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ABSTRACT

A new approach to low-temperature (¢ 290°C) coal depolymerization
was developed. It involves the application of several consecutive
reaction steps in which different types of intercluster linkages in
the coal structure are subjected to selective or preferential
cleavage. The sequential depolymerization-liquefaction procedure
consists of the following three steps: (1) deep-seated impregnation
of the coal sample with catalytic amounts (5-20 %) of a metal halide,
in particular FeCly, followed by mild hydrotreatment (HT) of the coal-
metal halide impregnate at 250-275°C and 1500 psig Hy initial
pressure; (2) base-catalyzed depolymerization (BCD) of the product
from step 1, under supercritical conditions, using a methanolic KOH or
NaOH solution as catalyst-solvent depolymerizing agent; and (3)
hydroprocessing (HPR) of the depolymerized product from the two
preceding steps with a sulfided CoMo catalyst.

Four U.S. coals of various rank, e.g., a subbituminous Wyodak
(Wyoming) coal, and three different HVB coals from Fruitland (New
Mexico), Helper (Utah), Burning Star (I1linois #6) were subjected to
systematic studies using the above depolymerization-liquefaction
procedure, The optimal conditions for each step of the procedure for
the above coal feeds were determined. Products obtained were analyzed
by a combination of FTIR, 13¢ NMR, PMR, elemental analysis, and

simulated distillation.

With the Wyodak coal as feed, suitable HT conditions were found



to be; 20 % FeC13 concentration, 275°C HT temperature, 1500 psig Hy
pressure, and 3 hr reaction time. BCD of the above mildly
hydrotreated coal at 275°C, using a 10 % methanolic KOH solution, 1:1
feed to catalyst weight ratio, 1000 psig N, pressure, and 1 hr
reaction time, resulted in nearly complete solubilization of the
product in THF (90.2 % by wt on a MAF basis). Hydroprocessing (HPR)
of the solubilized (depolymerized) coal with a suifided 6Co8Mo
catalyst for 8 hr at 370, ysing 5:1 feed to catalyst weight ratio,
and 2700 psig Hp pressure, yielded a light hydrocarbon oil (C,87.57;
H,11.6G; 0,0.59; and N,0.24 % by wt), which contained 71.3 % by wt of
low-boiling fractions. Similar results were obtained with the three
HVB coals as feeds.

Parallel to the above investigation, relevant model compound
studies were performed under conditions simulating the HT-BCD-HPR
procedure, using diphenyl ether, 1- and 2-methoxynaphthalene, benzy)
phenyl ether, dibenzofuran, and phenanthrene as reactants.

On the basis of the analysis of coal-derived products and the
model compound studies, it was concluded that step 1 (HT step),
results in partial depolymerization of the coal by preferential
hydrogenolytic cleavage of methylenz, benzyletheric and activated
aryletheric linkages in the coal framework, while step 2 (BCD step)
completes the depclymerization of the product from step 1 by base-
catalyzed hydrolysis (or alcoholysis) of diaryl etheric, and other
bridging groups. In the HPR step 3 the depolymerized product
undergoes exhaustive heteroatom removal and attendant partial
hydrogenation and C-C hydrogenolysis reactions to yield a light

hydrocarbon oil.



ACKROWLEDGEMENTS

This dissertation work was performed under the supervision of
Professor Joseph S, Shabtai. 1 am indebted to him for his extensive
review of this manuscript, for his indispensable guidance and
motivation, and more importantly for his friendship and kindness
during the course of my study.

1 sincerely thank my committee members: Professor Alex G. Oblad,
Professor George R. Hill, Professor Wendell H. Wiser, Professor David
M. Bodily, and Professor David W. Pershing for their valuable
suggestions and for being excellent teachers in the class room,

My sincere appreciation to Dr. Ikuo Saito from National Research
Institute for Pollution and Resources of Japan for his training and
friendship during initial period of my research work. 1 also would
like to thank Mr, Prasad for his help with simulated distillation.
Thanks are due also to my brother and sister for their moral support.

The financial supports from the Standard 0il1 of Indiana, from the
State of Utah through College of Mines and Mineral Industries,
University of Utah, and from the Department of Energy are gratefully
acknowledged.,

Finally, I am greatly thankful to my wife, Pirunrat, for her

patience and encouragement through the years,



TABLE OF CONTENTS

Page

ABSTRACT .t veternnnnnocsesnsaseccssssosasasscsonnannssssassssssnsns

LIST OF TABLES...vvueressvscessassssscsseccsscscsscssssasancnsnans

iv

X

LIST OF FIGURES, ss aiesnanns smnssnosssnsnsvansessnssnsessnvesevessna X1V

ACKNOWLEDGEMENT S s eureeeeternenonsenescsssscsstassacaasssscsscnans

Chapter

I. INTRODUCTION

TOMMOO W

I1. LOW-TEMPERATURE COAL DEPOLYMERIZATION OF A SUBBITUMINOUS COAL

A.

c.

D.

E.

General Remarks on the Importance of Coal.viveceravennns
Coal StRUCtUrS . s i so sme o s o Ge o wne vios #0319 &% 99 4 ¢
High-Temperature Coal Liquefaction Processes............
Low-Temperature Coal Liquefaction Studies......eeveueuss
Metal Halides as Coal Liquefaction CatalystS...eeevveens
Base-Catalyzed Coal Depolymerization....eeeeeveesscnssss
Hydroprocessing CatalystsS.seieeeseerassaonasoecsscannnes
Framework and Objectives of the Present

Dissertation Work..ceseeeecesssssosaosssossssccnssnsanes

Introduction.scssicssivosasvsonsinionssmassanseosssseoss
THF Pre-extractioN.cseecescscssrsssvoscossssacsscssseses
Determination of Suitable Conditions for the HT Step....
a. Effect of the Type of Metal Halide Catalyst.........
b. Effects of Temperature, Catalyst Concentration,

and Time, using ZnCl, as Catalyst.vecevonrvesncnceas
c. Gaseous Products in Ehe HT Step.esweanesnsne e ass aia
Dependence of the Yield of Base-Catalyzed
Depolymerization (BCD) Products from W(W) Coal upon
Conditions in the Preceding Hydrotreatment (HT) Step....
Dependence of Yields and Composition of THF-Soluble
Products from BCD of W(W) Coal upon Experimental
CoNditioNS.eeueserersccarssoncnasasnaassasnsscasssssnnss
a. Dependence of Product Yields and Composition

upon Reaction Temperature...cceeeeccsccsssssccnssace
b. Effects of the Types of Base Catalyst and of

Alcohol Solvent Upon the Efficiency of the BCD Step
¢. Gaseous Products in the BCD Step...ceceveresnnsccese
Comparison of BCD of W(W) Coal with and without
Preceding Hydrotreatment.....cieevieernnenvesenoacnoonnnn

XX

29
29
31
31
32
36
39

42
49

49
53



II1.

G.

H.

—

J.

K.
L
M
N

Analysis of Reaction Products from HT and BCD of
W) 208) s sise o v siws s s oois 55676 506 506 0/e e aEoies sio s eins oim e
a. E}IR ADANYENS 0 0015 005 nioin w10 4 0 0700 0013 wiwis wimie wimpio a0 906
b. C NMR Spectra..iveeeceeececsecsvasnssscsnsonscansne
c. Structural Analysis of Soluble Products Derived

by HT-BCD of W(W) COal..vueeiunsocasonnsaceccacnanas
Determination of Suitable Conditions for the HT Step
using FeC13 as a Catalyst..eeveeeevoncensonscanccnccenns
Dependence of Base-Catalyzed Depolymerization (BCD)
Yields upon Conditions in the Preceding Hydrotreatment
(HT) SteP.ciieeecesosoacssocsssscsosvansasassssasssassss
Dependence of Yields and Product Composition of
THF-Soluble Products from BCD of Mildly Hydrotreated
(HT) W(W) Coal upon Experimental Conditions......eeeceee
a. Effect of BCD Temperature and Base Catalyst System..
b, Effect of BCD TimMe..ueuieeverecsancsonnascsnnscannnns
Hydroprocessing of the Depolymerized Product
Derived from Wyodak, Wyoming Coal....ceeeveceesosesansas
Direction of Chemical Changes Involved in the
HT-BCD-HPR Prccedure for W(W) Coal.iei.iciieeeessenccncsese
InC1, Recovery in the Overall HT-BCD Process.....eeuees.
Summary and ConcClusSiONS...uiieeeenenessessesnssscasnanane

LOW-TEMPERATURE COAL DEPOLYMERIZATION OF BITUMINOUS COALS

A.
B.

c.

D.

INEEOQUCE 10N g 10 airn a1v siwe oi070 o0 0imre 018 0 wios wimim wios wreisinis simie ae sioie
Low-Temperature Coal Depolymerization-Liquefaction
Study of Fruitland, New Mexico CO2l...ceecsvcscsovcacons
a. Determination of Suitable Conditions for the

Mild Hydrotreatment (HT) Stepicicerceccccsccncscacas
b. Determination of Optimal Conditions for the

Base-Catalyzed Depolymerization (BCD) Step..........
c. Hydroprocessing (HPR) of Depolymerized F(NM) Coal...
d. Direction of Chemical Changes Involved in

HT-BCO-HPR Procedure for F(NM) Coal...ieeveecncnnene
Low-Temperature Coal Depolymerization-Liquefaction
Study of Helper, Utah Coal...iccvirenecensrnconsannncons
a. Determination of Suitable Conditions for

the Mild Hydrotreatment (HT) Step.....ceoeeeevecncnse
b. Determination of Optimal Conditions for the

Base-Catalyzed Depolymerization (BCD) Step.....c.c.ce..
¢. Hydroprocessing of Depolymerized Products

Derived by Sequential HT-BCD of H(UT) Coal..........
d. Direction of Chemical Changes Involved in

HT-BCD-HPR Depolymerization-Liquefaction of

HOUT): C0aYan aio a8 wios w600 sioie o166 sive a5 519 57678 s,i% 316 5 60
Low-Temperature Coal Depolymerization-Liquefaction
Study of Burning Star, I11inois no.6 Coal.ieeeceeaannnne
a, Determination of Suitable Conditions for the

HT SEEDicisnccicisocaniosorsansansseasesesasasassnss
b. Determination of Optimal Conditions for the

BCD: STOD . v e ois 0100 410 0in s s wim v 615 0iwini ¢ wisi wiais w978 Sian aie i3 86

vii

55
55
73
90

97

97

99
99
105
105
111

115
116

120
121
121

124
127

135
137
137
140
144

151
153
153
1583



Iv.

E.

Dependence of Products Yields and Composition
from Base-Catalyzed Depolymerization (BCD) of
BS(IL) Coal upon Reaction Temperature.......oeeeess. 157
Hydroprocessing of the Depolymerized Products
Derived by Sequential HT-BCD of BS(IL) Coal......... 159
Direction of Chemical Changes Involved in the
Sequential HT-BCD-HPR Treatment of BS(IL) Coal...... 167

Summary and ConCluUSiONS..veesnvessscassscsscscscsacncsnss 169

MODEL COMPOUND STUDIES RELEVANT TO THE MECHANISM OF LOW
TEMPERATURE COAL DEPOLYMERIZATION

Ry INETOAUCETION . ue con aos smoninnon nansine ains e smrsseessessees LIS
B. Base-Catalyzed Reactions of Aromatic Ethers............. 176
a. Diphenyl Ether..c.cececeessesssccscssssconssnssssanse 177
b. 1-Methoxynaphthalene and 2-Methoxynaphthalene....... 180
Cc. Benzyl Phenyl Ether....ceeseeecsessececcasssesansess 183
d. Dibenzofuran...iceecesvecesssccesassnasscnansascesss 183
€. Phenanthrene..veceeseseersscnoccasssncsassansnssness 183
f. Indicated Reaction Mechanisms for Base-
Catalyzed Hydrolysis of Aromatic Ethers............. 185
C. Hydroprocessing (HPR) Step Reactions of Dibenzofuran... 188
D. CONClUSTONSeuuceesonenassesnsassasssssssansssasssancasss 192
a. Indicated Main Types of Reactions in the
HT-BCD-HPR Liquefaction Procedure.....eeeevvvanasess 192
D. HT StepPucicecscscessisisscssnisesnssnsosnsnssssvsnss 192
Gi  BCD SteDPa. s o s vss aoeis o6 6608 666 o008 #7000 si678 018 ¢ 06 s 036 o0 193
G HPR!'SEEP. s wivie aim 0 45w 207w minis ains wiois winie win's wie 0 m niaim was wws LIA
EXPERIMENTAL
A. Apparatus....... 0 B I B e B B eEE B 8 BE e et s e s 19D
a. Extraction Equipment......coeoevvevecacnsessnnssanes 195
b. Coal Impregnation ApparatuS.....eceecececsveoscccess 195
¢. Hydrotreatment Autoclave Reactor.........eovsuveeess 197
d. High Pressure Magnedrive Autoclave System........... 197
e. High Pressure Shaking-Autoclave System.............. 200
f. Catalyst Sulfidation Unit....ccecevvesscnncannnessss 200
B, Catalysts...ceieeeveencevesoncsoscsesssasecnsscnnssansss 200
C. Source and Preparation of Ccal SampleS...cvecesscsscesss 204
a. Source and Properties of €CoalS.vvivereececrcececsssss 204
b. Grinding and Sieving of Coal SampleS....eeeveevesess 204
D. Experimental ProCedure,....eceececcesccsccsnsaccacasssas 206
a., Pre-extraction of Coal SampleS..eeeecseveecrscenesss 206
b. Mild Hydrotreatment (HT) Step..cceeeceeccencsansaess 206
1. Metal Halide Impregnation....ieeeeeseececccsccess 206
2. Hydrotreatment of Impregnated Coal.............. 207
c. Base-Catalyzed Depolymerization (BCD) Step.......... 207
d. Hydroprocessing (HPR) Stepiceecececessacvosseccaaess 208
E. Analysis of Reaction ProduCtS....ceevevescencccecscesess 210
3. tlemental AnalysiS....ceeeesenssnccncssnscecnansseass 210
b. Infrared Spectral AnalysSiS.civsecenscseessennsoessss 211

viii



c¢. Nuclear Magnetic Resonance (NMR) AnalysiS.....eeees.
d., Simulated Distillation..cuieeeeeccvecnasssssnecnnnnes
e, Gas Chromatography AnalysiS..iceeccesescscssssssosness
F. Program for Structural AnalySiS...eeeecssesncssesassanes

APPENDIXcceeoeeeonoocscsasssssnsesnassasssnosessscsscssasasssnnnce

LITERATURE CITED.cieucercvcecaosssoncssacssssssoscsesassocnassasss

ix

212
213
213
219

229
236



Table

10.

11.

12.

LIST OF TABLES

Data on High Temperature Coal Liquefaction Processes.......
Summary of Low-Temperature Coal Solubilization Procedures..

Effect of the Metal Halide upon the Yield of THF-Soluble
Products from Mild Hydrotreatment of Wyodak Coal-Metal
Halide Impregnates...eeeeesecscsssssscsonsssssanssassnsasnss

Effect of the Type of Metal Halide on the Yield of THF-
Soluble Products from Sequential HT-BCD of Wyodak Coal.....

Effect of Temperature on the Yield and Composition of
Gaseous Products from Mild Hydrotreatment (HT) of W(W)

COAT sisrs o w16 508 9558 @701 6 67 6 36 &'67 S5 0 950 #7050 21078 6616 Fia's B0 8 618 90 00 6 a8

Yields of THF-Soluble Products in the Sequential
Hydrotreatment (HT) and Base-Catalyzed Depolymerization
(BCD) of Wyodak Coal.u.eveesncosenssssonssnoconacasnosssnons

Effect of Reaction Temperature on the Yield and
Distribution of Products from Base-Catalyzed Depoly-
merization (BCO) of Pretreated (Mildly Hydrotreated)

Wyodak CoaT..eeuiuereeunsensnescsnansessasnssssssnsncannnens

Elemental Composition and H/C and 0/C Atomic Ratios of
THF-Soluble Products from Sequential HT-BCD of Wyodak

COBY 55 505 5iuis 5o 48 3.7 61615 w108 16 G170 $767T0 9366 Wb N7 306 8 18,8 B10/8 519, 40616 Bio1s

Effect of Base Catalyst and of Alcohol Solvent upon the
Yield of THF-Soluble Products Obtained by BCD of
Hydrotreated (HT) Wyodak Coal.....eeeevvennnsancnnssonnsnas

Effect of Temperature on the Yield of Gaseous Products
from BCD of Hydrotreated Wyodak Co@l....eeevveecccocanacane

Comparison of Base-Catalyzed Depolymerization (BCD)
of Wyodak Coal with and without Preceding Hydrotreatment

Typical Infrared Absorption Maxima found in Coal
Structural StudieS....eeecreorcroncrecccancansacanns ceraaee

Page

33

35

38

40

43

46

50

52

54

56



