capable of measuring any of 10 pos

sible like-type thermocouple inputs and resolving 1 deg C 

over a £ange of -200 to +2328 deg c. The unit featured a 

reference junction compensation (to eliminate the need tor 
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an ice bath reference }unction). 

unit was ~1 deq c. 
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The repeatability ot the 

Mercury p~otosensltization at elevated teaperatures is 

not common because problems are encountered with low pres-

sure mercury lamps if they are heated. Since the lamps are 

most efficient in the temperature range of 40 - SO deg C as 

shown in Figure 12 (60), they must be protected from heat. 

Actually, if t~e lamps get too war•, the vapor pressure of 

mercury becom•s sufficient to reverse the resonance line at 

253.7 nm, and only broad vings of radiation on either side 

of the resonance line are emitted (18,79). In order to keep 

the lamps cool, compressed air was blown through a glass

wool til ter, to remove co•pressor oil, and spiralled around 

the u.v. lamps. 

Next, a streaw of hydrogen sufficient to disperse tt\e 

coal dust (15 liters per ainute) was initiated. Traps T2 

and T3 were bypassed initially. When the temperature in ttle 

quartz reactor reached the desired level, the liquid nitro

gen cooled traps were opened, the gas by-pass closed and the 

u. v. ligll ts were turned on. Throughout the period of the 

reaction, the f~ner coal dust, which tended to accumulate on 

the Millipore filter was recycled using a mechanical vibra

tor. At the end of the run, the flow was discontinued and 

tne traps wer~ isolated for analyses. 
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Figure 12. Effect of Temperature on the Relative 
Eff icienc-v of Production of 253. 7 nm 
Radiation 
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te•perature Profile in the Reactor 

Ctuoae.l-Alu•el ther•ocouples were located on the cylin

drical axis and on tbe valls of the reactor at six sites 

located at the top, half-height, and botto• of the heated 

and .irradiated zones. For a Synthane ch.ar run at 200 deg c, 

the thermocouples read as follows (in deg C): 

Position/Cite Top Half-height Bottom 

Cylinder Axis 186 ! 5 202 + 1 94 ± 4 -
Wall 190 :t 4 200 :!: 1 124 :!: .4 

Thus the nominal te•perature is achieved at the wall at the 

center- o:f the reactor as •ight be expectea for a Nichrome-

wire wrapped quartz cylinder being severely cooled at the 

bottom by the influx of 15 liters per •1nute of hydrogen, 

terapecature circa 25 deg c, and, undergoing heat losses due 

to unheated top of the reactor colu•n· 



CHAPtER VIII 

A tiALYT 1 C'.lL PROCEDURES 

PV Measureaent 

Ttle products froa tile traps were quantitatively trans

ferr~d into different gas bulbs by aeans of a Toepler puap 

with the traps in succession at l) liquid nitrogen. teapera

ture, ti) dry ice teaperature and finally at iii) roo• teap

ecature and the PY product. o.f ••cb fract11on vas deterained 

· froa tlle calibration Clata. The idea behind this is to 

increase the recovery of each traction in tbe range < C2, 

C2-C5 and C6-C8 by exploiting the difference in the vapor 

pressures between tbea at respective teaperatures. However; 

in tb.e qualitative expertaents this procedure was not 

adopted; the excess hydrogen ln the traps were puaped away 

at liquid nitrogen teaperature and tbe residual gases were 

subjected to GC or GC-MS analyses after va.raing the traps to 

room te•perature. 

Because of tile higb vapor pressure ot methane and etll

ane even at the liQuid ntt.toeen teaperature (-198 deg C), 

11ost of tbe aethane and considerable aaounts of ethane too, 

left the syste• untrapped and hence tbek results can not be 

considered to be quantitative. FuJ:tbe~:•ore, the yields of 
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C02., H2S and H20 produced tn the reaction were not taken 

into consideration for quantitative a.nalyses since the 

eaphasis of this research was on the quantification ot 

hydrocarbon gases. alone. 

Gas CtaroaatoC)raphie Proceclures 

The Gas Chroaatograpns used in the study were: 1) an 

isothermal Perldn-Elaer Modcel 990 GC equipped witll a ther

mal conductivity detector. and 11) a t•perature programaable 

JJeckaan Model 12-5 GC equippear wttll a flaae ionization 

detector. The foraer was used for qualitative analyses 

while, the latter was used for all quantitative analyses. 

With t~e latter, the detection of t0•*-11 •oles of a simple 

hy·drocacbon was easily possible. 

A 0-400 •• (full seale) wallace & Tiernan differential 

pressure gauge was attached to tbe saaple injection loop of 

the Beck•an GC and hence it was possible to inject a gas. 

salllple of known PV. Fro• the FlO sensitiY.ities, deter•ined 

froa standard mixtur ea, and tile PV data, it is poss.ible to 

deter11ine ·the e·xae t nuaber of aoles of a particular co•po

nent in a •ixture. The calibl'atton of the chro•atograph was 

period·icallr checJc:ed against injections of known aaount~ of 

a cal ibr at ion •ixtur e. 

A 10 • long and 0.125• o.o. stainless steel colu01n 

packed wltb 80/100 aesb n-Oetaae on Porastl C was used for 

all quantitative analyses. The coluan was used isotbe·raally 
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at 60 deg C for the analysis of lighter hydrocarbons upto 

C5 and, for higner hydrocarbons, the column temperature was 

programmed at the rate of 3 deg C/min for 8 minutes and then 

kept isothermal at· 84 deg c. The other columns that t~~ere 

used in this study, mainly for confirmation purposes, are 

listed in Table v. 

Porapak Q is one of tte eight cif.terent types of Pora

paks available and most widely used for the separation of 

hydrocarbons. OPN/Porasil C is one of the Durapk packing 

materials in wh1ch a conventional liquid phase coating is 

pemenantly bonded to a core material. OPN/Porasil C sepa

rates components of widely varying polarity. Cl8 Bondapak 

GC consists of an octadecyl liquid phase chemically bonded 

to a silica substrate and features high temperature stabil~ 

ity and excellent column efficiencies. This is Rainly used 

for the analysis of polynuclear aromatics and fuel oils. 

Ultrabonds are packing materials in which an. ultrathin film, 

less than 15 A deep and approximately 0.2% weight, of a liq

uid phase is tightly bound to a solid support. They produce 

sharp and symmetrical peaks with little tailing. TCEP shows 

greatest retention for all organic compc~n~s and used fre

quently for retention of aromatics over aliphatic compounds. 

5% Bentone 34 + 5% Isodecyl Phthalate on C~romosorb W-HP 

could be used for the separation of xylenes. 



TABLE V 

CHROMATOGRAPHIC COLUMN SPECIFICATIONS 

No. 1 2 Length ' Packing Material 
(inches) 

1 6 Porapak Q 

2 10 OPN3 on Poracil c 

3 10 c18 Bondapak GC 

4 10 Ultrabond 

5 6 10% Carbowax 20M on Chromosorb 

6 ·a 10% 4 TCEP on Chromosorb W-HP 

7 10 5% Bentone 34 + 5% Isodecyl 
Phthalate on Chromosorb W-HP 

Note 1: All columns had an outside diameter of 0.1250" 

Note 2: All columns were made of premium stainless steel 

Note 3: OPN = Oxy-dipropionitrile 

Note 4: TCEP = Tri-cyanoethoxypropane 

Mesh Size 

80/100 

80/100 

100/120 

100/120 

W-AW 80/100 

80/100 

80/100 
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Gas Cll roaatography-Mass Spectroaetrr 

(GC-MS) 

Ttl e GC-MS ·til at was used in ttl is investigation vas a 

f' inn igan s er les 4000 on-1 ine GC-MS-Coaputer sys tea equipped 

with a quadrupole aass analyzer. This systea is capable of 

acquiring and processinG large voluaes o.f •ass spectral and 

gas cbroaatograph1c data. The CC-MS interactive data system 

consisted· of tvo separate units: (1) the GC-MS interface 

110dule and ( ii) the data systea console. The data systea 

console consisted of· a 16-bit central·processor unit, and 

8196-word core aeaory, a 24-atlllon 

pustlbut ton func ~ion panels, and a 

bit disk data storage, 

built-in CRT display. 

Progra•s were available for. backGround sUbtraction and cal

ibration. Further, both tbe NIH (latto.nal Institute of 

Heal ttl) and 9a ttele/EtPl (Envtronaental Protection Agency) 

mass spectral libraries were available in d.isk:s for collpu

terize:l· library search. 

A 6• x 0.25" glass OV-1 coluan and another Of-101 col

usn of s•e diaensions were used for the analyis of gaseous 

and liquid products respectively:. It vas intended to use 

the sa•e coluans under the sa•e conditions as described in 

t~e previous section. However, ttae cond·i tions proved too 

inadequate for GC-MS operation and new conditions were 

developed for GC-HS analysis using different coluans. 

For GC-MS analysis, the product oases were injected· as 

obtained without fractionation on tbe vacuu• lines. .A typi-
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cal reconstructed ion chro•atograa is sho~n tn Figure 13, a 

portion of which is sboan in Plture 14 •n an expanded scale. 

Mass spectra were obtained for each RIC peak and the identi

fication o·f an lndtw.ldual aaaa specttutl vas not restricted 

to collputer library search alone. 

Mass fragaentography, also known as specific lon detec-

tion, •ul tiple ton detection, or aQlt.lple ion aonltorinq, 

tech.nique was very useful in tile ideotlfication of aass 

spectra. In this technique, instead of scanning thcough the 

entire sass range, tile MS ls aad'e to loot only at specific 

ions, sequentially and very capidly. This is a very sensi-

tive and quantitative tec::hniqu.e. 
. ' 

Aa exa•pile of this techni-
1 

que is given in· Figure 15 in vblch the change in abundance 

of ion wlth JJ/e 99 t. o.s dut1A9 tlle oas cbroaatograa (called 

pled with the individual aass spectru• taten at tile peat of 

the RIC led to the identif.ication· of the peak as aethylcy-

clobexane. If this is true, tben the subtraction of the 

•ass spectrua of tlle pure. ceapouncJ froa·tne s•ple·spectrum 

should virtually yield no peaks at all. This is shown tn 

Figure 16. This conftru the RIC peak at scan 1 93 of fig-

ure 13 or 14 as aethylcyclohexane. 

adopted for identification of all peats. 

tbis proceduce was 

Soae of the peaks 

were not able to be ident1:fied ~anallltltoualy due to the fol

lowing reasons: (1) unresolyed GC peaks,. l11J extreaely low 

concentration of a coaponent- to su.cb·an extent that tile 

background could not be subtracted successfully. 
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Mass chrollato~n•s of soae selected RIC peaks are given 

in Figure 17 and the individual aass spectra are listed :in 

Appendix B under the heading Mass Spectral Data. Mass spec

tral asslgnaents to the RIC peaks in Fitt~re 13 are given in 

Table VI. 

In the case of a mixture consisting large nu•bers of 

isomers which cannot be easily resolved by GC analysis, 

identification of individual coaponents would be very diftl-

cui. t. To alleviate this problea, Btown (80) proposed a 

method in wh.ich a group or a coapound · type is analysed 

rather than a specific co11pound. .this is based on the fact 

that for a group of coapounds tbe total ion intensity is 
I 

distributed over a s•all nu•ber of large peaks which would 
' 

be characteristic of the coapoulld: type. This Is shown in 

Table VII .for so11e class of coapound$ •.. An exaaple o.t tb.is 

is given in Figure 18 in which tile total ion intensities tor 

cycloaltanes in the ai:xture, (Total Ion Current MaP or Iso-

metric Ion Display) which gave the data in Tctble VI, are 

shown. £ven though the Figure .18 by itsel.f is apparently 

not very interpretive, nonetheless the laporte~nce of this 

technique cannot be underestiaated. 

High Pressure Liquid Chroaatography 

HPLC is a recently dev-eloped analytical tool that typi-

cally provides a rapid, reproducible analysis of coaplex 

mixtures ( 82). Since HPLC can offer urtique identification 



Scan # 

19 

22 

27 

28 

29 

38 

45 

53 

64 

76 

83 

93 

99 

124 

133 

165 

183 

193 

211 

225 

250 

283 

488 

576 

Tl\BLE VI 

MASS SPECTRAL ASSIGNMENT TO RIC PEAKS 
FROM ILLINOIS #6 RUN 

Assignment 

Propane, C02 
Butanes 

nee-Pentane 

iso-Pentane 

n-Pentane 

Cyc1opentane 

n-Hexane 

Methy1cyc1opentane 

Cyc1ohexane 

Dirnenthy1cyc1opentane 

3-Methy1hexane 

Methy1cyc1ohexane 

Methy1cyc1ohexene 

1,2-Dirnethy1cyc1ohexane 

Ethy1cyc1ohexane 

Methy1ethy1cyc1opentane 
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1,3,~-trirnethy1cyc1ohexane 

p-Xy1ene 

t-Buty1cyc1opentane 

1,2-Dieth-1cyc1opentane 

1,1-Diethy1cyc1opentane 

i-Propy1cyc1ohexane 

Deca1in 

Methy1deca1in 
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TABLE VII 

CHARACTERISTIC IONS OF COMPOUND GROUPS 

Compound Type Characteristic m/e values 

1. 

2. 

3. 

4. 

Paraffins 43, 57, 71, 85, 99 

Cycloparaffins 56, 70, 84, 98 

Cycloolefins, diolefins, 67, 78, 81, 82, 95, 96 
acetylenes 

Alkylbenzenes 77, 78, 91, 92, 105, 106, 
119, 120, 133, 134 

.. 
Source: 'Fundamentals of Integrated GC-MS', 

Ed. Gudzinowitz, B., Marcel Dekker Inc., New 
York, N.Y., 1973, p. 272. 
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of individual colllponents, it is very useful in the charac-

terization and quantification of 

l.iqutds. 

co•plex coal derived 

The analytical instrument used throughout this study 

was a Waters Associates High Pressure Liqutd· Cbro•atogrpahic 

System. The following accessory hardvares (all from Waters 

Associate, Kil for!l1, Massacnussetts) vere used: 

l) Model 6000 Sol'fent Delivery Systea 

ii) Model 660 Solvent Pro tra-er 

111) HOdel 061( Septqlesa In:tector 

iv) .Model 440 uv Absorbance Detector operated at 

2 54 n• (single channel) 

v> Model 401 Dlfferentt.al Refractoaeter 
' ' 

and in add 1 tion, a Texas Instruaent Model· PS02W6A Servo-Rt-

tet II 10 •Y t.s. two pen recorder. 

All solvents used in this study were purcbased from 

Burdick and Jackson, Muskeqon, Michigan and they were all of 

spectroquality. 

and 30 ca long atcroparticulate columns 

packed with 10 micron size •1cro-pocas1l particles were use a 

tn all quantitative anlrses. tile colwans, in general, had 

an efficiency of a mini•u• of 3000 pl•tes (as determined by 

5 0 ••til od!). 

Better resolution could be achieved by use of a longer 

coluwn systea. This could he done in two ways: I irk land 

( 83) tlas reportetlr an efficiency of· 25000 ttleorettcal plates 
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by connecting several coluans .in series. Even though tnis 

improves resolution, it does not always result in linear 

increase in eft ic.lency with colu•n leng·th. One reason 

attrtb11ted to t11is pheno•enon was inhoaogenity in the perae

ability of the llobile phase across the diataeter of the col

umns (84). 

T~e total number of theoretical plates for a set ot 

columns is given by 

N(total) = 16 V(total) ** 2 I v(i) ** 2 

where w(i) = pea1r width for an individual column in a set 

= 4 V I N ** 0.5 and 

w(i)**2 = w(l) ** 2 + wC2) ** 2 + •••••• + w(n) ** 2 

This principle is an h1portant consideration in the utiliza

tton of connected colu11ns in series where one bad coluan can 

des troy the efficiency of several good ones (85). 

Another way of iaptoving the resolution is to 

• recycle •. In the recycle •ode, a closed loop is estab

lished between the pump, coluan bank and detector(s). An 

example of e.ffect of recycling is sho~tn in Figure (19) from 

which it could be seen tbat almost a baseline separation has 

been actlteved between napt!tal ene and biphenyl at the end of 

the third recycle (86). An empirical esti•ation of the max

imum number of recrles is obtained by dividing the nuaber of 

theoretical plates of the fused peaks by 40 (86). 

A pre-coluan vas always used between the sa•ple injec

toc ami ttl e analytical colu•n· The purpose o.f the pcecoluan 



Figure 19. Effect of Recycling on the Separation of Napthalene 
from Biphenyl 
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was to serve as a cb roaatograpllic filter to retain any mate

rials which would be stronglr retained on the analytical 

column. The pr e-coluan used in ttl is wort was a 3 • x 0.125" 

o ... o. stainless steel colu•n loaded with less-expensive Cora

sil .II of 37 - 50 aicron size which has the saae stationary 

phase functional group as the analytical column. The pee

column was emptied and reloaded at frequent intervals. A 

dtsadvan taoe of the use of the pr e-colu11n was that it con

tributed to band spreading and slightly reduced the effi

ciency of separation. However, the ope.rating conditions of 

the systea was adjusted in such a vay that sufficient reso

lution of peaks were acllieved to allow ·the 1 use of a pee-col-

The analytical columns were fur·tber protected from 

external conta~tination by using a Waters Associates sa•ple 

claciflcatton kit. This kit can be used to reaove fine par

ticles of 0.5 microns oc greater size froa the saaple before 

injectlon. This prevents the clogging of columns, injection 

port and syr in<.Je s thereby prolonging the coluan 1 if e. 

Tile solvents were degassed by aeans of an Ultrasonica

tor (Cole-Palller Chicago, Illinois) in order to re•ove the 

dissolved gases vtllcll, otherwise, can cause puap malfunc-

tioning and in ex:tceae cases, cavitation in the PWIPS• 

A coluan containing silica or other high polar 

surface packlngs, can becoae conta•1nated by the adsorption 

of water and/or other polar iapuri ties on the packing mate-
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rial sur face. This vill result in the reduced retention 

time and a loss o:f resolution in •any cases. Wll en th. es e 

syapto11s were noticed, the coluans were regenerated by puap-

ing about 40 coluan voluaes of auch stronger solvent than 

was used wnen iapuri ties were adsorbed. 

uv detectors used in HPLC are susceptible to chauges in 

the refractive index .of tbe mobile pbase. This causes base-

line shifts as seen in the initial portion of liquid chro•a-. 

togram shown in Figure (20) where all the saturates are 

being eluted. 

Estab lishinq conditions for tbe separation of an ana-

lytical column saves solvent, operation ti•e and sample 
! 

material. The best operating conditions (coluan packing, 

column length, mobile phase and .1 ts flov rate etc) were 

. de termln ed by us in 9 carefully prepared standards. 

t'or positive i denti.flcation of the eluted UV peaks 

th.rougtl proton MMR, a solvent containing no protons was 

needed. 1,1,2-trichloro-1,2,2-tri tluoroe~bane (Freon 113) 

met all ttle requireaents and it vas used for quantification. 

However, for positive identification through GC-MS, · this 

solvent proved to be inadequate and cyclobexane was used 

despite its disadvan taqe of having a relatively high viscos

ity. 

Retention relat lve to a reference substance under tile 

game chroaatograPhic cond.ltions, is generally 11ore useful 

than absolute retention values, since this will aini•ize the 
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TABLE VIII 

RETENTION CHARACTERISTICS OF SELECTED 
AROMATIC COMPOUNDS. 

Compound 

Benzene 

Toluene 

Xylenes 

Tetra lin 

Napthalene 

2-Methylnaphthalene 

2,6-Dimethylnaphthalene 

Biphenyl 

Anthracene 

Phenanthrene 

Pyrene 

Fluoranthene 

Benzanthracene 

Benzopyrene 

Relative Retention Volume 
(Phenanthrene = 1) 

0.27 

0.32 

0.35 

0.41 

0.45 

0.52 

0.63 

0.80 

0.88 

l. 00 

1.18 

l. 26 

l. 70 

2.28 
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dependence of t~e retention p~raaeters upon coluan variables 

such as dead voluae, pressure drop across the coluan and 

11inor changes in coluan teaperature caused by aabient temp

erature cnanges and changes in tlov rates caused by pump 

riddle etc. The relative retention of soae selected com-

pounds are given in table VIII. 

once the desired resolution vas achieved, the UY detec

tor sensitivities ~ere deter•lned for tbe co•pounds listed 

in Table VIII. For UV detection, the concentration of a 

coapound can be related to its 110lar extinction coet.ficlent 

at a corresponding wavelength (88). 

nuaber of aroaatlc coapounds given 

1'b.e coefficients tor a 

in fable IX (87). 
i 

From 

the table 1 t is evident that a large peat in a chroaatograa 

does not necessartlr taply a large concentration of a coa-

pound present. 

1'1\e products derived froa the photobydrogenation o.f 

coal were analyzed under the saae conditions as standards. 

The separated components were carefully collected and posi

tively identified by GC-MS and in soae cases, by aicro F.T. 

proton NMR. As the analytical coh.llltls could easily lose 

resolution by overloading, s•all aaounts of saaple aater.lals 

were injected several ti•es for fraction collection. 

A typical liquid chroaatoqraa of products obtained 

.from ttle pllotonrdrogenatlon of coal is presented in Figure 

20. 



TABLE IX 

UV ABSORPTION OF SOME AROMATIC COMPOUNDS· 

Compound 

Benzene 

Naphthalene 

Fluorene 

Anthracene 

Phenanthrene 

Pyrene 

1,2 Benzanthracene 

1,2 Benzpyrene 

3,4 Benzpyrene 

A = Cyclohexane 

B = 95% Ethanol 

E: 

-2550 I. 

568 

7076 

39794 

477120 

77815 

10000 

71600 

50515 

79934 

t: = Molar Ext. Coef. (g moles/liter)-l 

Solvent 

A 

B 

B 

A 

A 

B 

B 

B 

B 
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Figure 20. HPI.C of Freon 113 Extracted Products Fran 
Illinois # 6 Run 
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Initially atteapts were aade to colect the uv fract'lons 

from the HPLC and posit:lvely identify the peaks via proton 

MMR. Proton NMR under c.v. aode did not reYeal any peak at 

all. Micro F.r. NMR of the concentrated UV fraction lab-

lelled as 11 in Piqure 20 led to its identification as ben

zene which ts shovn in Figure 21 Identification of other 

fractions via MMR was hindered by very low concentration of 

tile coaponents and hence not a11eanable to MMP analyses. 

Further identlflcatton of the liquid sa•ple was don(; by 

GC-MS as desccibetJr before. The GC-MS confir11ed the presence 

of the compounds that were tentatiYelyidentlfled bycoapar

lson o.f their relative retention characteristics in HPLC. 
I. 

The mass spectra of selected peaks are included in Appendix 

B. 

The characteristic ions of so•e selected polynuclear· 

compounds which were scanned in the GC-MS operation are 

g.iven in table XI ( 91). However, this technique did not 

detect benzanthracene and benzopyrene in tbe liquid samples 

event~oug~ t~ey were tentatively identified by HPLC. lt is 

believed that the GC conditions were not appropriate for 

detection of these coapounds durinq ttle GC-MS run. 



Peak Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

TABLE X 

IDENTIFICATION OF LC PEAKS FRm-1 
ILLINOIS #6 COAL RUN 

Identification 

Benzene 

Toluene 

Xylenes 

Tetra lin 

Naphthalene 

Methylnaphthalene 

Dimethylnaphthalenes 

Biphenyl 

Phenanthrene 

Pyrene 

Fluoranthene 

Benzanthracene 

Benzopyrene 

83 



TABLE XI 

CHARACTERISTIC IONS FOR SELECTED 
PNA HYDROCARBONS* 

Type 

Benzopyrenes 

Chrysenes 

Decahydropyrenes 

Hexahydropyrenes 

Tetrahydrof1uoranthenes 

Pyrenes/f1uoranthenes 

Dihydropyrenen 

Octahydrophenanthrenes 

Hexahydrophenanthrenes 

Tetrahydrophenanthrenes 

Phenanthrenes 

Characteristic ions z-number 

251, 252, 265, 266, 
279, 280 -28 

227, 228, 241, 242, 
255, 256 -24 

211, 212, 225, 226, 
239, 240 -12 

193, 194, 207, 208, 
221, 222, 235, 236 -16 

205, 206, 219, 220, 
233, 234 -18 

201, 202, 215, 216, 
229, 230, 243, 244, 
257, 258, 271, 272 -22 

I 

189, 190, 203, 204, 
217, 218, 231, 232, 
245, 246, 259, 260 -20 

185, 186, 199, 200, 
213, 214 -10 

183, 184, 197, 198 -16 

181, 182, 195, 196, 
209, 210, 223, 224 -14 

177, 178, 191, 192 -18 

F1uorenes'ldihydrophenanthrenes 

Acenaphthcnes/biphenyls/ 
dibenzofuran 

Tetra1ins/benzofuran 

'l'et ra hydrOi!Cer~<<ph thenes 

NaphlhalcnPs 

Benzenes 

165, 166, 179, 180 

153, 154, 167, 168 

103, 104, 117, 118, 
131, 132, 145, 146 

129, 130, 157, 158, 
171, 172 

128, 141, 142, 155, 
156, 169, 170 

77, 78, 79, 91, 92, 
105, 106, 119, 120 

~16 

-14 

- 8 

-10 

-12 

- 6 

Source: 'Funaamentals of Integrated GC-MS', Ed. Gudzinowitz, 
B., Marcel Dekker, Inc., New York, NY, 1976, p. 273 
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N\iclear Magn•ttc Ruettanee Spectroscopy 

NMR spectra were recorde~ in 

field fr011 tetraaetbyl silane on 

XL-100(15) NMR spectroaeter wit~ 

Transform accessory. 

parts per atllion down

a Varian high resolution 

a licbolet Tt-100 fourier 

X-Rar Pllotoelectron Spectroscopy CXPS) 

XPS is a very sensitive technique capable of deterain

ing the el eaental coaposi tion of tile first 28-40 .A depth of 

the surface of a sol td (89) vhicb inYo·lves the boabard•ent 

of the •aterial under study with aonoenergetic x-rays of 

·known energy. the characteristic bindilng energy of tile 

electrons emitted, as a result of absocption of these X-ray 

photons, are accu.ratelr aeasured· and· could be used for the 

identification of an ele•ent. It aust be noted that the 

spectrum is only characteristic of the oute.r11ost ato11ic 

1 ayer of the saapl e (90) and hence can provide the surface 

compost t ion of the s allP le under investigation. 

All XPS analyses for this r•search were done b.V Mr. Tom 

Hudson at Dow Chealcal Co•pany, Freeport, Texas. Powdere ci 

coal saaples we~:e loaded onto sa•ple nolders covered with a. 

double sticky tape. The tape surface vas coMpletely covered 

with the coal particles in order to eliminate the interfer-

ence form t~e underlying tape. Hence, practically all tne 

carbon signal observed in the spectra could be attributed 
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solely to the saiiPle. ill tJae preparations vere carried out 

in a dry laboratry with a nitrogen at•osphere, in ord&r to 

prevent the saaple fro• exposure to oxy·••n and aolsture con

taining at•ospheres. After loading on the sticky tape hold

ers, the sa•ples were degassed overntgfl·t under a vacuua of 1 

)( 10**-5 torr. Tiley were then loaded' into an HP 5950A ESCA 

spectcoaeter equiPped with an aluatnua anode and analyzed at 

roo• teaperature under a vacuua of 1 X 10**-9 torr. It is 

important to note that difficulties are encountered in ana-

lvzing for oxrgen on coal surfaces at ESCl apparatus pres

sures above·E-a torr, owinq, presuaably, to absorption (94). 

As a result of escape 
, I . 

of photoelectrons, slight post-

tive ell arge could! be created· on tlle sur'face of a solid. 

consequently, the energy levels of the saaple would be 

shifted from tile noraal value. Tills is called •charging 

effect•. In one of the two aetbods avallable at present to 

ove.rco•e ·this charging problea, ul tratbtn satlples are stud-

led on ·a conducting support; the other aetbod involves a 

".flood- gun•• approach. The latter •~tbod was used in this· 

investtgat ion. 

In tile flood- gun ap•.r.._ Ct2), an electron gun 1a used 

to battle the saapl·e ln an excess of lov-enectf electrons and 

thus provide another source to neutra.llze the surface 

charge. The el ec tr on f 1 ooa·.,.gun, oea•.rall:r 1 consists of a 

tungsten filaaent, a DC power supply and a current aeter. 

The filallftnt is located neat tfte sajpl:;• and. .it is possible 
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to control the kinetic enecoy of the released electrons by 

means of a slit arrange•ent. However, there is no way of 

assuring neutralization of the surface positive charge by 

this method. This places a slight negative bias on the· sam

pie an:i causes a 1 to 2 eV rlovnfield shift of C(ls) photo

line from its noraal value of 284.3 ev. This requires cor-

rection .for oxyqen and sulfur ptaotolines. A quantitative · 

measure of the eleaental co•position of the solid surface 

could be made .if tne sensitivities of the peak heights (or 

peak areas) are known (91, 93). 



CHAPTER IX. 

SCREENING EXPERIM8MTS 

Several experi•ents were conducted to deteraine the 

op tlmull cond i t"ions for tbe pbototardrogenation of coal. Ttle 

Utah-Emery coal seeaed to be the •ost desirable because of 

its low coke button value; no wever, ·tn e coal . proved too 

hard to grind with available laboratory facilities and 1111-

nois # 6 coal was selected . as the next aost desirable 
I 

•noncaklnq• coal. Pittsburgh 8-t..:seaa, Utah &•ery, Montana 

Rosebud and ReadinCJ Anthracite coals were also used for com-

parison purposes. Analysis of the coals used in this study . 

are listed in Table XII. 

Photohydrogenat ion ex per iaents vi th air-ground.r -5 3+38. 

micron Illinois t 6 coal at a•bient teaperature yielded vir

tually no volatile product.s at all.. How ewer, the ESR analy

sis of tbe irrad:·iated coal collected at the Millipore f.il ter 

on the top of the reactor showed enbance•ent in the peak 

width and peak intensity (Figure 22), strongly suggest.ing an 

increase in the free radical content of the coal by H atom 

treatment. T~e electron •icroscope analysis revealed con-

slderable aggloaeration suqgesting a •sticty• surfa<:e on the 

irradiated coal which is consiste.nt with the enhanced ESR 

absorption. 
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TABLE XII 

ANALYSIS OF COALS 

Coal %ash %sulfur 

Utah-Emery 9.36 0.93 

Illinois #6 6.75 1. 21 

Pittsburgh 
Hi-Seam 7.89 1. 58 

Montana 
Rosebud 10.1 0.8 

Rosebud 
Synthanc 31.9 0.2 
Char 

%volatile 
matter 

39.38 

38.15 

39.90 

35.2 

6.1 

89 

coke 
button 

1.5 

3.5 

8.5 



BEFORE IRRADIATION 

NOTE: 

AFTER IRRADIATION 

(NOTICE THE INCREASE BASE 
WIDTH AND PEAK HEIGHT) . 

BOTH AT LIQUID NITROGEN TEMPERATURE 

Figure 22. ESR Spectra of Coal Before and After Irradiation 

·.c 
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ESCA analysis of the irradiated coal at ambient 

te11peratuce revealed so•e interesting facts. The survey 

scans o·f the blank: coal and top and botto• fractions ot the 

irradiated coals are shown in· Figures 23, 26, and· 29 r:espec-

tively. The H · ato• treated coal shovs significantly less 

oxygen relative to carbon; this is believed to be due to ttle 

H ato• reduction of the oxygen containing groups on the coal 

surface. The slow oxygen scans, Figures 24, 27 and 30, sbow 

the lower concentration of oxygen on the surface of the H 

ato• treated coal dust clearly. Figure 30, run at higher 

sensitivity, suggests the presence of two kinds of oxygen on 

the coal surface (91,93) vhich has not been reported in the 
I 

literature so far. 

The ESCA spectra also suggest two different kinds of 

sulfur in the H ato• treated coal, Figures 25 and 28 com-

pared ., i til Figure 31 • The presence of two different kinds 

of sulfur in weathered coal bas been reported by Frost et 

al., ( 94) but t.lle data in figures 25 and 28 indicate that 

two different kinds of sulfur are also found in coal sub-. 

lected to a_reducing envlron•ertt. lt is possible that there 

may have been soae .fract.tonation of the •inecal .illpurity 

during the fluldizat.ton. The S1 peaks on the insets of the 

survey scans, Figures 23, 26 and 29 tend to support this 

explanation. 
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Figure 23. ESCA SUrvey Scan of Coal Before Irradiation 
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Figure 25. ESCA Sulfur Scan of Coal Before Irradiation 



ESCA SURVEY SCAN 
TOP FRACTtON 

ILLINOIS NO.6, 4 HR. 
IRRADIATION 

,.-OCAUGER) 

1000 

SENSITIVITY FACTOR: IOK 
2KCINSET) 

600 400 
BINDING ENERGY • eV 

200 

Figure 26. ESCA Survey Scan of Coal After Irradiation: 
'Ibp Fraction 

0 



1...-
540 

ESCA OXYGEN SCAN 
TOP FRACTION 

lLL.INOIS NO.6) 4 HR. 

SENSITIVITY. FACTOR: 2 K 

IRRADIATION 
757 

769 

0(1 S} 

532 ' 528 

BINDING ENERGY, eV 

Figure 27: ESCA Oxygen Scan of Irradiated Coal: 
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Figure 31. ESCA Sulfur Scan of Irradiated Coal: 
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An important observation ln the ESCA spectra of irradi

ated coa'l dust is the inability to detect Hg unequlvocably 

on the coal surface. Thta ruled out the possibility of 

adsorption of 11ercury on the coal surface being the cause 

for ttle nonreacttvity of coal at aabient teaperature. 

In their study of interaction of H atoas with toluene, 

Amano et al. (96,95) reported no appreciable cracking at 

tellperatures less than 200 deg c. Their data are reproduced 

in Figure 32. Siailar results were reported·by Mulcahay et 

al (97) earlier. They fo'LRld that the conYerslon of toluene 

to gaseous products was .. c:h greater at 390 deg c than at 27 

deg c. Ttle nu•ber of free radicals ttlat cpuld be induced in 

solid organic substances wtuln exposed to H · atoas vere found 

to be strongly d:ependant upon the saaple teaperature by Har

risson (98). 

Supported by these findings, the teaperature of tile 

reaction of vacuua puaped coal with H atoas vas increased to 

200 deg c and 1 ar qe aaouots of diverse hydrogenation prod

ucts were observed! as shown in Figure 33. Striking siailar-

1 ties between r lgur e 33, the identification of peats in 

which are giYen in Table .IIII, and an actual cbro•atograa 

obtained for a natural gasoline ahoa in Figure 34 ( 99) 

reveals the fact that tbe gaseous products obtained bY pho

tohydrogenatlon atoa cracking of coal really correspond to a 

gasoline range of ptoducts. 
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Peak Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

TABLE XIII 

IDENTIFICATION OF PRODUCTS FROM 
ILLINOIS #6 COAL RUN 

Identification 

Ethane 
Propane 
Propylene 
iso-Butane 
n-Butane 
But-1-ene 
But-2-ene 
nee-Pentane 
iso-Pentane 
n-Pentane 
Cyclopentane 
Pent-1-ene 
Pent-2-ene 
2-Methylpentane 
3-Methylpentane 
Methylcyclopentane 
n-Hexane 
Cyclohexane 
2-Methylhexane 
3-Methylhexane 
Dimethylcyclopentane 
n-Heptane 
Methylcyclohexane 
Methylcyclohexene 
CB 
C8 
1,2~Dimethylcyclohexane 
1,4-Dimethylcyclohexane 
CB 
C8+ 
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Subsequent blank runs und·er the saae conditions, but 

without u.v. irradiation yielded only unreaoved hydrogen 

car.rier gas and a trace of ethylene. Another blank run vith 

u. v. irradiation, but vi th beliua as the carrier gas, also 

revealed no observable products. Fcoa this 1 t vas concluded 

that the hYdrotenation ·products vere not due to. the release 

of hydrocarbons trapped and/or adsorbed in the •ier:opores of 

coal but due to ttle cracking of ttte coal surface itself. 

This was conftraed fur:tber by the results obtained 

fro• the photobydrogenatton of Srnthane cbar of Montana 

rosebud coal. 'I'll e analysis of Syathane t•ed coal and the 

char are shown in Table XII. In the srnthane process, coal 
1 

is subjected to a teJtperature of 1500.;..1800 ch•g F and a pres

sure of 600-1000 ps 19 and gasified using steam and oxygen 

(6}. In order to avoid the possible coatuinatioa, the Syn-

thane char cecieyed vas not sieved. Bo••ver, the par:t,fcle 

size of the char receiYed is believed to be less than 60 

microns and used after drylng at. 200 dec c. Tbe sa•ple was 

exposed to H a·toas boabardaent under usual conditions and 

the cc • fingerprint• ls shown in Figure 35. When we con-

sider the severe process conditions to vbicb a feed coal is 

subjected to in the Syntban• process, it ts aaazlno that the 

H atoas are capable of cracking and hyctrotellating the very 

unreactive carbon residues froa Syatl~Qe process. 

Tile prOducts obtained· fro• · the ptao'tobydrogenation of 

Illinois t 6 coal were fo\lnd to be lndepebdent of the pre-
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treatae·nt of coal with naptllalene or nickel carbonyl. Tile 

GC trace of products froa. n.aptbalene treated coal is shown 

in Fiqure 36. COiipartson. of tills vltll FigUre 34 provides 

additional conftr:aatUm to the fact tha:t the observed prod-

ucts wece not due to the interaction of ll atoas with the 

gases occluded in the· aicropores of coal• On the other 

hand, the GC trace of products froa ·the . n,tckel carbonyl 

treated coal, shown in Figure 371 ln:d'icates that tbe pres

ence of finely divided 11 catalyst did not cban9e the prod-

uct distribution. ttovever, ttae effect of finely divided Ni 

catalyst on the rate and/C)r tbe· yieldof products foraed is 

not known as the exper:iaent vas carried out t-ot qualitative 
! 

purposes only. 

Pittsburgh Hi-Sea• and .Utah £aery coals, vh1ch are also 
! ' ' 

bituminous in nature, oawe slatlar results (Figures 38 and 

39). This proapted experiaents with coals of different 

ranks. Sub-bltuatnous Montanna Rosebud and Reading Anthra-

cite coals wer:e allowed to interact Mitb pbotoproduced H 

ato•s ln separate expertae.nts and the differe·nce was found 

only vttn respect to tile yield~: of products than to ttle kind 

(Figures 40 and 41). Under the given conditions, the yield 

ot gases decrease in the order sub-bituai-

nous<bituatnous< aR·thtacite. 

Eyen though the basic pattern of gas chro•atoCJraas of 

gaseous products fro• ·trartous coals virtually reaained 

unchanged, this was not so in the case of the liquid prod-
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ucts as could be seen froa ·tn.e HPLCs presented in Figures 

20, 42, 43 and 44. Evidently, Illinois t 6 coal produced a 

large nullber of aroaatic coapounds. Because of the lack of 

details in the other cbroaatogra.-s, no •ucb inforaation 

could be obtained froa thea except one that they all reflect 

larger yield of satura·ted coapounds. 

The productlon of large polynuclear aro•atic hydrocar

bons like phenantllrene, pyrene, fluora.nthene, benzanthra

cene, benzopyrene etc fro• Illinois t 6 coal is most star

tling. In fact, Yatu·•an et al. · hacl: to heat tbeir coal for 

245 hours in the te-er ature range of 250 - 300 deg c to 

release the aro•atic co•pounds upto phenanthrene,. trapped 

and/or adSorbed in the coal'aatrtx (100). 

Eventhough the yield o.f PIA hydrocarbons in this .inves

tigation is low, tlle ••r• fact that tbe•e,large hydrocarbons 

are produced under mild conditions (200 deg C and one ataos-

phere pressure) adds considerable weight to the arguaent 

that these hydrocarbons, and as well as others, aust have 

arisen as a result of the cracking of the coal surface 

itself rather than by the release of thea fro11 the coal 

111atrix. 

In an effort to ascertain tile nature of precursors, it 

any, released f.roa the coal surfaces by H ato•s, •odel co11-

pounds were studied under the sa•e conditions. Benzene, 

toluene, p-xylene and napthalene were interacted .. tth photo

produced H ato•s in eepa.rate expe.rt•ents. Care was taken to 
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quench the excited aercuE'y atoas by nydrogen rather than by 

model compound'S under study. Ttlis was achieved by control

! ing the vapor pressure of the aodel coapounds using appro

priate slush baths. correc'tions vere alloved for the dif

ferencJ· in the qu.enclling CE'OSS sections between the model 

compounds and hydrogen. the11 are sbown in Figures 45 

througtl 51. 

Fro11 the results of the •odel coapounds, it is safe to 

assume ttlat tne H atoas liberate product precursors, at 

least in paE't, troa the surface of coal, if they are availa

ble and these precursors undergo secondary bydrogen a·tom 

reactions lnvolv lng ring saturatlon, ring opening, lso•eri

zation etc to produce saaller hydrocarbons. If no precur

sors are available, ttle hydrogen atoas seea to •crack• the 

carbon structures rath~r indiscriainantly as deaonstrated by 

results froa Synttlane char runs. Hovever, toe exact precur

sors are not known and this subject is discussed in detail 

in a later section. 
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GC OF PRODUCTS OBTAINED FROM THE 
PHOTOHYDROGEN ATOM CRACKING OF 

MONTANA ROSEBUD SYNTHANE CHAR AT ..... 200°C 

I 

INSTRUMENT : BECKMAN®Gc 72·5 GAS 
CHROMATOGRAPH 

COWMN : 10' X 118" 0. 0. STAINLESS STEEL 
SUPPORT : DURAPAK OPN ON 80/100 MESH 

PORASIL C 
CARRIER GAS : 25 CCI MIN. NITROGEN 
DETECTOR : FLAME IONIZATION DETECTOR 
ATTENUATION : IK X AS MARKED 
TEMPERATURES : 

DETECTOR : IBO•c 
! COLUMN : ISOTHERMAL FOR 6 MIN. AT so-c; 

PROGRAMMED AT 3•C/MIN.TO 
96•c .. 

CHART SPEED : 0.3"/MIN. 

INJEC~ \ \\ ~ 
~ 4} Xi4)~ ~ (xz) 
0 tO 20 

TIME. IN MINUTES 

Figure 35. GC Trace of Products Fran Synthane Char 
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GAS CHROMATOGRAM OF H ATOM c·RACKING 

PRODUCTS OF NAPHTHALENE:TREATED 

ILLINOIS NO.6 COAL AT 185- 200°C 

20 15· 10 
TIME (MINUTES) 

5 

Figure 36. GC Trace of Products Fran Naphthalene 
Treated Coal 
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GAS CHROMATOGRAM OF H ATOM CRACKING 

PRODUCTS OF NICKEL CARBONYL TREATED 
. . 

ILLINOIS NO.6 COAL AT 185-200°C 

25 20 15 10 

Tl ME (MINUTES) 

5 

Figure 37. G: Trace of Products Fran Nickel Carbonyl 
Treated Coal · 
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GAS CHROMATOGRAM OF H ATOM CRACKING 
PRODUCTS OF PITTSBURGH HI-SEAM 

COAL AT 185-200°C 

. n·OCT /PORACIL C 
l/811 X 10' COLUMN~ 
so•c; a~. H2 IN 
He CARRIER GAS; 

TIME (MINUTES) 

Figure 38. OC Trace of Products Fran Pittsl:urgh Hi-Seam Coal 
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GAS CHROMATOGRAM OF H ATOM CRACKING 
PRODUCTS .. OF EMERY -UTAH COAL 

AT 185 - 2oooc 

n·OCT I PORACI L C 
V8" X JO'COLUMN; 
6Q•C; a•t. Hz IN 
He CARRIER GAS; 

20 

TIME (MINUTES) 

I //1 Q 
®®@@·~ 

10 0 

Figure 3 9 • G:! Trace of Prcxlucts Fran Utah Emery Coal 
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GC OF PRODUCTS OBTAINED FROM THE PHOTOHYDROGEN 
ATOM CRACKING OF MONTANA ROSEBUD SYNTHANE 

FEED COAL AT-200°C 

INSTRUMENT : BECKMAN® GC 72-5 GAS CHROMATOGRAPH 
COLUMN ": tO' X 118" O.D. STAINLESS STEEL 
SUPPORT : OURAPAK OPN ON 80/IOOMESH PORASIL C 
CARRIER GAS : 25 CCI MIN. NITROGEN 
DETECTOR : FLAME IONIZATION DETECTOR 
ATTENUATION: IK X AS MARKED 
TEMPERATURES: 

DETECTORS : 180°C 
COLUMN : ISOTHERMAL FOR 6 MIN. AT 60°C AND THEN 

PROGRAMMED AT 2°C/MIN. TO 76°C. 
CHART SPEED : 0.3"/MIN. 

-----...1 
1 2 Q<Q@ : 1 

0 5 10 15 
TIME IN MINUTES 

Figure 40. GC Trace oi Products From Montana 
Rosebud Coal 
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GC OF PRODUCTS OBTAINED FROM THE PHOTOHYOROGEN 
ATOM CRACKING OF READING ANTHRACITE AT-200°C 

INSTRUMENT : BECKMAN®Gc 72·5 GAS 
CHROMATOGRAPH 

COLUMN : IO'X 118"0.0. STAINLESS STEEL 
SUPPORT : DURAPAK OPN ON 801100 MESH 

PORASIL C 
CARRIER GAS : 25CC/MIN. NITROGEN 
DETECTOR : FLAME IONIZATION DETECTOR 
ATTENUATION : I K X AS MARKED 
TEMPERATURES : 

DETECTOR : 180 •c 
COLUMN : ISOTHERMAL FOR 6 MIN. AT 66•C 

AND THEN PROGRAMMED l1if zet/MIN. 
TO 82•c: HELD AT 82•c FOR 2 
MINUTES AND THEN AGAIN PRO· 
GRAMMED AT 12•C/Mlt.L TO JQ6•C 

CHART SPEED : 0.3•/ Ml N. 

30 

Figure 41. GC Tr::tce of :!:'roC.ucts From J\nthracite Coal 
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HPLC OF I, I, 2 -1RICHLORO-I, 2,2-TRIFLUOROETHANE EXTRACTED 

PRODUCTS OF THE PHOTOHYDROGEN ATOM CRACKING OF 

MONTANA ROSEBUD SYNTHANE CHAR AT ""200°C 

10 15 20 

INSTRUME~n 

COLUMN 
SUPPORT 
MOBILE PHASE 
DETECTORS 
ATTENUATION 
PRESSURE DROP 
CHART SPEED 

TIME IN MINUTES 

: WATERS ASSOCIATES MODEL 6000A L.C. 
: 3.9mm 1.0. X 90cm 
: p.-PORASIL 
: 1.0 mllmin. 1,1,2-TRICHLOR0-1,2,2-TRIFLUOROETHANE 
: UV AT 254nm 
: 0.005AUFS 
: 1400PSI 
: 0.75"/min. 

Figure 42. HPLC of Products From Syntharw Chdr 
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HPLC OF ·1 1 I; 2- TRICHLORO- !, 2,2-TRIFLUOROETHANE EXTkACTEO 
PRODUCTS OF THE PHOTOHYDROGEN ATOM CRACKING OF 
MONTANA ROSEBUD SYNTHANE FEED COAL AT "'2()()0C 

0 10 

TIME IN MINUTES 

INSTRUMENT : WATERS ASSOCIATES MODEL 6000A L.C. 
COWMN : 3.9mm I.D. X 90cm 
SUPPORT : p.-PORASIL 
MOBILE PHASE : 1.0 ml/mi n. 1,1 ,2-TRiCHLOR0-1,2,2-TRIFLUOROETHANf. 
DETECTORS : UV AT 254 nm 
ATTENUATION : 0.005 AUFS 
PRESSURE OROP · : 1400 PSI 
CHART SPEED : 0.75"1 min. 

Figure 43. HPLC of Products From Montana 
Rosebud Coal 
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Hr:~.C OF I) I, 2 Tf=(ICHLOR0-1,2 1 2-TR!FLUOROE:THANE EXTRACT[[) 

PRODUCTS OF THE PHOTOHYOROGEN ATOM CRACKING OF 
READING ANTHRACITE COAL AT ""200°C 

~~------~----~----------~----~--------~----------------~---------------J 
0 10 20 30 

TIME IN MINUTES 

INSTRUMENT : WATERS ASSOCIATES MODEL 6000A LC. 
COLUMN : 3.9mm 1.0. X 90cm 
SUPPORT : p.-PORASIL 
MOBILE PHASE : tO ml/min. 1,1, 2-TRICHLORO -1,2,2-TRIFLUOROETHANE 
DETECTORS : UV AT 254 nm 
ATTENUATION : 0.0 I AUFS 
PRESSURE DROP : 1400 PSI 
CHART SPEED : 0.75"/min. 

Figure 44. HPLC of Products From lmthracite Coal 



PHOTOHYDROGEN ATOM CRACKING· 
OF BENZENE AT ""200°C 

n-OCT/PORASIL C 

118" X 10' COLUMN; 

60°C; 8% H2 IN 

He CARRIER GAS; 

30 20 10 

TIME( MINUTES) 

Figure 45. GC Trace of Products From Benzene 
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PHOTOHYDROGEN ATOM CRACKING 
OF TOLUENE AT -200°C 

. n-OCT I PORAS I L C 

1/8" X 10' COLUMN ; 

60°C; 8% H2 IN 

He CARRIER GAS; 

35 30 25 20 15 

TIME(MINUTES) 

@ 

10 5 

Figure 46 .. GC Trace of Products From Toluene 
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PHOTO HYDROGEN ATOM CRACKING OF p-XYLENE AT ....,200°C 

n-OCT/PORASIL C 

118" X 10' COLUMN~ 

60°C; 8% Hz IN 

He CARRIER GAS~ 

40 

@) 

30 20 10 

TIME (MINUTES) 
Figure 47~ GC Trace of Products From p-Xylene 
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PHOTOHYDROGEN ATOM CRACKING OF 
NAPHTHALENE AT ~200°C 

• 

n-OCT/PORASIL C 
118" X 10' COLUMN ·, 

60°C ; . 8% H2 IN 
He CARRIER GAS ; 

40 30 20 

TIME (MINUTES) 

10 

Figure 48. GC Trace of Products From Napthalene 
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rlPLC OF HEXANE EXTRACTED PRODUCTS OF THE PHOTOHYOROGEN 

ATOM CRACKING OF BENZENE AT ""200°C 

AT254nm 

INSTRUMENT 
COLUMN 
SUPPORT 
MOBILE PHASE 
DETECTORS 
ATTENUATION 
PRESSURE DROP 
CHART SPEED 

10 20 
TIME IN MINUTES 

WATERS ASSOCIATES MODEL 6000A l.C. 
3.9mm I.D. X 90cm 
u· PORASIL 
1.0 m\/min. 1,1, 2- TRICHLORO·I,2,2-TRIFLUOROETHANE 
UV AT 254 nm AND RI 
AS MARKED 

: 1800 PSI 
: 0.75 "I min. 

Figure 49. HPLC of Products From Benzene 

30 



HPLC OF HEXANE EXTRACTED PRODUCTS OF THE PHOTOHYDROGEN 
ATOM CRACKING OF TOLUENE AT -200°C 

@ 
AT 254nm 

,-@) 

0 

INSTRUMENT 
COLUMN 
SUPPORT 
MOBILE PHASE 
DETECTORS 
ATTENUATION 
PRESSURE DROP 
CHART SPEED 

TIME IN MINUTES 
: WATERS ASSOCIATES MODEL 6000A L.C. 
: 3.9mm 1.0. X 90cm 
: u-PORASIL 
: 1.0 mtlmin. 1,1, 2-TRICHLOR0-1,2,2·TRIFWOROETHANE 
: UV AT 254 nm AND Rt 
: AS MARKED 

1800 PSI 
: 0.75"/min. 

Figure 50. HPLC of Products From Toluene 



HPLC OF HEXANE EXTRACTED PRODUCTS OF THE PHOTOHYDROGEN 
c@t) ATOM CRACKING OF p-XYLENE AT -200°C 

~$1----............ __ _ 

@ 

@) 

Jt£_4_n_m __ _ 

I ~~._--------~--------_.----------~--------~----------~--------~------= 0 20 ~ 

INSTRUMENT 
COLUMN 
SUPPORT 
MOBILE PHASE 
DETECTORS 
ATTENUATION 
PRESSURE DROP 
CHART SPEED 

TIME IN MINUTES 
: WATERS ASSOCIATES MODEL 6000A LC. 
: 3.9mm I. D. X 90 em 
: u-PORASIL 
: 1.0 ml/min. 1,1, 2- TRICHLORO -I, 2,2- TRIFLUOROETHANE 
: UV AT 254 nm AND RI 
: AS MARKED 
: 1800 PSI 
: 0.75./min. 



CHAPTER X 

KFFECT OF PARAMETRIC VARIABLES 

Once the feasibility of the process vas established, 

attempts were aade to quantitatively d•fine the effects of 

pertinent variables on the pbotohydrogenation atom cracking 

of coal. The variables studied were: i) Toperature, ii) 

Inlet Gas Composition and iii) Particle Size. Because of 

the experimental dlfficul ties, the effect of particle .con-
I 

centration on conversion could not be studied, as was orig-

tnally intended. 
. ' 

' 

The data reduction was done by a Co•puter Progra11 spe-

clally written for this investigation. l listing of the 

pco9ram is given in Appendix A. The program is capable of 

co11pu ting 11olar yields, aole percent, veigb t percent, rate 

per unit time, rate per H atom, percent conversion of coal 

and ~roduct efficiencies per H atom. In· addition, group 

yields such as yields (molar and percent.) of C2-C4, C5, C6, 

C7, ca, Bf X hyd:rocarbons, 2-ring aro•atics, 3-ring aromatics 

could also be computed. Coaputation of yields <•olac and 

percent) of noraal, branched, olefinic and aromatic bydco-

carbons is also poss lble. Tbe proqraa vas aada ve.rsatile by 

tncludlng a plot-routine using which all the coaputed data 
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could be plotted in a line printer. The scales toe the 

plots are selected by the computer; of course, an user may 

choose ~is/ber own scales. One 1ia1tation of the plot-rou

tine is that no connecting 1 ines or curves are drawn between 

the points. All plots in the following pages were generated 

by the above prograa. The input data for the prograa are: 

(i) detector sensitivities, (ii) total signal output, (iii) 

molecular veigbt of individual coapounds, <tv) reaction 

time, ( v> H atom concentration and {vi) percent carbon in 

the coal used. The pro gram, without any mod if !cation, can 

handle 40 co•poun:i'S• However, th.ts could be extended to 

include more compounds, i.f desired. 

Tae -53+38 raicron coal 'dust• was used in all experi

ments (except the ones which involved particle size as the 

parametric variable) because of its ready availability in 

large amounts and also being intermediate in size. 

Effect of Temperature 

It was pointed out earlier that the exper tments at 

ambient temperatures yielded virtually no products at all. 

However, the main thrust of t~is research was to •crack• 

coal surface at a te11perature as low as possible. A series 

of experiments was made in tbe teaperature range from 100 

deg C to 200 deg c. The products were collected in definite 

intervals selected at random. An interval of at least an 

hour was allowed between any two runs. Before the discus-
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sion of effects ot teJJperature on tile reaction, one source 

of error must be aentioned here. 

Because of ttle, large lleat •teaks• on tb.e top and at ttle 

bottom of the reactor due to convection, temperature could 

not be maintained constant in the reactor. The . higher the 

reactor temperature, tlle tligtler was tile axial te.aperature 

gradient too. The Nichro•e wire surrounding the quartz 

reactor was wound' dens ely at ttle top and at the bottom of 

the reactor to min iaize the heat leaks. Ho attempt was made 

to do this in the uv light portion of the reactor because ot 

the Potential danger of attenuation of UY photons enterlng 

the reactor. However, tfle •desired• te•pe.rature prevailed 
! 

at least in 2/J portion of the reactor. Monetheless, the 

temperature quoted is the teaperature inside the reactor and 

is not tne temperature of tne coal particles ttle•selves. So 

the teap er atures quo ted are noainal te•peratures only. 

Listed in Table XIV are tne effects of teaperature on 

the total yields of products and percent carbon conversion. 

The same table shows the product efficiency per H ato• and 

number of H atoms util.ized for production of one product 

molecule (reciprocal of tbe foraer) for runs at 200 deg c. 

Ttle percentage conversion of coal into gaseous and llq-

uid products was dependent on teaperature. Higher conver-

sion was acllieved at tligl'ler reactor teaperatures. Percent-

age carbon conversions for various teaperatures have been 

plotted as a function of tt•e in Figure 52. Tl\e runs at 
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TABLE XIV 

EFFECT OF TEMPERATURE ON THE TOTAL YIELD 
AND PERCENT CONVERSION 

PA~TICLE SIZE : -53+38 MICRONS 
REACTOR TEMP~ I 100 - 106 

INLET GAS COMPOSITION: 100.1 HYDROGEN • 0.1 HELIUM 

TIME J l£Li) CONYERS ION. 

l Oo'o'l9'oE-Il7 0.45 74E•03 

2 o.ua~ee-o~o 0.1050E-02 

3 0.222lE•06 O.l941E-02 

4 Oo36lU:\•06 o. 3l52E•02 

!S o •• ls~oe-o• 0.49921'-02 

PARTI~LE SIZE 1 •53+38 MIC~ONS 
REA TOR TEMP. I 150 - 155 

lNLIT IOAS COMPO ITIOI'U 100.~ HYDROGEN + o.:& HELIUM 

TIM! r l&LJ CONYER SION 

l 11. J OOIIE -Ott o.283le-oz 

z 0.6901&-06 0.6516E-02 

J o.l.JOlr:-os Ool224E-Ol 

• 0.2162c•OS 0,2009E-Ol 

!S o.~oszZE-os Oe4208E-Ol 

PA~TiilE SIZE : •53+38 MICRONS 
REA TOR TEMP. I 200 - 206 

INLET GAS COMPO ITION: 100.1 HYDROGEN • o., HELIUM 

fiELD CONYER SION EFFICIENCY 

OolSlllli-05 0.1392E-Ol Oo2939E•02 

o. 9ll7E -us 0.7802E-Ol o.5oo2E-o2 

u.U3<4tE•04 0.'9869&-01 o. 57 31tE-02 

o.1•sse-u~o 0.1337E•OO O.ltl94E-02 

o.znoc:-o~o o.zute.oo o.zsue-oz 

H ATOMS 

lltl. 

177. 

176. 

228. 

397. 

130 



p 
E 
A 
c 
e 
N 
T 

c 
• II 
I! 
c 
N 

c -,c 
N 
\1 
E 
A 
T 
e 
0 

COAL TYPE 
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Figure 52. Effect of Temperature on Percent Conversion 
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Figure 53. Exper.i.rrental Reproducibility of Percent 
Conversion to Ga.seous Products 
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200 deq c (except 20 nour run) were repeated 3 tiMes to 

check the e.xper i11ental reproducibility. . Except for ethane, 

molar yields of products were reproducible within ;t9\. For 

ethane, the error was considerably high, ;t22t. The large 

error in the case of ethane is attributed to the poor trap-

ping efficiency of this compou.nd due to its high vapor pees-

sure even at liquid nitrogen teaperature. !he calculations 

for percentage carbon conversion show that the results are 

repcoducible within t7\. ln exaaple of tills is shown in 

Pi gure 53. (The computer generated representation of num-

bers 1\av lng .four significant figures aay be disregarded.) 

The number of moles of products focaed per H ato• is an 
I 

indication of tile ell ange that occurs in tlle coal surface as 

the reaction progresses. Table XIY shows that the d.ifferen-

tial product efficiency goes through a ma.xiaum. This lleans 

that the cracking of the coal surface becoaes increasingl.Y 

difficult after a certai.n stage. This could be explained by 

assuming that ttl e pllotoproduced· H atoas attack some selected 

sites- active sltes on the surface ot coal. 

Ttle observed aulaua in tile product efficiency needs 

some coil en ts. lt was aentioned before that the coals used 

in tile experiaents were l iqutd-nitrogen-ground and protected 

fro• atmospheric oxygen by an envelope of nitrogen gas dur-

inq storage. However, the exposure of coal to at11ospheric 

oxygen during loadting into the reactor could not be avoided. 

Hydrogen atoms, thus, actually rea~t, ~t least initially, 
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w.ith a coal adsorbed with o:xygen on its surface •. The impli

cation of this is that the surface area of coal available 

for hyd·rogen atoa attack depends on tbe rate of reaoval of 

adsorbed oxygen fro• th• surface. With increased removal of 

oxygen troll the surface, aore and aore reactive coal sur-

faces are exposed to H atoa attack. This will explain the 

Increase in the rate of foraation o.f hydrocarbons with tt•e· 

T~e fact that t~is rate does not level off after tertain 

time, but, indeed, decreases after reaching a aaxiaum a1akes 

one to susppect ttl at tile hydrogen atoas encounter, partly, 

vi th a non-reac tiwe, possibly inorganic 1 ithotype, layer 

after attack wit~ a reactlvee surface. However, in view of 
I 

the low conversions achieved in: the present work, this does 
I 

not seem to be very likely. It is believed t~at the H 

atoms, after the removal o.f oxroen troa the surface, react 

with a surface which was aade •active• by breaking of chemi

cal bonds, generation of free rad·tcals etc as a result of 

qrlnding. Once these active sites are consuaed, the rate of 

conversion starts falling down rapidly. Tile iaplication of 

this is that the bulk coal is not believed to undergo H atom 

cracking as easily as the grinding-lndu.ced reactive surface. 

Listed in Table XV t~rougll .XVII are the ·yields of each 

product for different temperatures. Significantly smaller 

amounts of prorlucts were obserwed in the low temperature 
• 

runs and ht.gher molecular ve19ht products such as pyrene, 
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TABLE XV 

MOLAR YIELDS OF PRODUCTS AT 100 DEG C 

PARTICLE SIZE I -53•38 MICRONS 
REACTOR TEMP. : 100 - 106 

Ool HEL IU!'I lNI.ET GAS CO!oii>OSITtONI lOOol HYDROGEN + 

•!!ACTED HOUU-> 1 2 3 • ' 
CC"'PChi!NTS I v 

l ET .. ANE O.Z990E-09 0.9326E-09 o.2965E-08 o.5t5oe-oa Oo1215E-07 

2 PIICPANE Ooi950E-08 o. 21t l6E-OT 0.47641!-07 o.7569E-07 0.1578E-06 

' ISO-BUTANE o.!U05E-09 0.12261!-08 0.31071!-08 0.50221!-08 o.to75t:-o7 

4 N-IIUTANE 1).1727E-OB 0.39 07E-08 0.8l95E-OB 0 .1586E-07 0 .37631!-07 

5 NEO-PENTA"t! o.o o.o o.o o.o o.o 

• ISO-PENTANE 11.13731!-09 O.l541E-OB Oo2968E -011 o.5lZ4E-08 O.l321E-07 

1 N-PENTANE Ool2119E-OII 0.2798E-OII 0.43541!-08 0.5956!!-08 O.ll61E-07 

• CYCLOPENTANE 1).0 o.o 0.3229E-09 0.9129E-09 0.2991E-08 

• 2-I'FTHYLPENTANI! u.o o.o 0.6792E-10 0.46891!-09 o.c;o653E-o9 

10 3- .. ETHYLPEIIiTANI! 0.11 o.o o.o 0.679ZE-10 Oo5653E-09 

11 N-1-fUNE o.H22!-08 O.lt590E-OII o.7&04e-oa o.u37e-o7 0 .23ZlE-07 

12 MElHYLCYCLOPENTANE lloU o.o 0.1671E-09 O.l078E-OII o.3762r-oa 

u CYCLC'HE XANE o. 21135!-09 g.l3T6E-OS 0.2713E-08 0.5280E-OII o.t477E-o7 

14 2-I'ElHYLHEXANE o.u o.o o.o o.o o.o 

15 3-I'ETHY LHE XANE o.o o.o o.o o.o o.o 

16 N-... 'PTlN'E 11.12 9111!-011 0.31231!-011 0.55701!-011 O. Bl09E-OII O.l52BE-07 

n Ot .. ETHYLC YCLOPENUNE O.l:lltl9E-09 OolB HE-Oil 0.30521!-08 0.4306E-08 0.7658E-08 

11 METHYL( YCL011EXANE U.II890E-OS o.t9~tze-o7 o. 39991!-07 0.6Z11tE-07 0.11361!-06 

19 CYCltCOLFf 1 NS 0.9078E-09 0.3132E-OII 0.8772E-08 O.l1t7lE-07 o.3290E-07 

20 DlM~THYLCYCLOHEXANE Uol806E-07 o.3958E-o7 0.68llE-07 o.ll61E-o6 0.12771!-06 

21 Cl• o.o o.o o.o o.o o.o 

2Z PRCPYLENE 11.1232!-09 o. 18 851!-011 0.27061!-08 0.30061!-08 o.o 

23 ILTENES o.o o. 2038E-09 ~.31t76E-09 0.49221!-09 o.o 

z• PENTENES 0.26621!-09 0.99101!-09 0 .16351!-011 0.2281tE-OII o.o 

25 81!1\ZENE Uol07ZE-08 0.2213!:-08 o.3665E-08 0.5230E-08 o.7047E-oa 

u TOLUENE 0.851111!-09 O.l82lE-08 o.29J7E-Oa O.ltl91E-08 0.5648E-OI 

27 XYLENI!S o.u o.o o.o o.o o.o· 

21 T I!TIIIALI N U • .ZBlE-10 O.l482E-09 o.2644E-o9 O. 405BE-09 0.5638E-09 

29 NAPHTI:!ALEiiE Q.ll40E-10 o. 74llE-10 Ool321E-09 o.zoatoE-09 0.2874E-09 

30 METHYL"APHTHALENES u.o531E-10 O.l358E-09 0 .21lt9E-09 o.3063E-09 0.3981tE-09 

:n Ol~ETHrLNAPHTHALfNES o.a o.o o.o o.o o.o 

JZ II PHENYL o.anoe-o9 o.t8oze-oa 0.271t8E-08 0.3724E-OII 0.4114E-08 

J3 ,1-ENANTHIIENE u.a.ott31!-09 o.u6oe-oa· o.zzue-oa 0. 336.2E-08 0.~570E-OI 

.,, 
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TABLE XVI 

MOLAR YIELDS OF PRODUCTS AT 150 DEG C 

INLET IOAS 

PA~TtC~~ SIZE s -53•311 MtCRC~S 
REAC R TEMP. I 150 - !55 

COHPOStTt~N: 1aa.t HYDRO EN + 0.1 HELIUM 

It UCT'I! 0 HCUiiS-> 1 z 3 " ' 
CCMPONENTSI 

v 

1 l!T~AN! O.l960E-OII a.4239E-08 O.!I456E-aS Oo5069E-07 0.6al3E-07 

z PIICPA'IIE l>o1604E··07 o. 3506E-07 0.5861E-OT 0.8676E-07 O.l982E•06 

3 tsc-euu~<C! Oo2842F-08 o. 7724E·08 a.1374E-a7 0.2559E-07 a.3aa7E-OT 

" N-IIUTA"Cl! Oo<t645E-OII o.la4JE-a7 0.23a2E-aT 0.4154E·OT 0.1093E-a6 

' Nl!O-PENTJ"C! 11.2 59<tE-09 o. 5386E-09 0.9T05E-a9 0.1538E-all Ool64TE-OII 

6 I SQ-PENTANE U.5218E-08 O.l259E-a7 0.2037E-aT a.3006E-aT Oo6658F-a7 

7 N-PE~TA'IIE ~.3086E-08 a. eTcTE-ae o.t nse -o1 a.4491E-OT o.t751E-o6 

• C YCl OPE NT lNE llolt 968E-a9 0. 13 28E -a.8 0.2464E-a8 .a.3640E-08 o.5398E-08 

9 2-I'FTHYLPENTANE Q.7916E-09 a. 2322E-all a.6145E-a8 a.lla3E-07 a.2b90E-OT 

10 3•1'FTHYLPENTANE u.l9UE-a9 o. 215aE-08 a.5973E-a8 aola71E-a7 Oo2366E-o7 

11 N•HXANE 0.1237E-08 o.taeae-aT Oo2269E-07 0.3881E-a7 0.9953E-07 

12 I'ETHYLCYCLOPENTANE u.511t3E-a8 Ool455E-a7 0.4593E -07 Oo5153E-aT Oo7026E-a7 

13 CYClOHE XANE Oolt8a3E-08 a.l322E-a7 Oo3518E-07 a.t31aE-a6 Oo4705E-a6 

14 Z-I'ETHYLHEXANE u.o a.o o.o O. 5819E-09 a .1970E-a8 

i5 J-I'I;THYlHEXANE o.o o.a o.a a.l164E-08 0 .4269E-08 

16 N-HPTANE o.U64E-08 0.28HE-a8 a.2926E-a7 0.5794E-OT a.1573E-06 

u OI~~THYLCYClOPENTANl! 11.1Z27E-OII o. 54 75E-aa O.laltaE-07 a.l614E-07 0.4a14E-a7 

II Ml!THYI.CYC lOHE :UNe 11.4761E-aS 0.1153!':-07 0.198 3E-a7 0.1asae-a6 a.l2119E-a6 .. CYCLICOLEFtNS 0.2 645E-all a.7373E-OII 0.1471E-a7 a.256aE-a7 o.5135e-oT 

zo DII'ETHYLCYCI.OHEXlNE Oo66Ul!•07 o. 1545E-06 0.3451E-06 a. 5663E-a6 0 .11B3E-a5 

2l Cl• 11.0 a.o o.o a.l142E-all a.ll39E-07 

zz PIICPYLEN!! 0.29061!-08 a. 5211E-OII a.2248E-a7 a.2415E-07 o.o 

23 81.1TENES ~ •• 495!-09 a.ZZ28E-08 o .... 209E-ae Oo4824E-a8 o.a 

24 PEIIITENES 0.4a'l6E-OII Oo 1409E-OT O.l571E-OT Ool628E-07 o.o 
25 eEIIZENE O.l68lE-07 0.1'l29E-06 0.3a22E-06 0.4252E-a6 0.5896E-06 

26 TOlUENE ~.Z834E-07 0.6183E-07 0.9790E-07 Oo139 BE-a6 a.6505E-06 

27 XYLENE$ 0.5l76E-07 a.la81E-06 O.l7a8E-06 o.Z311E-a6 a.3a5oE-06 

28 TETIULIN o.o o.o o.o a.o o.o 

29 NA I'H THA lE NE o.3533E-09 o.T655E-09 a.1295E-08 O.l867E-08 0.2472E•08 

30 ~ETHYI.NAPHTHALENES O.l674E-09 0.85 88E-09 O.l476E-a8 Oo2341E-all Oo3328E-a8 

ll OJ~ETHYLNAPHTHAlfNES O.l829E-09 o. 4210E-a9 0.7a64E-at· O.l063E-08 Ool471>E-08 

3Z UPHEIIiYl Oo:li632E•l0 a.2253E-a9 o.5024E-a9 O. 8725E-a9 Q.l33lE•08 

J3 PHENANTHRENE II.&UZE-08 0.3503E•08 o.5a7ae-oa 0.6467E-08 o.naae-oa 
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TABLE X VII 

MOLAR YIELDS OF PRODUCTS AT 200 DEC C 

PARTJ~\E SY Z~ I -53+38 MICRONS 
R~A R TEMP. I ZOO - 206 

INLIT COAS COMPO 1i10N1 100.S HYDROGEN • O. S HELIUI'I 

RI!ACTI!O .. OURS-> 1 3 " 7 20 

CCI'PCNENTS I 
v 

1 ET .. ANE 0.2137E-07 0.1776!'-06. o .... 501E-06 0.86741:-06 D.2205E-05 

2 P~CPANE o.7eooE-o7 O.Zl53E-06 o.52D9E-o6 O.I!04SE-06 0.2Z87E-05 

3 ISO-BUTANE Ool "98E-07 O. HZOE-06 O.l367E-05 O.l602E-05 o.359.,E-o5 

4 N-I!UTA!IIE o.Z963E-07 O.ZB01E-06 0 .730ZE-06 O.l05ZE-05 O.ZB67E-05 

5 III!C-PENTANE o.<~>22ZE-'08 0.4203E-07 o. 7950E -07 0.4454E-06 O.l094E-05 

• I SO-PENTANE O.lSHE-07 O.Z .. 45E-06 o .... 346E-06 o.5686E-06 0.17B6E-05 

7 N-PENTANE 0.3 ... 30E-07 0.4427E-OI> 0.7519!:-06 0.104 SE-05 O.ZB75E-05 

8 CYCLOPE!IITANf o.a 9ZZE-07 o. 566BE-06 0.1705E-05 0.2231E-05 O.SOllE-05 

' 2-I'ETHYLPENTANf 0.1387E-07 O.l037E-06 O.l699E-06 0.2059E-06 0.6057E-06 

10 3-I'ETHYL,.E"'TAIIIE u.z 086E-OI! 0.9466E-07 O.l527E-06 o. 1838!"-06 0. 5494E-06 

11 N-t-EUNE o.s ... ne-o7 0.3569E-06 0.57l4E-06 0.6806E-06 O.l933E-05 

12 MfTHYLCYCLOPENTANE O.li>HE-06 o. ZZ94E-05 0.35Z1E-05 o.5597E-o5 Ool244E-0" 

13 CYCLCHEX4NE 0.1 H6E-Ob 0.9080E-Ob O.l407E-05 O.l63ZE-05 0.396ZE-05 

14 2-~ETHYLHEXANE u.l8bH-08 O. 99 39E -08 0.175 3E-07 0.3335E-07 0.8911E-07 

15 J-I'E THYlH E XANE u.1 53t.E-07 O.b377E-07 O.l040E-Ob O.l434E-Ob 0. 3171 E-06 

u N-HPTANr: u • .n 90E-07 0. 93 43E-07 O.l507E-06 0.1993E-06 0.48ZOE-06 . 
17 Oll'flHYLCYCLOPENTANE u.lll'l5E -06 0.116 'lZE-06 o.n~oe-o5 O.l516E-05 0. '3351 E-05 

11 METHYLCYCLOH~XA~E · u. 2 iot2ZE-06 O.l059E-05 0 .1666E-05 O.l982E-05. 0 .4977E-05 

1• CTCLICOLEFJNS u.l6'li!!'-06 0. 38 1!6':-06 0.62l9E-06 o. 7569E-06 0.2830E-05 

20 OI~FTHYLCTClOHEXANE O.l906E-07 o. 34 ~2E-06 0.6062E-06 o.7Zl3E-Ob Oo1671E-05 

21 Cl• O.t.Sl4E-07 0.18 73E-06 0.3540E-06 0.4381E-06 0 .l038E-05 

22 "PCPTLE"'E o.o o.o o.o o.o o.o 

Z3 lllJTENES u.o o.o o.o o.o o.o 
24 PEhTFNES 1).0 o.o o.o o.o o.o 
25 H"lENE o.~otlt21!E-07 0.12 78E-06 O.l76ZE-06 O.Z .. 60E-06 0.79.,6E-06 

26 TCLUENE 0.7515E-OII O. 3192E-07 o.395BE-o7 0.5108E-07 0 .1684E-06 

27 XYLENES 0.1510E-07 0.63 OSE-07 0.7869£-07 O.l028E-06 0.3267E-06 

21 TETRALIN Oo<9907E-09 o. 1501E-08 o .zo38E -oe 0.2858E-08 0.9l96E-08 

'29 NAPHTHAlE~E 0.2 699E-09 o. 8'1 3BE-09 O.l236E-08 O.l914E-08 O.bZ45E-08 

', 30 I'E l H'YlNAPH THAt EN&:S o. 2041E-09 0. 7867E-09 0.1015E-08 O.l057E-08 0.3460E-08 

3l Oli'ETHYLNA,HTHALENES o.7HlE-10 o. 38 HE-09 0.4670E-09 0.5800E-09 0.1950E-08 

32 1!1 'HfNYL O.II386E-10 0.3903E-09 0.5120!:-09 0.7084E-09 Oo2390E-08 

33 PI-ENANTHRENE. ll.~90ZE-08 O.l876E-07 O.Z6Z6E~07 0.274BE-07 0.904ZE-07 

34 PYRENE o.o o.o o.o o.o o.o 

35 FLUOUNTHENE 0.5 312£-09 0.17 29E-08 0.2340E-08 0.344ZE-OB O.l091E-07 

]6 IAr.Z.tNTHRACENE O.l298E-08 O. 3386E-08 0.411t6E-08 0. 5087E-08 O.l81t3E-07 

37 IENZIIPYIIENE llo 5 3121!-09 0,1277E-08 o.lb79E-os o.Z237E-08 o.7377E-oe 
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f luor;anthene, benzanthracene, benzopyrene etc were totally 

absent at 100 deg C and 150 deg c runs. 

The aole ratio of phenanthrene to biphenyl in the liq

uid pr_oduct was found to be a strong function of teapera-

ture. Tnis point is clearly eapllasized in Table XVIII in 

which the data given in Tables XV through XVII have been 

r econst rue ted. ls the te•perature is increased, the mole 

ratio also increases. Further•ore, 1 t is observed that at 

the h igll est teapera ture investigate-cJ;, the pllenanthrene to 

biphenyl aole ratio is significantly very high. In addl-

tion, the 11ole ratio decreases witb tiae in the case of 150 

deg c and 200 deg C runs, vbereas the opposite ts true at 

100 deg c. I 

Ttlese results lead- one to believe that the product 

distribution, yield and ~erc:ent conversion are probably con-

trolled by a rate li•iting step in whicb phenanthrene type 

precursors are cracked off the coal surface vllich is then 

followed by secondary H atoll reactions to produce saaller 

hydrocarbons. 

In tact, phenanthrene is usually present in . larger 

abundance in coal derived liquic:ls • This can be attributed 

to the tlleraodynaaic stability associated with the staggered 

phenanthrene-like co11pounds co•pared to the linear anthra

cene-like lsoaers (101). llydrogenation of ptlenan·tb.rene 

has been studied by several workers (102, 103 and 104) and 

most recently by cowan (105). Hydrocracking of phenanthrene 
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TABLE XVIII 

MOLE RATIO OF PHENANTHRENE TO BIPHENYL 

Hours 
Temp. °C 1 2 3 4 5 7 

100 0.69 0.75 0.83 0.90 0.97 

150 32.2 15.5 10.1 7.4 5.5 

200 62.9 48.0 41.3 38.8 



cx9- BRANCHED PARAFFINS AND NAPHTHENES 

Figure 54. Hydrocracking Reactions of Phenanthrene 
.... .. 
0 
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has been studied by Oader et al. (106) and Huang et ~1. 

(107}. Cowan (105) studied the selectivity of different 

catalysts on tile hydrogenation o.f several polynuclear aro

matic hydrocarbons including phenanthrene, pyrene, benzan

thracene and cbrys-.e and concluded that Pt/C catalyst was 

selective to hydrovenatton at the end rings whereas Pd/C and 

Rh/alu11ina catalysts vere to innec rings. Haynes (108) has 

concluded that under hydrocracttng conditions, at least, 

phenanthrene crac.lts al•ost exclusiwely by paths involving 

saturation, ring opening, possibly sowe iso•erization, · ·and 

cracking of terainal rings. Soae hydrocracking reactions of 

phenanttlrene are given in Figure 54. How~ver, it should be 

noted that none of the studies aentioned above.used direct H 

atoms as hydroqenating agents. 

The available data fro• this Investigation suggest .that 

at low te•peratures, hydroQenation of inner rings of con-

densed• ring aroaatics is predoainant whereas as teaperature 

is increased, the terainal ring hydrogenation becomes •ore 

pronounced. Hy drocracking of end rings of condensed ring 

aroaatlcs can give rise to a variety of hydrocarbons as 

shown in 1.-' i gure 54. 

All analysis of Tables XIX, Xl and· XXI snows that the 

rates of formation of all saturated products follow one 

trend wtl eceas ttlose of aroaatics another. In tbe case of 

saturated products, the rates of for•ation of each product 

follow ttle order 200 deg C>lSO deg C>lOO deg c. An exaaple 
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of this Is shown in Figure 55 in wbich the rates of forma

tion of cYclohexane under various temperatures are plotted 

as function of tiae. One point to be noted from Figure 55 

is the shifting of ttle 111axima with decrease in the reaction 

temperature. Tne maxi11um for the rate of formation of 

cyclohexane at 200 deg C is found to occur at 3 hours 

whereas the slopes of the curves for 150 deg c and 100 deg C 

indicate a definite shifting of the maxima towards a longer 

time. This pattern is followed in all saturated hydrocarbons 

with exception of none. 

The plots of rates of formation of benzene, toluene and 

xylene (Figures 56, 57 and 58) showed that at 200 deg c, the 

•aximum for these compounds also occurred at 3 hours whereas 

for the lover temperature runs their slopes indicated the 

shifting of the maxima towards longer reaction periods. 

This indicates the possibility of production of saturated 

hydrocarbons from aromatic precursors. 

A look at the plots 56, 57 and 58 indicates the order 

to be 150 deg C>200 eeg C>lOO deg c. The same was found to 

be true vi th naphthalenes too. This order may, first, · 

seea to be inconsistent to our expectation. However, the 

answer for this unexpected behaviour lies in the to llowing 

points: (i) vith increase in temperature, ring saturation 

and ring opening processes also could increase and (ii) the 

smaller aromatic hydrocarbons, might, possibly, have been 

produced by cracking of large aromatic clusters cracked off 

the surface of coal. 
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TABLE XIX 

RATE DATA AT 100 DEC C 

PARTl~lE SIZE a -53•38 MICRONS 
REA TOR TEMP, : 100 - lb6 

lNLU GAS COHPOSlTlONa 100,, HYDROGEN • Oo t HELIUM 

IIUC:TEC HOURS-> 1 2 3 .. 5 
CCHPOMENTSI 

' y 

l ETHNE 0.4983!-11 0.10 56E-10 o.33B7E-lO 0.3642E-10 o.ll67E-09 

2 PIICPAI\IE ~.14'ii2E-09 0.2536E-09 Q.3913E-09 0,4674E-09 0 o1369E-OS 

3 I SO-BUTAIIIE llo9675E-ll Oo1077E-10 Oo3134E-10 Oo 3191E-10 0,9544E-10 .. r.-l!UT&NE IJoZ117liE-10 0,3634E-10 Oo7147E-10 0.1277E-09 Oo36Z8E-09 

5 hEC-PENTANE 1),\l o.o o.o o.o o.o 
6 I SO-PENTAI\IE 0.1229!-10 O,lJ 39E-10 0.2378E-10 o.3593E-10 O,l347E-09 

1 N-PI'NTAN!: O.ll49E-10 o. Z514E-10 0.2593E-10 0.2670E-10 0.9427E-10 

a CYCLCPENTINE I),Q o.o Oo5382E-l1 0.9833E-ll Oo34b4E-l0 
q 2-I'FTHYLPEI\ITINE o.o o.o Ool132E-11 0.6683E-ll o. 8273E-ll 

10 3-"'FTHYLPENTANE o.o o.o q.o O.ll32E-ll 0.8290E-1l 

11 N-HE:UI\IE 1Jol537E-10 0.4112E-10 Q.5358E-10 o.5946E-10 Oo1972E-09 

12 HETHYLCYCLOPENTANE o.a o.a 0.27116E-11 ·o.tstse-to a.4~t73E-10 

13 C \'CLCHE XANE o.H25!-U O.l821E-10 0.2229E-10 0.4278E-10 0 ,15e2E-09 

14 2-I'!'THYLHEXJNE a.J o.o o.o o.o o.o 

15 3-I'ETHYLHEUNE I),Q o.o o.o o.o o.o 

16 N-I'EPTINE 0.2164!-10 0.3041E-10 O.lt078E-10 0.4232E-10 Ooll94E-09 

11 Oli'ETHYlCYCLOPENTANE O.J.403E-10 0.1719E-10 0-.19641'-10 O.ZOOJlE-10 0.5587E-10 

11 "'ETHYLC\'ClOHEXANE 0.1482!-09 O. 1755E-09 O.HZBE-09 0,379 JE-09 0.8480E-09 

19 C\'CLICOLI'FlNS O.l513E-10 O, 37C8E-10 Q,9399E-10 0.9891tE-10 O,lOlZE-09 

20 Oli'FTHYLCYCLOHEXANE 1.1.30101!'-09 o. 3587E-09 0.4755E-09 O, 799 ZE-09 Ool948E-09 

21 CS• u.u o.o q.o o.o o.o 

zz PIICPYLENE O.Z053E-ll o. 29 37E-10 Q.1367E-l0 0.5001E-ll o.o 

2) BI.ITF.i~;ES u.o 0.3396E-ll Qo2396E-ll o.2411E-n o.o 

z• 'ENTENES G.4437E-11 0.12011E-10 Qol071tE-10 Oo1081E-10 o.o 

25 !!EI'IZENE ll.l 7li6E-10 O.Z002E-10 Q.2321E-10 0.2608E-10 o.3029E-10 

z• TOLUff\IE o.14llE-10 O. lbOitE-10 Qol860E-10 0.2090E-10 o.21tzae-1o ,., IYLENES o.o o.o o.o o.o o.o 

Zl TETA.-ll~ Ool047E-ll O.l424E-ll O.l936E-11 0.2l57E-11 0.26l3E-11 

2t NIPHTHALE~E o.~z3~oe-u O. 7118E-12 Oo9657E-12 0.1272E-ll Ool317E-ll 

30 "ETH\'LN&PHTHALE~ES OolOIIBE-11 O.ll76E-ll Q.ll17E-11 0.1524·E-ll Oo1535E-11 

3}; C l I'ETHYLNAPHTHALENC.Ii o.o o.o q.o o.o o.o 

32 II PHENYL 0.1452!-10 O.l552E-10 Q.l577E-10 O,l627E-10 0 .1652E-10 
3] 'HNANTH-ENE Uol0071!-10 O.l259E-10 0.1511E-10 O.l826E-10 0.2014E-10 
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TABLE XX 

RATE DATA AT 150 DEC C 

INLET GAS 
PARTl~La SIZE : -53•38 MI~RO~S 

R~ T R H'M P. : 150 - ! 5 
COM OSITION: lOO.l HYDRO EN • Ool HEL.lUM 

IUACTP'O HOUAS-> 1 2 3 4 ' CCI',ONENTSI 
y 

l I!TioANI! o.J2671!-10 0.37981!-10 Q.lOZIIE-10 0.703111!-09 0.1574!-09 
2 PAO"IIIE O.Z67toE-09 o. 31 70E-09 Q.3924E-09 o.to693E-o9. 0.18571!-011 
3 ISC-eUTANI! 0.47361!-10 0.8137E-10 0.10035-09 0 .1971oE-09 o.7474E-10 
4 N-IIUTANE o. 774ZE-10 Oo9b 39F.-10 o.2o9ae-o• 0.3088E-09 O.ll29E-08 

' hEC-PEIIITANI! o.to323E-ll Oolt654E-ll o. 71981!-ll 0.9451tE-ll 0.181BE-U 
6 l SC-PE~TA~E Uo8697E-10 0.12 28E-09 0.1297E-09 0.1615E-09 0.6087E-09 
1 N-Pfii:TA!\15 IJ.SltolE-10 Oo93b9E-10 0.1508E-09 0.452bE-09 0.2lb9E-08 
II CYCLCPE~TANE u.ciZBOE-11 Oo1385E-10 0.1893E-10 O.l9bOE-10 0.2930E-10 
9 2-I'ETHYLPENTANE Ool319E-10 0.2551E-10 O.b371E-10 0.8142E-10 0.261tltE-09 

10 3-I'ETHYLPENTANE u.l319E-10 O. Z2b4E-10 p.b37ZE-10 o. 7887E-10 O.Z159E-09 

11 ~-t-EXANE U.2061E-10 0.1594E-09 p.l981E-09 0.2688E-09 0.1012E-08 
12 ~ETHYLCYCLOPENTANE \Jolt 572E-10 o. 1568E-09 p.5229E-09 0.93HE-10 0.3122E-09 
u CYCLOHE XUIE 0.8005E-10 0.140ZE-09 Q.36b1E-09 0.159 7E-08 0 .5658E-08 
14 2-"E THYLHE x•NE o.u o.o o.o 0.9698E-ll 0.2313E-10 
u 3-I'~THYLH~XAI\If. u.u o.o p.o O.l940E-10 0.5176E-10 
16 N-loEPTA'4E U.l9..,0E-10 O. 27 51E-10 O.lt407E-09 0.4780E-09 0.1b55E-OII 
1'1 OIHETHYLCYCLOPENTA~I! U • .l041tE-10 o. 7081E-10 OoBZOitE-10 0.9579E-10 0.3998E-09 

u ~ElHYLCYCLCHEXANc 0.1935E-10 O.llZBE-09 0.1381tE-09 0.1420E-08 o.3976E-09 
19 CVCLICOLI!FINS U.'tloOBE-10 o. 7880F-10 0·12Z3E-09 Oo1816E-09 0.4291E-09 
21) OtHETHYLCYCLOHEXANE U.l107E-08 0.1468E-08 Qo3177E-08 o.3685E-08 0 .lOZBE-.07 

21 · Cl• u.o o.o o.o 0.1903E-10 0.1709E-09 

2¥ PIICPYLE~E o.o~oalt3E...,10 o.3B51E-10 o.zane-o• 0.2791E-10 o.o 

2~ BIJTENES 0.1083E"'10 0.2630E-10 Q.3302E-10 0.1025E-10 o.o 
2ft 'ENTE~ES 0.6o827E-10 O.l665E-09 o.zaooe-10 0. 8618E-11 o.o 

2, 8EhZENE Oo1447E-08 0.17685-08 0.1822E-OB . o.2osoe-oa 0.2740E-OI 
2(1 TOLUeNE O.io723E-09 o.5saze-o9 0.601ZE-09 0.6985E-09 0 .8511E-OII 

zr XYLENE$ o.&627e-o9 0.91t90E-09 0.1035E-08 Ooll04E-08 O.ll32E-08 
2. TETRALIN o.o o.o o.o o.o o·.o 
29 
' 

NAPHTHALENE a. 5118BE -11 0.6870E-l1 0.8832E-11 0.9530E-ll 0.1008E-10 
30 ~ETHYLNAPHTHA~ENE$ o.o123E-ll o. 8191E-ll 0.1029E-10 0•11t41E-10 0.161t5E-10 
31 Dli'ETHYLNAPHTHALENE$ O.JOtoBE-11 0. 3969E-ll 0.4757E-ll o. 591tOE-U 0 .6892E-11 
]~ BIPHENYL w.9386E-12 o. 211 16E-1l 0.4618E-11 0.6170E-ll 0.7647E-11 

~' PltENANTHRENE o.J053E-10 0.2786E-10 0.2625E-10 0.231/oE-10 0.1535E-10 



TABLE XXI 

RATE DATA FOR -53+38 MICRON COAL AT 200 
DEC C FOR 100\ H2 

,ARTIC~! SIZE t -53•~8 MtCRO~S 
1\!'AC OR TEMP. r zoo - 206 

lNL!T GAS COMPOS tTIO'H lOOol HYORO~EN + 0.1 HEliUM 

UACT!O t~OUAS-> 1 3 • 1 
CQMFONO:NT Sl 

v 
1 ETMANE o.:t56ZE-09 Oo1302E-08 Oo4543E-08 0.2318E-08 

2 PIIC'AIIIE OollOOE-08 O.lllt'tE-08 p.5095E-08 o.1577E-oa 

3 uc-euu~e o.2497E-09 O.l058E-08 p.ZO'tZE-07 0.1304E-08 

4 N-8UTANE O.<~t938E-09 0.2l)87F.-08 p. 7502!'-08 O.l785E-08 

' NI!O-PENTANE o.70l7E-lO O.llSOE-09 0.62't6E-09 O.ZOHE-08 

6 I SO-PE~TANE U.l051E-09 0.1885E-08 p.3168E-08 Oo71t46E-09 

7 N-PENTANE 1). ~ 71 7E- 09 O.l403E-08 p.5153E-08 0.1629E-08 

I C YCU'PE NTAI'IE U.llo87!-08 0.3980E-08 0.1897E-07 0.292lE-08 

9 z-,.!!THYLP EI'ITANE IJ.Z311E-09 0. HB5E-09 o.uo3E-08 0.2003E-09 

10 3-poeTHYlPENTANE U.31t76E-10 0.1715E-09 0.9680E-09 o.1726E-o9 

11 N-1-fUNE 0.91Z2E-09 O.Z518E-08 0.3576E-08 0.6068E-09 

12 "ETHllCYCLOPENTANE Uolt373E-08 0.1693!:-07 0.20't5E-07 O.ll5'tE-07 

ll CYClCHEXANE 0.2577E-08 0.62 78!:-08 O.BlZlE-08 O.l21o9E-08 

14 Z-P'ETHYlHEXAI'IE U.3107E-l0 0.6729E-l0 0.1Z65E-09 0.8791E-l0 

1' 3-I'ETHYLHEXANE u.<:560E-09 0.4034E-09 Oo6712E-09 OoZ184E-09 

16 P.-t<EPTANE O.l650E-09 0.5961E-09 0.9554E-09 O.Z700E-09 

1T OtM~THYLCYClOPENTANE 0.3159E-08 o.566~oe-oa 0.8010E-08 Oo9Zio9E-09 

11 Mt;THYlCYCLOHEXANE U.4037E-08 0.68lOE-08 0.1011E-07 O.l753E-08 

19 CYCLICOLEFINS o.z 831 E-08 0.18 ZlE-08 O. 3B68E-08 0.7501E-09 

20 OIMETHYLCYCLOHEXINE Uo.iO.llE-09 o. Z7 Z6E-il8 · 0.4350E-08 0.6394E-09 

2l ca• o.ll36E~oa 0. 993ZE-09 o.2778E-oa 0.4673E-09 

22 PIICPYLENE o.o o.o o.o o.o 

n 8LTEN!:S O.D o.o O.D o.o 

2~ PUTENES o.o o.o o.o o.o 

" IIEP.ZI!~E o. 7381E-09 0.6957E-09 0.8075E-09 0.3875E-09 

26 TCLU!NE O.lZSZE-09 O.Z034E-09 0.1276E-09 0.6393E-10 
21 IYLENES 0.2 516E-09 0. 39'i6E-09 o. 2608E-09 0.1339E-09 
2' TETRALIN Oo8l76E-11 o. 8416E-ll o. 8963E-ll 0.4551E-ll ,, NAPHTHAlENE 0.41t98E-ll o. 5200E-ll 0.570lE-ll 0.3766E-11 
30 METHYLNAPHTHALENES O.l 40ZE-ll 0.4855E-ll Oo38llE -11 0.2325E-12 
li OII'FTHYLNAPHTHALENES Ool240E-ll 0.26llE-ll o.uzte-u 0.6281E-12 
!2 ~I PHENYL Q.1564E~l1 0.2470E-ll 0.2029E-ll 0.1091E-ll 
33 PI'ENANTH~ENE Oo9836E-10 Ool072E-09 Oo1H9E-09 0.6750E-ll 
3~ PYilENE o.o o.o o.o o.o 

" FLUORANTHENE Oo8153E•ll 0.9981E-11 O.lOl'iiE-10 0.6120E-ll 
]fl e.tiNZANTHRACENE Oo216'tE-10 0.1739E-10 O.l267E-10 o. 52281!-11 

'l IEhZOPYilENE llo8.853E-ll 0.6ZllE-ll 0.6 703E-ll • 0.3099E•ll 
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20 

Ool714E-08 

0.1900E-08 

0.2554E-08 

· 0 .2327E-08 

0 .8316E-09 

o.156oe-oe 

0.2346!'-08 

0.3564E-08 

o.5125E-o9 

0.4687!;-09 

0 o1605E-08 

o.8166E-oa 

0.29B6E-08 

O. 7l48E-10 

0 .Z227E-09 

0 .3624E-09 

0.2352E-08 

0.3840E-08 

0.2658E-08 

O.l217E-08 

o.7685E-o9 

o.o 
o.o 

o.o 

0.7034E-09 

0.15041!-09 

0.2870E-09 

O.Bl27E-ll 

0 .5553E-ll 

0.3080E-ll 

O.l757E-11 

0.2156E-ll 

O.B070E-10 

.o.o 

0 .9572E·ll 

O.UlOE-10 

0.6590E-11 
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That the latter could be true ls indicated by the rate 

of production of phenanthrene in the order 200 deg C>l50 deg 

C>lOO deg c and it should be reaembared that the products ot 

hi ghe.r molecular wei gbt such as pyrene, fluorantbene, ben-

zanthracene and benzopyrene were not at all found among tlle 

liquid products at 100 and 150 deg C runs. Furthermore, the 

rate of formation of biphenyl was tound to be larger at 100 

deg c than either at 150 deg C or 200 deg c. This confirms 

the idea tbat at low te•perature runs, phenanthrene, which 

was the tllgllest aol ecular weight product found, undergoes 

hydrogenation at the middle ring the cracking of which will 

account for ttle foraation of blptlenyl. 
I 

ln all these plots, the point at 20 hour run was not 

t ound to 1 ie wtth1n the bounds of a seooth curve. Whether 

this .is due to tlte tainillal ban"iing loss of pr9ducts as a 

result of uninterrupted nature of the ·run or due to the 

actual change of nature of coal with conversion is not 

known. 

Finally, llention has ·to be made of the presence of 

methylcyclohexene and olefins aaong the gaseous products. 

The survival of tllese products amidst the strong reducing 

environment is, indeed, surprising. It is possible that the 

olefins tllat are toraed in tlle top of the reactor al."e swept 

away by the carrier gas before they could further react to 

produce saturated hydrocarbons. 
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COAl TVP& t llltNOIS J 6 Hl-VOLATlLF. 

PA~JlCLE SitE : -53/+38 MICRONS 

INLET GAS COHP.:lOO.OO~ H2 + 0.0 ~ HE 
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Fiqure 56. Effect of Temperature on the Rate of .r.,o:rrtation of 
Benzene 
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COAL TYPi ' ILLINOIS M 6 Hl-VOI.ATILE 

PARTICLE Sl£f -53/+38 MICRONS 

INLET GAS COHP.:lOO.OO~ H2 • 0.0 :C HE 

S : 100 DEGEE c. H: 150 OEG~EE c~ L: 200 DEGREE C 

+ 
+ 
+ 
+ 

8.75E-Olt- + .. .. • .. .. 
7.'50E-Olt + 

... 

.. H 
... 
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6.25E-Olt .. 
+ M 
t 

• M 

• 
5.00f--Ol+ 

• M 
... 
• • 

3.75E-Ol+ .. 
+ 

• 
+ 
... • 

2. 50E-OH + .. 
... l .. 
+ l. 

1.25E-Ol+ l l + 
+ 
+ l .. 
• s s s s s 

0. 0 ·----"-----·---------·---------·---------·--------- ·--------:- .. 
o.o 4.oo a.uo 12.00 16.00 zo.oo 24.00 

REACTeD TIME IN HOURS 

Figure 57. Effect of Temperature on the Rate of Formation of 
'Ibluene 



Ft 
A 

.T 
E 

flo 

N 
A 
N 
(J 

M 
c 
l 
E 
s 
I 
G 
R 
A 
IJ 

c 
c 
A 
L 
I 
~ 
( 

1\ 
.L 

T 
E. 

150 

COAL TYPE : ILLINOIS - 6 HI-VOLATILE 

PARTICLE SllE -53/+38 MICRONS 

INL~T GAS CUMP.:lOO.OOl H2 + 0.0 % HE 

S : 100 DEGEE c. H: 150 DEGREE C, L: 200 DEGREE C 
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F iq-unc' 58. Effect of 'lE.rrperature on the Rate of Fonnation of 
Xylenes 
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In principle, tile ef:fect of temperature on the overall 

rate of a photocheaical reaction will be determined by the 

activation energies of all t~e important steps and tne 

effect of temperature on l(a), light absorbed. However, the 

energy added to a molecule at a given wavelength by increas-

lng the temperatures ts small compared to the energy accom-

panying the absorption of a quantu• of light. Hence, if the 

proper absorptivity is used, tbe teaperature sbould not have 

a significant effect on the primary process. Furthermore, 

~ith respect to absorptivity variations, Noyes (109) noted 

that the inte~ral \; 
J l{a) df. 

I 

is nearly independent · o.f teaperature. i.e., the total 

absorption still reaains same even though absorptlon.band 

could broaden due to teaperature changes; !however, a 

decrease in absorption aaximull can be e.xpected. Hence, H 

a toto concentration produced ln a reactor vi a mercury photo-

sensitization can be exptected to be independent of tempera-

ture. · 

Effect of Particle size 

The percen·tage carbon conversion and the total yield 

would be independent of the particle size of coal used, if 

the reaction was chemically controlled. On the other hand, 

if the reaction was controlled by the available external 

surface area,· then the conversion would be inversely propor-

tional to the particle size. That the latter is true in the 
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photohydrogen ato• cracking of coal dust is proved by the 

data presented in Table XXII. The particle sizes used were: 

(1) -90+53 micron, (11} -53+38 aicron and (iii) -38+25 

micron. The -3S+l5 micron coal dust was obtained by sieving 

the -38 micron coal in an Alpine vacuua siever. 

The data in Table XXII provide satisfactory evidence to 

show t~at a decrease in particle size is accompanied with an 

increase in the extent of conversion of coal to gaseous and 

liquid products. However, a serious problem of deposition 

ot coal on tlle walls of the quartz reactor was noticed in 

the run~ involving -38+25 micron coal dust. The tendency of 

agglomeration was restricted by aaintaining separation 
I 

I 

between the coal particles by mixing coal with an equal 

amount of glass powder, of roughly the same size as coal. 

Howevar, the separation between coal particles and the reac-

toe walls was, evidently, not achieved in these runs. On 

the ottler hand, no coal was found to stick to tbe reactor 

wall even aftec 20 hours of irradiation in the case ot a 

-53+38 micron coal. The deposition of coal on the reactor 

walls can produce two side effects: (1) attenuation of u.v. 

photons which, otherwise, would have entered the quart~ 

reactor and (11) pycoJysis of coal on tlle walls of the reac~ 

tor. lf, serious enough, the latter could lead to the for-

mation of tars on tbe walls of the reactor which can drasti-

call y reduce the entry of u. v. pl'lotons inside ttle reactor. 
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TABLE XXII 

EfFECT OF PARTICLE SIZE ON PROCESS 
EFFICIENCY 

PARTICLE SIZE : -38+25 HICRO~S 
R~A~T0R TEMP, : 200 - 222 !NLH IOAS COH 0 ITIO~: 100.~ HYOROG N • O.l HELIUM 

rlELJ CONYERS ION EFFICIENCY 

0.21UE-OS 0,2021E-Ol 0.38C7E-02 
U.iOHE-05 0.6563E-Ol O. 5602E-02 
O.l2l2E-u4 O.l01>3E+OO o. 57 25E-02 
O.ll4~E-O't 0,11 70E+OO o.~t699E-o2 

uol!iOZE-04 O.l317E+OO o.2992E-oz 

PlRTIELE SIZE : -53+38 MICRONS 
INLET IOlS 

REA TOR TEHP. : ZOO - 206 
COHPOSITION: 100.~ HYDROGEN • O.l HEllUH 

riELD CONVERSION EFFICIENCY 

O.lSBlE-05 o.nne-01 0.2939E-02 
Uo9137E-05 o.7802E-Ol 0.5662E-02 
0.12HE-U't Oo9669E-Ol o.sn~oe-oz 

o.u.sse-o. 0.1337E+OO Oo4394E-02 
o.znuE-Q4 0.2161E+OO o. 2sue..:oz 

INLI!T cas 
PARTI~~E SIZE : -90+53 MICRONS 

REA OR HMP. : 198 - ~06 
COMPO ITIO~I 100.:1: HYDRO EN + O.l HELIUM 

r I ELl CONYER SION EFFI Cl ENCY 

Uol2b~E-OS 0.9547E-02 0.2359E-02 
u. 3 suE -us 0.2958E-Ol 0.3295E-OZ 
0.4955E-05 0.4Z37E-Ol 0.3071E-OZ 
o.tauze-os 0.5168E-Ol 0,2845E-02 
0.7:U.'tE-QS 0.6111E-Ol o.l9sse-oz 
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H ATOMS 
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175. 
213. 
334. 
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341. 
177. 

176. 

228. 
397. 
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426. 
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328. 
351. 
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Listed in Table XXIII, XVII and XXIV are the yields of 

each product Due to the uncertainities arising aut of the 

deposition of coal on the walls of the reactor the results 

must be considered only qualitative. In any case, there is 

no doubt that the reduction in particle size o.f coal .cesul ts 

ln increased conversion and also increased yield 

tics. A more quantitative stateeent, than this, 

nately, can not be aade at this tiae. 

of aroam-

unfortu-

Despite the deposition of coal 

reactor, the plots for the rates of 

on the walls of the 

production of phenan-

tnrene, pycene an:l' .fluoranttlene were (Figures 60, 61 and 62) 

!Jere consistent. The rates were inversely proportional to 

t~e particle size of the coal dust. Furt~eraore, it could 

be seen from F tour es 60 and 62 that the ma-x ilia for the 

smaller size coals occur at longer ti•es than the others. 

"!'hls proves the increase in the conversion with increase in 

the surface a£ea. 

Effect of Inlet Gas Composition 

A series of expertaents were carried out with hydrogen 

composition in t~e inlet gas Mixture varyinq. troa 2\ to 

lOO't. The gas 111xture was 11ade up with bellum, an inert 

qas.. The cer ti f.i ed gases we.ce purchased troll Matheson Gas 

Company and they had a certified purity of 99.9' and our own 

analysts did not flnd any detectable hydrocarbon iapurities. 

nue to t~e high costs of certified gas mixtures, the experl-



TABLE XXIII 

MOLAR YIELD Of PRODUCTS fOR -38+25 
MICRON COAL 

II. UCTEO HCURS-> 
CCMPON~NTS I 

v 
1 fr"'AN!: 
2 PRCPA'lE 
3 tSC-8UTA'IIE 

4 N-~UTANE 

5 ~EC-FE~TANE 

6 I SC-PENTANE 
7 N-PENTANE 

8 CYCLOPENT~NE 

9 2-~ETHYLPENTANE 

10 3-~ETHYLPENTAN!: 

11 N-HXlNE 
12 METHYLCYCLOPENTANE 

13 CYCLCHEXANE 
14 2-~ETHYLHEXANE 

15 3-~ETHYLHEXANE 

16 N-1-EPUN': 

17 Ol~ETHYLCYCLOPENTANE 

11 MFTHYLCYCLOHEXANE 

19 CYCLICOLEFI~S 

20 ·Cl~ETHYLCYCLOHEXANE 

:H CS+ 

22 ETHYLENE 

23 PIICPYLENE 

Z.. IIJTEP>ES 
25 I!FIIZENE 
z• TCLUENE 
27 I'WlENES 

28 Tl!TRAL l N 
29 N.aPHTHALENE 

30 MElHYLN.aPHTHALENES 

31 Ol~ETHYLNAPHTHALENES 

:!12 I!IPHE"'VL 
33 P~ENANTHRENE 

34 PYIIENE 

35 FLUORANTHENE 
J6 IAIIZ~NTHRACENE 

37 SE~lOPYRENE 

'ARTICLE SIZE I -38•25 HTCRO~S 
REACTO~ TEMP •• 200 - 202 

lNI.fT (OAS CO"'POS lT 10~: 100. ~ HYDROGEN + 0.~ HEliUM 

1 

o.tOIITE-06 

Oo4188E- 06 

0.9880E-07 

11.2 190E-06 

11.5028E-08 

u.l583E-06 

u.lZlZE-06 

o.i84toE-07 

o.2878E-07 

o.s b53E-07 

llo5l22E-07 

O.llBIIE-06 

O.ltoBZE-06 

o.ssne-o8 

o.5J6ae-oa 

o.i 5ZlE-07 

0.6'o lOE-07 

u.S5Z9E-07 

O.Z304E-07 

o.o 
o.u 
0.434TE-OII 

o.9565E-07 

o. ~ 520E-07 

O.lll3E-06 
0.1 706E-06 
Ool284E-06 

Uo8714E-09 

u.340lE-oe 

O.IJZ47E-09 

U.lOl7E-09 

ll.l285E-08 

Uol825E-07 

o • .tl50E-o9 

u.za341!-08 

UolZS3E-OS 

0.3 53 7E-08 

2 

O.l937E-06 

0.8072E-06 

0.3061E-06 

0.4160!:-06 

o.9132E-'OB 

O. 4533E-06 

0.4499E-Of> 

O. Z6~8E-06 

O.ll61E-06 

o. 59 46E-07 

0.16 Z'tE-Ob 

o. 8610E-06 

O. 46 SBE-06 

o. 2919E-07 

0.248 3F-07 

o. 4578E-07 

0.3166E-06 

0.4llOE-06 

0.85-lt7E-07 

0.4167E-06 

o.za "'lE-06 

o. 1042E-OT 

O. 1739E-06 

O.lZzt.E-06 

0.2500E-06 

0.42.22E-06 
O. 7965E-06 

o. 2186!:-08 

o.~983E-oe 

O.Z150E-08 

o. 6649E-09 

o. 2649E-08 

0. 391, 3E-07 

O.MI lZE-09 

0.6454E-08 

0.6266E-08 

o.612lE•OI 

3 

0.28to5E-06 

Oo8182E-06 

0.3887!:-06 

0.4t,79E-06 

0.9132E-08 

o. 5755E-06 

o. 5580E-06 

o.2994E-o6 

O.l5'o7E-06 

Oo Hl4E-07 

O.Zlt5E-06 

O.llOlE-05 

0.9288E-06 

0.3312E-07 

O. 2't83E -07 

0.4578E-07 

o.552JE -06 

O.lZOIIE-05 

O.l634E-06 

0.7259E-06 

o.670TE-06 

o.z6aze-o7 

0.24to7E-06 

O.lHBE-06 

0.4175E-06 

o. 7335E-06 
O.l358E-05 

o.376te-oa 

O.l9b7E-07 

0.459.r.E-,08 

O.l394E-08 

0.4179E-08 

O.b656E-07 

O.ll50E-08 

O.ll20E-OT 

0.7851E-08 

o.7"3E-oa 

o.2852E-06 

0.819toE-06 

0.3944!!-06 

o.5045E-o6 

o.913ZE-08 

0.5996E-06 

0.5931E-06 

0.317ZE-06 

O. 1636E-06 

0.8392E-07 

0.236ZE-06 

o.tz.r.7E-05 

O.llOBE-05 

0.3358E-07 

0.2483E-07 

0.4578E-07 

0.7007E-06 

O.l329E-05 

O.lSllE-06 

O. 7193E-OI> 

O. TOllE-06 

o.Josse-oT 

o.z7e6E-o6 

O.l383E-06 

O. 528 7E-06 

0.7589E-06 

O.l.r.04E-05 

0.5114E-08 

Oo301t8E-07 

o. 7354E-08 

0.2033E-08 

0.5224E-08 

0.9679E-07 

0.62l8E-08 

0.1687E-07 

0.8455E-08 

o. 8860E-08 
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7 

0.2860!!-06 

0.8Z09E-06 

O.toOZ6E-06 

o.5685E-06 

0 .9l32E-08 

0.6353!!-06 

Oo6121>E-06 

0 .3387E-06 

o.l1Z8E-06 

0 ol051E-06 

o.Z99BE-06 

O.l470E-05 

O.l305E-05 

0.3381>E-07 

0.2.r.83E-07 

Oo4578E-07 

0.9211E-06 

O.l481E-05 

0 .l822E-06 

0.8012E-06 

o. 73Z9E-06 

0.3232E-07 

0.3079!!-0t. 

O.H41tE-06 

0. 7283E-06 

0.7883E-06 

Oo1471E-05 

o. T079E-08 

0.39Z9E-07 

0 ollZBE-07 

0.3307E-08 

0.6686!:-08 

O.l117E-06 

o .llt54E-07 

0.2808E-07 

O.l043E-07 

Ool096E-07 



ltUCTED HOURS-> 
CCMPOIIIE~TSI 

v 
1 ETI-ANE 
2 PIICPJNE 

3 ISO-BUTANE 
• N-!UTANE 
5 t.EC-PENTANE 
6 I SC-PENTANE 
1 ~-PEP.TANE 

8 CYCLOPE~TANE 

9 2-MFTHYLPENTANE 
10 3-~ETHYLPENTANE 

11 N-HEXA"'E 
12 MElHYLCYCLOPENTANE 

13 CYCLOHEXANE 
14 2-~ETHYLHEXANE 

15 3-~ETHVLHFXJNE 

16 N-Hf PTANE 
17 Dt~ETHVLCYCLOPENTANE 

ll MI!THVLCYCLOHEXAI'IE 
1• CVCLICOLEFINS 
20 OIMETHVLCYCLOHEXANE 
21 CIH 

22 •t ... YLENE 
23 PIICP 'fLENE 
24 8UTENES 
.U U"ZENE 
l6 TOlUENE 
27 XYLENES. 
28 TETRJLlN 
29 NJPHTHALENE 
30 MElHYLNAPHTHALENES 
31 OI~ETHVLNAPHTHALENES 

32 BIPHFNYL 
33 Pt-fNANTHRENE 
34 PVIIENE 
35 FLUOPANTHENE 
36 BANZANTHRACENE 
37 BENZOPYRENE 

TABLE XXIV 

MOLAR YIELD OF PRODUCTS FOR -90+53 
MlCROal COAL 

PARTICLE SIZE : -90+53 MICRONS 
REACTOR TEMP. • 198 - 206 

iNLET ~AS CCMPOSITIONs laO.~ HYDRO~EN + 0.1 HELIUM 

Ooll26E-07 

0.1 594E-06 

0.1082E-06 

0.2 360E-06 

0.1982E-07 

o.H22E-o7 

o. 7 076E-07 

D.3835E-07 

ll.l906E-07 

o.ta67E-07 

0.2 827E-07 

0.9267E-07 

0.3 096E-07 

o • .uase-oa 

O.ll6a2E-08 

o.8767E-oa 

o.~919E-07 

0.2513E-07 

0.9210E-08 

o.t6~2E-06 

0.6515E-07 

o.o 

o.a 
o.o 

o.z•o3E-o7 

o.9oue-oa 
0.15lOE-07 
o.~907E-09 

0.2699E-09 

o. 2 a41E-a9 

o.1~41E-10 

u.lll86E-10 

0.5902E-08 

o.o 

o.s ll2E-09 

U.1298f-08 

o.Hllf-09 

2 

O.lll6F.-a6 

O. 2335E-06 

O.l937E'-06 

o. 38 26E-06 

. 0. 73 81tE-07 

o. 129 7E-06 

0.12'o2E-06 

o. 10 l'tE-06 

o.~413E-Il7 

O.'l89ZE-07 

O.l2'76E-06 

0. 301t5E-06 

0.12~8E-a6 

a. 3623E-:n 

O. 73 39E-07 

O.ll29E-06 

o. 15 59E-06 

0.118 7E-06 

0.60 10E-07 

0. 59 S~E-06 

O. 2702E-06 

o.o 

o.o 
o.o 
o. 57 27E-07 

o. ZOlt,E-07 

0.6305E-07 

0.1501E-a8 

o. 8938E-a9 

o.7&67E-o9 

o. 3871E-09 

o.J9a3E-09 

o. 1876E-07 

o.o 

o .11 29E-oa 

a.3386E-08 

0.12711!-01 

l 

o.lll'>E-06 

O. 2133E-a6 

0.2t,03E-a6 

o.5llt3E-a6 

O. 7856E-07 

O.l580E-06 

0.1659E-a6 

o.l394E-o6 

0.5923E-a7 

O.ll42E-06 

O.l722E-a6 

O.ltlOZE-06 

0.2a07E-06 

0.3986E-07 

a.8695E-a7 

O.l335E-06 

0.2299E-06 

0.251tOE-06 

a.l2~5E-06 

0.9682E-06 

0.3373E-06 

o.o 

o.o 
o.o 
0 .9789E-07 

0.3115E-o7 

0.7869E-a7 
a.Z038E-08 

O.lZ36E-aa 

O.l015E-08 

o.4670E-09 

0.512aE-a9 

0.2626E-07 

o.o 

0.231tOE-08 

Oo411t6E-08 

Ool679E-08 

0.2891E-06 

o. 5698E-a6 

0.6579E-06 

O.l491tE-05 

0.1775E-06 

0.40a3E-06 

0.3946E-06 

0.33~1tE-06 

O.l204E-06 

0.2385E-06 

O.lt138E-a6 

o.9326E-o6 

0.4951tE-06 

o.ato9E-o7 

O.l753E-06 

o.26BBE-oto 

0.4685E-06 

0.5309E-a6 

o. 3275E-06 

O.l986E-05 

O. 7368E-06 

o.o 

o.o 

o.o 
O.l547E-a6 

0.6013E-07 

0.1028E-06 
o.zasae-oa 

O.l9lltE-08 

O.l057E-08 

O.SBOOE-09 

0.7084E-09 

0.271t8E-07 

o.o 

0. 3't4 2 E-08 

o.sone-oa 

0.2231E-08 
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7 

0.3322E-06 

a.5921E-06 

0.8154E-06 

O.l682E-05 

O.l83aE-06 

0.4531E-a6 

0.4476E-06 

0. 3754E-06 

a.l305E-06 

0.2401E-06 

0.4653E-06 

0.9643E-06 

0.5043E-06 

0.8586E-07 

O.lBOOE-06 

o.zaooE-06 

0.5201E-06 

0.64Z1E-06 

a .3573E-06 

o .2150E-05 

o.74s~e-oto 

o.o 

o.o 

o.o 

0.2359E-06 

0.9690E-07 

0.3267E-06 
0.9196E-08 

0.6245E-08 

0 .346aE-08 

0.195aE-08 

0.2390E-08 

0.9042E-07 

o.o 

O.l091E-07 

O.l843E-a7 

o.7377e-oa 
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Figure 60. Effec·t of Particle Size on the Fate of Formation of 
Phenanthrene 
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ments witn 2% and iot hydrogen were carried out for a maxi

mum of 4 hours only. 

r~e effects of inlet gas composition on the total yield 

of products and, percent carbon conversion, product effi

ciency per H atom are shown in Table xxv.The percentage-car

bon conversion data for various inlet gas gas compositions 

are plotted as ftinction ot time in Figure 63. 

Percentage carbon conversion was inversely pr.oportional 

to the inlet gas composition. 90 to 98% reduction of hydro

gen ln the inlet gas mixture bada dramatic effect on tile 

product yield and carbon conversion. For example, when the 

inlet gas mixture consisted of 2% hydrogen in it, the molar 

product yield was almost double compared to that at 100\ 

hydr:ogen for an one- hour period. This is evident from Table 

xxv. 

The increased yielo at lower hydrogen input can be 

explained' by assuming higher H atom concentration. .Molecu

lar hydrogen is a more effective third body for H atom rec

ombination than helium. Since the rate of production of H 

atoms is same, and helium is less effective in the r.emoval 

of H atoms, it follows that the steady state H atom concen

tration is hig~er in the presence of helium than in the 

presence of molecular hydrogen. At .higher partial pressure 

of hydrogen, the recombination of H atoms seems to be 

favored over the hydrocarbon formation. Similar results 

have been reported in the literature before. In their stu;dy 
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Figure 61. Effect of Part.icle Size on the Rate of Fonnation of 
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of kinetics of catbon gasification by atomic hydrogen Coulon 

et al. (111, 112) found the rate to be independent of molec-

ul at hydrogen pc essuce up to 700 deg C and under 1 tore and 

above this pressuc e, the cate was strongly dependent on the 

fti!Olecular 

hydrogen pt essur e. Snelson, (30) in his recent investiga-

tion of the reaction between discharge generated hydrogen 

atoms and coal (110) found that tbe •olar yield of products 

was inversely proportional to the hydrogen feed rate. How-

ever, it must be noted that the conditions for their experi-

ments were totally different from the ones under this inves-

tiqation. Honetheless, their observations are significant. 
I 

T~e rate data obtaine~ asia f~nction of percentage of 
I 

hydrogen in the Inlet gas mixture revealed several iMportant 

points. The rates of for•ation of each'product for reaction 

mixtures consisting of 2\ , 10\ and 100% hydrogen are given 

in Tables XXVII!, XXIX and XXI respectively. The rates of 

all saturated, normal and straigtlt chain, aliphatics were 

inverse! y propor tiona! to the percentage of hydrogen ln the 

inlet qas mixture. Even though no disccete maxima were 

found in the plots of the rates of formation of these prod-

ucts within the reaction tiaes studied, there are indica-

tions that the maxiaa occur sooner with decrease in the per-

centaye of hydrogen ln the inlet gas collposition. An 

exatt~p le of this ls given in F 1 gure 64 in which the rates of 

formation of iso-pentane are plotted against time for dif-
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TABLE XXV 

EFFECT OF INLET GAS COMPOSITION OM THE 
TOTAL YIELD AND PERCENT 

CONVERSION 

PARTICLE SIZE : -53+38 HICPONS 
REACTOR TEHP. : 196 - 203 

INLEt 'AS COMPOSITION: z.; HYDROGEN + 98.1 HELIUM 

TIM! 

2 
3 

"' 

ll'lELJ CONVERSION 

o.zao~oe-o!i 0.2't70E-Ol 

u.742!ic-o5 0.6397E-Ol 

O.UHE-0<1. O.ll73HOO 

Oa2ll7E-04 O.l802E+OO 

PARTICLE SIZE : -53+38 HICRCNS 
REACTOR TEMP. : 198 - 203 

IML!t 'AS COMPOSITION: 10.; HYDROGEN + 90.; HELIUM 

TIM! rlfLi) CONVERSION 

1 0.227!1E-05 O.l965E-Ol 

2 a. 54~E-US 0.4723E-Ol 

3 Ooll.lll>i:-04 O.B631E-Ol 

"' Oolo!ii>E-04 O.l390E+OO 

PARTIClE SIZE J -53+38 MICRONS 
REACTOR TEMP. : ZOO - 206 

IMLEr 'AS COMPOSITION: 100.; HYDROGEN + o.; HELIUM 

VU:Ll CONYER SION EFFICIENCY H ATO"S 

O.l5alE-05 O.l39ZE-Ol 0.2939E-OZ 341. 
0.91l7E-05 0.7802E-Ol 0.566ZE-02 177 • 
0.1D4E-04 0.9869E-Ol 0.5734E-OZ 176. 
O.USH-04 O.l337E~O 0.4394E-02 228. 
o.zno.:-~ 0.2161E+OO Oo2518E-02 397. 

163 
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ferent inJ. tet gas co•positions. The point at (0,0) in tile 

plots lnvolvlnq inlet gas composition as a variable is an 

artifact of tlle plot-routine and· does not represent a true 

datum. 

On the other nand, the rates of foreation of cyclic 

hydrocarbons were directly proportional to tile percentage of 

hydrogen in the inlet gas mixture. Even though so•e scat-

taring was found with respect to the order, which would not 

be unexpected in tile case of a collplicated reaction produc

ing More than three dozen products, the change was definite 

as could be seen .froa Figures 65 tllrouqb 69. Ttlis indicates 

that r tng opening and r lng cracking reactions become very 
I i 

pronounced, wttlcll, perforce, ~also t~vo~ve consu•ption of 

11ore hydrogen atolls, wit~ d•crease in the hydrogen content 

of the reacting ga~ mixture~ Th~ implication of .this is 

that t~e nu•ber of wasteful collisons of H atoas between 

themselves or with the walls of the reactor are less in the 

case of leaner alxtures. 

lf this is the case, then ve can expect an increase in 

the rate of production o.f product presursocs with decrease 

of hydrogen content in tlle inlet gas mixture. This was 

found to be absolutely true in the case of all aro•atic pre-

cursors. The plots of rates of formation of all aromatic 

products as function of ttae are presented in Figures 70 

throu <Jh 82. In the cases where discrete max:imu11 occurred, 

it was found to occur at 2 hours for aixtures consisting of 
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TABLE XXVI 

MOLAR YIELDS OF PRODUCTS WITH 2t H2 + 
981 HE GAS MIXTURE 

PARTICLE S !ZE J -S3+38 ~!CRO~S 

l,.LET GU 
REA~TOR TEMP. I 19o • 203 

COMPO ITIONI z.~ HYOROGE~ • 98.~ HELIUM 

RUCTED HOUPS-> 1 2 3 

CCIIIPONENTSI 
v 

1 I!TI1ANE o.6Z40E·07 0.3980E-06 o.9Jl9E-06 

2 P~CPA~E Ool469E·06 0.3813E-06 0.7075E-06 

3 I 50-BUT INE o.1ll5E-06 0.2709E-06 0.4054E-06 

4 N-ftUTANE O.l841E•06 0.4141E-06 o.HoSE-06 

5 NEC-PENTAN!! o.Z075E-07 0.67 39E-07 O.l434E-06 

6 ISO-PENTANE O.;l151E-06 0.2994E-06 0.601 7E-06 

7 N-PENTAN!' oJ.Z OHE-06 0.428ZE-06 o.nozE-06 

8 CYCLOPfNTANE IJ.'Ilr901:-07 o. 2425!:-06 0.4769E-06 

9 2-Mc THYLPENTANE 0.3058F-07 o. 864JE-07 O.l70oE-Oo 

10 3-"ETHYLPE~UNE O.l198E-07 0.6602E-07 O.l349E-06 

11 N-1-EXANE o.7286E-07 o. 29 50E-06 0.6240E-06 

12 HETH)LCYCLOPENTANE u.ll38E-06 o. 2912E-06 o.5049E-06 

u CYCLCHEX4.NE U.13JOE-06 o. 318 5E-06 o.5490E -o& 

14 2-I'ETHYLHEXANE o.7305E-OII o. 224 7E·07 0.404 3E ·07 

15 3- "ETHYLH E XANE u.t.743E-O!I o. l938E-07 0.3434E-07 

16 N-1-EPTANE o.ll96E-06 0.4018E-Oo o.7aoaE-06 

11 OJ"F.THYLCYCLOPENTANE u.l396E-06 0.36l2E-06 o.s9ase-o6 

11 METHYLCYCLO~EXANE O.l838E-06 0.4427E-06 O. 7624E-Oo 

19 CYCLICOLEF INS iJ.'it 598E-07 O.l412E-06 0.2561E-06 

20 OJI'ETHYLr.YCLOHEXANE u.3038E-06 0.6581E-Oo O.l478E-05 

21 CIH Oo24SOE-06 o. 5503E-06 O.lll5E-05 

22 PltCPYLENE o.H66E-07 0.6851E-07 0.8669£-07 

23 II. TENI!S 0.2 504E-08 O. 6216E-OS o.l9zoe-or 

24 P.I!IIITENES Oo2107E-08 0.7800E-08 O.l861E-07 

25 IIEI'IZENE o.1257E-06 0.49731:-06 o.7noe-o& 
26 TCLUENE O.l8l2E-07 0.5130E-07 o. 7787E-07 
27 X'I'LENES o.lZBIIE-06 0.4049E-06 0.5889E-06 
28 TURALIN o.!I421E-09 o. 28 ZoE-08 0.4 21tO.E -o 8 
29 N.APHTHALENE u.ll7BE-07 o. 26 17f-07 o.3813E-Ol 

30 NETHYLNAPHTHALENES o.2123E-o7 0.4735E-07 o.696oE-o7 
31 OJ~ETHYlNAPHTHAlENES Oob350F.-08 o. 15 35!:-07 0.2275E-07 
32 BIPHENYL U.475oE-OII O.ll 76E-07 O.lB27E-07 
33 PI-ENANTHII. ENE o.Z921E-07 0.60CbE-07 0.9216E•07 
34 PYRENE o.aa 13E-o9 0.2871E-08 0.4444E-08 
35 FlUOPANTHENE Ool05BE-07 o. 3733E-07 0.6755E-07 
36 IIAI>Z.tNTHRACENE o.ssue-oa O.l5.,9E-07 Oo2l40E-D7 
37 BENZOPYRENE o.7177E-08 0.1385E•07 o.l977E-o7 
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4 

o. 1569E-05 

O.l203E-05 

o.sooae-o6 

O.l3o9E-05 

0.2201E-06 

o. U46E-05 

O.l063E-05 

0. 7530E•Ob 

0.2858E•06 

0.2112E-06 

0.1055E-05 

o. 7515E-06 

0.8004E-06 

0.7064£-07 

0.6240E-07 

O.l159E-05 

0.884BE·06 

O.l234E-05 

O. 4131 E-06 

0.2443E-05 

O.l778E-05 

O.l045E-06 

0.3167E-07 

0.21120E•07 

O.II688E-06 

0.9619E-07 

0.7270E-06 

O. 5286E-08 

0.4920E-07 

0.9143£-07 

0.2953E-07 

o.Zit58E-07 

O.l262E-06 

0.595BE-08 

0.9902E-07 

o. Z720E-07 

0.2556E-07 



TARLf: XXVII 

HOLAR YIELD OF PRODUCTS ~lTH lOt H2 + 
90t HE GAS MIXTURE 

PARTIC~E SIZE z -53+38 MICRONS 
1NLU COAS 

REAC OR TEMP, ; 198 - 203 
COMPOS ITlOI''lJ lOo& HYDROGEN + 90,& HELIUM 

lliACTEO .. OURS-> 1 2 3 

COMPONENTS I 
v 

1 fTHNE llo5208E-07 O.l376E-06 0.336BE-06 

2 PPCPANE Ool315E-06 0.3261E-06 0.5817E-06 

3 ISC-BUTANE 11.9361E-07 O.l890E-06 0.3015E-06 .. N-!UTANE llol218E-06 Q, JOOOE-06 o.snze-o6 

5 NEC-PENT&NE O.l805E-07 o.5394E-07 O.llDSE-06 

6 ISO-PENTANE O,l21t9E-D7 O.l553E-u6 0.2760E-06 

7 N-F~IHANE o. L 1 77E-06 Q, 27l'tE-06 o. SOOSE-06 

• Cl'CLCPENTANE o.1 765E-06 0. 39B7E-06 0.8329E-06 

9 2-IIETHYLP EN TANE O.l5DOE-07 o. 42 04E-07 O,ll61E-06 

10 3-~ETH'YLPENTANE O.l931E-07 0.6085E-07 O.ll't9E-06 

11 N-.. EXANE O.S 271E-07 0.16651':-06 0 .·ltl66E-06 

1Z MElHl'LCYCLOPENTANE 0.1528E-06 0.4003E-06 0.6963E-06 

13 Cl'CLCHEXANE 0.1625E-06 0.42 82E-06 0.7417E-06 

14 2-I'ETHYLHE XANE o.l7ooe-o8 0,11 75E-07 Oo2024E-07 

15 3-I'<:THYLHEXANE O.l549E-OI! o. 7172E-08 O.l377E-07 .. N-1-EPTANE \l.t>249E-07 O.ll48E-06 0.2292E-06 

l7 OJI'ETHYLCYCLOPENTANE O.l309E-06 0.2HlE-06 0.46lOE-06 . " 

u MElHYLCYCLOHEXANE O.l973E-06 O. 52 SBE-06 0,8687E-06 

1. CYCI,lCOLeF INS 1.1.1 593E-06 0.3550E-06 o.5962E-06 

zo OI~ETHYLCYCLOHEXANE U,b9971:-07 O.l722E-06 0.5024E-06 

21 C8+ Ool055E-06 O, 30 30E-06 0.5130E-06 

22 PIICiPYLEN!! 0.2 529E-07 o.so3te-o7 0,666ltE-07 

23 BI.JTENE S o.zz 79E-08 o. 584r8E-08 O.l021E-07 
24, PEt.TENES o.z 562E·08 0,6857E-OB O.l365E-07 
25 IEt.ZENE Oo9877E-07 0.2145E·06 0.45b8E-06 

" TCLU!N! 0.1337E-07 0.3188E-07 0.624BE-07 
27 XYUNES Ool332E-06 O, 28 43E-06 0.4535E-C6 

211 TETIIALIN O.ll77E-08 o. 244 lE-08 0,3890E-OII 

29 NAPHTHlLE"'E o.l.l202E-07 0.2H3E-07 o.3729E•o7 

30 ~fTHYLNAPHTHALENES v.l489E-07 0,3596E-07 o.5B04E-07 

31 OI~~THYLNAPHTHALENES Q,S651E-08 D.ll83E•07 O.l852E-07 

32 III PHENYL Q.!o346E-08 O.lll9E-07 O.l72BE-07 

:n P ... EN.NTHRENE O.Z709E-07 0.555oE-07 0.8436E-0.7 

34 Pl'PENE Oo5238E-09 O.lHSE-08 o. 2715E-08 

35 FLI.ORANTHENE 0.9166E·08 O. 2T50E-07 Oo4900E-07 

36 I!A"ZlNTHRACENE u.5016E-OI! 0.88 79E-OB O.ll96E·07 

37 IE .. ZCPYRENE Q.5288E-08 0.9403£-011 O.l41t7E-07 
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.. 

O. 7573E-06 

o. lOObE-05 

0.4349E-D6 

O.lOJlE-05 

O,l7l2E-06 

O, 4879E-06 

0. 8157E-06 

0,13 74E-05 

O.l991E-06 

O.l785E-06 

0.7094E-06 

O.ll03E-05 

O,ll07E-05 

0.3083E-07 

Oo2348E-07 

0.3380E-06 

0.6595E-06 

O.l331E-05 

Oo8554E-06 

O.l202E-05 

0.9940E-06 

0,8614E-07 

Ool454E-07 

o. 2323E-07 

o.5345E-ot. 

o.9573E-07 
0.6195E-06 

o.soose-oa 

0.4801E-07 

o. 78UE-07 

0.251t6E•07 

0.2221E-07 

Ooll42E-Ob 

Oo3540E•08 

Oo5l60E-07 

0.1371E•07 

0 .llt6 7E-07 



168 

TAHLt: XXV Ill 

RATE DATA FOR 2\ H2 + 98% RE GAS MIXTURE 

PARTICfE SllE 1 -53~38 MICRONS 
RfAC OR TEMP, I l '18 - 203 

INLET :OAS COMPOS lTION: lO,:C HYDROGEN + 90. ~ HELIUM 

REACTED HCUAS-> 2 3 - 4 

CCIIIPONENTS I 
v 

ETHlNE Q.ll679E-09 O.litl6E-08 o.3320E -oa o. 7007E-08 

2 P~GPJNE u.2191E-oa 0.321t4E-08 O.ltl60E-08 0.7069E-08 

3 I SO-BUT .&NE O.l560E-08 0. 15 90E-08 O.l875E-08 O.l224E-08 

It N-I!UTANE O.ZOllE-08 o. 2969E-OB O,lt536E-08 0. 7653E-08 

~ NI'O-PENTANE a.lOO<JE-09 0. 59 BlE-09 0,941BE-09 O.l013E-08 

6 ISO-PEIIIHNF u.12 oaE-oa 0 .l380E-08 O. 2012E -08 0.3531E-08 

1 11-PF,UNE a.l9t.2e-oa o. 2562'0-08 0.381 7E-08 o.525~tE-08 

8 C YCL CPF lilT ANE Q,291t2E-D8 o. 37 OZE-08 O. 723BE-08 0.9021E-08 

9 2-I'E THYLP EN TANE 0.2499E-09 O.lt5 07E -09 O.ll34E-08 0 ,1384E-08 

10 3-P'ETHYLPENTAt.E o.l2l8E-o9 o. 69 HE-09 · 0.90llE-09 O.l060E-08 

11 N-1-EXANE u.a785E-09 O.l8<J6E-08 0.4l66E -08 0.4880E-08 

12 I'ETHVLCYCLOPENTANE u. 2 5't 7E-08 0.4l23E-08 0.4934E-08 0.6774E-08 

u CYCUlHEXANE Ll.2 708E-08 0.4428E-08 0.5225E-08 0.6093E-08 

lit 2- "!:THYLHE XANE O.l>l67E-l0 O.ll42E-09 0 .ltol5E-09 0. 176/oE-09 

u 3-,.ETHYLHEONE 0.2582E-10 0.9372E-10 O.llOOE-09 O.l618E-09 

16 N-~E PT ANE ll.l01t2E-08 O.l206E-OB 0.1572E-08 O.l813E-08 

17 DII'ETHYLCYCLOPENTANE 0.2l82E-08 0. 23 8 7E-08 0.3115E-08 0.330BE-08 

1• MI!'THYLC YC l OHE XANE u.:.za<JE-oa O. 51t 75E-08 o.snse-oa o. 7704E-08 

1" CYCLICOLEflNS v.2656E-08 o. 3261E-08 0.40ZlE-08 0,4320E-08 

20 OI~ETHYLCYCLOHEXANE O.ll66E-08 0.11 04E-08 0.5503E-08 o.ll66E-o7 

ll C. II+ 0.1 758E-OB 0.3293E-OB 0.3500E-08 o.so17E-oa 

22 PIIOPYLENE o.~u~e-o9 0.41 7lE-09 0.3054E-09 0.2917E-09 

2J 8UTENES llol799E-l0 o. 59HE-10 o. 726'1E-l0 o. 7211E-10 

24 PI!IITEIIIE:.; Uo4270E-10 o. 7158E-10 O.ll33E-09 O.l595E-09 

25 II!NZENE O.l646oE-08 O.l928E-08 O,ltOl'IE-08 o. 1296E-08 

26 TCLUENE 0.2229E-09 0.30B4E-09 o.5099E-o9 0.5542E-09 
:n XYLENES 0.2 221 E-08 o. 251BE-08 o.ZB19E-aa 0.2767E-08 
28 TI!TRAll"' O.l961E-10 0.21C8E-10 0.2415E-10 O.l863E-10 
29 NJPHTHALENE 0.2003E-09 0.2069E-09 0.2142E-09 0.178 7E-09 
30 METHYLN4PHTHALENES u.24B2E-09 Q, 3512E-Oil 0.3679E-09 0.3396E-09 
:!1 OI~ETHYLN~PHTHAlENES o.9419E-10 o. 10 30E-09 O.lll5E-09 O.l157E-09 
:!2 BIPHENYL O.II911E-10 o. 97 45E-10 O.l015E-09 · 0.8210E-10 
33 PHENANTHRENE 0.45l6E-09 0,4134E-09 0.4810E-09 0.4969E-09 
34 PYA ENE 0.1172\IE-11 0.2040E-10 0.1612E-10 O • .l377E-10 
35 FlUORAPHHENE a.l528E-09 0,3055E-09 0.3584E-09 o. 4331E-10 
36 8AhlANTHRACENE 11,11360E-10 O.b"t38E-10 0.5137E-10 0.29ZlE-10 
37 BENZOPYRENE a..aull!-10 o.t.a see-1o o.5112E-10 0.3660E-10 



TABLE XXIX 

RATE DATA FOR lOt H2 + 90% HE GAS 
MIXTURE 

PARTICLE SIZE t -~HJS MICRONS 

lN1.ET GAS 
REA~TOR TEMP. : 196 - 203 

COHPO ITION: Z.% HYDROGEN • 98.:1: HELIUH 

ltEICTEO t-OURS-> 1 2 3 

COMPONENTS I 
v 

1 I!'Tt-ANE 11.1040E-Oil o. 55 94E-98 O.B698E-08 

2 P~CPANE IJ.ZitltSE-08 0.39CBE-08 0.5435E-08 

3 T SC-B•jT A"'E a. z 226F-os O.Z289E-08 0 .2241E-08 

" lt-BUTA1'1E o.J068f-oa O. 36 HE-08 0.6044E-08 

5 HC-PENTA1'1E 0.345BE- 09 O. 7714E-09 O.l266E-08 

• I SO-PENTA "'E u.l919E-os o. 30llE-08 0.5036E-08 

7 N-PENTANE o. 3394E-08 0.374ZE-08 0.4801E-08 

I CYCLOPENTANE O.l582E-08 o. 24 59E-08 0.3907E-08 

9 2-I'ETHYLPENTANE IJ.:>096E-09 0.9309E-09 O.l403E-08 

10 3-I'ETHYLP ~NTANE u.3663E-09 0. 7340E-09 O.ll49E-08 

1l N-1-EXANE o.121'fE-os 0.3703E-08 o.54sze-os 

lZ I'ETHYLCYCLOPENTANE Q.l897E-08 Oo 29 56E-08 0.35b3E-08 

13 CYCLCHEXANE u.zzue-oa o. 30 92E-08 o.3s4ze-os 

llo 2-I'ETHYLHEXANE o.lZlBE-09 a. zs 27E-09 0.2994E-09 

l'J 3-ME THYLHEXANE u.l124E-o9 o. 21 06E-09 0.2495E-09 

u N-t-E PTANE 0.19941:'-08 0.4702E-08 O.b317E-08 

ll O!~ETHYLCYCLOPENTANE 0 • .2 327f-08 o. 3693E-08 0.3955E-08 

11 "ETHYL( YC LOHE XANE U.l 064E-08 Oo4314E-08 0.5330E-08 

19 I C YCLICOLEF INS u.7663E-o9 O.l587E-08 O.l914E-08 

20 DI"E THYLCYCLOHEXANE u.5 064E-08 o. 59 05E-08 O.l366E-07 

21 Cllt 0.40831!-08 o.5os9e-oa 0.941BE-08 

Z2 P~CPYLI!N!! o.S 776E-09 o.5642E-o9 0.3030E-09 

21 1\tTI!NfS \lo4l73f-10 0.6187E-10 0.2163E-09 

24 PI!UI!NES 0.46781!-10 o. 8323E-10 O.lSOlE-09 

2' lll!,.lfNI! Go2096!-08 0.61921!-011 0.4763E-08 
26 TCLUENI! 1). l 05H-09 o. 51t96E-09 O.'f42 BE-09 
27 XYLE"'ES 0.2H7E-08 0.4601E-08 0.3067E-08 
211 TET~ALIN 0.1570E-10 0.3l'fOE-10 0.2355E-10 
29 NAPHTHALENE v.l963E-09 O. 2399E-09 0.2094E-09 
30 METHYlNAPHTHAlENES u. l 5l8E-09 0.4354E-09 0.3719E-09 
:!1 Oli'ETHYLNAPHTHALENES Ool058E-09 o.llo 99E-o9 O.l235E-09 
32 BIPHENYL Oo7926E-10 0. ll68E-09 Ool085E-09 
33 P .. EI'1A1'1THRENE Oo4868E-09 O. 5l41E-09 0.5351E-09 
31t PYIIENE o.U69E-10 o.3315E-lO 0.2623E-10 
35 FlLOAANTHENE 0.1763E-09 0.4459E...:09 0.5036E-09 
36 "ANlANTHRACENE O.llt69E-09 O.lllZE-09 0.9863E-10 
)7 UNZOPYREIIIE Goll96E-09 O. lllZE-09 0.9BblE-10 
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' 
0 .lObZE-07 

-o.s263E-os 

0.2590E-08 

0.9878E-08 

O.l27BE-08 

0.9073E-08 

o.57B3E-os 

0.4602E-08 

Ool919E-08 

0.1211 E-08 

O. 71B3E-08 

0.4llOE-08 

Oo4l90E-08 

0.5036E-09 

0.4b7bE-09 

0.6295E-08 

0.4771 E-08 

o.7B&5e-oa 

a.2616E-oa 

Ool609E-07 

O.ll05E-07 

0.2967E-09 

0.2079E-09 

O.l598E-09 

O.llt29E-08 

0.3054E~09 

0.2300E-08 

Dol745E-10 

Ool71t5E-09 

o. 3628E-09 

Ooll29E-09 

O.lOSlE-09 

0.5b66E-09 

0.2522E-10 

0. 52't6E-09 

!).96531!-10 

0.96UE-10 
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COAL TYPE 

PARTICLE SllE 

ILLINOIS • 6 HI-VOLATILE 
-53/+38 MICRONS 

REACTOR TEMP. ZOO - 2060EGREE C 
S: 2:1: HZ IN HE, H: 10' HZ IN- HE, L: ALL HYDROGEN 
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RE4CTED TIME IN HOURS 

Figure 64. Effect of Inlet Gas on the Rate of Formation of 
iso-Pentane 
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COAL TYPE I ILLINOIS * 6 HI-VOLATILE 

PA~Tl:LE SllE -53/+38 MICRONS 

REACTOR TEMP. 200 - 206DEGREE C 

S: 2:C H2 IN HEo M: 101HZ IN HE, L: ALL HYDROGEN 

24.00+---------·---------·---------·---------·---------·--------- • 
• 
+ 

• 
+ 

21.00• + 
+ 
• • l .. • 

18.00+ .. 
+ .. 
+ .. 

15.00+ 
+ .. 
... 
+ 

12.00+ .. .. .. 
+ .. 

9.00+ M .. .. 
... 
... .. 

6.00+ + 
+ .. s • ... s 
+ M 

3.00+ M l • 
... s 
+ s 
+ L 
+ 

o.o s---------+---------•---------•---------+---------•-------~-• 
o.o 1.33 z.bl 4.oo 5.33 6.67 a.oo 

RcA:TtD TIME IN HOURS 

Figure 65. Effect of Inlet Gas on the Rate of Formation of 
Cyclopentane 



R 
A 
T 
E 

" 
N 
A 
N 

0 
~ 

0 
L 
F. 
5 
I 
G 
R 

A 
~ 

c 
c 
II 

L 
I ,. 
I 
N 
u 
T 
E 

172 

COAl TVPE ILLINOIS N 6 HI-VOLATILE 

PAKTICLE SILE -53/+38 MICRONS 

RFACTJR TEMP. 200 - 2060EGREE C 

S: 2:C H2 tN HE, M: lJ~ HZ IN HE, L: ALL HYDROGEN 

24.00+---------+---------·---------·---------+---------+---------. 
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3.00+ s + 

+ M 
+ s • 
+ • • 

o.o s---------+---------•---------•---------•---------•---------• 
o.o 1.33 2 )7 4.oo 5.33 6.67 a.oo 

REACTED TIME IN HOURS 

Figure 66. Effect of Inlet Gas on the Rate of Formation of 
Me thy lcyc lopentane 
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COAL TYPE ILLINOIS • 6 HI-VOLATILE 

PMTl~LE SIZE 

RFAC.TJ~ TE'4P. 200 - 2060EGREE C 

S: 2t 112 TN HE, H: lO:C Hl IN HE, L: ALL HYOROGEN 
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R + 
~ + .. 
1 10.50+ 
F • 

+ 
r .. 
t. .. 

q.oo+ 
1\ .. 
A .. l 
1\ • 
0 • 
" 7.50+ • 
r ... 
l + .. 
IC .. . . 
c; • l .. 
I .6.00+ M ·t: 
G + 
H .. 
A .. H 
r~ .. 

'•. 50+ H • c .. s 
c + s 
A .. 
L .. 
I 3.00+ s + 
ill .. H 
[ • 
t. .. s 
lJ + .. 
T 1.50+ 
r + L 

• .. 
• o.o s---------•---------•---------•---------•--------~•---------f 
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Figure 82. Effect of Inlet Gas on the Rate of Formation of 
Benzopyrene 
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2% hyd['o gen; 101 hydrogen followed the suit with .few excep-

tions which, tlowev-er, show ttle shifting of the •axima 

towards longer react ion times. "i.e ... , 

cases were just not found within tile range of reaction time 

. studie1~ 100 t hydrooen sno~s, if at all, littl~ ~ariations 

in the rates. 

On tt1 e other nand, pll.enanthrene and fluorantnene show 

continuous increase in their cates of tor•ation whereas ben-

zanthracene and benzopyrene show continued decrease. The 

point at 4th hour for fluoranthene in the case of a lOt 

hydrogen 11ixture causes concern because it does not follow 

Of the nigh •olecular weight products 
I. 

pyrene is the only product that shows a ·definite maximum. 

In all cases, the rates of foraat.ion o.f these precursors are 

considerably higher with leanet mixtures than the one con-

sisting of all hydrogen. 

T~e decrease or increase in the rates of formation of 

these precursors may be related to the availability of such 

structures on the surface of coal and/or the ability ot 

hydrogen ato11s to crack the• off tile coal surface. 

An atte11pt to correlate these data with the available 

models for coal ~ould be in order. Models proposed by van 

Krevelen, Given and Slleer vere already aentioned in Chapter 

H. Pecently, F arcastu of Mobil Research and Develop•ent 

{114) ttas reported• the r-esults of his studies on the snort-

time thermal liquefaction of coal {113) ln an effort to 



determine the 

He postulated 

cbe•ical co•positton and structure 

that during the dissolut.ion of coal 

190 

of coal. 

in the 

presence of H-donor solvents, only a few bonds are broken in 

the absence of an added catal:yst. Neither the hydrogenation 

of aroaatic polycyclic bydrocabons nor the destruction or 

formation of polycyclic saturates were believed to take 

place under tnese conditions. On this basis, . the structures 

in figures 83 were assigned to two ujoc fractions obtained 

from Illinois If: 6 coal. These structures ve:re believed to 

be present in coal, 11ost probably., as. such. However, it is 

hdrd to understand how the donor solvent could di.fferentiate 

between til ese stru.ctures and th.e innumerable number of other 

bonds available from coal. It ls the op.inlon of this author 

that the H-donor solvent entered the •icropores of coal, 

reacteJ, with tile qases that had already been ad§Q[~.IS} (not 

merely trapped) on tne walls of tlle aicropores and then 

released them from the mtcropores. ln objection to this 

would be the difficulty of releasing such a large cluster · 

from t~e micropores of coal, th.e average size of which has 

been reported to be approximately 5-6 l in dta•eter (115). 

However, the •bee-hive• walls could have been broken by 

continued bombardment of the solvent molecules on them does 

not seem ~o be unreasonable. 

in any event, tile foraation of phenanthrene and fluo

r.:mthene, as well as other hiCJh molecular weight ·PNA hydro

cabons from the present investigation can not be explained 
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on the basis of Parcastu•s structures. Rather, the heavily 

hydrogenated structures like the ones proposed by Farcasiu 

would have been more fitting under the conditions of this 

investigation. That tilts is not so, warrants a proposition 

of a dif.ferent kind of structural unit that could be pres-

ent, at least on the surface, in coal. ln aroaatic struc-

tural unit of fused phenanthrene and fluoranthene, that 

could be present, at least, on the surface of coal is pres

ented in figure fJ4 •. lt needs to be eaphasized tllat this may 

represent only a •reactive• structural unit on the surface 

ot coal wllich is di tferent fro• other •average• structures 

that wee e postulated fro111 the studies involving di.ffusion 
I . 

controlled processes (at least ~nitially). 

lt may appear unnecessary to propose a structural model 

for coal ot· its units fro• a single investigation only. 

None the 1 ess, it is believed that questioning o.f · all data 

arisinq out o.t su.cn investigations •ay, eventually, lead to 

a m~re acceptable •model• for coal in the near future. 



Figure 84. Probable Reactive Structural Unit on the 
Surface of Coal 
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CHAPTER XI 

CONCLUSION 

In view of the extreae coaplexity of the reaction prod

ucts and the heterogeneous nature of the reaction, struc-

tural analysis of the reaction products fro• any coal con

version process ts complicated and the results obtained are 

more often tar fro• being satisfactory. Tbe extent of con

vers .ion to gaseous or liquid products in 
1 
the photochemical 

hydrogen atom cracking of coal was lower than anticipated. 

However, the data at ·200 deg C do indicate that the product 

efficiency goes through a ..-xl•ua. This shows the depend-

ence of the reaction on the extent of conves:lon. It is pos

sible that •some• active sites on the surface of coal which 

were responsible tor tile intital stages of the reaction are 

depleted with conversion of c6al to gaseous and liquid prod

ucts and not renewed in sufficient nuabers thereafter. 

it is believed ttl at tbe •active• sites ver e initially 

created on the surface of coal by breaking of chemical 

bonds, generation of .free radicals et.c as a result of grind

ing and they wee e covered with layer(s} of a·taospheric oxy

qen. From the rate data, it is c~ncluded that the hydro~en 

atoms initially react with ttle ad~ocbed oxygen slowly expos-
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inq the reactive surface. After the removal of the reactive 

sur face, the hydrogen ato•s are believed to encounter the 

surface of bulk coal which see•s not to be as reactive as 

the grinding-ind·uced reactive surface under tne conditions 

of this research. 

Ttl e rate d.at a indicate tnai phenanthrene and f luoran

thene s tructuc al types are cracked troll the coal su.r face 

which undergo secondary H ato• reaction to produce smaller 

hydrocarbons via a ring saturation, ring opening and ring 

cleavage sequence. 

Nonetheless, bydrogen ato• cracking of the coal surface 

has been achieved under the Mildest hydrogenation conditions 

reported thusfar. The significance · of this observation is 

tbat increasing ttl e hYdrogen ato• conc:entration1 for example 

by ther11al dissociation of hydrogen at high te•peratures1 in· 

comaercial coal tlydrogenation processes ilay lead to better 

conversion and cost versus value rat to. 
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Sl1 S11, •o'!Ptk'T~C::.t OF Cl!l.uSttrY•, /-/,. 5\A, 'llttLlli1Ml StAlE If 
$f'i:.SlT_W 1 1 //, StU:, 1 ST1tLW".TC..P, O!I:LAHCHt.t. 14014 1 ) 

f"t:l0(!.,20J IIPADU,•P.th.,2 
no 1000 "U: liiPIJi:"'l,l'liP.\Pf!t2 

11 FOQMU( 1111,///1///11 IIIII/III/ I IIIII ,45J, 'P1R1~E!RIC UHU9L['• 
•11//1 4?1. 1 '1111. N l.TOI' COZ..Ct. .. t~ATi~fP) 

17 FOPM't(l !01 ,1111111111111111/ II I Ill //,45A, •PlPA~C.TRIC YlRilBU• 
.,,,,,4.'11..,• "2. Tt.:f'i•!':llJ."':tiKj:'l) 

l3 FO~hlt(ll'l ,/Ill II /11111111111 II IIIII, 4SA, 0 PlRl~lTR IC VlKURLt '• 
'f/II,H• 1 ' IJ. COlL P1~!1CLE SIZE•) 

0014 
002S 
ton 
0021 
0021 
oua 
OOJO 
OOll 
0032 
OOlJ 
0034 
0035 
00)6 
oon 
00)8 
0039 
0040 
00(1 
0042 
OGU 
0044 
0045 
0046 
0011 
001i 
0049 
t0 50 
0051 
0051 
tOSJ 
00~4 
t055 
0056 
0057 
0058 
0059 
0050 
00~1 
0062 
006J 
1064 
0.065 
0066 
0061 
006"8 
OC69 
0070 
0011 
0071 
oon 
ont 
oo•s 
0076 
0071 
0078 
0079 
0000 
OOet 

co til (l,t,6J, •o 
l VWtr~ 16,11) 

co tn 11 
4 V~IT~ (6,12) 

CO f') H 
' ¥RIT~ (!o,lJ) 

l4 CO~t Ui tf-5 
Pl:lll (~.-. 701 IY, M, J, IITRllL 

20 fUO!olT ( IU 1~1 
00 17 [. z t, .. , 

11 ~£10 (5;1\)) OolHfiUIS(f.,lf), ~-: 1..- HTRU.t) 
Rt..A.J (Cj,]'.J) (hJ.VI"(;(l), t:. lt "'f) 
P~lD ( li, HI) ~t·t.o\11 1 CPCNt 

10 fOPf4lf (F~.l,5X,FS.2l 
110 l'i I 2' 11 hV 

15 UlD(>,lO) ~PAP!! (t ), >r!OT2( l), • Ti:•Pt (I ),Ho•i- 2(! I 
DO. 1 o\ l -z t, N f 

1~ -r,C:AJ (.;.,22) rOALL.0(l),t-tATC"S{i) 1 H2(t) 1 Ri(l) 
22 F09:~tT (F!I.21 S..t,Et0.·\1 2'(41 1 i"6.2)) 

DO J:'i I = 1, NY 
·e.~ (5, 20) ( t(X, 1), 1 = ,, ~) 

2-s cv~tth'J.C: 

00 l L :r. l.t ltV 
no 3 l = I, •tP UL 

l OEIO (~,2G) (TI(L,.,J), J • .t, It) 
DO 2~ l. a 1, N 
O~AO (5,~11 TAPI(II, Tlb2(1), HBJ(I), tU1(1), Tlf~C1) 

51 FOPHlT ( 5H) 
26 conr•''t 

DO >O I = t, I 
,~10 (~, 40) S~NS ([), Clo~O~ (1), J~Clli! (l) 

40 FOOI1lf ( E 15. S, l ( 41, f6. 1)} 
50 co•tUUE 

lYC•'I~ • 6. 02] ! • ll 
DOH L • 1, n 
~~~ . 10 K • l, "IRUL 
00 10. 1 = ••• 
R'Jt&O (51 6U) (RC(.L,r,t,J), J a t, K) 

60 FU~Mlf (1 h:!O. 4, 21)) 
10 CORrl~'l& 

DO 90 L "' l, n 
COAL .= CI'ALLD(I.) 
DO 90 I. : 1, NTRUJ; 
OOSOial,K 
1'10 .o J • l, " 
IF (S~,S(l).fQ.O) CO tO 75 
IF (qC{L,k,I,J).F.O.Ill lfHOLf'"(L,,,t,.J) :a O. 
I£ ( OC(L 1 K,1 1 J). •:i;. 0) X,.OL!:(t 1 ,, l,"J (PC(L,t.,.l;J )*St:JS{l) l/C~.t. t 
co to 76 

'15 IIIOL~(L, ~, t,.J) a O. 
16 CO~TIN'Jii 

Ck~Cl!<(1. 1 K,.I 1 J) ::a: lHOLE.(t,K,t,.J)•C.lR~OM(f) 
Wt:(f.i.'lf(L 1 K1 1,J) : X~Olf(L1 !t,I,JJ•I"OL•·'t(J) 

so r:u.,ru.n..: 
90 CO!U lttfl£ 

!10 llO L 
r.o 110 l 
DO llO I 

: J, "' 1, •r•LAL 
1, I 

N 
0 

""" 



oou 
~ou 

··~4 eo~s 

oo~• 
0001 
OC!S 
oo•~ 
ovq;ll 
GC.?l 
oon 
ooqJ 
oc.;~ 
e~q5 

OJ•• 
~0~7 
0098 
00~9 
01~0 

0101 
0102 
010) 
OIH 
0105 
ttoo 
0101 
0101 
ClOt 
'liO 
0111 
0112 
11\J 
0114 
0115 
OIU 
0117 
0111 
0119 
0120 
OUl 
~121 
012] 
tlH 
012$ •n• 
0111 
en.e 
012f 
0130 
0111 
01)2 
IU) 
UJ4 
tll5 
Oll6 
OU7 
0131 
0119 

01•0 
0141 
01 C2 
Ol4J 
~I<C 
0145 

0146 

010 
01•8 
0149 
01~0 
0151 
Gl5l 
o1n 
8154 
01~5 
01~6 

00 100 .J • 1, ~ 
JLSU._C L, R'i .J) a O. 
(,C~-""(r.,,,J) • O. 
WtSU\0!( t,lf, J) a 0. 
'fOfft')L(L,fi:,.,J;) ~ 0. 
'fUTCUaCL,l 1 J) .s O. 
TQTe!_ (L 1 ,; 1 J) a o. 
Pk'C.JLC:(L,(,1 1 .J) s 0. 
"~"~rr<L,.-.,t,J) s o. 
TJCL,.I\.,J} = 'LOJT(Tl(t.,IC 1 .J).) 

too ccn ,,.,~ 
11& COif[(~•Jc,; 

no lloJ L a 1, lfY 
DO 1lol l • I, •t~UL 
DO 110 .J s t, " 

DO HO I • I, M 
ILSUWi (L,X.,J) :: XLSU• CL,"-,Jl t IHt)L! (L,C1 ! 1 J} 
CCSu• (l,,l,J) : CCSU• (l.,l,J) + Cli~CU(L,l,I,J) 
'IITSU• (L,L,J) • VtsU" (L 1 l 1 .J) t Vt:ICRt(L,l1 11J) 

120 cot:n.•·J~ 
tJ.o- CO'!Tf:.tt£ 

Dol 14~ L • I 1 OW 
DO 140 I • 1, •tRUL 
nc 1 ~;) J ~ 1, ' 
.II=J•l 
If (Jl.t:th~) TO'flii!OL(L,J",J) • XtSUP'!!L 1 J:,.J) 
If (J(.~').O) TOT':~O(I.,~,Jl : 'CSO~(L,X,J) 
If (Jl.EC.OJ torwr (t,J,J) • nSIOMIL,K,J) 
If' (.Jt •• F:. t) fOt~!OL(l,t:',J) .: .1lSl1..t(l.,K.,.J) • T'OtMOL(t.,r,Jl) 
If (Jt.li~.'l) 1~tC.H'(t.,r,J) .:.: GrStJJ~(L 1 :>.,J) + To'tCtii(L,&,Jl) 
IF ('Jl .. ~!.'lJ tonoT (t,K,J) Z' itTS0Jot(L1 1\ 1 J) • TUt•! (t,,J.·,.Jt) 
I FCTJt '!uL( L, JC,J).RE.O) 1UMOL(l,K,J) •TOTIIOL(L, 1,.1) t~ot•~L(l,l, l, 

140 CVSTINO.> 
110 1~0 t = 1, n 
00. HO It : 1, NTRUL 
DO !60 1 "' 1, I 
110 1~0 J ,. l, " 
,Jl=J-1 
11CJ.'"Of.i:(I.,I{,1,.J).F:~.O) HSiiiCt.IUL1 l 1 ! 1 J) a O. 
IF (Jl.tf].O) HRhOL~(l 1 ~,l,J) = 1"0LE(L,l1 11 J) 
IF (JI.HE.~, IIR~OLF.(l,K,!,J) : l"oll£(L,K,l,Jl• H~IIOL!(l,l1 1,Jl) 
tr (J.1.Lt'e0) ti~•C:lt(f.,lf,I,.J) ~ t~C:lCiit{t,~,1,J) 
If (Jl.-~.0) tiPaf1T(L,X,I,Jl : <E1ChT(t,X,I,J)•hRi!EU(L1 X,I,JI" 

t5t COXtiS'l& 
uo co•tt•·•~ 

CALL SP$ AYe(~, R, NV,at~l A!., tl,HPMOL~,A ~~Olt, RC1 SUII) 
DO I~G· L • l, .W 
"AT.o.• • ftiTO•S(L) 
DO. U~ I = I, • 
00 110 J • 1, II 

. Jl = J - l 
IfUYII~LE(L,I,J)) 17~,17~1 176 

US AY~T~~II.,1,J) a ~. 
AvPr~·l(t, &,J) • o. 
co t~ tao 

176 CO~tfNqE 
It (Jl.~T.O) CO TO Ul 
lVPt~~ tt,I,J) •. lYMOLE(~l,J) I (T(L,J)'60.) 

av•r•Y(L, I,J) ·a li•OL£(L1 l,J)·/((T( L1J) '611. 'blTCM' 60 ,)IIVCMOM) 
GO ro uo ' 

111 u <•v•ou:tL,I,J).F.a.o• n•r•h(L,1,J) so. 
If (l~V.)Lr:(L1 1,J).F~.Q) AV•ri'Y(t,l,J) • O. 
ft"(,.VrfnL~(!.,I,J).f.t\,.lt) CO TU lqU 
a'lll!'t.,.i.(&.1 l,.J) s: (lV,.,Lo:-('t,l,Jl-A'"'QL~(t,J,Jl)}f 

•((T(L,J) ~ T(t,Jl)) ' ~0.) 
U•l"Y (ttl,J) = (AV-.uL~(L,1,J)-IV~OLE(L,I,J1))/({l(L,J)•T(L,J1, 

••bn.•ulTOII'bO. 1 lYC'fU,.J 
1110 CONth!l~ 

DO ~no L s J, .W 
f)Q Jfttl I. s: 11 !ttDJlL
nO lOO J = 1 , M 
00 110 l = l •• 
It t•C(L,~,J,J)) t•S,I•S,1h 

u~ nrcH(L,x,r,Jl • o. 
VtPC'fT(L,Jt 1 l,J) -s O. 
tu TO HO 

IU CO~TI••to 

1151 
01~· 
Cl~t 
t.160 
11•1 
0161 
0163 
0164 
0165 
U66 
0167 
0168 
H69 
0170 
0171 
0172 
0173 
0114 
0115 
OlT6 
0171 
ona 
0179 
ouo 

01!1 

61 ~2 

O!Bl 

OlU 

01!5 

0186 

tte7 

0118 

OUt 

0190 

o1n 
0191 

0193 

0Jt4 

oaqs 
0196 

"" 01'8 
01'19 
0200 

0201 
0202 
0203 

UH 
0205 
0206 
0201 
0208 

0209 
0210 

0211 

Jl.PC,f(L,I:.,I,J) • (H1!itOlr(L,t.ri,Jl/T¢t"'Ot(t,r.,J)) • 100 .. 
VtP..:•tCL1 k.,.·1 1 J) ~ O~O.t.lT\t.,r,I,.JJ/TOt'ofT ll,.I,J)) • ltJO. 

tto coot lk!l~ 
200 CO!TIHUE 

00 2tO L = 11 IJ 
COAL • COHLD(L) 
DO 2t0 I : 1, HRUL 
no .no .J a 1 , " 

IF(Tl(L..,K,J).f\:1.0) CO TO 110 
PCTC'l!'f(L..,l,.J) = ('%'CTC ... ~(!.,C,J)/C?C~i) • 10,,. 
'H·AtiJM(L 1 t;,.J) = H~'!'C":i(L) .. ~J.•TL(L,K,J)•60. 
l#iPC'l:.'(L,ol,.J): PC'7C~',(L,.J: 1 J) I :.tcrcn:,(L,I\.,1) 
I'.TU'!LfL,I".,J\ = it:~!O.·.h.,.t:,.J) f (70-:'"'Ut.(l.,.!!:,.J) • .. ~,.:;.:!It •.::ttt) 
P!tlT'Jl(L,I.,J) :- (Hltt!lf.H,r,.n /!rf,Ur.,.(L,.<.,J) • 1~0 .. ) 
.fU.Ti~f(C.,l,J).: t. I hllt'~l(t,:(,J) 

2)0 CO~flN'lC: 
'" C"i-lL SPSU' C( Jol 1 • 1 ~ ... ,IlifF T .lot 1 '1"1 1 a:!'f-l:l T 1 ~ Vloftt>C, RC, SU•o!) 

C•U. SPS lVC011 N, frll i,lrt.T.i< I At, T 1, .I.U'C!IT, l"t·Lll.PC, ;tC, SUi-0 
rt.:. IITKUL 
C.U.L s•Sl~l Ct•,hV,"!T,tt,H.'T,.r:.,&IITU•! • ..,SU_,l) 
CALL SPSllll (lo',h\l,,,f,ti,rC!C':'~.,;,yp::cs,'5UJ.11.) 

CAlt. so.iAVt ( ... ,.,_,v,"t,·n,~ .. Tift,;.'h:.fr,s;;~t) 
('AU. SPS.UI o,:.Y,"tT,It,•:.:.tu':"L,A'ir.':;I.,~WWL) 
CALL SPSAODP;,f'Pl''~t.E,Tfltvct,r. .. C1':i..,.:~;:41":P, l, 2, 3, 4, O, 0; 

.. ,Tl.rSY 1 Ni ,"',.)'<..f!il) 
CA.LL·s•s.luO(~,l'•-Jt.::,tn1""..t,nlf"'t,,fiH·r, s, 6, 7, e, o, o·, o, o 

.. 4,Tl 1 Jtf 1.''U,t:.,:>l~_...1) . 
CltL SPSltJD("1,1'tl"JI.t,TOT.,oJI.,CSil"L,CSl~.''IP, 'J,lO..,Jl,t7,tJ.., e, ~,0, 

'i,T1 1 :.t,r.I,t,~"!".l) 
CALL SP.SlO'(~,Hh"OL:.',rC\t.,.ilt,C:.,Y~vt.,CSiN~f',l4,1'5,le;,!1,lt,l~, f ,,. 

• ~,Tl,"''~r, ... ,su:t!} 
Clll. S!'SltJf'(tt,f:.4"'\:.Lc;,T~i"'C.'.,t::..ZT1rL 1 C~lT~P1 21.),2·t.&~ 0.1 0, O, 'l, OtQ., 

• 2 1 Tl 1 1lV 1 \f,~,S:%!'11) 
CALL SPZADD(,.,Hil .. .:;,tt,TOT"'._,L,C\n;;.Yf..~C"'URHP, 1, ,, 4, "1,11,15, O, 4' 

fi1 T1, "Y, '. t,,.,~,r:-t) 
CAtL SPSlon(•:,f'i-:!)':t..t:,tl)t•·,;.t,c;;.:-~,uL,Ctla'l)otP, J, 5., 6, q,t1J,l41 l!. 

1, T 1, •;v, t: r ,t:,.;:'~:t t) 
C&.LL s•sAuO( "' N·r!"ut.:, tnt '"~l; rsJ t"'L,CSJ. t~tr, ~;, 12,1 J, t1, 19, ~o, 21, 

• 1 1 Tl,,.Y,Ii'f1 H,S'11'tl) 

C.AlC.. SPSAl>.O(I,hA:"Uli,TOt,..Ot,OLrf'orL,otEF·MP,22..,23,24, 0 1 G, 0, ( 
• 1,"!'l,,ff..,!"'f.r!'l.r-\!JK1) 

C&tL SPSll.ID( .. ,.1'~ 11 0'-t., £01 WI,. f., ... c 1 "L, AI(,} JoP, 2S, 26., 27 ,.2~4' 2!1, Jl), 31,32 
• fl1 T1,!tY..,r.T,."'',!t.l!J•I) 

CALL 5PSlUD(.'f,·H~WOL.:.,TO £"'""f., l"a 2"L,.jP.t}]:o-.P1 JJ, 3-t:, 35, JIS, ,,.., )9·1 19, <4 0 
• •,Tl,.'l1 "!1,,.,::i'Ji'l) 
CA~L SPSAO:l( ~, 1!0.. "0U., to Cl'VL, ::ITlf!!:L 1 bT.ti ,..? 1 151 JIJ, -:1, 0, 0, IJ., 

• . l,Tl1 ~'7,~tt 1 !-!,.;0;1t) 
CALL S'SAJ!)(.'f;,!•n•~.;t.c., rnt''t.J ,Clf'ln•L,C1Qt'd",2tl1 2fJ,)O,Jt,J1, O, 01 

• '5 1 Tl,~V,'tl 1 K,S''~1) 
CALL SP$&J0('f 1 f!W~OLl..,tDT .. CL,P!iCl"L1 HNC3KP.1 3J,.H 1 C, 0, 01 O, 01 

• :l,Tl,N'f1 \'f,lo 1 SH1'.1 J 
CAU. SPSJDD( N., H·~l·UtL, 10 i'YlJf., E J fjtjr.L, Hlk"tGP, 3~ 1 361 l1, l!l,.J9, 10, 

•. 6,TJ,!tt,~:r,~,5!JMI) 

JS~ FQOPlTUP1 1 4:2X,•fi)QCc.!:':i trf'tCJt:trC' P!:POtJT•) 
36-5 rooM.& f(//, an, • tltt·r. •, 1 t", •v J.EL.P •,. 1 Jx, •ctJ~IV£ws. J O'-~ •, lOt:, •t::rr rc u : y 

•,_6X,'U A'T-0~31 1 //) 
UO 'IJO~U (1, 15I,I2,l(~~,EIS.4),5X,r6.0l 

WHit<. (61 l5S) 
DO JN L : 11 ~~ 
CltL SPS lSK ( t. f;,lfPARTl ,r.pz t, SP.lRT21 1lP.I.2,NtEMPl,llfMPl, Nt.£"? 2,NT~? 2 

• M&Var., "h. 1 11 '1, IClC 1 H!::,ttE'C,L, 1) 
vh!r~ to..,J6Sl 
~0 J10 J : I, M 

._Ill Tt: ( '), 450) f(L,J), U'TL~l..(L,J) 1 AVPCCN(L 1 J ), l Yl!tf1(t,J) 6 l VHU' 'f..( 
•,J) . 

370 CO~Ili~?E 
lt'RIT~ (6,4001 

400 'O"•U (IH1 1 Jlx,•tOUL YI~LD dY CROUP 5<l£~!1VIti~S: Af.H.ATICS') 
00 4'5..! L : 1, NV 
CaLL S PS.lS1f nn, 'IPlRT l,NPZ t,~P.U:t2,ti~Z,, NTtHPl,tifMP l,J'TEitiiP,, Nt'·p 2 

•llJ. Y:iC, ~a_, 112, J.12C, qc:, tt!.C·, l, 1) 
v.._u~ (6,U6l 

366 rotthUCI/,H'1.,•rou;•·,9x,•c,- c4•,uu,•cs•#'lax,•co•,l7"K,'c1•,:-J, 
••t:.tt•,Jf) 

451 FOP'H (1,15X,!2,5(SX,n5.4)) 
N 
0 
U1 



&l12 
OlU 

02H 
02\5 
bliO 
0217 
o~u 

0219 
0220 

0271 
o:t22 

0273 
0224 
021$ 
Olio 
0217 

0221 

Ult 

02]0 
0211 
02l2 

Olll 
t2H 
&2lS 
UJ6 

0237 
Olll 

02lt 
0240 
0241 

0242 
0243 
0244 

.24$ 
U16 

•241 •z.• t24t 

82"<0 
1251 
02Sl 
02SJ 
0254 

02'55 
0256 
0157 
02'51 

0259 
0260 
0261 
0262 

0263 

0264 
0265 

00 ~"i2 ,J ·a: 1, M 
Yilt~ (b,451) T(l,JJ,Oc••t(L,J),.Un~L(L,J),.:!lUL(l,J),CSVft~t(l 

*J),C~I T~L( t.J) 
45l CC1tiNU£ 

·~If' (6,$~0) 
500 FOO;<lf (ldl, n<,•TonL YIELO ~y cqouP SfLtCTIY!TIF.SI liOMlfiCSt) 

Do ~~1 L • 1, U 
e .. r L s""sas .. ( "'', llfE-tif"'!' t,11,u, !lfP.trRT .z, ..... >; "TtMPt, .,,..u,. •n·"''' "'"'2 

• Pf.lV~':, 'U.,. h 'l, ~2C 4 Hf~ r::;~C, L.tl) 
Wiilt': (6,S~l) 

~lOt '(J"tlTU/,t41',o' 1 TII'! 1 1 l!lll' 1 ~fr•,l!tX,l1 PI.HG$' 1 1'71 1 '3 IH!ICS•,lSl, 
••J• RL•cs•) 
oo~OlJ •I, ~ 
u;: It~ (6, 4 Sl) 'H l 1 J} 1 B"'l "'l( t.,J).r Cl.,i1~L( L 1 J) 1 I::I\Cl"'L(L1 J ) 1 l'!t IH(:L(L, ., 

501 co•:n~··~ 
·~If': (6,H1) 

361 rc~.·.ll (lnl, 4U,•TOT>L YIEL" EY CvMPQOHD HPt•) 
DO JS9 L. : 11 'il 
f" ,U l. S PS l.:i '<C' ( k f, t:i'"Aii't1 1 111~Zl 1 ~~~ 1fiT21 lf'P'Z.2 1 llt~ltPl, --.TI' H 1 • !£~P1, •t"ll 

• N.I.V'-r,, 'IJ.,~t 1, ft2C', Itt,~ Hr..:, t.., 1) 
VRlt~ (&,H~) 

)Sft FOPI'I\t C //, t 4 t, •t I.,,=: 1 , ll 1, •r•Oiii'XU. •, D .t, • 'lJI'l)ICrf!tl', Ill., 'CYCLIC' 
•tlJ, •ur.c.F.&. t:l '=', 1 :!1, '·'".:~,.1 uc•) 
~~~ J~¥ J = I' ~ 
l-lo'l'),"'"l.(i..,J) '=' 1hl)ll'lll('L.r~ll • .t.N02~L(L1J) 
VJw.f TO:: (Lr ~ .. ~l) 'T(f. 1 JJ, C'CV!'Jot.(l, J ),C~i,I"L(t., J ) 1 CSA.TU (L,J ) 1 UU~rf!t(t 

•J), t;.:'1:·H1L(L 1 J) ~ 
lit CO,tf:,,£ 
llG no•n (lhl) 

V;llf~ (~,l7t!) 

311 ru~HtT(ll!t,)IX<'PEPCFMhCE YH~D 8T CROUP SEl~CriYITl&S• &C.1P£ fl 
•s• J 

!10 311 L : 1, OV. 
CJ.U. sPst.~ nc ,..v,"' r1rtr ,,.,Ptl, •P.APt7,.,tpz.1, KT't.•P!,NtMF J,lftEMP2,1TP. '1, 

• 1.1 va.. f':, ""', il2, n:t_c1 ~r;6 }I!C 1 t., 11 
vurr. (6,H6l 
oo 311 J = •• ~ 
WI<U~ lo, 4~1) T(t, J), C:Ct4H(L,J),cr1UP(L,J~,CSlUf(L,J),CSUKP(L 

0 J),C~1 T!4P( t,J) 
37t C'O~f()IIJ~ 

V~lt': (•,~10) 

5100 ~~~~:~ (tlfi,I/,JII,•PEPC!•t•cE YIELD n CROUP SLLECfiHfiUI .lJ!O!t 

~0 Sl2 L • l, ~~ 
CALL s•s•u (H,.PlRti,&PL 1 1 NI'lU2,MP~:i, UtHPI,NTMPI,kf£PP2,U!IP2 

•11-A.Y.-:, 'la.,tt2, 1'!2C,HE,It£C,L, l) . 
Vklt<: !c.,!>Ot) 
no :>U J & 1, " 
llltlt! . (6, 451) T(L,J), BT IIIP(L,J ),CI IHSP(L,J ), ~IClMP(L,,I),W{ RICP-~,. ., 

5U CO~thu£ 
IIII(T~ (6 1 37}) 

312 ro~ut c lkt,//,3~1,• '~wc~•T!Cl 11£t.n n eo•pono tns• 1 
no l7J L = 1, sv 
CALL -s f'SlS!(UY, HP•~Tl,:IPZl,lfPlPTt,,PZ2r "T£~Pl,NtM.PI, .. T£MP2,1t,.. z, 

• "A-VR'i, 'U.,ft?, fi2C, Ht:.1 tltC,L, 1) 
nrt~ c&,JUJ 
ItO l7J J • I, " 
IIIOI!•P(L,J) z UO!•P(L,J) • JRnnP(L1 J} 
VU p:( ~, ·~ \) T(L,J),C.•OK~P( L,J) ,co~••PC L,J),CSUMP(L,J),OL!fHP(L, 

*oJ),.~J'<:<P( L,J) ' 

l13 co•rtl ""' 
VRifO: (6,2.20) 
W.kll~ (&,219) 

21' ro•P.ltll~~,Z~X,'U!~H~ Ylr.LO II knLtS/GPH· tOIL AS •u~CTIOI or o 
$ 1 'Jfhl:;:') 

t.atL S Poi Al t( !IIV ,~; N,T 1 .lYf-:CLP:,t•ttJ 1 T lB,,T 1"l,Tl041 t l!S, HtiAftT 1 1 :ri.F "IT 
•,ll'tr."t"l, ~ti.-,.. 0 ,,hl' 1 Pc;) 
Volt~ (6, 2uO) 

280 FO"Mlrfl!1V,.24X,•4YER.\C!: RJr.T£ lM MOt.t:S/C"R.Ut COAL/~lffUTI:': AS P'U:-tC' 10 
~OF 't";i'J' 

126!> 

0267 
0268 

G2U 

0210 

0271 
0271 

anJ 
0274 
0275 

0216 
0211 
on a 
0219 
Ol~O 
02~1 
OH2 
G2~l 
0284 
02A5 
02"6 
Oi81 
02•& 
02~9 
02,0 
OHI 
~2~2 

029.l 
0294 
0295 
0196 
02?1 
129& 
02?9 
0300 
UOI 
0101 
OlOl 
OJH 
0305 
OlOi 

un 
0301 

0)09 
UlO 

OJtl 

0)12 

Olll 

nu 
0315 

CAtt. SP!!i PIT( !'t¥ ,N, ."i, t, lVR1'.N.III 1 fi.f\1, T .(0 2, T .\ 93, t ll:i 4 1 t A.~~' a" i~-~ 1, 'iF.l-.K~ 
•, S~C:~lo' t, 'iT ~~r2,tt?,HE} 

. ~ld lC: (tl, JG:"!) 
300 ·FORH-lt{li:0,2,X,. 1 l\lfR.l1;£ ~ATE lN ~LEStC~A~ COAt./CiUI't 4"'::.; ..; 15 f·: 

$t'Thl, Of Tl,..~•) 

CA.tL sr~Ql T( .. v, ,., -.., ·t,A'IIo.Tuv ~ TJ.!'t, t lw1, Ti~l, U.~t4,.T .. ~s .. "'~ • '-~!, • F 1~ 7 
•, h!c."'r' l1 "'l F'~P2, H '] 1 !'C:) 

VHltC: (b, )20) 

12~ l'iJD~U.TOHJ,)?J,'l'irJ.lj,Cf=: \I'UCl-lT P~XC'£~T" .t.S F-'Y'fc•trH JJ' -:·~·) 
C•'.L S"SIOIJ T( 'IV~~,. . .,, t, Alia. "i-C, TA :t, t hJ, !.EU, 11.t:4, 't lf~ 1 .~ .l"'; :,. 'rl..; '!' 

• ,hTt..Vi' t, 'it !'"H:!" 21 11 "1, ~ 1 i'..) 

''kit! u . .,. !-1.~) 
]40 rOt-~\-T(lt':J,l~.t,.•A~':I<!U.C: ~r~t Pt~r:t:lfT AS ru'".C'!LO!t ~.:~ '!i•:-... 1 } 

C'all. ~ :JSPl '!"( ·~- 1 1-< 1 ;,, T ,1.Vp.!U-C 1 ~~";I,! lU:O, T.iJ!J,. [Au ~,r J. ~'), "\ :T;::: ;, '":r'..l ;e!' 
•, \1't. "i' t, ·~ r s~:~~1, .1 1,. !H .. 1 

t!-C 171 L :::. 1, "'i 
00 1 '1 .J : ',. " 
AV'rL'4t{(.,J) j..·iTLYl.tL,Jl "l.CFt('6 
J;~f\(~.\{L,J) A\.PCC•,rt.,J) •l.C~•,j2 
.lvu:.~"f('l, 1 J) 1-.:~t:'"r!t.,J) •t.::.~tCJ 

c2r- .. ut.ct,Jl c2'r.-. ... Lct,J> • L ..... ·.oo 
C"if~ 111 :..{L,J) Cf h""L~L, . ..!} 
CSh•~{L41~Jl C;)lA.VL\L,J} 
C;Y:,·•L(l.,J) C.i'l!,'1 U:..,J) 
C'f.lt"'L(L,Jl i.;.l l"'L(l.,J) 
C:tC'olf"L (t.,J) c,o,;••l,.( L, .J) 
C'dP!l-..t. (l,J) CJP!iUL( L,J} 
t:ltto-L(L 1 J) C.:i.I.!"L.Ct.,J) 
OU:fvt.Et,J I O!..fi.,ttL,J) 

•1.;.; ... ,')0 
.l .l):=:. ·1.6 
I I • .:"• C6 
•t.C!="• "16 
• 1.11r ·~6 
*l.~~·~a. 
I l .!J~•·16 

"'TirlL (l,.J) P-;'"(M~. (!..,J) • 
\ ,.(!£. t06 
1. c:.. • .;~~ 
l .. Ot-•~06 
t .CL•J6 
t.~E·a~ 

C'lt!hql(L,J) Cl."'I~ 0 L(L,J) • 
R':tCli.!L(t.,J) P't.Cl"'L\L,J) • 
lh:O.M~L{L,J) • J.ROrt!o'L..(L,J) • 

t7"J CO~tlSU-' 
nd 141 L z 11 NV 

oa Hl ' • 1, ~ 
00 141 ,J • 1, ' 
U•vt£ (L, r,J) 
U~T~3 (t., [,J) • 
lVP·i 1tt. (t,t,J) = 

141 conu•.r£ 
DO 112 t : I, MY 

AVH'lL!:(t.,I,J) .. 1.0!+06 
AVRTK"''ft, t,J) • t .. -:.~:•1}9 
.t.Vti.TUY(!..,f,J} • t.U~•06 

oo 142 ' '" 1, •r•ut 
·DO 142 J • I, !< 

142: TOTKOL(L,I.,,.D :r TCf~OL(L,l'\:,Jl * t.O£•Vfi 
t•l;L. S.PSCV "('IV, t, T, AVtll'=l1 ~PlitT 11 JIPAOT? 1 NTEM~lo~ NTt .• P21 t,~ 

•e2,at~,·o,O> 
C.U... S P.iCO~( WV, M,T, .\ VPCCC, !fPlUT"l ,.UP.lR.f2, H.ff.H.Pl,Nt Eli'P 1t \, 

•P2,·ar., ""o,u) 
C'LL :i PSCG~( ,,,M, f., A Yrif.t"F 1 !f~.U.Tl ,N:PARt2,Nt!HP1,. .. 1 C:J~t-r1,.t, 

•·JU,u!',,~,"'l 
VUT!: (b 1 22D) . 
(lLi. S".>YL !"( ~iY,M_, T, C2C4Jd.1 r:'F J V!'1 L1 CSUMt1 CSYhfo.!L,CE·l T~t, 

*tiPA.!oCT I ,:fr-. Qf?, liT'tHPJ, liT~~?},.~.\ VRC, 
• 112, tl~, ~t;, t:o) 

tJ.LI •. si•:;.'tl 0( ~V ,M, T, dTX "L1 Cl Otii'L,RlfClHL, P:it:l"L, R~CJI'"t, 
*rtf'A;(T l,~i P. ~T ;J, S'tfMP l, t4Tt~P 71 'll, VitC, H2., UF ,- 2, NO) 
. C •Lt.. )"OS fLI'( 'a, l'.t.t, .;•;c ~ .. r., r uRAr.· 111 L,CSJ. Tt-:1., CL ~l' "'L, 1q01o JrL, 
• •Plti;Tl ~UP.4 r:r2, ~H:~Pt,:iTt:"r71 ~A ll~C, 
*tf2,!1'",--l .. ~10} 

c Af.L s "~VLD( J!Y, tt, T, C)C-1 Jd', n· tvvt-, est 't~P, csv r.•P, (E. It ~P, 
• NPI.I-\Tl ,SPi q11, 1i !f"~Ol,}. ft. \.If" _"} 1 ~;/.. 'IR(':1 

•HJ~·ur,~ .. '-'J) . 
C.Af.L :;tt;; Yl. r( 'IV, P,. 1, ijT;c••r, r:'l t\!iqf, A'-lCJ,.a,. P.·!tf:J.,.P, ~'fGli'\P, 

• !'lfAt~Tl , .... r.qor 2, ~- :L?':i?l, r. r;.•·t· J, •a v~c,.,. t!.(,_ ~~~ ... -l, :;!l) 
C~ot.l. ~ P.i Yt.O(t:¥ ,x, t ,c~oq :-sr 1 C•JR s "P ,cs .. 1~?" ot. \"' ~ ~P ,oLE.ff'IP, 

N 
0 
m 



OJU 
un 

Olll 

OlU 

0120 

un 
OlU 

tl2l 

Ollt 

ons 
0324 

OJ27 

•n• 
0)29 

•no 
Ull 

OU2 
tUl 

OJH 
OJlS 
OJ36 
tll1 

GOO I 
tOOl 

oou 
0104 
0005 
0006 
0017 
UOI 
0009 
ioto 
0011 
0012 
0013 
0014 
oou 
0016 
0017 
DOll 
0019 
1010 
oon 
OQ22 
0023 
OOlt 

• WP lKT 1,1 Pi lt1'2.1 lfTP.MP 11 l'!'t:fllt''l, lltJ. •ac, 
·~2,n':,.·l 1 1Q) 
WRit~ (~1 HO) 
c.1.r.t. .s ... ~cv !"( .. , , H,t,C'1C1Ml., r.r.tRT l'"'""t2, ftltEJ\IIIl,NTEPP), 1, 

•11\~,Ji':, "IG,") 
CAlL S"SCO~( NY ,M, f,C~I I MI., .PIRTl ,NPARtl,Sf!:HPl,NH•Pl, I, 

•Ml,H~io'fO,vl 
C&f.L £ •!itU•( "',. P, t, C!H-.:•t., •P&RT J ,N•JPt), ~tt~"tfll, Jt"'C:•P1 ,l, 

·~t2,ri~,~Q,0) . 
C'.LL $ PSCU •( •y 1 K1 f 1($flr(Jll,!tPAitT l,MPA.R'T "11 "1Tl'H 11 l.,DT £Jii'Pl, J, 

•fll2,n':, 'IO,U) 
C.I.LL S"'SCO "( ~V,M, t 1 C£ I T~L,:IPIKT! 1 NP.l.Rt2,1T£1'1.Pl,.liTEl'P2, l., 

• n 2,it":., 'io ,v l 
(ALL S ~sro • ( A.Y, 11 1 f, 8tX,t, RP.IRTt,N•APt2, !IT'£1lPl., YTC:II'I2, t, 

•H2,lsC:, ,o,O) 
C'A.U. S •SC\J ~(!ff1it,t,Ct Of~ tiL,. lfPlRt-t,~PA,f2',t:t£KPl,NfE)'P.2., t, 

• R2,H~, ,U,O) 
C~U. SetSCfJ'"( !IV,K., f ,JPIClttt~H.PARTl,UPlP.t2,NfF.JtPl,NTEl'P2,l, 

*H2,1t.,._.'fa;O) 
lillllF. (6,220) 
C,U. S~'SCO)'I'( NY ,.M, 1, CNO~:otl1 1l"1aTl ,:.PIRt2,1ftEMP1 ,Jft£1"Pl, 1, 

•R2,kc-,~'J,U) 

CJ.U. :lfi$[\JY( •1, .tt, t,,!lt~"L' MPART1; NP&qt2, Jrtf:tiPl, r.T£"F2, t, 
•n2,!1~, 'IV ,o, 
~ltL s•SCO~( n ,M,t,CSUKL,~PARTI,H PARTl, •T&r.PI,MTC:•P2,t, 

·~J,nc;..,'la,o) 
C'.lU. $PSCO~(It'f'1 M,t, &POfii!HL,!tt'lk!l,XP.;.P.f,,?tt£MPl.,r-1': Efi'P2, 1, 

._.,l,tir., ~,u) . 
CI.LL SPSC2'CP( ~V 1 to! 1 1, t,.l_,NOL£ 1 IICPlRTl, lfPlRT2, !tt-!.HP1..,1t£!'P,, t, 

.,n..,t~s:,a:a,.,, 

C~LL- $•SCr. •( .,.., .. ,. N, T, ,,.TI'Ito~ fiPARTi, ltPIPt21 Nt£HP1, Kt.;)'f2, 1# 
• Hllj{!., ,o,q) 
llilt~ <•·210) 
('.&U .. S~S(:f! F( ~~, r, 111 t 1 A'f•TFC', 'liARTl, I~A:'U2, llt!lfftl, •tE-•f2;11 

• tU,-tt;:.., ,0:,0) 
Wklf& (i,220) 

lOU cu~rt•n~. 
SlO~ 
!:10 

SU•w'IUTI •• SPSIIC( •, •,•w,liT,•t Ill~, VlLUO.l,& '"•P.C,SQMl) 
llMt;U 10 II' •c( h Y ,!It, K, M ),SUt' 1 ( IY ,1, M),.,. YC:l( llf,ll,lt,, 

•f'ALU~l(WY, t;t;,a,.-,) 
tlll'a•~ lola ~tl~r.(JY1 1f ,II) 
DOUL•I,U 
DO 1~ t • t,!t 

00 10 J •. 1,11 
SU"UL,&,.Il ... O. 

u coa.rra•u 
DO 1~ L a &, If 
DOZOI•l,. 
II02~J•l1 11 
10M z: I 
DO 20 ~ • I, RT 
tFUC(I..,I,I1 J).GT.O) ~0~ a ~1111 • l 
SU~I (L, I,J) • S'JMI(lii,J) • VALU£l(L,K,l,J) 
If' (t.Lt.NTI CO TO 20 
It c~v•) 15,15,16 

lS AVCl(L,l,J) a O. 
co fQ 20 

1' CC~tln~ 
IF UU,l(L,I,.J).ct.O.)IWCI (L,f1 J) • SUHl(L,t,J) I ION 

20 CO~TU1~ 
PUU'I 
uo 

0001 
0002 
OGnl 
OOH 
0005 
0006 
0007 
0008 
000~ 
0010 
0011 
0012 
Ovtl 
OOH 
0015 
0016 
oon 

0001 

OOC2 
OUOl 
00ft4 
OQOS 
U06 

oon 
000~ 
1809 
0010 
0011 
0012 
oou 
0014 
oou 
OOii 

0017 
0011 
00t9 
0020 
0021 
1012 
002) 
0024 
o-.2s 
0016 
0027 
con 
0029 
0010 
U3l 

0001 

oou 
OOOJ 
ODH 
oon 
000& 
OOQ7 
0001 
OOQ7 
0010 

0011 
oou 
oou 

su.-wnu Tl•~ sPsa Yl c "" "'", ~'!, "1'1 ... ~, ,,t. 1J~, l ·u, su .. > 
Oll"t."'~ lillf '*TI~f: (!IV,;. r,w )1 l..ll.Ui( ~>t'/ 1 'i': 1 ~~, .l't'r;( '1'i; /ooi),SUw(~¥i.l<) 
00 11:1 t • t, NY 
tJO 10 J t 11 II 

lt SU"lL, .1) .a O. 
D 0 ,. L • 1, ., 
.,0 .l~ J z 1, It 
Jl = J - I 
"!U~ ~ 0 
DU l" J: ~ 1, •T 
IF c•tr•E(t,K,J).EQ.G) CO TO 20 
lfU!"! :o 'fU.P' t t 
~u• (L,J) : SU•(t,J) • VlLfli(L 1 J(,.S) 
lf (SU"(L,J).N£.0) HC(L,J) = SV•(l,J) I MUH 

20 CO\\t hi'Jt: 
Rf:tflM• 

no 

SrfrJIJQtrt t IIIF: 'Sf'Sjj,l T( lt.V ,,, ~~ T,. CO~P FiT, 1.1 a,c,D,t,. I.PA~t t, 'H' iitf 2, tt! L ~ • 
·~t!':MPJ.,I\'},1~[) 

DH't. ~~ 10.~ T( ''Y, l't};COJIP 'IT f S ¥ •-"' "'l ,a f S), q ( 'J ),C (at),, ( 'f l, r.( II) 
tUI~N~l fiJa JjP,1 PT I( Pl'W), 'fr ,U,"' i ( ~'V j, ll'!'t. •?l { ii(V)1 "l£!0100 2( !IV) 

1HVC:''I!diJ!II H2(l.oV),HF.(Nil) 
lJt.'!i:.~r. q T 

s Ft.•r.tl"(//,o4:0t,•f.lt~'lrL~ t;tzr.:: •,J.:!,•••,n-,• Ptrcqo,.s•,/, •v:, i! 
•tt9N rr~p. : •,JJ,t .. •,rJ,/,JC'•,•h.tET c~,s CO,PO.ilttO~t:•,r~."' 
•• , HVr.PU:C:.1: •• ,,..'5.0,•\ h~L.IIol"' 1 d) 

no 10 "' = 1, ,., 
IIPZl ~ ~~'~fl(r.) 
WEll • MP~~t7(<) 
lll.Pl • ~r!MOI(l) 
!IT~n • •r~MP2(l) 
·1!2C • HH•I 
11£C • «~(«) 

lo."U (6,~) NPzt,NrZ2,nttPI,NtMP2 ,~lC,R~C 
11att't (t-,.10:) -(T(l,J),.J:.t,Jo} 

lt fO?,.ll(l/, 2~, 'Pt.ACTO.P ~0%5->'1 
•JU,S{ U,I71 7X)) 
WRIT~ C•1 10) 

Zt · FOP'.'tAT ( / 1 1'.\, •C:O~PQSf:llTS I', I, 121, 1 Y1 ) 
, •.. ,tJP.Jillf ,.ij.,, .. ,,])· 
41 ro•~u 1'•',1B<,5(£1~.~)) 

IIU ~0 t • 11 M 
tlaft~· U,lO) l 
!lilT~ h,SO) (l(l),o(t),C(l)1 0(1), .. (1)) 

so ro~ .. u ('•'·••·~H) 
I<Rlf~ (6,10) (COVP~f(~,!,J),J~I,M) 

60 COiftloiUi: 
IIRHO: (6,6'i) 

6S FO~lllt (lUI) 
70 CO~UMUO: 

tEtUU 
£111 

SfJ.J"UOtt•~ SP~A~Ii( NY,JC.t,jll, Ill.,, 'I So\,~ liC, Jf·Cl.,UO..,Nttl, !fE,N!: 1,11,;, Jtf , 
•tJ.,;,ata,L,n·.-, 

Ql"t.:, . .;>,[I.PI ~1( NV ) 1 WP( JfV ) 1 JtC( NV', fir.( 'tV ) 1 !t& (!it ),tiF( 'CV ), !IIC( N') 
HAl • ~!(L) 
••t .a: "JJ(L) 
•c1 • •c<LI 
'UI • ~U(LI 
Ul • •J~(L) 
•Fl • , •. (1.) 
Jet z tC(Ll . 

10 PQ:J;Ut(//-..,40t1 'P1R!1CLf. Sl'ZE: •,t!~•••;t1,• MlCPO~;•,!., 421,•Q~ 
•CtOtl f;:r4?.: •,tJ,•· -· 1 ,ll 1 /,lOl, 1 lt.tL~ t.t.S COI"t'0Sltl~J: 1 ,,S .. O, 
••\ dVU10Ct.:'t t 1 1 f~.0, 1 l ii!=:LIUY•,/) 

It" ('f• .. -.;T.O) ._,UT!:: (fi,ltl) ll&l 1 .,.bl 1 11Cl,!iiDl,~,.·t,•cl 
~rtua, 

!NO 



8001 

10~2 

OOftl 
OGU 
0005 
0006 
0001 
oooa 

0009 
0010 

0011 
0012 

cou 
oou 
0015 
oou 
oon 
0011 
tau 
1020 
0021 
0022 
oon 
OOH 
CQ]S 
1016 
Ot2l 
lOll 
002t 

SU~Ioi,.Utl '4C.: SPS l!.JO( !' 1 1, TOT 1 t:.ATLl Y,GAPC• r 1 'I l,!t2,~ ), H ~,H$,161 N'1 1 1 
•,1t.,•w,JI•, .. ,~~~·ll 

Dl"'L 1.;i. IIJ~ ·(a,'ti"Tl(J,J, S) ,CR.U?T'P( J,l, 5.)1 TO!( 11 ] 1 ~),.A( 11 31 M,S) 
Dl fl'l::"f.i lO 111 C!ii'!'L.ftC!,. ~ ), Cll~CAV ( J,~), T H l, l,S),SUMI( .llli'r' '") 
00 1 'loJ L a t, '' 
DO l 00 X a 1, !f! 
1"0 lfJ".iJ J t: L, II 
CO fll (7o).,f!J,S0 1 40 1 l",2"0 1 10,~}, JIF 

5 Ciil.'i'fl.-(1.1 -.,J) a J.(l 1 1C' 1 tt1 1 .,U • l(L,~1 1t2,J) • A(t,.~,Jf),.J) • 
• I(L1 1f,.4,.Jl + l(L,I',tr~,.J) • l(l,k1 .N61 J) • 

• CO Til ~0 l(t,(,'f1,J) + J.(L,X~JrB,J) 

10 CRt.'r .. LC~,~,.I) : l(L,f,•t,J) • l(l,Jr,~t2,.J) + A(L,.K 1 "J,J) + 
~l-(f.;W",'I4,J) + l(L,r,~~,J) • A(L1 ,:,~b,J) • I(L1 11:,!11'l,.l) 
co t') Ill) 

2G C~Uf!L(t.-,t,.J) , l(L,it,!t,J·J + l(L,If~N21J) • l(t,I.1 1J,Jl • 
$lll,~,114 1 .J) + l(L,I!,,.~,..J) + I(L,,,N61 J) 

co to •I) 
30 C'UPlLfL,.I.,.J) • l(L,r,.•u,-.J) • l-(L 1 1(1 12,J) • A(L 1 r:,ll3,J) + 

sact,.'(,'t<(,J) • ltt,r.,.:o~,J> 
eo· tt'l •o 

40 CitU.PfL(L 1 '- 1 J') :r- l(t,.!IC~IIJ,J) + A{t.,~,.ft2 11 J) + l(l 1 '1{ 1 Pil,J) + 
~l(t,~,'I ... ,JJ 

co t') ql) 

50 Ck'IP~L{L,l,J) • I(L,I,Nl,J) • A{L,r,"2,JI • l(L,~ 1 U,J) 
ro t~ ,o 

60 nUPTL(L,~,J) • l(t,~,U,J) • I{L,~,U,J) 
CO T!l ~0 

U fifiiPfL{L 1 1 1 J) • l(t,J,•t,J) 
eo co,rl•?t: 
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