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Review on recent advances in coal-derived syncrudes and
their related foundamental studies

Takeshi KOTANIGAWA

Yosuke MAEKAWA

Synopsis

The first chapter ;

According to a number of recent reports, World-wide reserves of conventional light crude oil are de-
clining. Further, additional research, development and demonstration of processes have directed to in-
creasing the domestic supply of oils for self-sufficiency. At this time, short-time supply of energy seems
to be very stable, but long-time energy supply and demand, especially for Japan, is still vague.

This report goes on one step further. It forcuses to embed the processes of recent advances in coal
liquid technology out of Japan and reviews direct coal liquefaction and coal / bitumen co-processing in
Canada and U. S. A.

On the direct coal liquefaction, two-stage coal liquefaction which has been developed in Alberta
Research Council is reviewed. Paticular improvement of this process is that coal is sufficiently solubilized
by operation under CO / steam and CO / Hy,. On the co-processing, CANMET has successfully
developed new catalysts for the production of syncrudes, which are the CANMET aditive and MEHT
(Metal exchanged hydrous titanium) catalysts.

The second chapter ;

Three foundamental researches related to coal conversion are reviewed.
1) 13C/*2C isotopic technique.

In order to optimize the upgrading process, one needs to know in what proportion each feedstock,
coal, or bitumin, contributes to each product fraction, but conventional analytical methods are neither able
to measure nor distinguish the contribution from either feedstocks in the synthetic products. Therefore,
the inherent difference in the '*C/**C ratio between most coals and bitumen can be utilized as an isotopic
tracer to assess the efficiency of co-processing.

2) H-D exchange technique

Deuterium in molecular form and in other labelled reactants is widely used as a tracer in coal
hydrogenation chemistry in order to investigate the incorporation of deuterium into coal liquids, mecha-
nism of hydrogenation process and coal structures by composition of the partially deuterated methanes
such as CDy, CD3H, CD,H, and CDHj, appeared by the decomposition of the deuterated coal.

3) Free radical chemistry

Coal liquefaction basically involves the partial breaking down of the complex coal structures into small

molecules. The degradative process is primarily thermal in nature and in normally carried out in the

presence of high pressure molecular hydrogen and with both molecular hydrogen and a donor solvent in a



range of temperatures between 400 °C and 500 °C. Therefore, it is essential for the coal liquefaction to
study abstruction of molecules and hydrogen shuttling to the free radicals formed during the coal liquefac-
tion.

Conclusive findings through this reviews are that coal liquid technology has made significant advances
over the last two decades and particularly in the last five years. In the conclusion from a long-term
option, coal liquefaction has reached a potentially economic and viable stage in the mid to latter 1990s and
the co-processing, the simultaneous conversion of crude bitumen and coal, has become an upgrading tech-

nology of special near-term merit.
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Table 1 Direct Coal Liquefaction Evolution
X

1935 1945 1980 1986
1.G. Farben Billingham H-Caol Wilsonville
Pressure, PSI 10, 000 3,000 3,000 2,800
Maximum Temp.,, °F 900 870 850 825
Coal Conversion, % M.AF. - 94 94 94
Hydrogen Consumption, % M.AF. 14 8 6 5.6
Yields, % M.AF. Coal Feed
Hydrocarbon Gases 30 25 11 7
Distillable Liquids 54 54 51 65

W, SHETOEIHBEVZIANLNTOEN, fE-T, 1980FERIIHMMEOETIZ LT,
L, 80 MV bbl Ll EEBRES M TO I AREICHICHT 2 BKRIEZAMLTOLTHES S, O
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ORERICES T, BALHIT A MZ25 v,/ bbl &7 0, HEBICIE20 RV, bl 1m0 e L
T, WTNIZLTH, AROEHEBILICE T AITEC & WERN BT ORE S EE SR 2

(7)



W, EEHLTVS,

gk, 19884 3 A, Co-processing BIEDHIFEHE K OFHEDIcH AT Y, T FEV bV HIZHS
Alberta Research Council IZHEEZ45 U b iz, FMERER, KL < OP%EHE L&V, Co-processing
WBLTEHBBAADIE, IR, ARIANY BRI T 2HMmZ I HRRICE TN, 2O
L TAF S HOBREMNIED & LV ENOBEBREMISHL Th 2 OMREZE D TH &Y
%, REHE, Co-processing % & Uo, ARIANT — LT 2 ERZIEIAFIT 5 T EHBHK,
LA L, SHOEASARI AV -BREOBRZERET S Lo EHENRS ZETEEIVL, £
@ié&k%htc&%é%btb@f%aho%@%,Eﬁl$»¥~%%mﬁbéﬁ&§%®§
BO12E LT s 2B LEEDTHIL, 60T, TOERPARTA VT -FEFROERICELD
BOELPBRICIDZENTENIENOEVTH S, Grad JHEFZEH 20,

(8)



1) ARIRILF—HEOZBEER

1—1) BROEEH{E

AR e BEKREFE T CHILT 251, 19144, KA
Y @ Bergius I ko> TRAIKBD NI EBENTH
%o FAYVIZBOTI, 2 KE D, Bergius HKIZ L%
LEOARKILTZ Y bBEBL, B8R, F-, €y F
FA» 570,000bbl /d DA V) v EBEL TV, BiE,
IhHOT Ty VEB#E NS, SARKE-THAB
Bergius $RIZBY 9 2 EBEIASE, 45, T2 OHE, K
JCEDET, BIEDH b, BLHOT v 7714 FEiC
B9 2HZ < OREIT DOV TIHREMTHRIRE L CHIZEH
fThhTad, z0HT, BEDOLD»pDfay +7
TV MNEBBERTTOELDDREFEESR—-AILD B A
BT 7Y M RBE S5 IC3E->T0Rn,
AROBEERLE W, FRKILTE 5 N A % A
EUTINIEIR LI AERADBSIETAT ) — %8>
D, ZOATY) —Z2EEKRETAFEKT, SEThEL
THRZKREBSBRESETES LI B DT, 5
T 5 OKBEARORIGEE# LRI ¢ 50DICE
ADEEHIT, BRPICHFET BHE, &%, BESoA
T L E DRI T O KIS b IEHET 5, KBS HE
DRI IBEAE S 2 DIENIC, BIEEH 55 Lk
EEURBRAE (M-85 sHushs, chox
EQEIITHBEDESR D, IKE-THL DT U AHE
EINTE, PTH, KEBRBEEAIZT 20210 L -
TZD7at23KREL<LEDD,

1—1—1) ChETOEERMETOEX

INET, BERLEE LT IED SaanERsh,
30—250 YA RED/S{ Ty v T IV N EBEBIELET
KiosTWiY, 2030 7O+ A2 0 TESHT 5,
a) H-Coal &
ZOTOEAEARAL T — B L CARBEO RS % 5
B9 & U T Hydrocarbon Reserch Inc. (HRI) i2 & - T B8
NI PRRERIGERE AV S Bk, TH 5, 7o
AT ARERRRABEEBERBELTAT ) — %Y,
Co/Mo R DFEAET, 21 MPa, 425—470C D&HTK
JEZATH o 1970—19824E DR, 4 >~ ¥ v ¥ — M D Cattles-
burg T250t/d 77 > hSEREIL T 1z,

b) SRC-IHLVN (Solvent-Refined Coal)

SRC-I 70t A Ehnss, BIKRDK EERE, KSR
KEHRT 52 L2 HNE LTSN, COTatwan
WESINTSRCAl 7at A&7z o7r, EAMIZ, SRC T

T 203, 19204F, N4 Y TBF X 17z Pott-Broche 7 1
tALE U THES N 7T+ AT, ARAEMERE
BEINIZHERAT Y —13450C, 14 MPa OKEFHST
TKFEAR I N5,

¢) EDS 7O+t 2

( Exxon Donor Solvent )

19664F, Exxon #IZ ko TSI hiz Ut e, {
B A RSB RRICOE S ¥, 425C, 10—14 MPa
DEDTTKEILHBT 26DT, 208, BEERIZO
T AR S M THOAEI N CEBERI NS,
1980 — 19824 7 % - Z M D Baytown 1235 1) T 250 t/d D3
Ay VTV BSBEHLTVRZY, TOTav ADRE
RUSAME D2 W s EHET S BROKENETH S &
fBfahTns,

PlE, 3207 at ATtz &E LSBT 51
OEIFFEHIT L0, UL, ThodTatans
Brdthd 2 WkEILLEBT v 77V —F 4y v oL
KEZDEETREMET 2RI B 0ERN, 202 &
PRROIANEOFERIZE -TND, 5T, ZhdHD
PR Z RS 5 720 O# LWV 770 + 2 BIF D881 1,
*KFRDOHEHFIA
*PEROR BB LU0 OEREN (BT o, 8E(L)
*RISHEHDO Y ET )T 4 — % FiF TR OERIL
W - TEhbh il 550,

CO&DBHEROS ETHRIL, #UWARBEERLES
FREINDDH2DT, #ho5lET 5,

T—1—=2) # LVARER{ L
a) Two-stage liquefaction (TSL)

LT ARRR-LORRERBAT ) - % 1 BAT
HIR S 12 KRS L 1248, 2 BB TBEmkELS
BEITOLDT, 1BEE2BEORICFNEFNEETE
PHABIAENTNE, FNENOFEE XML 1 BRI
BREEmE U TN S N5 55 2 B E 0% X 0K R(LIEE
BB 0E< LTV, Fig 1ICF0OBEERLI-,

INFETORROBEER 7T & X C I LmERE %
BB DR T CRIGET> T &, Db EK
RIERIMELS, -7, BILHOREL BEBEDP - 72,
INIHUTTSLE T L BETHRERSMRL, 2B
ETHRILHOWEZIT> OB TH D, 735wz s
% Wilsonville R & D Facility 137k BB R T 0+ 2, [
FBBWUK 7' 0 & A5 K OKBESMT T 2D 3 >D T



Pulverized Coal
Slurry
| Preparation
i
Thermal Hyd
Bottoms Hydrogenation |~ Yorogen
Recycle ‘
Distillate Solvent | _ Thermal Stage
Recovery Distitlate
Distillate — !
Solvent Critical Solvent Ash
| Deashing Process Concentrate
Catalytic
Hydrogenation | Hydrogen
Hydrotreated
Solvent | - Hydrotreated
Recovery Distillate

Fig. 1 Two-stage Liquefaction
(integrated mode)
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b) Catalytic Two-stage Liquefaction (CTSL)
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Table 2 Comparison of HRI's Coal Liquefaction Process Results (Illinois No.6)

H-Coal DC-TSL® CTSLP
Yields, % M.A.F. Coal®
C1-Cs 11.3 7.7 6.6
C4-390°F 22.3 20.5 18.2
390-650 °F 20.5 23.7 32.6
650-975 °F 8.2 16.3 16.4
975 °FT Residuum 27.1 21.5 12.6
Hydrogen Consumption 6.1 6.4 6.3
Coal Conversion,

Weight % M. A.F 93.7 93.6 94.8
975 °F* Conversion,

Weight % M.A.F 72.9 78.5 82.2
C4-975°F, % M.A.F. 51.0 60.5 67.2
C,-975°F, bbl/ton M.A.F. 3.3 3.9 4.2
Hydrogen Efficiency? 8.4 9.5 10.7
Relative Reactor Volume 1.0 2.0 2.0
Severity, STTUY 38 46 22

a
b) Demonstration Run.
c

Direct-Coupled Thermal-Catalytic Two-Stage Coal Liquefaction.

Weight % C,-975°F Distillate

)
)
) M.A.F. = Moisture-Ash-Free.
)

d) Hydrogen Efficiency = Weight % Hydrogen Consumed.

eSTTU = Standard Time Temperature Units.
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Fig. 2 Simplified Process Flow Diagram Coal/Qil Co-processing Area

TABLE 3 ECONOMIC COMPARISON SUMMARY

Coal/0il
Case Co-Processing H-Coal
Weight % Coal in Fresh Feed 50 100
Feedstocks
Coal, TPSD? 1,500 9,428
Oil, TPSD 1, 500 —
BPSD® 8,371 —
Liquid Products, BPSD
Naphtha 4,035 9,700
Distillate 10, 174 16, 078
Total 14, 209 25,778
By-Product
LPG, BPSD — 4,144
Sulphur, TPSD 97 323
Ammonia, TPSD 22 107
Total Plant Investment, MM$® 261 1,738
Product Cost®
Operating Costs, MM$/Yr 89 234
Capital Charges, MM$/Yr 29 195
By-Product Revenue, MM$/Yr (5) (38)
Product Cost, MM$/Yr 113~ 39
$/bbl ($U.S.) 24.10 45. 94

a) TPSD = tons per stream day; BPSD = barrels per stream day.

b) 1984 total erected cost at a U.S. Gulf Coast location. Include
s 25 percent project contingency.

c) First-year product cost based on 25 percent equity, 15 percent
DCF return, 10 percent interest on debt, 5 percent annual infla
tion, coal @$30/ton and residum @$15/bbl.
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Project Summary

Project Title:
Proposer:

Project Location:
Technology:

Applications:

Type of Coal Used:
Product:
Project Size:

Project Start Date:
Project End Date:
Project Sponsorship and Cost

Project Sponsor:
Co-Funders:

Estimated Project Cost:
Cost -Distribution:

Prototype Commercial Coal/Oil Co-Processing Plant

Chio Ontario Clean Fuels, Ins. (OOCF)

Warren, Ohio

Col:TPr(fcessing of Coal and Residuum Oil to Produce Clean Liquid

uels

Fuel for Utility or Industrial Boilers, Transportations, and/or
Feedstock for Chemical Processes

Ohio Nos. 5 & 6 (High-Sulphur Bituminous)

Low-Sulphur, Low-Nitrogen Liquid Fuels

800 Tons Per Day Coal Feed, 8,675 Barrels Per Day Oil Feed, 11,750
Barrels Per Day of Clean Distillate Products.

October 1987

December 1994

Ohio Ontario Clean Fuels, Inc.

U.S. Department of Energy, State of Ohio, Stone and Webster
Engineering Corp.,Air Products and Chemicals,Inc.,Canadian
Occidental Petroleum Ltd,,EPRI, Equipment Vendors,and Merrill

Lynch.

$225, 674, 805

Participant DOE

Share (%) Share (%)
. 19.9




CATALYST

ADDITION
REACTED MATERIAL

TO SEPARATION &
PRESSURE LETDOWN

i

\RECYCLE

CupP

[ Jeas

LIQUID/GAS/COAL

CATALYST/SLURRY

—— CATALYST
LEVEL

GRID
PLATE

EBULLATING

SLURRY
FEED-COAL/OIL/HYDROGEN 1

CATALYST
WITHDRAWAL RECYCLE OIL

Fig. 3 Reactor Schematic-Ebullated Bed

FEED MATERIALS PRODUCTS
800
NATURAL r S SULFUR 57 TPD
GAS 10 MMSCF 400 700 H2S PLANT
STEAM STEAM ACID GAS FLEL
REFORMING REMOVAL [ ons
L n PROPANE 340 BP
FUEL Haz LIGHT ENDS 0
GAS RECOVERY, [ BUTANE 130 BPD
COLD LAKE )
CRUDE__ s ro u 1 il NAPHTHA 4500 BPD
PLUS CONDENSATE| ATMOSPHERIC NAPHTHA
DISTILLATION HYDROTREATING
600 Hz'J
ST MIDDLE DISTILLATE
7
HYDROTREATING 250 BPD
NOS.5/6 COAL 200 " f rm====amp
800 TPO 100 2 1200
CO-PROCESSING | {SUPPORTING
COAL  omimies || PLANT
PREPARATION J } STEAM R | AREAS
]
Hz 1100 o w0 !
BOTTOMS |A ' !
F— 1| GENERAL |i
H2S TO SULFUR PLANT ~e— 1000 PROCESSING N OFESITES J:
SOUR H:0 L=======-
Sm,’;p,ﬁg AMMONIA 14 TPD

Fig. 4 Prototype Commercial Coal/Qil Co-Processing Plant Over-all Block Flow Diagram
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Fig. 5 Simplified Process Flow Diagram Coal/Oil Co-processing Area
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Table 5 REACTANS FOR COAL SOLUBILIZATION STUDIES

CO/H,0 Experiments

H; Experiments

Suncor Bitumen 125 g
Highvale Coal 50 g daf

K2C03 2.5 g
Hzo 34 g
CcO 5.2 MPa, cold

Reaction temp. 370-410C
Residence time 0-60 min.

Suncor Bitumen 125 g
Highvale Coal 50 g daf

FeZOs 2.1 g
DMDS 1.3 ¢
H. 8.3 MPa, cold
H,0 amount in coal

Reaction temp. 370-390T
Residence time 0-60 min.

Table 6 THE EFFECT OF TEMPERATURE ON COAL
CONVERSION FOR SOLUBILIZATION® OF
HIGHVALE COAL IN BITUMEN WITH EITHER
CO/H,0 OR H, ATMOSPHERES

Coal Conversion®(% maf)
CO/H,0 H,
390C 85.4(+0.2)° 65.1( *+1.1)
370C 67.0 39.1(%£0.9)

a. Residence time was 30 minutes
b. The data have been normalized as mass recoveries

in the range 96.0 to 99
c. Figures in brackets are
duplicate experiments.

TR RE O E

Table 7 IZIEAIELIC 4 5 BRI OFEL T L 17,
CO / steam & E7KFFR & DRI TR I 5 22883
FHUW, CO/ steam % T I3 IHEIRERT 0 DBE, BEIT, 50%
Pl EOHRSTELL, 2DMEIF, KEROH S k5,

.0% were obtained.

the spreads obtained in

30971, CO/ steam RTOAALRIISS% %%, 1F&
AERBIMRIRIZE T 205, AERTIRET0%ICHELT
W,

Tables 6 & 7 DFER» W45 &, 2BRECET S
FEIEBIZCO/steam &AL, 390C, 15—3053R ik
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Table 7 THE EFFECT OF RESIDENCE TIME ON COAL
CONVERSION FOR THE SOLUBILIZATION OF
HIGHVALE COAL IN BITUMEN WITH EITHER
CO/H20 OR H; AT 390C

Coal Conversion® (% maf)
Time (min.) CO/H;0 H,
0 57.6(+8.7) 9.8
15 65.0 34.3
30 85.4(10.2) 65.1(£1.1)
60 86.1(£2.5) 68. 3

a. The data have been normalized as mass recoveries
in the range 96.0-99.0% were obtained.

b. Figures in brackets show the spread of data for
duplicate experiments; no brackets indicates data
from a single determination.

Table 8 OXYGEN REMOVAL FROM COAL AS A
FUNCTION OF GOAL CONVERSION AT 390C
AND 370C USING A RESIDENCE TIME

OF 30 MINUTES

CO/H,0 H,
390C  370°C_ 390C 370
% O Removal from 95 93 94 88
Coal®
% Coal Conversion” 85 67 65 39

0 in unreactsd coal

a. Defined as 100 -

b. Defined as 100 -

2BEHD Tt 2
207t ADFELBHIIKERLEE A E®, distallable
ol DINEEED B ETH 5o

Table 1017 X B BOAMS 2 H W7 2 BRIEORBERZRL
fro fRELTHBE, 2BHICHERFH Iz Table 100D
MR, ARCELR, BINEOVWThZ L > TH Table
IDRIVEIATNS, LU, F2EEOMEIZON

0 in feed coal

unreacted coal
feed coal

THDE MEOEEICH T O REBZEDVEEN TN,
Sz g, shell- 3240 &k 5 HEMIEAZFA NS A v
FMERWEEZ WV, LA, 538 Mo % Ni D5 #5
BHEHERESZATVE, ZORKT1IEREICO/H0
ZROIZBE O KCO; MEFRAFERINTV S, T4
bb, K,C05 1Y 7 FRIGE{EHET 575, T hasiafsb
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Table 9 YIELDS AND COAL CONVERSIONS
FROM THE TWO STAGE CO-PROCESSING
OF BITUMEN AND HIGHVALE COAL
WITH NO CATALYST

2nd Stage Catalyst None

1st Stage Reducing Gas H, CO/H,0
Yield (% maf feed)

Hydrocarbon gas {C;- Cs) 6.5(0.4)" 6.0(1£0.3)
Distillable Oil (IBP-525C) | 53.6(%0.9) 50.9( +0.5)
Soluble Extract 24.1(+0.1) 19.7(40.9)
Material Balance 94.1(+1.0) 94.3(+1.1)
Coal Conversion( % maf coal 85(+1.0) 75P

a. Values in brackets are spreads for dulicate

experiments.
b. Ounly results from one experiment were available at
time of writing.

Table 10 YIELDS*"® AND COAL CONVERSIONS FROM THE TWO
STAGE CO-PROCESSING OF BITUMEN AND HIGHVALE

COAL
2nd Stage Catalyst Fe;05-CH3SSCH;,
1st Stage Reducing Gas H, CO/H,0 CO/H;0-K,CO3

Yield (% maf feed)

Hydrocarbon gas (C;-Cs) 6.2(40.4) 5.3(£0.1) 5.0(%0.5)

Distillable Oil (IBP-525C) | 61.4(£0.6) 59.9(40.1) 61.5(+1.6)

Soluble Extract 20.5(£0.3) 19.8(%0.7) 18.4(%£1.2)

Material Balance 95.2(£0.7)  93.1(£0.4) 92.8(=40.8)

Coal Conversion( % maf coal) 88(+1) 87(£1) 87( +1)
2nd Stage Catalyst KoMoQ4-CH3SSCH,

1st Stage Reducing Gas H CO/H,0 CO/H;0-K,COs

Yield (% maf feed)

Hydrocarbon gas (C;-Cs) 7.2(%0.8) 5.2(%0.2) 5.3¢°

Distillable Oil (IBP-525C) | 62.3(%0.9) 57.7(£0.8) 66.2(%0.7)

Soluble Extract 18.0(40.2) 19.3(*£0.9) 18.7(%0.3)

Material Balance 94.1(£3.1)  90.4(£0.2) 96.1°

Coal Conversion 90(+1) 91(+1) 98(+0)

2nd Stage Catalyst Shell 324-CH3SSCH;

1st Stage Reducing Gas H, CO/H,0 CO/H,0-K,CO3
Yield (% maf feed)

Hydrocarbon gas (Ci- Cs) 5.3(£0.2) 4.7(£0.2) 4, 8°
Distillable Oil(IBP-525C) 62.6(+0.9) 63.2(+1.0) 58.6(+0.7)
Soluble Extract 19.1(£1.4) 16.8(+1.4) 15.7(£1.1)
Material Balance 94.4(40.8) 94.0(£0.7) 90.8°

Coal Conversion( % maf coal) 90(+5) 85(+1) 85(+3)

a. Yields are expressed as % maf organic feed.

b. All data are quited as the average value of two dulicate
experiments. Figures in bracket show the spread for the two
experiments.

c. Single data point.
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BERRRAL KR A A EFRICEES#E SN B, 5120
ERH A THBKEN 2 IIIEGHEE T D B 12 D IRE IR
ANTEREIND, [>T, RIGRAD CO / H, FridokiE
HARGOETICONTRELE(NLT B LGS, 2D
I EDERY ABREK T CORROAALERZITIER
THbd, 1BEEDRIGIE Table 13178 U IR TITYL, £
DR % Table 14ICR U, TNIZE D E, FROATEIL
IFRAD CO FARENEEHILo>NTEEY, #CO




HADBE, 8B5%IEL, COMIBARS R (2 Hy/
CO) ZAVWIHEOK 2/ETH 5, L L, distilable ol
WL CO M ABE T HEBIRIC—FEM (32%) 2HREL TN
B, COMBIZOVWTEZTHBLE, RISKHAW
Athabaska ¥ F 2.— A ~ @ Hydroprocessing I~ & % distill-
able oil NFEIZ46% T, AT Y —ILAK (50g) /P F 2 —
A (125g) PHERAIZHAT ) —HDOEF 21— 4 Vi
B374.4%, 5T, 27— oBohdEFEINS
distillable oil [N F1£32.8% & 72> T, FEERED32% 1238
WRS—H|UTWA, BE9 57 518, COREDREMIC
S B ERECEDOEINGE ) VY TESOEINCEE T 2
boLEZHND,

Table 15iZ IS RIGEFR OFEM S IR ER Lz, &

NITEB L, ERTAPOKRBEDOEINC DN T distill-
able oil DHFTIE, HGO » 5 LGO ~DEBE({LHSE 1,
Y YHES O CEEEREARI > T D05 T,
ERHOELT A7 7 VT v b b BRERLAEALTHRL
TWd, LU, BRI T2EEZFEAER N
BT,

Eal. o}

LI_E73, Alberta Research Council 1235 i % 73 jREE#L T &
VF—ICHET 2MROHFMTH 5, 2 TR N 2 B
ERHAEIEERIEH U O ERBIEER O 1 2 Td 5 & Ol %
Tn5a,

Table 11 CO-PROCESSING WITH POTASSIUM

MOLYBDATE

Catalyst : Mo Cat. /DMDS/CO-H,0 in Stage (1)

Unit: g, 100g'1 maf feed

Reducing gas Stage (1)

(1) (2) (3)

K2M004 K2M004 CO/HZO *

390 C K,COs K,CO;
17.2 MPa
Stage (2) Hz Hz Hz/KgMOO4
17.2 MPa DMDS
Yields
Distillable Oil 62.2 62. 4 66. 3
P.E. 21.1 20.2 18.7
I.O.M. 0.9 0.6 0.7
Gas 9.5 9.9 10.2
Qualities
a) Distillable Oil :
-200 8.3 7.9 13.0
200-340 28.9 29.3 29.2
340+ 25.0 25.2 24.1
H/C 1. 64 1.60 1. 67
% S 1,57 1.70 1.95
b) P.E. :
HC+ 6.5 11.4 4.9
ASP 12.8 7.2 11.4
PASP 1.8 1.6 2.4
H/C 1.16 1.15 1.02
%S 1. 66 2.20 2.10
c) Gas:
Ci/Cs (1) 0.7 0.9 0.8
(2) 4.5 4.6 4.5
H,S 1.4 1.6 0.9
% Mass Balance (Total) 97.5 96.0 95.8
% Coal Conversion 98 98 98

*from the 84/85 report

first stage : CO/H,0/K;COs,
second stage : H; /K,MoQO,/DMDS



Table 12 CO-PROCESSING

WITH AMMONIUM MOLYBDATE

Catalyst : Mo. Cat./DMDS/CO-Hz0 in Stage (1)

Unit: g, 100g™ maf feed

Reducing gasStage (1) (3) (4)
(NH4)6 (NH4)6 .
. MO;0z MO;0,, CO/H,0/
390 K2COs
17.2 MPa
Stage (2) Hz Hz/ Hz/
440 ° Shell -324 Shell -324
17.2 MPa
Yields
Distillable Oil 55.4 58.8 58.6
P.E. 24.9 20.9 15.7
I1.0. M. 2.7 4.1 4.4
Gas 9.0 9.0 9.8
Qualities
a) Distillable Oil :
=200 7.2 8.8 16.9
200-340 27.4 29.2 29.1
340+ 20.8 20.9 12.6
H/C .61 1. 60 1.65
%S 1.82 1.11 0.70
b) P.E. :
HC+ 13.3 11.1 4.3
ASP 9.5 8.5 9.8
PASP 2.1 1.3 1.6
H/C 1.12 1.04 0.97
%S 2.02 1.42 1.16
c) Gas:
C1/CH1) 0.6 0.5 0.7
(2) 4.1 4.2 4.6
S 1.5 1.7 1.2
% Mass Balance (Total) 95.3 93.0 96. 3
% Coal Conversion 91 86 85
Table 13 OPERATING CONDITIONS
1st Stage
Gas CO/H; or Ha
Pressure (MPa)
initial 5.2 or 8.2
reaction 15.6-20.7
Temperature( C) 390
Reaction time (min.) 30
Feed Highvale Coal/
Athabasca Bitumen
Ratio 1:2.5
Catalyst K,COs

Table 14 COAL CONVERSION AND PRODUCT

DISTRIBUTION

Carbon Monoxide Concentration (vol %)!

100 87 75 50 25

Coal Conversion (% MAF coal)
Product Distribution(g/100 g MAF feed

Hydrocarbon Gases (C1-Cs)
Distillable Oils (up to 525 C)
Pyridine Soluble Organics

)

8 76 75 65 47

31 32 32 32 32
57 54 51 50 47

1 balance of gas is hydrogen



Table 15 PRODUCT QUALITIES

Carbon Monoxide %

100!

A. Distillable Oil®
naphtha
light gas oil
heavy gas oil
sulfur
hydrogen:carbon

B. Pyridine Extract
hydrogen : carbon
nitrogen
sulfur
Class Analysis
hydrocarbons

asphaltenes
preasphaltenes

1.

Lo
gt

36
65

8 75 50 25
9 7 100 10!
55 54 58 60
39 32 29
2.6 2.7 2.7 2.8
1.6 1.6 1.6 1.6
1.3 1.25 1.25 1.25
1.6 1.2 1.1 1.3
3.8 4.1 3.7 4.0
49 45 611 60
43 50 31 31
8 5 7 9

1 single analysis

2 all percent except hydrogen to carbon ratio

1—3—4) CANMET IR 3R T 2L ¥ —BaS'
LI
AFFIEERSEBREOERMRE EF 2 — X Y RO
EEHWMA S 2%, MW %MV 72 Co-procesing 134+ 51
BUASEFOLANVT —FHRARORETH D, -7
CANMET & Z h & TfT - T & /2 CANMET-Hydroprocessing
ERBICTHRELETF 2 A VDT v TIL—=Fy v
& % AR IZfT 5 CANMET Co-processing DB ICEF L,
SH, B, ThERRL VS, 2OBSHERDERE
BAL 7O 2 BN THW A RARAEEBZ EF 2 — % &
LM OEEICEIR T B % BT, EOBSIELL 7
LD TH B, Fig. 712 CANMET 70 + 2 DB % 7R
L7,

Fig. 8 & Co-processing & B WL DEARAIE 7 0 —
%z B L, Table 16 iT 13 Co-processing, Liquefaction, Hydro-

crackilg D 3 2D 7T+t A THESNITERO B %175
2o CORD 5575 & 512, Coprocessing TD A 4 JUIT
|3 Hydrocracking iZ & 5 L0 v LT 2o 2t
E BEEEMICED IV DL 5B Eont, T,
7T AN ER 13 Hydrocracking & ¥ Co-processing T & 1) % < 12
bhtze ZOHBABARATY—ICREELZL D
Minerals A& ENTVWEIZHEEZ TS,

KEMHBEBIZOWTE X TH5B &, CANMET Co-
processing IZJR T B ARIEER 220 E WV, £ OB,
KBEH ADHLF L2 R T, Cold Lake vacuum bottom 1
FERICRF LR N —MAeRET 5, LV ERIIRES
CHDTHB, KANWERICET 502 1 DOEE L REI
HRASERIFE ( distillable oil (g )//kBEHEE (¢)) T
&5, ZOFIHEDL Co-processing DHBHEHD 2 BUAL
EEOBEN,

TIME FRAME
UNIT OPERATION 85 86 87 88 89 990
Bench Scale Research
(1kg/hr)
CANMET/ERL
Lab Scale Pilot Plant -
(4 barrels/day) Design/ T Operation—
CANMET/ERL Construction
Process Development Unit - -
(200 barrels/day) Design/Construction T
Process Developer/EMR Start-up Start-up
Hydrocracking Coprocessing
mode mode
Demonstration Plant -
Process Developer/EMR Operation Hydrocracking mode T
Coprocessing
mode

Fig. 7 Research and development plan



LIQUEFACTION

COPROCESSING

Hz HZ
J Y
R P |GASES R p |GASES
SLURRY g SLURRY] R
COALY FEED | E O IDISTILLATES  COALy FEED [ E O |DISTILLATES
c ¢ |RESIDUES c ¢ |RESIDUES
T s T S
0] 0
R R
RECYCLE OIL BITUMEN
Fig. 8 Process schematics
Table 16 Comparison of processes
Basis:g/100 maf slurry feed
Liquefaction Coprocessing Hydrocracking
Conditions -
Coal(maf)
Concentration 33 30 —
Temperature - Same —
Pressure 7
Space velocity ”
H, feed rate s
Solvent Anthracene Vacuum Vacuum
oil bottoms bottoms
Yields
Gases(C1-Cs) 1.3 5.4 3.8
Total o1l 16.5 75.9 81.9
Residue 13.2 29.6 22.5
Conversions
Coal(wt %) 85.6 83.9 —
Pitch(wt %) 57.5 66.5 72.2
Hydrogen
Consumption 2.7 4.0 3.3
Utilization
Efficiency 6.0 15.5 22.2
(g dist./gH:)

a) CANMET Co-processing

S

7 5% 1% Forestburg subbituminous C coal ( Luscar Ltd. )
BNFAT7TAART—T74—+373 savicBHBBLizb D%

Wiz, 0¥ % Table 17128 U 72,

¥ F 2.— A i Imperial Oil Ltd. ® Strathcona ') 7 7 4

F+Y—THv b XNtz Cold lake vocuum bottom (+454°C)
EHWOZ, % OYE%E Table 181278 L 12,0

LRI Crowly Tar Products Inc., %> 6{%%’5}?5 h
TV R TRV EABERNUbDERWZ, £ OWE
% Table 191Z7R U 72,

A 130 OV 8 T il T & 5 CAMNET additive 22 F W0 5
M, Fig.9 1213 CANMET process @7 10— — b ERUTZ,




Table 17 Characteristics of Forestburg
subbituminous C coal

Proximate analysis “as received ” , wt %
Moisture 19.17
Ash 7.68
Volatile matter 34.00
Fixed carbon 39.15
Ultimate analysis “dry basis 7, wt %
Carbon 64.04
Hydrogen 3.87
Sulphur 0.53
Nitrogen 1. 65
Ash 9,50
Oxygen by difference 20.41
Metal content
Fe 2379 ppm
Ni 18 ppm
v trace
Calorific value 4933 cal/g
8879 Btu/lb
Petrographic analysis
Mean R (random) 0.42
Vitrinite 92.2 vol %
Liptinite 2.6 vol %
Inertinite 3.1 vol %
Mineral matter 2.1 vol %

* Supplied by the Energy Research Unit,University of

Regina

Table 18 Characteristics of Cold Lake vacuum

Table 19 Characteristics of hydrogenated

1.08

0.205 poise

0.146 poise
81.01 %

243C
308T
376C

91.73
6.45
0.56
0.17
1.02

bottoms anthracene oil
General General
Specific gravity 15/15C 1.038 wt % Specific gravity 15/15 C
Conradson carbon residue 17.1  wt % Viscosity at 15 C
Asphaltenes 23.48 wt % ~at 25 T
Preasphaltenes 0.2 wt% Aromaticity
Aromaticity CH NMR) 34.5 % o
Viscosity at 80T 249.12 poise Distillation
100C 23.40 ~»
110C 21.59 ~» IBP

50 vol % off at
Distillation (spining band method) FBP
IBP 420 T Elemental analysis, wt %
Distillate (—525C) 16.75 wt %
Residue (+525T) 83.25 wt % Carbon

Hydrogen
Elemental analysis, wt % Nitrogen

Sulphur
Carbon 78.6 Oxygen
Hydrogen 9.3
Sulphur 5.5
Ritrogen 5. FE#4IH7 12 CHN 240 Perkin Elmer

C, H NTRODHZ{T-> 17,
Oxygen by difference 5.9 TERODHTEAT -
Metal Z Dfth, GC-MS iZ & % PONA 44,
t tent
N o pem 93 S BREEEMBIT 21T - 12,
e e 2) HEKSH
C H, N, S, O DT3RSIHT, Soxhlet kI &5 4 4 v,
S i 7x77w7y,7v7177w7
1) Distillable oil ASTM D- 482717 k

FCERITE 1 PARR FEERHC & o 12, ﬁ‘%%#:iéﬁ%é‘ﬁ%ﬁ*ﬁéﬁam

&7 7733y OEEHEIZ ASTM D- 2287
HAT B> TKRD I,

Ik BHEEE

Analyser IZ k- T

A, H-nmr =

v 4y D4y i,
JK 534554, Jarrell Ash Model 850 AA
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b) CANMET Co-processing D&
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of severity
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Fig. 18 Hydrogen consumption as a
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Mo, W, Ca iZfil %2 T, Na-Hydrous titanate ( (NaTi,OsH ),
FHVvBIEDOF M L% Co, ZIn, NiFETA A VAU
B EE F ¥ B IE i, Metal-exchanged hydrous
titanates, M,TiO,, M;Ti,05, ( MEHT ) IZ, DWW T HFEAN
2o

300mDA — b7 L—FIEB M EFEL, Jhic
KEEFRZ/DEEARICE > TRIGET o 170 KIGE
71133, 4 Mpa, RIGIEE 370,400, 430C, KIGHRREIL,
DR 2 BIEICH 5 72017, 3 - 5 hrs & HEIEL
&tz KFZEOWHEIE, 275mf -STP / min. IZEFE L 725
ZOWEIT & B RIGHRADOKFEOMHE R IEH91550 & 518
xhiz,

A5 —

AOEERECFa— A YOS Table 20 I2F & 8
7o THHDREFDS B Cold Lake subbituminous C @
19.8g (—1004 v ¥ 2) & CLVB 040.8g ZIRALTA
ZV -z,

FAN i}

RIGHE Y % Soxhlet BEMEEIC L > TRy 5 VATA
B AFAN), RV UHB - MWIVRES (TA77
VT v), bVIVARA—-THR B (FLT7A7 707
V) BEUOTHF RES (LY Y) KHHILI, 44 v
DICHRSHT LB 2 EE U7z, HOF A GCIZ k-

313 THBRAHT Uz 22— 7 £ 5E THE RASD O BEMEEE
E B W& THEIT U 72,
Table 20 Characteristics of Feedstocks
Forestburg subbituminous C coal
ultimate analysis,
wt % proximate analysis, wt %
carbon 64. 04 moisture 9.2
hydrogen 3.87 ash 7.8
sulfur 0.53 volatiles 46.5
nitrogen 1. 65 fixed carbon (by difference) 36.5
oxygen 20.41
Cold Lake vacuum bottoms
ultimate analysis, wt
% other characteristics
carbon 84. 04 IBP 420C
hydrogen 9.94 oil 72.3%
sulfur 5.46 asphaltenes 27.7%
nitrogen 0.63 -525C 20%
oxygen 0. 50 525C 80%
AR R R K%M T 5,

a) EBLERR?

AU i O & &% Table 21 iCE & 77,
Z DT, Co-Mo / Coal i IIMEEE 2/ NV b &Y T 7Y
B7 vEZYLDKABKZI00—2002 v ¥ 2 ITHFL 72
Forestburg IS B S ¢ THML -, AEEICLT, Btz
NNV REREET Co/Coal #/ELL 12, REBIZHIC
250t/ g TH->1, Mo/ TiO TV TFVEET v EZY
L% BIRD TiO, IZ&BES &, 355T, 5 hrs B L5 D
T®H B, Ca(OH) ;13 £ 1 B & % A\, Mo-Ca(OH) ; i&
CaOH) B 7T VBT Y2V AERIETHM LI,
WM OMEE S FHFIL 2 & ORTEITh 2 - 17,

BFERAZ) —hOMEEFEE2.3wt. T, ORI
TRV ED Co, Mo, Ni 1 HFRVI2ZEF®D S

— 23

b) F &2 Ee (MEHT) %'

C OO FEB K Dosch 55 D HBEICH U Tz, T
sbHb, 2-7URF Y TitH, TiI(OCH(CH;),),%0C
KH U7z NaOH @ A ¥ /) — VIBRFICER LTRSS
TH, RIGH, ZOBRWICI0%DEBAKEE» UIZT £ b
VEMABE, F¥UEEE (NaTih,0sH ) 2B LT 5,
COWBEK, T by THREL, BEEEL CHEET
B, COEKBFT M) VAL FYOEATHOERLRE
NFFAYEBEGA VWS B, HFF B} 145,
KETE MY THEL, DV, BELET S, KISICE
Fi9 ZH1ICIE400T, 2 hrs, Ze5HCRER L 72, Table 21
IZ % @ MEHT #t# & Argon Plusma Spectrometry &
Neutron Activation S Tor Uiz 2 O E R L1z, 20D



F, MB-531 (ref) BHED o IZH Wz Co-Mo /
ALO; ( Harshaw HT400E ) T& 5,
C) fE45 Mo-HT g™

b) THRANZEBUFET, Mo-HT il (Mo 1E11%
PF) K7aE—4E LTHOH F4 ¥ 288U I %
FE |, 7z, MB- 603, 613, 621, 622, 623IC1X13% LT D

Ni % [FIEEAc#, MB-592, 626 B, 630i21X5 %L T D Co
%R, MB-626 B, 63012131 %D Al % [k
AL T Mo-HT il # B8 U 72, <N & O SUSAT
12350 T 4 hrs, 10% -H,S % &1 H, K ¢ F L
UTHWE 1, COMBEOSBERT v E=T7I1Tb -
THEICLLE-Th EDT,

Table 21 Catalysts for Hydroprocessing Mixtures of Coal and Heavy Oil

Catalyst Composition (wt%) Wt. of metal per run(g) | Surface area (m‘/g)
Co-Mo/Coal Mo 5.5 Mo 0.178 25
Co 2.0 Co 0. 065
Co-Mo/Al;0; Mo 8.9 Mo 0.287
(Harshow HT-400E) Co 2.6 Co 0. 087 180
Al,O4 83.4 AlO4 2. 67
Ni-W/ALO;, W 19 4 0. 608
(Harshow Ni-4301) Ni 5 Ni 0.16 180
Al,04 8.7 Al,O4 0.278
Si0, 54 Si0, 1.728
Mo/TiO; Mo 18.6 Mo 0. 298
TiO, 70. 8 TiO, 1.133 30
Co/coal Co 5.4 Co 0.173 25
Ca(OH); Ca 1.742
Mo-Ca(OH), Mo 10. 4 Mo 0.166
Ca 48.6 Ca 0.555
fib s D RTE oy
a) MFLoH ORE 5 181 ----MB-5%2
AKERA T Y X — 51T & - TRIE U 72 MEHT i ( MB- T T
592) OMIFLLTFE & EHEICE WO 727 )V 3 F kD MB- 531 y ek
bt D # L &l U, Fig. 20I5R U, ZORBP LIPS 3 -
£ 517, MEHT fl#OMADAE 3504 ¥ 7 A ha—sblk g o8-
LT O — BT RS, T3 FIEEMEE s 0 R % -
15 ML AR OMIETH 5 2 EN b oT, TO . M
AT kELT, Tu— FRfiflBRBERRRPEF - A YD B J
&£ BERSTOMAALEEBRSICT %, 10 100 1,000 10,000

b) KEHEOEE

BET 12 & - 17 MEHT fifi i O Z & 1460 — 150/ g
ThHho12,

c) XARET

MEHT 4R D BERKFTD X $2 R B BET 20 L IL50
AV A PO LLTOI 7 ufRThsizoEERELT
SFEDULWEEEHATVSD, Th2L00CTHRRL TS,
B, 80—120% ¥ 7 A b u— A DRIEREEMERL TV
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Flg. 28 Incremental pore volume as a function of
pore diameter, (from mercury porosimetry data)
for Co~Mo catalysts supported on alumina (MB-
531) or on hydrous titanate.
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WREVBToERED o1, ThIRZLY VHOEELE
SR L TS,

Fig- 2812 X RIGIBED400C TD, LY vHiELEL
Distillate FOWE B RE DBHRAR LIz, TOBAITH
Co-Mo Rfit 3 BN HIREZR L, £ ORAKE X
50% IZE U oo BRMEHEKR S BRI R 2 (28 L T % A5,
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Fig. 24 Yields of oil, asphaltenes, and THF insolu-
bles for Co — Mo/Alz03 tested in hydroprocessing
at 370 and 400C (for 5h) and at 430TC (for 3h).

65
TOTAL OIL
2
55 s o5
0/0 o
V/V N
5 4= 4 v Co/C
3 D & Co—Mo/C
* + CoMo/A
s 35 X NI=W/S—A
£ cCo
¥ + No catalyst
L SPHALTENES
2 s l: HALT
Q 10 _,o o woe-o—%
- v ¥ =
. 5i-
w
> 0
5L PREASPHALTENES
10+ —
+D\Dle\a o
S5+ Oy o o
0 | I 4 |
0 40 80

% CONVERSION (THF ins.)

Fig. 25 Yields of oil, asphaltenes, and preasphaltenes
as functions of conversion of THF insolubles in
catalytic hydroprocessing at 400 C.
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Fig. 26 Yieids of oil, asphaitenes, preasphaltenes,
and THF Insolubles for catalysts tested in hydro-
processing of coal and heavy oll at 400 T (O = oll,
W = aqueous phase, A=asphaltenes, P=preasphal-
tenes, T = THF insolubles, R = gas and loss).
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and THF insolubles for Mo and Co—Mo on various
supports tested at 400 T (letters defined in
Figure 28).
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Fig. 28 Sulfur content of distillates as a function
of conversion of THF insolubles in catalytic hydro-
processing at 400 T. The dotted lines indicate the
sulfur content for catalysts without cobalt—
molybdenum (95 9 confidence interval).
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Fig. 30 Product distribution for Co—Mo catalysts
supported on alumina (MB-531) or on hydrous tita-
nate and tested at 410 and 430 C (O =oil, W=aque-
ous phase, A=asphaltenes, P=preasphaltenes,
shaded area=THF insolubles, R=gas and loss).
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Fig. 33 Performance of MEHT catalysts for
hydrodesulfurization.
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Table 22 XPS binding energy®, E, in eV (£0.2 eV)

Tcalc
150
Co-Mo on titanates (MB-592) 350
400
500
CO_MO/A1203 (MB"531>

THF -592° (spent MB-592) ¢

(500) ®

THF-531°(spent MB-531)°

Mo 3ds/s Co 2pss 0 1s
232. 4 781.8 530. 4
232.4 781. 4 530.2
232. 4 781. 4 530.0
232.2 781. 4 530.0
232.6 781.9 531.6
232.6 781. 4 530.0
228.6 779.0 532.0

533. 4
232.6 NDd 530. 6
228. 6 532.2

533. 4

a)Peak positions are referenced to Ti 2pssat 458.6 ev for MB-592 and Al 2p at 74.4 eV

for MB-531
b
c

Possible calcination temperature used by the manufacturer
)Contains more than one species of molybdenum and cobalt; also contains Fe 2p (711.0 eV), Ca 2p

(347.0), Al 2p (74.4), S1 2p (102.4), Mg s (1305.0)

)
d)ND: not detectable



THIOPHENE CONVERSION

Table 23 Elemental surface composition® of Co-Mo catalyst, at% (+10%)
On hydrous titanates On alumina
(MB-592) (MB-531)
TeateT 150 350 400 500
Co 3 (7.6) 5 (7.8) 5 (7.7) 4.9(10.5) 0.8 (2.3)
Mo 4 (9.0) 3. 1(11 3) 3.8(13.6) 3.6(12.6) 1.9 (8.8)
Ti (Al 20.9(39.2) 21.4(38.7) 20.8(37.1) 21.2(36.7) (30.8(39.9))
0 61.5(38.6) 63.5(38.4) 63.6(38.8) 62.2(37.9) 56.2(43.3)
C 11.8 (5.6) 5 (3.9) 4 (3.8) 5.1 (2.2) 10.3 (5.9)
a; Values in brackets are in weight per cent
b) Bulk analysis - MB-592:2.8 (10.1)% Mo, 2.2 (5.0)% Co, 22.2 (40.5)% Ti
- MB-531:2.0 (8.9)% Mo, 1.0 (2.6)% Co, 35.8 (43.9)% Al
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* v & Highvale A @ BCA?°C EAEH D 3£133.68% (+
0.9%) TH5HIELEMBLTERBPORKBEERS
kodd&, ZOEHERNS5 B ETHNIE, 10%LHDS
WRETERHNRXS &M LB 51, TOHKIZH
RBEOEF 21— 2 D BCA2C R ETH 5,8 2
ED LI ->TWNS,

a) [AfrksHTE

Vycor & 72 1 REERICFFE L 2 A5 E2.59 D Cul &
FBCuDA M)y TROEBNEINA, BELTH»H107°
Torr KEFER LT Y —V§ 5, ZOREE%500C T, 20—
24 bhrs INEAU 712D B, 24 hrs I 1J TRAICEGHIT 5, A
BHROTAIREEHRETCEEL, BZEITL VIKROHLT
AEY-NVEEL JEEEE S 3R Y THEH T %78,
CO, HAWERTATAAS LY )=k Ty T RS
ERUTKSEESDMET 5, KD EDHEL I CO, 13 FH

BERIATAATHRH LTI SEILI® T/ A—FFIC
THREBERD S (1), CO,rD BCAC Hix, BEH
D BOWO #EAEL LT mle =450 K — 7 THIE L TK®
7&:724)0

b) HESE

& BChifpie + 8 *Cooafcoas = & Cproa =+ (1)
fie + fooar = 1 -ooseeereennees (2)

A1)B & CF@NT & - T Co-processing iZ & » THEAL 12iH
KEENAAREEF2—A VD7 57y 3 VIZFHESH
5%, BIRORZ % 2BEOYMEORMATFEEL 2D 5
DT HHH HEEYE EORMECET HVEREL DL
TE D, T THEEMEICKBEIYEEY, £ORME
FrREE0ER, R &k->Tkd, ZOEEHVTHR
LEF2-AVERROFERTI,

( 13C/12C ) * ( 13C/12C)STD
(FC/2C)so

) 13CPDB =

(18C/2C ) " EB D BCAC R,

Co-processing £ HH D HREBER 2K 51T1F, |
(EEHRAL T iy £IEET S &,

— 0 13CProd_ d BCcoa]
fcoal = T — 3 BCa— 9 BCay (4)

c) BEORRECTF 2— A VHORMEEELS L O
B0 B ETFEAL
BHEORKPCF 2 — A v ORMEEERIIEIC—F
TRINIEE 5720, Table 24iIC K DRI D & BCppp
(%) REEDlz, CORDERIIEREE (£0.7%) O
BHAT—HLTVD, RKISFIZAERPEF 21— A v Iid#h
MU U CIRRA LS 28R CERBICKES X, KEE
HABEC—BERERESD ERARIC, 2CREHELZY,
FRUIZVT 2, ARZ50CTHSRTBE, CO, R
DBCF3. 0% MR ND A5, COFODBC ITMITIL. 4%
FIRENB2Y, E10, BRPOERULIZA S ¥ H A
DBC 4 —5 %FRMENTOS, EVHRES B 5252



20 ERELBAKEEL (BCMC) 2k 21T
Table 2502 R UTc &9 BRAEMESBREEL 55, ZORDH
TD— 130T TA— b7 L—ThbEEFEHL-H
%, D— 2D —18H%EEE, 17.5 MPa H, MET,
440°C, 60 min. RIS & 721%, 200C THHEL BH
D— 3N, EEK T T545CTHEH U B, PEIBES
DY) Y BN TH B, ZOROMWIEME, ERRLK
FErhr 2C SEHEINTVE B EFa— 3 O BChyg

(%) 8757 YavD6 BCopp (%) DETELI
FIEETH 5.

Table 26 13 Co-processing D EER S & K4) TR 72
BB DOFE feou (%) #E LD, CORBBMFDR
wR7I7vavERDBIZE, RG)ZHAVS,
fcoal X C

5,100

C:&8757yvav0aRsk (g)
KON & > TERBICHT 54K 5 DRFEOEIE ZKD
5ZENTESD,

BRI TSIV a VHRORE= o e (5)

BR7 50 avhoR#E (g)
2R%E (g)

Table 26 DFEE T H— TR 2B % LT A 122,
F3, KB k- TRD SN FERORMARE 2 RICR
UTo

RFEINT v A=

FR(g), |BRHORE(g), | 0 *Cepp (%)
HV ® 50 38.09 —25. 54
EFa—Av 125 103.0 —29.22

Table 26D Exp. 50%FlicE > TH B E, R4)&L0,
(—28.69) — (—25.54)
(—29.22) — (—25.54)
&, Table 250FIE%FTH &, 0 “Cppp =—28.69
+ (—0.25) =28.94
b e =1 — (—28.94) — (—25.54)
(—29.22) — (—25.54)
COBIED-1757Ya vHhOARRRBERTH 5
e, COEIKD—17527 Y3 vOE&REREHT S
ED—17327vavHiiaEhsARARBEIRE
% (& 2), Distillables =3 fp—1, fp—2, fp-3&EHR
ANTN5D,
Table 2712134 44K ¢ @ Distillable oil & (g ), 20.33 g
(Exp. 40), 12.39g ( Exp. 44) 2N % T carbon balance
(%) #RUT. COMEWEfy -1, fp—2 fp sBLTPE
DEHETH DI D, fp o BHADETKE S, Table
281X TIT - eSO HER 2 7 77 Y a vEBICE L
BlrbDTH D, CORDRBT 5 & AFFERHAORAR
RRFBIN2T Wt $THo 12, TIVHEITHS

=0.145

fD -1 1—

=0.076

fp & fy FRORRSEIEE IS 2L, PESHITEZ N,
IHRIHLT, WEESTHS i SIKEEEREHICRES
SARBREVPEEN TV IEIE S,

d) BCA2C RINMASHTEE % FIV 1o O FR™
BeRC AR EELR O FEE AV CABRHEHR O Coal

derived carbon (CDC) & Bitumen derived carbon (BDC)

B4 S A 2 & 1T k> T Co-processing 2343 5 Z Dk

SRAREE O TENE 2 FFIE L 72
&

PERICEHIIA VE S D 1 liter £ — b7 L— TR
SV Fa—AvEINA, BB, £03 wt %Oz
%, 8.6 MPa D/KFETIET %5, “h% 8T/ mn THE
URIGIREITE L 128, £ ORE NIRRT 5.

BB X # 4 U 72 Vesta J& (100 mesh ) 60g (35.49 —
Carbon ) & Athabasca ¥ F2— % ¥ 125¢ (102.3g —
Carbon ) T Z NITHIE & A2 ATV 5 4 BT
Sheritt Fort Saskatchewan Nickel refining Plant O 2 5 v F
( Fe,05 74.1 wt %, Ni 1900 ppm, Co 358 ppm, Mo
169 ppm ) #fN% 7z 5 FIEO M OIS 2 i U 72,

R

Table 291 RIGFER ZR Uz, T HDFERH» S CDC
757 % g v O maltane ~OBITI LT Zh 5 OMEIE
FEAEEBERI LM, ULPL, BROT AT 7V
FYADBTIZE L TR IO S k& <HFS LI
%l 21, Fe03, FeOyTiO,, B KT, ATy F U
Fe,04/Sn0, % Fe,04/Z00 & O BHRIICHRZT A7 7V
FUREELTND, 2O Fa—AY (+350C) &
Residue Z4< EATVWED - 12D T, EMERTERL
77 Residual carbon (5.8%) W FRRO® 2 —F v JICEET
BLOTHHH, CORKHEEMZS LT —F Y THE
WL < W] s hiz, Table20ic&HHh b b 1> DR
1, BRAEOEEIC > » D 5T distillate WERDZWRIEE
residue WREZ L B-TWVWAI ETH B, FIZ, EHLU
1210 O 1 Fe,0y/Zn0 filifl 2 Fl 0 12 B34, distillatte YU &
17 residue WK & F 72 R AE % R U maltene PRI, W
W, B/MEERUIZETH B,

Table 3017 Fe, 0 fillit % Fl W 72 B O RIGIR B D fE 8 %2 7R
L., RISEE®LEHIC>h T CDC O distillate &
maltene N FFHIC FR U, TAT7NVT vIRER
5T T, WIZ, WAL, residue JUERIFHEIMUL TV 5,
CORBELRONRICEEF 12— A v OHRL 0 ERY
NETHLIERTBRLIELDTHAH, BDC DEHZ
HTHBE, distillate WEIXRIGRED EFRIC >N TKRIE
W FPRELTWAM, maltene &7 A7 7T VIEREITH
ALtz #EIT, 445C D H 1 B maltene IR DB IEE L




PoTz. ZHiE maltene 2 5 distillate ~ DTSRI IZHE
Lz THAHH, UL, residue WEDHEINLHES
iz, ZOMERIECDC EIEE< BT,

SR 13 BDC 2 5 13415°C THID TR iz s,
RIGEEPERTH2ECDCBLUBDC2HAH3—4%

ERRUT.

OREER 0 —260wt. I3 gTHBE, CDCOD

distillate , maltene, asphaltene,
IR Y B, T, ARBENLS

residue ~DOBITIIKIE

—26wt. DTS

#5&, CDC D residue ~DORITIZ3FOHLEEAL 12,
MIEDREH B E, Fe O3 —F > 7t k5
BDC @ residue ~OFEITZFE, HD, BROT A7 7

Table 24 Reservoir uniformity

Bitumen and coal fractions 5B Cppr %
Suncor bitumen -29.22
Stripped bitumen -29.22
Toluene soluble -29.10
Pentane soluble -29.29
Middle distillate 350-524 C -29. 24
524 C distillate -29.19
Highvale coal -25.54
Pvyridine extract -25. 64

TvaNOA B LR BELTHE I EPHEILEZ 52, L
2L, Fe04Zn0 B & U Fey04/Sn0, fif 5 13 BDC O re-
sidue "NDBITEHEAKIE TS, 2T v FlEIIHERD
B U B REEZRIILTVE I EHS -
126
FTED

Zo&HIT, GO (BCAC) AfEFEEL%E RS
52 &ITEk-T, Coprocessing KB BAKRRZRB LUV
Fa— A VRREOBRILE, W, SEEECOVWTS
INETCOFMAEL VFERICA I ENTEL, ZDF
13 Co-processing % # & TIT< ECARA R EHWETH
BEEXED,

Table 26 Measured isotopic correction factor

Product 81 Cepp %o Correction Factor
Bitumen -29.22

D-1 -28.97 -.25

D-2 -28. 80 -.42

D-3 -28.53 -.69

P.E. -28.63 -.59

Table 26 Two stage co-processing of Highvale coal & Suncor bitumen coal 5'° Cppg(1) = -25.54%

bitumen &

® Cppe(1) = -29.22, catalyst: Mo. Cat. /DMDS (2) stage 1

Experiment 50 49 48
Reducing CO/H,0 CO/H,0 CO/H,0
gas (NHy)s (NHy)s
Stagge 1 Mo70s4 Mo7034
DMDS(2) DMDS
Stage 2 H, H, Hy
SHELL 324 SHELL 324
D-1 -28. 69 -28. 63 -28.87
8™ Cppg(l) D-2 -28. 29 -28.31 -28.27
D-3 -27.60 -27.67 -27.81
P.E. -26.02 -26.07 -26.13
Experiment 47 44 40
Reducing CO/H;0 CO/H,0
(NH4)6 H, KeMoO,4
Stage 1 Mo7024 DMDS
DMDS K2CO3
Stage 2 H, H, H,
D-1 -28. 80 -28.83 -28.61
& Cppg(l) D-2 -28. 35 -28.31 -28.49
D-3 -27.73 -27.71 -27.59
P.E. -26.28 -26.03 -26.81
ISC 12C _ 13C 12c
(1) 61 Cppg= 2/ %ﬁ%wégé) JSTD 5100 %,

(2) Dimethyl disulphide

Dimethyl disulfide (*3C/*C)



Table 27 Coal incorporated into distillable liquids

Run number  Carbon in the synthetic oil/coal Carbon
charge (1) (in gm) balance in %
40 20. 33 23
44 12.39 16
47 11. 08 14
48 11.96 14
49 15,40 17
50 14.70 20
(1) In the initial coal charge 38.09 gm of carbon are
present for all experimental runs.
\\
Table 28 Range of coal incorporation into
coprocessed ail
Fraction Carbon balance 1n %
D-1 3-10
D-2 8-14
D-3 20-26
PE. 50-71
Table 29 Effect of Iron Based Catalyst (CDC, BDC'in grams)
Fraction Blank Fey0s Fe;05/Ti0;  Fep0s/Sn0;  Fey03/Zn0 Sludge
CDC BDC | CDC BDC | CDC BDC | CDC BDC | CDC BDC | CDC BDC
Distillate 7.3 52.7 6.7 46.1 6.5 46.1 7.7 6.1 8.8 54.2 7.6 49.6
Maltene 2.4 22.7 4.0 40.8 2.4 43.7 3.2 4,1 2.8 31.8 2.1 41.2
Asphaltene 9.7 9.5 17.6 11.8| 18.7 11.6| 13.5 8.7 12.2 11.31 16.5 10.4
Residue 13.5 5.8 5.7 0.2 6.7 0.1 10.4 1.8} 10.5 2.2 7.6 0.8
Gas 2.1 4.4 1.5 4.3 1.3 4.3 1.2 4.3 1.6 4.3 1.0 4.3
% Yield 98.9 98.1]100.3 100.9| 100.6 103.4| 101.7 102.6| 101.4 101.5| 98.3 103.9

Feeds:60 g of coal(35.4g carbon), 125g of bitumen(102.3g carbon)
From GC analysis
Based on carbon in the feed

Table 30 Effect of Temperature(BDC*and CDC in grams)

(415C) (430C) (445C)

CDC BDC | CDC BDC | CDC BDC
Distillate 5.9 37.5| 6.7 46.1| 11.1 60.4
Maltene 2.5 52.2| 4.0 40.8| 3.5 18.9
Asphaltene 11.7 13.7| 17.6 11.8| 13.8 10.8
Residue 12.8 0.1 57 02| 7.2 21
Gas** .- 3.6 1.5 4.3 3.0 3.9
% Yield*** 90.3 104.5]100.3 100.9|102.4 92.0

* Feeds : 60g of coal (35. 4g carbon), 126g of bitumen
(103. 1g carbon), 3 wt% Fe;0;(based on daf coal wt.)

* *

From GC analysis
% % %k

2—2) BEAENL—Y—ERVEAROKRERICHER
AR ARMOAFELICEARZBOAPHRIGBECS
B2 oS, FAROKECRIGEBOTITICEKRZ
72013 Kershaw®® ' DZId T EEDN TV A, 513,
He — Hy, B & O He — D, iR& /A % AL T New Wakefield
Colliery ¢ % SnCl, i it O7F#E F, 25 MPa, 450C, 1 h
RIS s ¢ TBs iz RERY, Bicx 5 v FAHhO DH
HEFE~iEE, CH, (13%), CHD (21%), CHyD,
(37%), CHD, (22%) BELUCDy (7 %) ZHTN %,
Blxd, COBBEGRPICAERSE (>CL) BT7%
HIELT WV, End k30, 2hEnoMidmRP O

Based on feed carbon

BEORFFEOFAENSITRERLT WS, &F25 &M
Tx LD, D, Schweighardt® 12 SYNTHOL %> & D
02 M O K FL D MRERIR O *H — NMR 2347 D
BOEREBESRYINVEFODH EZWTNORIITBNT
H1—2TH- e, FEFERBD TEZOEIZIERIT/N
<, TP, 0.2—0.6[BEF Lo 72, F 12, Franz®?)
WEKRZF A>T, 1.1- tetralin - dy I & 5K
% T TKBILRICHEEEMET L TV 5,

2D EHIT, kFE-EARSTRRS R G RO KB LRIS
IR ATSEEREBNICT b, BESEREZHT T
5,



2—2—1) EXAFH L BTRRIED

A - A M) THESR (Liddel ) O&EK
AN LDRGHERE T ED T,
xER

& EEIA (1 :3) 0OFRETFRIYVEL
liter DA — » 27 L—FTICHEL CNEFICEVHEKDE. 9
Mpa @ H, / D, 84 4 AWV EFHS T ¢400, 450C DRIGE
BETO0—4 s MAL, RIGERSZE 7007 + VAT
HHEUTRERORIGER2 7007 + VARBSTEL, #
DARE % residue & U1z, 7007 4 )V ARESD % BT
T, 100CRkBVTr/OO 7+ VAE8ELRE, ~FF
VEMAZORBHET ATy VT V&L, JBEHEANF
FYHBSE Uz,

D 1 D13 AKFRL kaolinite *) ¢, Zhp HDFHRA
DREBITERDLOIHRHE L2 DT, 50mA— 7
L— 7, 400C CEKRLET S L&, 50%D OH HWE
KFELENIZZERZFTIRICE > THEL DT, Th7%BIK

RITFTY VBERITMATRERITER 7, D
1> 1 21k Ni/ Mo fififit ( Cyanamild HDS-3A ) ©& %,

EIS AVt

B (80mg) AR ABTHS T CRES € TkEE
B, COREMELEE In LTH, LU D, KBTT
Bo BONIREN A% NEREESHEHICTm /e 3K
W, H/DEEEEL,

FTIR WU AR 7 b v4ydrk

BT 1T 1E Nicolet MX-IE, FTIR % W\ 1z, +9IC80E L
72 2 mg DK} &£ 500C TF MBS L 72 Cl, 450mg & % /34
Tr—HINORT2HHBEET 5, FD200+ 1ng#%
BEZE13mDFERRAETH - T 9 ton T 1 S RAMMERT S
B, ZOEERIEZDIEIICEY PL, 5B N /—-V L,
SRR 2 en T THA0EEE L T ANRY PV EB, Boh
t2¥— 2 DFEE Table 31 (a) WKHEU T,

Table 31(a) Assignment for the |I;{ spectrum of coal (Roma, 1956 ; Durie et al., 1966 ; Farmer, 1974 ;

Painter et al., 1981

Wave number (cm™) Assignment Assignment in Fig, 40
3735 Kaolinite O—H stretch 1
3610 Kaolinite O—H stretch 1
3300 Organic O—H stretch 2
3030 Aryl C—H stretch 3
2950-2850 Aliphatic C—H stretch 4
1600 Aryl ring C—C stretch, highly conjugated C=0 5
1490-1375 Aryl ring stretch CH,;CH, band 6
1375 CHj groups 7
1300-1100 C—0 stretch O—H bend in phenoxy structures, ethers 8
900-700 Aryl ring C—H out of plane bending modes 9
BC-NMR D5 #fr YET T4 —OEFRIEONTEEFERNICERLTY

E770 Y3 v OROEKRRDHEKD B iz D BC-
NMR A7 M VORIEICEL T, #FMAE L TO.03 M-
Chromium acetylaceton % iz, 7SV AEHEE% 5F#IC L T
BIE % AT 120 583 RO EKESH ORI 1EEEK BC-
NMR ZzfH Wiz, ChHDTF—FICETSNVTHy, Ha
Hg, Hy, Da, D BEU Dy, 25K0 72, #DOREIC
ER U 7 R % Table 31IT/R U 77,

BR

EMER TOEKETH

Fig. 38ICRIGHE R #Z/R L, Fig 391213 residue D EK
FEARERUIZ, RIERCHENERIZIET) T4 —OF
WEIATIREEAERL L 250, BXREERL

B CORDREKRBZORZBMNBEBAMDILOITET T
23 VO FTIR A7 MUVZERAIEL T,

FTIR 5347

Figs. 40&411213400°C B & 0M425°C WL 18 17 residue @
FTIR A7 M VEIRU Iz, KRS H2HFERTEI N
Tl/SY BZ7RL, Table3l (a) icFnsrTEni,
Figs. 42 & 4312132800 — 2000cm ™ HH DL A A N7 V%R
LTz TORFT, 2200em HEO B C — D RS
&2 T, 2270 HIEDRIZFEERD C — D {#
HEURED, 2150cm ™ T O WA BERE 1R O (S IR B 12 /R B
ENB, INLDRERE, ARPOFBEES & OEIED
C—HI/NWN—TB3HICH-—DXMAETAIEERRT S
LEDTH5b,



Table 31 Assignment of NMR signals

Chemical shift(ppm
from teramethylsilane)

Symbol Assignment

Proton 6.2-9.2 Ha, Aromatics
1.7-4.4 He 0—CH;
@ ‘CH3
«a ‘CHZ
B -CH; tetralins
B-CH; indanes
1.0-1.7 Hs B-CH;
Remote CH,
B-CH;
<1.0 Hy Remote CHjz
Deuterium  6.2-9.2 Da: Aromatics _
1.7-6.2 De Deuterated analogues of H. assignments
<1.7 Dg Deuterated analogues of H. and Hy assignments
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Fig. 38 Change in conversion and yield of liquid
products with hydrogenation time (® conversion
400 'C, O conversion 425°C, ® yield of liquid
products 400°C, @ yield of Iquid products 425°C).

20 o

Deuterium {atom %)
=
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0 I A 1 ! | I i J
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39 Change in atom 9% deuterium content of residues
with hydrogenation time (® 400°C, O 4256°C).

Fig.

Fig. 40 FTIR spectra of selected residues-full wave-
length range, 400 'C series: (a) starting coal, for assi-
gnments 1-9 see Table 31 (a); (b) residue after 1 hr
reaction time at 400 C; (c) residue after 2 hr reaction
time at 400 C; (d) residue after 3 hr reaction time at
400°C; (e) residue after 4 hr reaction time at 400°C.

H— D I 3 Iy DFE

FTIR 534 D &8 T H 5 residue 13£950% 4° > D 1
WMEEEBEYME S bKk-> T 5,

Fig. 42- 4312 R 5N 527155 2671em ™ ' ORYUL K S HIC
EZEFENTWVA kaolinite ® O — D T % 5 & & 13 Farmer
OPFFEITIMA T, = I THo 7z EkEAL kaolitite
DAY b, Fig 4405 6W\ oD TH b, ZOEKE
1t kaolinite & Bk F 121 3BKR— 7~ 7 v R THD &2
BRIEE T 12, ZOEER% Figs. 454612/ L2, 0T
N OIEE H2700em ™D kaolinte D OD H DWLEF 13 KIE



(a)

(c)

(d)

L
44Q0 3200 2000 1400 800 200
Wavenumber
Fig. 41 FTIR spectra of selected residues-full wave-
length range, 425C series: (a) residue after heat-up

i

time only: (b) residue after 1 hr reaction time at 425T:

(c) residue after 2 hr reaction time at 425C: (d)
residue after 4 hr reaction time at 425 C
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Coal S

o M
1hr M
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1 1
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Fig. 42 Expanded FTIR spectra of residues in the

range 2800—1900 1900 cm™', 400 C series (baseline
straightened by Nicolet software).
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Fig. 43 Expanded FTIR spectra of residues in the
range 2800—1900 cm™'. 425°C series (base straight-
ened by Nicolet software).

N5 TN U
FRPORSOEHE LT, Pyrite ilHHNBH LD I
TR WAL O B Y, — A O BKR LA E

¥, 3512, AROBEESLES AEA®ENHES
NTW3, 2hITFLT, ITEIERE, Ko0HL

WIEFR & LT, KELRIGIZE T 5KEOHERNE 2 RE
THLDEHE LTS,

H — D ZHRIG

ik & BAELHRRIG #400°C £425C TITWVWZ OFER %
Fig. 4712% &7z, MBI RIGOEBERITKEE TN
TEDFHBICFEITE L TV D, Ha [EIZ400CIT £ 10425T
TREIPEP 2Tz, ORBRIEERYPOFEBRD I
W0COBELVLPBVBEVIEERRTEEDTH 5,
U U, Da/ Hy H13400C DB A 0.6 TH - 12 DTN
LT, 425CDBATIEHNL0ERZY, ZOBREMEULT
AV IAN

Fig. 481213400C T RARETFFTOT 7 ) v OEK
BOBRERUI, ¢ LOEKEDIEIUSHERT DR
WBEHITKEL L1208, BANDEAZRDSFIIHIT/NEL
Bot, ORI, Heredy 5010 ko CEEICIER 2
TV ET, EMEROBHNSERTH 5B,

Fig. 403 REERPFOEA F Vv HHERLIZ, 2O
K DHIZ 13 Ni / Mo EfFE T O 7 — 8 & TRBERIG
Eﬁ%ﬁﬁbm%ﬁﬁfT?@EK§§&$M%bcto

Fig. 501213, RIGRHP DO D, DEN L ZE(LS €235
DAL HDEKRENAERUIZ, RIGRFD Dzﬂ?ﬁ%



EONEEDBIEEA Y VHOERZEFAIIEL 2 o7,
¥z, BAY VREXARCAROBSBICL > THERT
DT, 2NT, A ¥ Y OEBBEETH . NIk -
TAY v DEKESTHROT IV 7HBRELUTD, & CHy &
EA— 7 L—TICEBALTLO0CTRIBL 2HS, BEXY
V3L ER Lot i, faik, Hy, 77UV
BEE&RIZCD, #MA T H KRG CDy & CHy ZREH U 7272
FTENLSNDEDEARIEA T v BZELBHTELh -
fr. COFERIE, CHyBEL T, EAERBRNIGES
BT AMBBEEA LN EITNAT, AROT I HIVEIE
KHEE<EELEVIEEZRBLTNVSE, BEOL®
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Fig. 44 FTIR spectra of kaolinites: (a)

deutrated kaolinite (b) natural kaolinite.
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Fig. 45 FTIR spectrum of product fomed by
reaction of deuterated kaolinite with deminera-—
lized coal at 400T
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Table 32 Relative abundance of inos in mass spectra of deuteromethanes

Relative abundance
Mass/charge 1on 20 19 17 16 15 14 13
CD4 100 — — 9.1 -— — —
CD:H 100 42.5 3.0 — - -
CD.H, 100 60.7 28.5 7.9 — —
CDH;3 100 70.3 33.2 5.4 -
CH, 100 70.8 7.3 2.5
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Fig. 51 Effect of time on yield of products from
deuteration of Liddell coal at 400 C, 6.9 MPa cold
charge pressure ( ® = initial pressure 3.45 MPa Ds.

A = initial pressure 6.9 MPa Ho; # = initial
pressure 6.9 MPa D»).
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Fig. 52 Analytical data for products from deuteration of Liddell coal at
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Table 33 Radical scheme

CeHsCH2SCeHs+ CsHs CHp +SCls 2)
CeHsCHy+ T-dyz+ CeHsCHs+1-T-dny 3)
CeHsS+T~d12+ CeHsSH+1-T-dyy 4)
1-T~dy1 + CeHsCH,CeHs + CeHs CHC4Hs -+ T-dy 5)
CeHsCHCGHs+T-d12+1-T-di1 + CeHsCHDCeHs ~ 6)

TdHbH &M BB T Thicether DIKFEBENEME L T531C
PR XN D, Table 34iT13400CIKBF AT M7 ) ¥ —dy,
& DPM & OKERBIZ R IT T SERBFL A OENLZ £
EWtz, T @A T3 Diphenyl sulfide 258 & & WK% R
U, Benzyl fii® H — D ZRHRISHRITITITPHEBITEL 72,
T D & ITFEE thiol 3FEHICE WV H — D R 2R
TOI LT, RERSIE thiol 2 H,S 13T T A O EME % R
UTze SRHD I EDBFERE thiyl 79 HNVDFERZ{E
T A Benzyl f70 H — D ZHUZH U CER b T
BHEfEmanks,

King 5 13*® Benzyl 1@ H — D K IG #{ET(LEY
R AZRODBLET L2 RHLTNWS, T-35101,
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Fig. 54 NMR spectra of hexane insolubles from

the deuteration of Liddell coal at 400 C, 6.9 MPa
cold charge pressure.
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&5 Table 36 DFER D HHHLDTH 5,

b0z & o BHEFE(LA Y Benzlyic LD H — D
Ty, RACKZEDOSE, FROFBGICERTERT S C
ERTRBRTEHHEDTH 5,
SERLHDORHRE

Table 37127 k5 Y ¥ — dyp @ DPM @ Benzyl LK B
K OFBEERKEANDEER B LY ORISR U
2o Bifbsk, Btz oo (371), CrS;, BXURILE
YT7FY (47), MoS, XiF&EAEERERI LN -1,
L L, B{LEY 77FY (67), MoS; &hifby v 7 A7
v (47T, WS, HhWIhbBOEEEZRLUIZ, Ihi
Mo (67) WRIGHFIZMo (47F) &SKKHML, ZDS
BECMEICERT 2 L oFEEPRRT S EE2 0T
5, I EELLL KK Pyrite & Pyrrhotite & DVEMEFS
IR T30, CoBs, RRELSE
B tHOFEET CELN S & HS DERROAERE &
BoTWADTHADH, Table38ITIEDPM &F bJ v
—dyp EOH— DRI BT B WS ERifbgks Ot
FREEVERIC DO W T E & 0T, < ORRIEEE OHAEEIER
EHL IR HND, (-7, IRAFFORECHTILH
ISR L2 VKL EI N2 ETH 2 &I k- CTREE
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Metal-sulfide + Ar-OH = Ar-SH + Metal-oxide

Table 3942157 ~ 7Y ¥ — dyp, & DPM & DKFERTHN
[ %3 % Phenol & H,S & OHFHRICE T 2R %
FUTre COHBEDHRIIHS KRH->TNaS, iI&k->Th

blzb3NblEbEP DI,
DEOREREE &5 &,

1) Thiol 2E% 2 & DT & AF{t#iE H — D SIS,

RALIK SR D55 1,
T& 5%,

Illinois JR DERAL % (BT 5 Z &8

2) H,S iE Phenol 3 & )i L TIEME 72 Thiol 24E5 & &
IZ & THRIERIGICE S 5 e RR L TL %,

3) RATORESKIGFIZET I T HS 219,
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NERE EDPBACRISICER 27 ) — TV H IVERE

fed, tVSHMEEREZL 5T,

Table 34 The influence of organic sulfur compounds on the deuter-
ium-hydrogen exchange reaction between tetralin-d;;and
diphenylmethane at 400C. ®

Additive Deuterium content of the
Time(min) 1-position of diphenylmethane(%)
None 30 15
(Phenylmethyl)- 4 59
thio benzene
Diphenyldisulfide 2 66
Benzenthiol 5 51
1-Naphthalenethiol 5 58
30 73
Benzenemethanethiol 30 55
10 68
1-Butanethiol 30 37
Hydrogen sulfide® 30 28

Table 35 The influence of certain organic sulfur compounds on

the rate of dec
tralin at 400C.?

Qmposition of 1, 3-diphenylpropane in te

Additive Time Decomposition Product  Distribution
(min) (%) Toluene  Ethylbenzene
None 30 25 77 23
Illinois No. 6 30 43 58 42
coal (51 mg)®
(Phenylmethyl)- | 30 77 73 27
thio benzene
Thiophenol 30 80 78 22

a 1, 3-Diphenylpropane (0.758 mmole), tetralin (0.757 mmole), and
the additive (0.09 mmole) were used in each reaction in a glass

vessel.

C.H.S* + C_H.CH ,CH,CH,C_H

65 65

22265—0—CHSH*—CHCHCHCHZCE)H5 1)

65 65 2

C,H_CHCH.CH.C H, + C H_CH=CH. + C,H_CH. -

65 2772

65 6

5

2 652 2)

Table 36 The influence of sulfur compounds on the reaction of
Tllincis No. 6 coal with tetralin. ?

Reaction Conditions Solubility(%)
Additive Time Time Pyridine  Toluene Hexane
(t) (min)
None 400 4 58 24 15
(Phenylmethyl)- 400 4 88 13 10
thio benzene
Thiophenol 400 4 87 18 13

a Illinois No. 6 coal (0.76g), tetralin (1.57g) and the additive
(1.35 mmole) were reacted in a 4.6 ml stainless steel reactor.




Table 37 The influence of metal sulfides on the hydrogen-deuterium exchange
reaction between diphenylmethane and tetralin-di» at 400°C. %

Metal sulfide. Deuterium content (%)
Diphenylmethane Tetralin

Ar 1- Ar 1- 2~
None 0 15 91 91 91
Pyrite, FeS, 0 13 93 89 92
Iron (II) sulfide, FeS 0 16 93 90 90
Pyrrhotite, Fe;-xS 0 18 92 92 92
Bornite, CusFeS, 0 17 93 92 91
Sphalerite, ZnFeS 0 18 92 92 92
Chromium {II) sulfide, Cr;Ss 0 15 91 93 93
Molybdeum(IV) sulfide, MoS; 2 12 90 93 92
Molybdeum(V[) sulfide, MoS3 41 32 54 71 72
Tungsten (IV) sulfide, WS, 14 13 60 92 90

a Diphenylmethane (0.37 mmole), tetralin-diz (0.377 mmole), and the potential catalyst
(0.045 mmole) were reacted in a glass vessel for 30 min, The
initial deuterinm content of the tetralin was 94% Ar-d, 95% 1-d, and 92% 2-d.

Table 38 The influence of hydrogen sulfide-metal
sulfide catalysts on the exchange reaction
betwee)n diphenylmethane and tetralin—-di» at

400C. 2
Deuterium content at the

Catalyst 1 position of diphenylmethane (%)
None 15
Hydrogen sulfide 25

With pyrite 30

With pyrrhotite 32

With molybdenum( IV) sulfide 24

a Diphenylmethane(0.376 mmole), tetralin-d  (0.377 mmole) and the
catalysts (0.02 mmole of each compound) were reacted for 30min.
The exchange occurred selectively at the 56 position of tetralin.

Table 39 The influence of hydrogen suifide-phenol
cocatalysts on the hydrogen-deuterium
exchange reaction of diphenylmethane and

tetralin—d;2 at 400°C.

Catalyst

Deuterium content at the

1 position of diphenylmethane (%)

None

Hydrogen sulfide alone
With phenol
With 1-naphthol
With 9-phenanthrol

15
25
25
30
30
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Fig. 59 Deuterium distribution in the pentane-soluble
materials (oils) from the liquefaction of Powhatan
coal in ds-tetralin. (a) 350; (b) 400; (c) 450 C
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Fig. 60 Deuterium distribution in pentane-soiuble
materials (oils) from the liquefaction of Powhatan
coal in diz-tetralin. (a) 400; (b) 460°C. O, a to
aromatics; @, aromatic; [J, 8 to aromatics; A, 7 to
aromatics; A, heteroaromatics
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Fig. 61 Deuterium distribution in the toluene-solubie
materials (oils plus asphaltenes) from the liquefaction
of Powhatan coal in ds-tetrafin. (a) 350 °C; (b) 400;
(c) 450°C
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Fig. 62 Deuterium distribution in the toluene-soluble
materials (oil plus asphaltenes) from the liquefaction
of Powhatan coal in dsp~tetralin. (a) 400; (b) 450 C.
O, @ to aromatics; @, aromatic; O, 8 to aromatics;
A, Y to aromatics; A, heteroaromatics
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Table 40 Effect of aromatic compounds on conversion of
tetralin to naphthalene®

% Naphthalene % 1-Methylindan
Aromatic compound N, D, (D, atmosphere)
Dibenzyl 15.3 13.2 12.1
15.7°  14.2°
Dibenzyl+LTA 17.7 23.1 11.5
Dibenzyl +Pyr. -insol. | 13.9 15.3 10.9
: 13.9°  10.4°
Biphenyl 8.5 6.3
Naphthalene 6.1¢ 3. 3¢
Phenanthrene 9.4 5.8
Pyrene 6.9 5.0
Pyrene+Pyr. -insol. 8.8 6.6
Chrysene 6.3 4.9

a 70 wt % tetralin, 10% dibenzyl, 30% aromatic material.
Unless otherwise specified, experiments carried out
under Ny and D, utilized djz-and hjs-tetralin,
respectively. So the experiments involved also 5 wt %
low-temperature ash (LTA)

Pyr. ~insol. ).

and pyridine-insolubles

The % naphthalene is the ratio of the amount of
naphthalene to the total of the amounts of tetralin,
naphthalene, butyl benzene, and 1-methylindan in the

product mixture.

Reaction conditions : 450 C, 60 min, 3.45 MPa gas
b his-tetralin used instead of diz

H, atmosphere

0

Amount in excess of that originally present

Table 41 Deuterium incorporation expressed as per
cent deuterium in total hydrogen?®
Dibenzyl Aromatic compound

Aromatic compound N, D, Nz Ds
Biphenyl 17.7 1.5 1.8 1.4
Naphthalene 4.6 5.9 4.0
Phenanthrene 13.1 5.1 10.3 29.5
Pyrene 12.2 3.5 23.5 52. 8
Pyrene+Pyr. -insol. 12.9 1.7 23.4 30.6
Chrysene 2.4 16.0 16.4

a Conditions same as those

c) BBTHLEMOE™
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Table 42 The exchange reaction between llionois No. 6
coal and tetralin-d;, at 400 C?

Deuterium content(%D)
Reaction  Naphthalene Tetralin Naphthatene
time (min) (mmol %) Ar a B 1 7
0 0 92> 89" 91 —  —
4 0 91 81 88 - -
8 4 91 75 88 - =
15 8 92 66 85 —¢  =¢
30 12 90 69 87 77 83
60 17 90 67 86 78 83
120 18 90 70 87 78 83

a Coal (100 mg) and tetralin-di» (1.36mmol) were

reacted in a glass tube

b The composition of the tetralin prior to heating the

reaction mixture to 400 C

¢ The quantity of naphthalene produced was insufficient
for an accurate analysis of the deuterium content



Table 43 The exchange reaction between lllinois
No.6 coal and naphthalene-dg at 400°C?

Reaction time Deuterium content (%D)
(min) 1
0 95 95
4 91 94
8 89 93
15 85 93
30 82 92
60 81 92

a Coal (100 mg) and naphthalene-ds (1.48 mmo]) were

reacted in a glass tube

Table 44 The reversibility of the exchange reaction at 400C?

Reaction Coal Reagents Deulerium content (%D)
Experiment time product  Tetralin Naphthalene Tetralin Naphthalene

(min) (g) (mmole) (mmole Ar a T 2
AP 20 0.124 1.42 - 0 16 5 — -
B¢ 20 0.126 1.50 - 0 10 0 — —
ct 60 0.122 - 1.44 - - - 15 3
D¢ 60 0.121 — 1. 44 - — - 10 3

a The reactions were carried out in glass tubes

b The hexane-insoluble product from the reaction of coal and tetralin-d;» at 400 C

for 15 min was used

¢ The hexane-insoluble product from the reaction of coal and naphthalene-dg at 400C

for 60 min was used

b) EHeHE & OIS

Iilinois RKIL LR HIEETN TV BLEYDOHF T
Benzyl ZZH§ 5 & O # EHELEMITREL, ThHD
baeEF ) v —dp EOH— D T|RIGERITNE
D#EF % Table 451278 L 72, 1 -Phenylpropane 1213 4 F D
KENH B, % DHT Benzyl KT D #» HSBEFHYITSH
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¥ — 3463 Kj / mole, Benzyl C — H 13342, % 2 fk#
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HRET AN —DREIICHULFERIZZ S TN S,
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Table 45 The exchange reactions of representative
hydrocarbons with tetralin-d;» at 400°C?

Deuterium content at

Reaction the benzylic position
time of the recovered
(h) Compound compound (%D)"

1 1-Phenylpropane 10

4 1-Phenylpropane 23

2 1,4-Diphenylbutane® 18

10 Toluene 8

4 1-Methylnaphthalene 15

1 Diphenylmethane 28

2 Diphenylmethane 33

4 Diphenylmethane 40

8 Diphenylmethane 47

1 1,2-Diphenylethane 12

1 9,10-Dihydrophenanthrene 3

1 9,10-Dihydroanthracene 27

1 5,12-Dihydrotetracene 43

a The compound (0.758 mmol) and tetralin-d;;(0. 758 mmol) were

reacted 1n a glass tube

b Only a small quantity of deuterium was introduced into the
other positions of these molecules under these experimental

conditions

¢ Approx. 5% of 1,4-diphenylbutane depcomposed in 2 h

Table 46 The influence of Illinois No. 6 coal and coal
products on the exchange reaction of tetralin-d;, .
with 1-phenylpropane and diphenyimethance at 400°C?

Reac- Deuteri};nn cmfntent
- tion at the benzylic posi-
Conpound Additive time tion of the recovered
(h) compound(%D)®
1-Phenyl-
propane Nomne 2 15
1-Phenyl- lllinois No. 6 coal,
propane 25mg 2 32
Diphenyl-
methane None 1 28
Diphenyl- 1llinois No. 6 coal,
methane 25mg 1 43
Diphenyl- Asphaltene, pre-
methane® asphaltene
fraction 1 44
Diphenyl- Pyridine-insoluble
methane residue 1 27

a The compound (0.377 mmol) and tetralin-d;5(0. 376 mmol) were reacted

in a glass-tube

b Only a small quantity of deuterium was introduced into the other
positions of 1-phenylpropane or diphenylmethane

¢ The combined asphaltene and preasphaltene fraction (23mg) produced
from the reaction of an equantity of this coal with tetralin at 400C for

30 min was added

d The pyridine-insoluble fraction (3mg) produced from the reaction
of an equivalent quantity of this coal with tetralin at 400°C for

30 min was added



Table 47 The influence of representative compounds on the exchange reaction of diphenylmethane and
tetralin-d;, at 400°C*

Deuterium content at the
Compound added benzylic position of Comment on the fate of the additive
diphenylmethane (%D)

None 28
The Ce¢HsCH,XCgeHs derivatives
1, 2-Diphenylethane (=CH,) 26 36% decomposed to toluene in 24 h°
Benzyl phenyl ether (X=0) 39 Completely decomposed
Benzyl phenyl sulphide (X=38)¢ 65 Completely decomposed to toluene and
thiophenol
N-Benzylaniline (X=N) 38 70% decomposed to toluene and aniline
A hydrocarbon radical
BDP in benzene 52 Completely decomposed to toluene and fluorene
Oxygen-containing compounds
2, 3-Benzofuran 30 Stable
Dibenzofuran 27 Stable
1, 4-Benzoquinone 30 Completely reduced to hydroquinone
1,4-Naphthoquinone 36 Completely reduced to 1, 4-dihydroxynaphthalene
(98%) and 1-naphthol (2%) in 5 min®
9,10-Anthraquinone 52 93% reduced to anthrone (40%), anthracene

{31%), 9,10- dihydroanthracene (9%), and
1,2, 3, 4-tetrahydroanthracene (13%)

Acetophenone 26 Stable
Benzophenone 31 17% reduced to diphenylmethane in 90 min'
Anthrone 41 Completely converted to anthracene (53%),

9, 10-dihydroanthracene (13%), 1,2,3,4-
tetrahydroanthracene (20%), and 9,10-
anthraquinone (13%)

Phenols and carboxylic acids

Phenol 25 Stable
Hydroquinone 24 Stable
0-Cresol 25 Stable
1-Naphthol 27 Stable
2-Naphthol 26 Stable
2-Hydroxypyridine 27 Partly converted to intractable solid
3-Hydroxypyridine 24 Partly converted to intractable solid
Benzonic acid 28 23% decomposed to benzene and carbon dioxide
in 2 h at 427C
1-Naphthoic acid 24 Slightly decomposed
Basic compounds
Quinoline 28 Stable
6-Methylquinoline 29 Stable
Aniline 28 Stable
Cyclohexylamine 25 Stable
Di-straight-chain butylamine 23 Stable
Piperidine 15 Stable
Hydrocarbons
E-Stilbene 36 36% reduced to 1,2-diphenylethane
Indene 41 Completely reduced to indan
Tetracene 43 Completely reduced to 5,12-dihydrotetracene
Anthracene 33 18% reduced to 9,10-dihydroanthracene (6%)
and 1,2, 3, 4-tetrahydroanthracene (12%)
9, 10-Dihydroanthracene 29 19% disproportionated to anthracene and
1,2, 3, 4-tetrahydroanthracene
Pyrene 28 Stable
Phenanthrene 27 Stable
Fluorene 26 Stable
Other heterocycles
Indole 24 Stable
Carbazole 23 Stable
Acridine 51 70% reduced to 9, 10-dihydroacridine (42%)
and 1,2, 3, 4-tetrahydroacridine (28%)
2, 3-Benzothiophene 28 Stable
Dibenzothiophene 30 Stable

a The deuterium exchange experiments were performed with diphenylmethane (0.377 mmol), tetralin-di,
(0. 376 mmol), and the additive (0.045 mmol) in a glass tube for 60 min. The additives were
?tudied unc%er the same conditions (except as noted) using tetralin (0. 376 mmol) and the additive

0.045 nm
b Exchange of the aromatic hydrogen atoms is very slow in all cases '
¢ Only 10 min were necessary for virtually complete exchange of the benzylic hydrogen atoms



DIHTHBH, CHIZFLT, 9,10-T7 v bTF /) vns
EEZRT OR, TMRSEE2B>7 v bay, 7ok
7Y, 9, 10-Y e Ru7y bIEVIZEILIND 2D
THhHod, TEEWHLMIT U, INVEZ LAY S =5
ZART A, llinois RADEHRBIBD TMBETH S 120
TOHFGIEHERTES, TUVT v R SBEEE AW L S
HTHb, NDE, 5, MEBOT Vo v BERHAIE 72 -
TT7b5)v—dy EDPM EOKMKIG 2B T 5, #
DTNV vEEE0.5wt. % THATH B,

BED &>, ARBICRISICERICERT 5 &E 2 5
NDTYHNVIEEH — DS & > TR L 77,

2—3) ARBEERIBICETZ 7Y —5T LD $E
19764, Curran 5 XS G RBILRIGO#RES LT,
BOVICER U2 T T HNH R —BlD 5KkERT 80
TERENLRTHIIVANVEEERDICRELL, 201,
Wisen®” %> Neavel®® ) 5 127k F - — K # I3 L T4 H
WES>TW5A,
CCTERRBRICRIEREIZ T U h Vg2 BT %

Bh, FENEETHS C— CHADBMIZHT 5k
TADERE, BLY, ESRICE->THIELIZS VA IVE
B EHALRISTEY & OBIRIC DWW TR B,

2—3—1) C— CHADMESE - HBARNZE

FRPICHERIN TV S EEOLAYORTEED C
— CHGEF LAY Z ETIVIEENE LT T UV HIVEE
WIZB T BKBHADREOEHER A7,
¥ B

& &20em, W%13m (W/E 3mm), AARKLOND X T v
VABLF 2 - TRIRIGEZ RO TRIG 2T - 17, RIS&EH
BOXERBBIZOWENTATA =V TEZEL ABEOK
B TR URBRET - 2P TFICEIIE D b e - 7,
o T, EBRETNTAT Y L ARBETIT- 12,

BIGICBRUT, EHEER20.5—1.0g, NF—iEHsL
TT NIV ZMATH 5RERFTIEU 2, RISE % TS
BRINEFICE S, S9120m0 L TRES 2 LaNS 1
DHETHOCETHFRB S ® 12, RIGIZ450T, 305 & L,
305FBEE, RISMZEBUTRIGERT €1,

Table 481213 Z TRHW/IZET I LEY & £ & NN
TANF-LBRUL, BETANVEF-QHEICELT
Benson 5™ O#E{LEE SV — FEE Glden 5™ DHIELE
IANF—HEZREL I,

% &

a) 2o

Table 481Z7R U 72 FIALSHEIEIA N C — C LD
ML A VvX—2H->TW3, #DF T Bibenzyl O jREET

Table 48 Model coal structures

Bond strength
Structure k]/mol
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O ¢t 350
Jy CH. -CH~() 235

CHy-CH, ’1o

FIF—FIER IR E VD, ARRILRIGEET it
77 C— CEGO\BEIFcaLn, T3 v 477
T, 450C, 10MPa OKFRFBRAK T CIO/EMRIGS®TH
BEAEERMIRONED 5T, THITIROV TR 73 iR
LAWK %20 DPM €, B URISEE T UL
THRIERIEL L BLUTTE-T. ThoDT EDH, AHR
BALRIGITB W TRIIZEZ T 5 C — C#A 1 DPM &
VFWHEEER S IHLEMICRONE 2 & D05,

b) Biphenyl —7 + 7 V) ¥ —KFRDOKIEG

Biphenyl @ B #& X BT VHEETH 5 129H450C T
3057, BIZ, BSOS A120 T Table 491ZR U712 & D /s
DM RS A1z, ORI SkERE L 1T
o L BRRORRTH B0, TEBYIE VI &R
F v X v ( trans-diphenylethylene ) T, < h 5 13 Benzyl
TV BN BKEEFFIRNTEENLN L ERER LS
DTHHIEFHBTH D, MMOEEY I Benzyl 5V 7
VOERILEEHDT, RIGREZ470CIK LT 2 & &
RILEIREIZI6 % I ER U, C ORSER % RRIKILIRRS
KMIEE € THB &, RRREETOEE OKENFT| &b
NTTIABEELL, BitHEFy - 2ERT B
EIHETT L,

ZAUTH U THNPRBREREE LT T b5 Y E1dkEN
A% HAF S U U TRIG# T - 12 DFEH % Table 50
WKRUT, COBEOEERPIE M LVIY T, AF LAY
Ba<ERULM»o1z, £12, Bibenzyl O RKISEIZ4T%
IET U725, KEEZILIMPa iZ L5 & RIGEIE58%
KERU, PV VIELENL, a5, Rv¥yz
FIUNRYCINELEE L 12, Table5005 %, 7 b3 v
DHBHIFT BRI BT —HEIC & - TET U RIGESR
TH B, ZDHE, Bibenzyl BESHEIC kT BEEE %
UTBenzyl 7V ANWAEDLY, CDITIANNT T Y
YR OKFREFEHR T PV LR s TRE L, &
BLDIENTED, UL, RVELVRIFANYEY
DERICE e A ELZTMIEZ 530, a BEIZIE
97 kcal/mole D FEBET ANV F—WRBETH Bz 6 2 D&M
TIREBEASEIVELZV, -7, FF—#EosEs



Table 49 Pyrolysis of dibenzyl at 450 ‘C, 30 min

Products wt %
Benzene 0.9
Toluene 30.5
Ethylbenzene 0.7
Phenanthrene 3.4
Stilbene 28.4
Dibenzyl : 30.9
Tribenzyl 0.2
Other heavy cmpds. (>Cyy) 3.1

Table 50 Pyrolysis of dibenzyl at 450 C, 30 min
with tetralin and molecular hydrogen

Feed (mmol)
Dibenzyl 2.8 2.8
Tetralin 3.8 3.8
Hydrogen — 70
Products, ex. sol.(wt %)
Benzene 0.1 7.1
Toluene 43.1 41.5
Ethylbenzene 0.9 8.2
Dibenzyl 52.6 42.2

B 13 Bibenzyl @ 8 BRZL <, RIGHEE 1L Bibenzyl IRE D 1
WIcHB T 5 ETFREINS,

IR U TKBHTAPEFET HRTRIRKBOR VLY
EIFNVRYEYHBERLTVD, ZORBRIE N —FE
TEBATE LV, Fig 631X F b v EKRFEE P
19 % 5 T D Bibenzyl D KR 2R L Tze 7,
Bibenzyl 135824 L T Benzyl 7 Y A NIZE 0, ZhHBT b
SY Y HAERFEHVT PNVIVIZE > TRENLRT
B, 1 —3) IRLIZEDIT, THIU YIRS HITHIK
FANTYR ROF 78 ) viiblizbh, KEFAPHIFEL
RBa, ) £6) ORIGHELZONEY, ThH0OK
SRS F OB NEE T 5 1O RBKIGE 2> TR
2) LVEZVED, £-T, T I v EKFREPHEEF
FTEHRTE, KEESENE X ZEETE Y, KRED
B BAIONTKERTIFEFNICT 7)) v EKED
AL uBlEEINE, FIxE, KEREH1LMPa TRIG
BiTotBs, FRIVyhLDOKERITE, THFIUY
DO HTRIGEIT - 12 BE OKFEFRBEON0% IZED L,
B0 DKBEKENA» LISzl & 5 bPHTH
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ATELZINDE, CO &, KEESBITBNT, XvE
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WAKEE AL 2 nE s 520, Fig 64 TRE M
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Butylbenzene T % %, Fig. 65 I n-Butylbenzene X Z D
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Fig. 63 Reaction scheme for the pyrolysis of
dibenzyl in the presence of tetralin and molecular
hydrogn

04 B

0.2 -

(Benzene + Ethyibenzene)/Toluene

1 | !
00 4 8 12 16

Hydrogen pressure (MPa)
Fig. 64 Pyrolysis of dibenzyl with tetralin and
hydrogen at 450 C for 30 min; hydrocracking
selectivity
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Fig. 65 Pyrolysis of dibenzyl with tetralin and

hydrogen at 450°C for 30 min; O, straight-chain
butyibenzene concentration; ®, concentration of
C1—C3 gases

&, BT EHKEREIBHEOBRELZBL ZHFE LN
ZETHEHRN, ZELRBTELDOTH D,

¢ ) Diphenyl DkFE{LHE

Table 481278 U 72 fi# 8t = % )L & — D » 5 Diphenyl 133k
BICKE 2 LEW ClE O RRRAL RIS G T o0 U
WEEM T %05, KFEFEWE < &£ i Diphenyl & 1V %
ELNMETH L% Table SIOFERIIRL TV S, T4
L, BEROETIT IV Y ET VA NVEBHTH B
Bibenzyl Mz 1z, 12120, AV U —-XRBLHBTH 5,
18A L18B (KFEDOBWVWT T DAHDR) TRIEFE
AERISEEIT LG o120, KEE% S5 MPa il LR X
¥ 72EE20A E20B BLUI0MPa o EiF#221A, 21B
DR THKF RISV ET Uz RY ¥y /by
DB LTI F VMRV EY /PNy OHTEYE BHKEL
SRR N B Y VBIEI A INZ B &
ko TRYEY /vy OB KIgGIc R U, 20
BEEKREEZEL ULI2I BBV T EVEETH - 17,
D &R, KEENVEL, 7Y ANVBEARSHEEL L
5354, Biphenyl XXV ¥V ICKFIEHBENDE &%
RELUTWS,

d) 1, 2 — Dinaphthylethane D #4552

LAY D B BAZLIEBRERY TH % 1 -Me-naphthyl
TIVANVEHEIIRE BRIBRECTANT -2 FT B
OEZITH B, D BRIET I )V F — 1450 keal/mole T
Bizenzyl D56 kcal/mole & 0 /N& 1, Table 541C & D K
MRZHE U, COEEKRIEOBEMIC L2 2T 0T
TINVVRTTIY OERISEO TENIT, FEAEN
BHEERDTED O ATV,
TEH

1) 7k3k K —HkE

FREBACRIGICBNT, B, AREARSBIZES B
FEE LTIV ANEES, 2082, L, 7T
VEO R -BESEFELTCONE, FOTVHINEER
F By HKFR R EROTCEENT 5, AEET &
W NI BRI ERRIET 5,

2 ) KRR

OB L HErRE L LEDIIH L GER SN
b5, £9, DFROKFRIFERICEA 31 Cyclo
hexadienyl BED 7 I AN %EE, DT I H IV IEREET
5 aREICTIANEBITL, BT ELT 5, —iC,
aREEDORBEIINF I BHEEDENIDRETNT
O aFEFEI 2 ICEKREE A CEL g3 hiEs
BV, LU, KEENPETES LROBERRHKT IV
FNACHET L CREORELL 2L,

3) KFE P — B L UKEEDRO S

RF—BBEKBETAEPRFT 2RTE, KEED
BWHEIXEEAE BPHBETH 555, KEENSL 15
KONT, KREOBIC LD aBRBIE Y, RSE
B EmEDREME L5,

4) C— CHAMBEMEET 3L —DIEE

ARFUICTFET 21O C — CHEESHEIEZ DR
BEIANF Lo THoPUHTFRTEIENTES
B, TV ANEBRRAPETF LTV BRHEE, HBIAS
12 a L HETT D,

Table 51 Hydrocraching of diphenyl at 450 °C, 30 min
Experiment 18A 18B 20A 20B 21A 21B
Feed (mmol)

Dibenzyl 2.8 2.8 2.8 2.8 2.8 2.8
Tetralin 3.8 3.8 3.8 3.8 3.8 3.8
Diphenyl 0 3.3 0 3.3 0 3.3
Hydrogen 0 0 39 39 68 68
Product ratios (ms)

Benzene/toluene 0 0 0.09 0.18 0.18 0.30
Ethylbenzene/toluene | 0.01 0.01 0.10 0.10 0.18 0.17
Table 52 Pyrolysis of 1,2-dinaphthylethane with

tetrain at 450°C, 30 min, 11 MPa H,
Feed Dibenzyl Dinaphthylethane
Bond strength (kJ/mol) [ 235 210
gogversioﬁ(wt %) 58 99
ydrocracking
Thermalcracking 0. 36 0.08




Table 53 SRC e.s.r. data®

Linewidth Spin concentration

Sample g-value (G) (spins/g)
SRC filter-cake solids 2.0026 2.9 18X10*®

Filtrate 2.0031 6.4 0.7 X10™
Filter feed 2.0027 1.4 3.5 X108
Recycle or process solvent, 2.0029 9.4 0.2 x10%
Wash solvent 2. 0037 6.8 6 X10%
Wilsonville SRC solid product 2.0028 1.0 15 X10%®

a All materials are from the P & G SRC pilot plant at Tacoma, Washington, except as noted

Table 54 Chemical analysis of P & M materials

Constituent Filter-cake Filter-

(wt %) Feed coal solids Process solvent? SRC product*  wash solvent?
C 69.5 34.5 88.5-89.5 85.6-87.2 ~86
H 5.0 1.8 6.8-7.1 5.5-6.9 ~8.5
N 1.34 0.8 0.7-0.9 1.7-2.1 0.9-1.1
0 9.1 25.9° 1.8-3.2 4.4-5.8 2.6-5.8
S 3.99 7.6 " 0.9-1.0 0.8-1.1 0.2-0.3
Ash 11.2 55.6

H,0 0.5

a Typical ranges of values (B.E.Davis, GR & DC, personal communication).
b Organic and mineral. A large portion of this material is in the ash

2—3—2) ESRICEBARPNDT IHILES

a) SRCAEH#HDT Y HNHTHE™D

7)) = VA NVBRERBERICEEE BET 5120 DR
LEELRIGEBTH 5, BILRSHIEC 5 1—-FV 7
LIDIVANVERIERATAEZEALNT NS,

= 2T SRC EBIHR D T I h VAT ORERZRT .
E - ]

28} 14 Pittsburgh & Midway Coal Mining Co. SRC Pilot
Plant > % & Catalytic Inc. SRC ( Alabama ) 7 5 D%l 2
Wiz,

Table 531 & 5Kt D ESR DT OFERZ R L TZo DT

J— 5 Y % U2 E 13 Dual-cavity Standard Interecharge ¥
T, 94 vig& g fEIE Single-cavity (FHE A v v F—&
NMR #™ A XY —{F%) TEVRELI, gEETIA
JVIEFE D#E#E 12 12 DPPH  ( Diphenyl picril hydrazyl ) @
VI I Tz, BT BRI S AT I e
Uizo

% =2

SRC filter cake solid /- 1355% DK WEENTWVS D
BV AS% DO A YV EEIZ40X10%/ g & x B,

ESR O#iE, 2.99 p R CFEFRLLERTH B, L
L, Table53CHEIT Y HNVEEIE, SRC Juat 2D
WHE TIAL 12 vitrinite HE TSRO HN TN B AY VIRE
109/ g IR B EFEBITEL™, 1 %Icbrzzn,
D &1E SRC 70 AR KERSD T VA WidkFEL S
Nz 12725, Table S4ICEHBDTTHEAMEZRL 120
BERARPOKESHFES SRC HREH I KREREILE
EAERUTHDZEMHULTH Table 53D A K VIRED
FUEFAD CENTED, FEOEIIELALRD LN
777, SRC filter cake solids @ 9 i i BEEIAY /s 557 &
RILKFEDIETHD, ~NTURFICLLEEIFDLN
Lz tre Solvent & filtrate d g IZR{L/AKFED g fHDOH
TRLEWVMETH 5128, o<, TV HNVHRLOEREIZ
ANTFORERFEFELTVWEDTH S D, SRC fiter wash
solvent D g i L—T N, ¥/ VDI BEMRET VAN
VICERT A HDE-BbNns,

Retcofsky 5 13" FRDKESHEEE ESR A~7 b
ORIEE DBEFRERE U, LIFO &> sRBEAZ L L DTz,
AH,=16H-138

ZIZTAH, YA, HIEKEDwt. % -
ESR B EiEE ZORICY TiIXH TREARDKES



BEZFEL, Table 5S4IRU IR EE LB U7,
Rycycle oil DETEE/ 554 E (7.0/6.95), filtrate D& N

(5.1/6.6) TEIF—FH UL T 5B, fitercake solid (2>
WTiE (3.0/1.8) TKRIBICRZ -7, Z DREHIIE55%
DRFWEENTVBDT, KARICKFRRETFELZD
CIREUTCHIET AL, (3.0/4.8) Eix-iz,

T4 VIgEBME L TAH5 &, washsolv. A7 b VIR
6.89 T, ZODE%RLEORPHEILARY MVIE, 11.89
ERESRELZ-TWVS, D& BKIBSENE VI
HOMEBILEDHDEHR SN B,

I TORRIARBILRICOBETICT Y -7 I H LD
EEWED LD IR DOPERL TS,

b) FF—BERFTO T VHIVEE

TV —=F IV HNDER, BRICELT, 7V—-7I 4N
DHE B FORICHDHEFR, X5, ThHILEXHKIG
B, BECEE, FAOEE%E IH>VWTESRICLS
EEEF LD,
E

Table 55(Z7R U2 L HIZ, T THWIARE 1FEED
B, 2EEOCHEREER, EEOEERRKR, BLU1HE
HOBEERRTH S,

ESR OBITE L, P 2m® ESR BI2$£120.3 g DA K
EHREERBEALT, FHEL, TOESREZMEZE 6D
ATV VABMA - I L—TICEE, 9.3MPa OKEE
WEREFIR U CREDREICME L 12 ISR T #%, A —
b7 L—=T7%2%HU, ESREZRICEOEL, ZE5F
TY—WVUTESR #8E LT,

Table 55 Maceral samples

Maceral Rank Seam and Location Purity

Fusinite  hyb 1ll. No. 6 Y90%

Fusinite  hyb Waynesburg Seam >95%
Laurel Point Mine,
Marion Co. WV

Vitrinite hvAb Waynesburg Seam >95%
Laurel Point Mine,
Marion Co. WV

Vitrinite hvCb Hiawatha Seam 68%
King Mine B Seam
Utah

Vitrinite hvBb Pittsburgh No.8 Seam »95%
Smithfield OH

Vitrinite Subbituminous | Armstrong Seam 298%
Sheridan WY Strip

Resinite  Subtituminou | Armstrong Seam >98%
Sharidane WY Strip

Resinite  hvCb Hiawatha Seam 299%
King Mine Utah

s B

Wyodak X% iR, BAE T CAZREIIEEEHST
TOAE v BEIL29X 108 spings /9 (H, ) &45X 10
spins /9 (N, ) €, ChEBETIKES &, mEitic,
90X 10" spings / 9 1= ER U #z, F UK #13C/ min. ©
HEL, 440CT2RHEAKEBLE, AYVEER, 25—
30X 10"/ g 12 9 fEI32. 00281 T 4 VigIZ5.1—~5.59 & It
DVTNOBRBIZ DN T HEIZENL M 572, Figs. 66&
67145 VA WEREE ORIBHREREE AR U2, Fig
66 3 FIREE /NI VEET, BERESEVC &ITG
THHERTHD, ZOBE, FF—KkEE2L<EFHNF
TEIVY/NeRDTIVHINVBREER, ZOREIFLTE
27 b)Y/ Hy RO 2ETH > 1. CHITHLT,
FREEPRED, 2F0, BERESEVEEDAY Y
REESEICS Lo, TOED RHEREOEEIRT
s Char DERPBESOBEED L > B TOL R LS
LbDTHBH, EEALZTWA, Fig 68IT 13 MBEE 1Tt 3
53 EDOHEE, KbHAENSIERTH % Waynesburg i
& linois RDIBEIZDVTR Uz, FEIZIEE A EBLH
BB ELEYHR 2. 0026—2. 00290 RIIZ 5% L T 1
126

SHBEE» SOV ANVERBICIOVTHAI,
Wyodak k& S EAH - #ESEBH CIEA L, 12MPa @
KELERFHS T T3C/ min. DFIEHE C425T 17 1%
BOCETIEL, 109RIHKE L TESR 28FE L1z, 7 b
ZUVRTHQ DT Y H VISR IEEIC ST, &
NIEH LT, FiBLHITH 5 D 2213d F VR TIEA
Wolie XE )=, THY, 2—=F78)—LbiEsh
ERBICBIRN TR 572, 778 Vi< EER
Shpote, BEOENICLEL GEP T4 VIEBOEIZA S
N1 DT I HVIERIRONEIZKSE K+ KD
ReRTEDT, 73 0k ngBEERENES)
BXBRFF—MEEELTOS,

) BERBEXFYET 4 —ICLBT I HND in-situ RIE
FRBACRIGFICER Utz 7 ) — 5 Y hvidoksE R —
25 DKEF | FRE R KD OREIER™ 1T k- TKER
MENBZEBINFCOPFEICES>THLEDNEB 5T
Do TTTW, KT, AROBEENKEZERNS L SRC-II
TOYARBEFE 7)) -7V h VDR E W E R T
YAV ULEF Y T4 —RIGERBE VI ESR I & - T8
Uz,

£ B
HEEEY v 7 4 — S EREn

COFYUT 4~ OEMISER IR LA, 20%
FRRIEEREY ) v 5 — IRy A—HE4S R HET S
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versus evacuation temperature for a series of fusin,

fusinites, vitrinites and resinites. ®, Fusinite hv Ab
WV O, fusiniteshvb IL; M, vitrinite subbit WY; O,
vitrinite hvAb WV; A vitrinite hvBb OH; A, resinite
subbit WY; ¥, resinite hvCb UT

2.0040
2.0038 - s .
2.0036 - 4 :
2.0034
o 20032 ' .
2.0030 .
2.0028
2.0026

. 1
2.00240 100

T T T T
-
=4
1

T

. 1 s

!
200 300 4

T(TC)
Fig. 67 g-Value versus evacuation temperature
for v, resinite hvC bit UT; 4, resinite subbit WY

Y
A
]
0

OISOO

2.0040 ————————————

T

2.0038 4
2.0036
2.0034 4
o 20032 4
2.0030
2.0028
2.0026

T

T

6 o 3 : .o 9 s
O.

T

Q

1 n 1 " !
300 400 500
T (C)
Fig. 68 g-Value versus evacuation temperature
for @, fusinite Waynesburg hvAb; O, fusinite ILL
No.6 hvb

It

2.0024

P |
0 100 200

A=Zv T UkF ¥ ET 4 =T, ChE4DDL—F —8{T
WM& 5, COF ¥ YT 4 —1E500C, 12MPa iKiifx 5 &
EWTES,

0.3 ¢ DFER%ZPE2. 5mn, FME4. Omm, DHHEE ESR &
B I T 5 &S X137, 5mic 2 %, BEERV AR
JEFICHOWEMEZ ESREHECEICBEVWT PO ARE
EEAS, ZOEMELZRBL CURERBOBEELA2EAT 5,
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A INE T AN BAHBOERTON—2F 4 ¥ 2 H
EUT, A VYBECRIEILEZ> CTHESIC
CuSOy+ 5 HyO ZHBFEWUTBEINEZFYET 4 —O
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FB ) 72 Powhatan NO. 5 D43 #7{E % Table 561278 U 72,
HN#EET D Powhatan R D A ¥ ¥ 2 %, 10 min. /10009,
1 min. /1009, 2.5min. /1009 ® A ¥+ v HEECHIE L
1o ZDFERIE, 10.2X10*% spins /9 TH > 120

500°C 12 n# L 72 D 9 fE 142, 00282 £0. 00005°T & D{E
ZHBI BB FRCEDO 9B E—HT 5,

Table 56 Analytical data on Powhatan No.5 coal

Analysis (wt %, as received)

Moisture
il

N

Cl

S
O(diff)
Ash

Vol. matter
Fixed carbon
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