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gEt i VTN,

Ri&eE  : 450 T, 170 kgf/cm

SUETINE 1. 3 wtX  (AMSMEROISS 0.6, 1wtk )

KR4 SRELE  SEUKEEE  MEMAER

A2 AR (Wt%-dry coal) 1.0 3.0 1.0 3.0 1.0 3.0 0.6 1.0
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TEIREICHD, ENTHEHEAI-VIRHIEVRENTRITSN TSI DI>IKRAMM BETH> T,

250 ke/ W CAREHEDMESMETIEESL L TERI L1300 #HAESHEIZARXNRFT SN,
TH4E 0.Tum ETOBBRETREIC LT,

—A BRI E LTI AR LERAUE OB RA10kg/hDBRETITONTHE Y, §TICTuE2DERE
HfEHIT3ICE>TID, B Ui, PSU (C& - THAEEZFM LT
EMBARRROFR1Z, REI/MOEFGAMEEERELTE Y, hickYRETo S AEHAE
EFMY BB TH B30, SRKBIESEAI- VI K ZBBHARET> T3,

RbITE xtgik | BBV | REREORREE ARIE D FF
KRR35/ | BESR | 250 kg/h | 150 t/d A{0407500 ADEHS | PSU BT A
BRI ek " 10kg/h | B T0LADSEAL ”

BrikER Eek | BEC HERE | MiRMEEOWE BSU ¥ @9 &
pigatRER | EER  10kg/h | EREREICKSYHROEE | 0.01t/d FET A

WIFNOMEDS BETHDREEEERT IR E TREZTITHLS5XA T, EL0RLEEPELEE
ZRUCTHREMBEOBESTFMETOIE LI,
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fRiEa2 KR DI- 0 DBARRRE
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KRML | - BEEREFE BB OBEIE/L « BIE 1~1.5wt%
= 25-4797 BiifTDE L 400 [/ t-dry coal
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SHFES | - HAERFREO IO OES REERIERTFO&
- B s B
HPBBREEIURRKEORBHOHE

« BhIEYH4O0 FoEzICBAY B HE

SRkEE{ES: | - ERERICEITIL(LERDTERE EXTE e J/INE 1-0. 5wt%
400 M/ t-dry coal
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ULWVUABREDDRY, REDHREICAONDILSLMBEERKIII-LEBICHBBRTILICKS
FALARERFE LR (BCL: hdipRe, NCOL: HipRr) LEERPATESIB/RMITHEBONTIVEL,
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ORE DY & Kba V8490 &, ERBRAE)
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Q@RIGERMICE T B -4 NEM OHER:

(3) #H U AR & B EToexDBERIC K 5 BALE T OB FEh 3

SHROEDHH

TRk 8 FELIEDVEDTERFRCL > TEE EXLALYRESNIFE Y, LEOFHEICLYL
CTEICE> TRHRMBOFEEIETL,

WO ESEINMARBBIBRFTSRELSNEEDL-TETEY., FEH D MIMVITEIRICLTERAIL
T3NDOI-IERHE, EDON-SLIEERTEENBRICHLEBLELE>TIVS, COEFBICHRDITIE,
HHIREDORRBLEMORTOKELE SR L, ERMIVIORBREIRICVHECREEREL. BRL
TW ENRBRETH S,

CDBEMICE > THRILME » TN HESERESE., RIMBRISNEYE EHRITAEEATIEE
LT, FRAET/NERBEIEISATHLECEMMBEEHAONMCL, BELTTHERERRCT IHAE
HRICEYCTHHERILLT,
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{CELAVHE (
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( 4-4*vIBED) SFOWIEITEIIHE -

T
UFO$YHEEELORTIO S - JEHTERE -
L 1O LTRSS Y -] TRIQPHKI S P Yo R HES -
RUYELHYPEG 21 R Y - REYEOHE [ QETYLIY -
(8 k) Sti&oyanl « ¥ipEq) ¥ (8 k) SH&HTAI

(L) SREBBIGHA T
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B 1 ARMAEARIE DO WIS & = O AR

KRN S1 b

RZRMHTHYRRMERICEISDZRHEN, HAMNICEFEEIBETHE/LIMH I OFFREEFA
TELFREMNDH S,

(1) RBAMME Qav7bE) HRD—BI
{LFHRL [wtk]
Fe S Si0; Al,0; As Cu Sb Pb Mg Zn Ca Ba Na
43.5 45.3 0.49 0.10 0.03 0.05 <0.01 <0.01 0.03 0.08 0.05 0.08 0.01

(2) MR OMR
Moy b7 D=8 2 ARk Y 250 kg/hrDEEH & HD8LES (Y #B%

A E DR
- BREOREME LUREOLLEHLE
s ARy HOREELS um | -1 HORBTFGREED.T unm EFTBHIEICEL-T, BinExR
ES T TOEREMH T3
&0~
250~ 65~ 70 wt% 60 wt%
PR - 1.5 ym 0.7 um

{ ‘, 1
KRN —=> | 851 = Fh W —=>- BE | L W oo RiE5Y-

1

3
4

RREH

(3) AbLIEIERE DT
-7 REREKUPU [CKDFFME THRT
PSUBSHER (R T EESE | DEFTRRILEIERD)

gL VE t P GL MERME™
BALAERER M 51.7(wt%-daf coal) 450 170 700 3
» &B%MH  55.5 " 465 170 1700 3
» Maxggtf  59.3 Z 465 190 900 4

* hzpbi, Ca- 538 °C O FERIE 0.53-0.56 um

(4) #HE
- R (AREXAMIM ORIFEBEE) OHR AT OFE
- IR D47 9T Bk
- AR DEAEMIFE & & URBEDOREIL
— 12 —



= RkaRiIb®k

BALSRE DS, BET /N ERIETINERET A &L > THAEO L HEBEOAEIE T NIEI0-1F
ToH EAETHE

(1) #ER% & HIRD—BF)
EREICK VBRI, BERFE--0- & M0 BESHKEoN. MIFEEEZREELICLDELES

AL (wWt%) }-r-70- 4450y
FesSq 95-99 80-88
Fei_, S 1-2 4-7
Fes 0 0-1 0-3
FeS04 0-2 6-11
(FeS: +Fe:;_, S) 97-100 86-94
R (Wt%) 56 44
HESH( um)
Ds o 122-164 3-71
Dso_y * 0.22-0.42 0.22-0.77 * BER SHNE

(2) BELEBTORMR
O8LEE
FeS0, - H.0 + S = FeS: + S0.

—

FeS0s = Hy0 O

: -

Rds§25Y-

EREN ———
VBTN
INEBRRAF( BUERED 110ke/h ) DK YBIAE MG, AKE THE LIAIIEPSU 10K BFFEE T
#T L, DEORBEBL,
(3) RRIEMEREDFFA
PSU MR (TR THFER | BEF RSB

iyl E t P G/L MEFNE
BACAEER  54.6(wt%-daf coal) 450 170 700 3
n Bk 51.5 ” 465 170 700 3
» MaxZ{t 61.8 7 465 190 900 4

*  g-pnhp, Co- 538 °C
(4) RHE
< BERURRT-ATyT OBFF
- LTI/ EAVTI-L LTcE BT IC BT B 4%5T
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r BUKER{LEKIC & B AdEMRED [ L

(1) SRIKBR{LS DTS

O8h&EE
FeSO, - TH.0 + NHiJkBH = Fe(OH), + (NHa)2S04
Fe(OH): = 2SIt => FeOOH (7 )

(NH4 )ZHP04

FeOOH ( ) 250- —— | 2@, %%, &R, BB ——mdhnE——ftigz5)-

?
ERAas ——
@R D—H
{L#ARE Fe 59.3 wt%  #HEMIK —XKIFE  200-500 A
S 0.7 =RIFE 0.4- 1.0ym
P 0.6 Y- O EE 30 wtk
(2) BARKR

SERT-MC THAIE M BE & 45T

(3) ARIEMERE DT
BSU %&E(0.1t/d ) (LK BFEEITL. DEORRESI.
HEREE ¢ Y-y B, ARIEE1.0wt% as Fe on maf-coal, 450 °C
T bimiNE(Cs ~420 °C) : 66 wt% on maf-coal

(4) B

- Wk F DRI LS A EUE
= U470 AR DS A L



AR {5 R

BRHT & RBBKARERS LIcbDICT/ET7 £EME € TRBLSEEEM L, TREECAES Y
3. BEUMEAEREFEONSTRLEREBATECLICLY, MENRER S,

(1) As*
FeSQ; + NH; +H.0 => Fe(OH)s + (NHs)2S04

ARk ——-

KELBRDER [—- 58 — | 828 — | MIRAERK AbIRA5Y-
4
T/ET KB —— BRAH ——

(2) AviEtEREDETM
-M-7 BLU 0.01t/dEGEBIC K YFFH L RDFERES
-7 RBRER IWKOMBESRNE T, Sl LS 3wtk ZNERKROVDEEBRT.
( t4% +4mkIRS)=72g/100g-daf coal
0.01t/d ¥R B (C K S RBRER:
g=MmhgE. 450 °C. 170 kgf/cm* | 1.25hr, fbigHRinE (Fe +S) =1.26wt%
AL mINE(Cs ~450 °C) : 48.8 wt% (daf-coal)

(3) BARIKR
HGEEBLXTRE SEEICHEL, LRINMEDIZDHICHELBITT 2T,
EBANR HEKAREE 10 kg/hr

(4) BHE

» AHIRAT R ISR D RZEA
- S NEBINE DR



BHL 2 BRI DOHFE—SKABRFE R

ERTFEI12R218

THEMGE
BHEDOAR Y I —K
; * - MERREF e, S
R BIR ( WEMI Y100 g FAENBMY | i 1o i e
BT 5MN5-ROD : , . AN Ro.
Mo AR 5 MPRPLR | MISERS (B M| S | Foe UM Fo. S res /e
. : 1 0.466 0.482 0.948 1.8 |MROTT
xiasqr | oS PSU - AGO (REEMEM) | g0 0 | 40g | a® | 219 167 g SO FEt BERS SORAN SR B
S/Fe=1.8 | B 220260C 30 139801445 2843 1.8 |MROTS
] ) .- 1| 0.468 0511 0.973 1.9 | MROTS
SRR FroS: SI0Ak) PSU- IGO0 (RERER) | yso 559 | a® | 2102 223 g S OF ARSI RS DA
S/Fe=1.9 |8 RO2W0C 3 14061 1.534 2940 1.9 |MROTG
_ _— 10602 0.692 | 1.294 2.0 |MROTI
y -t okmiee | ¥ F e OOH P S URGER % g 15 ¢ | &AM | 1505 tq IR RN RN S R
BP 220-538" : : ; :-
23O 3 1806 1.244 3.05 1.2 |MROTZ
_ 0. 6 038 0219 0.6 1.0 |MROT3
BRA B Fo (O, 0179 | - | BE&FM| 53 131 g AN RRREO R RN T I
10635 0365 1.0 10 |MROT4

D% LA RS U~ T OO0 o
Dry-coal 100 g

D M1 wi%FHM=

*) BEMAEMEOBS M RRIZINLRR D,




Bo— DM e AR RS S
(kg/100kg-daf coal)
RUN Na MRO71 MROT72 NROT3 MRO74 MRO75 MRO70 MROT7 WRO7T8
ey B} AMAJR IRV YN SYYIN; AN YIN RYYIN;Y BZRNVA B VIRYYIN RZFAMA 32
{78 A A PSU0701 PSU0701 PSUO701 PSU0701 PSUO70! PSU0701 PSUO701  pSuO70l
RIGTET) kg/cn? 170 170 170 170 170 170 170 170
HitRIGEE °C 450 450 450 150 450 450 450 450
Rb I £ NBCL 1wt% |NBCL 3wt% AWIP 0.6wt% [ANIP Twt% SIS Iwt¥ S1S 3wt¥% NP 1wt¥ NP 3wtd
Elﬁm‘%l& Wty 40 40 40 40 40 40 40 40
KH Y 3.93 143 1 3.92 3. 84 411 3.51 1. 04
R 19. 84 [8.46 20.5 19. 21 21.16 19.99 20. 65 90. 37
Tl 4.09 3. 84 {.65 4.15 1.6 118 1.65 4.46 |
—C2~(4 9.76 9.48 10. 17 9.65 0. 24 9,55 9,99 T 9.86
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Catalysis in Coal Liquefaction

ISAO MOCHIDA AND KINYA SAKANISHI

Institute of Advanced Material Study
Kyushu University Kasuga, Fukuoka, 816
Japan

I. Introduction: History and Status of Coal
Liquefaction

Bergius was the first to use coal liquefaction to obtain petroleum substi-
tutes. He applied very high hydrogen pressures (~800 atm) and used inex-
pensive iron catalysts because they were disposed following the procedure
(7). During the second world war, the large-scale Bergius coal liquefaction
process was extensively investigated in Germany because of the limited sup-
ply of petroleum; the cost of the fuel was ignored, although the liquefaction
process was not competitive (2). Once a vast supply of petroleum was dis-
covered, principally in the Middle East, coal liquefaction, which could not
compete economically, was nearly forgotten, although basic research con-
tinued in the United States. The two recent oil crises both of which were
provoked politically and economically by world reliance on oil supplies
from the Middle East, created a resurgence in the study of coal liquefaction
as a substitute for petroleum. However, petroleum prices are subject to
change due to political factors, and today coal liquefaction must compete
economically with petroleum production and refinement if it is to be a vi-
able substitute.

Although the oil crises had no direct connection to limited petroleum re-
sources, oil shortages will occur early in the 21st century because of the
present demands by developed countries and rapidly growing demands of
developing countries with large populations. Coal liquefaction is expected to
be a major source of liquid fuel and economical feasibility will be very im-
portant if this is to be realized.

Coal liquefaction research after the second world war focused on moderat-
ing reaction conditions in terms of temperature and pressure in order to
lower construction costs of the coal liquefaction facility. At present, typical
conditions are 150-200 atm and 300-480°C. Moderation was achieved pri-
marily through improvements in catalysts and donor solvents and through
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new reactor configurations. Oil yield is sometimes sacrificed (3), but the
most recent processes produce fuels in higher yields than the processes de-
veloped during World War II.

Nevertheless, we have not yet developed a liquefaction process that can
supply fuel at a price competitive with the present price of oil. Researchers
in several countries are searching for further improvements. New catalyst
and process configurations are the keys to solving the following problems.

1. The limited activity and difficulty in recovering the catalyst force a
large amount of catalyst to be wasted as it is mixed with minerals and or-
ganic residues derived from coal. High dispersion of the catalyst on the coal
can significantly reduce its amount; this is rather costly and repeated use of
the catalyst is not possible.

2. Large amounts of coal liquids are wasted because of the difficulty in
recovering oil from solid waste.

3. The incomplete conversion of coal causes excessive amounts of or-
ganic residue to be wasted. Although the residue can be a source of fuel or
hydrogen via gasification, it is far inferior to the parent coal.

4. The low yield of oil and the coal/solvent ratio in slurry are important
factors that influence the cost of coal-derived oil.

5. Oil products require further refinement if they are to be blended
with petroleum products to meet current specifications and more stringent
environmental regulations.

6. The price of hydrogen greatly influences the cost of coal-derived oils.
Liquefaction processes should minimize the consumption of hydrogen, and
residue should not be used for gasification. Reforming of hydrocarbon gases
for hydrogen production is economical compared to gasification of liquefac-
tion residues.

Multistage coal liquefaction has been proposed to consist of the following
stages, as shown in Fig. 1 [this scheme is the basis for promising processes
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of current intensity (4)]: 1. coal pretreatment; 2. coal dissolution; 3. cata-
lytic hydrocracking; and 4. catalytic upgrading and solvent regeneration.

Solid/liquid separation is important at all stages and depends on the ex-
tent of coal cleaning during pretreatment, depolymerization of coal macro-
molecules at the dissolution stage, and catalyst durability through the cata-
lytic process.

Hence, the catalysts and catalyses of coal liquefaction are reviewed with
reference to the above stages.

ll. Coal Structure and Reactivity

Coal structural studies have long been used to understand the chemical
basis of coal liquefaction. However, no single structure actually exists; aver-
age structures are commonly used to provide guidance to understanding the
chemical transformations involved during coal conversion. Recent studies
provide quantitative images that are valuable in the design of each step of
coal conversion.

Shinn (5) drew models of macromolecules present in a bituminous coal
based on a series of products analyzed at each step of a three-stage liquefac-
tion sequence, as shown in Fig. 2, where polyaromatic rings (1 ~ 4 ring
units) with some naphthene rings, heterocycles, alkyl side chains, and oxy-
gen subunits are connected by methylene, ether, thioether, and aryl-aryl
linkages (sp’-sp?) to form polyaromatic-polynuclear macromolecules of
variable molecular wieghts. These macromolecules include rather small
molecules of a few hundred molecular weight that can be extracted by ordi-
nary solvents. Recent studies emphasize noncovalent bonds joining con-
stituent macromolecules through their polar groups, such as hydrogen
bonds, charge-transfer interactions, cationic ion bridges, and layered stack-
ing aromatic planes, which are responsible for low solubility, facile coking
of coal components, and limited access to solid catalysts (6 -8).

The structure of coal is known to be dependent on rank or the degree of
coal weathering and the distribution of macerals. Figure 3 illustrates
Hirsch’s classic model of coal ranking (9). Fewer and smaller aromatic
rings, more alkyl- and oxygen-containing groups, and larger molecular
weights are characteristic of lower rank coals. Recently, the structures pro-
posed for lower rank coals emphasize their hydrogen bonding, charge-trans-
fer interactions, and ion bridges between large macromolecules (/0). Higher
ranking coal structures emphasize large aromatic planar structures, which
form stacked layers typically observed in graphite (/7). The molecular size
of the coal structure units decreases with increasing rank to a minimum at a
bituminous coal rank of ~83% carbon and then increases again to an-
thracite, which has a graphite-like structure. Thus, the highest solubility in



FIG. 2. Model structure of bituminous coal by Shinn.
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conventional solvents is observed for bituminous coals with this rank
(~83% carbon). Recently, lino et al. reported remarkably high solubilities
of coals up to ~60% in CS/N-methylpyrrolidone mixture, indicating strong
intermolecular interactions of coal macromolecules and suggesting a limited
contribution of three-dimensional covalent linkages (12, 13).

The above models are representative of the active macerals, particularly
vitrinite. Inert macerals, such as fusinite and micrinite, are believed to have
large aromatic planar structures with fewer substituents (/4) and behave
similar to chars.

During coal conversion, the coal structure influences both thermal and
catalytic reactions. Thermal reactions of solid coals initiate the breakage of
weak bonds at rates proportional to their bond dissociation energies. The
radicals thus produced require stabilization by hydrogenation or addition of
small molecules; otherwise the radicals couple to produce much more ther-
mally stable bonds, which eventually leads finally to the formation of in-
fusible and insoluble coke.

Once thermal reactions begin, the coal undergoes structural changes
through spontaneous bimolecular reactions between coal constituents or sol-
vent species (15) or through catalytic reactions accelerated by added cata-
lysts or the inherent mineral components (/6). Hence, the reactivity
changes with the progress of these reactions.

The catalytic reactions of importance are hydrogenation, hydrocracking,
heteroatom removal, acid cracking, and condensation. Catalytic activities
and selectivities as well as the reactivities of coal molecules are influenced
by a variety of competitive and consecutive thermal and catalytic reactions
that are sensitive to various reaction conditions, such as heating rate, tem-
perature, and hydrogen pressure. The access to or contact with the solid cat-
alyst by the coal liquefaction intermediates is another important aspect of
the catalysis involved because of the significance of interactions between
solid coal or viscous coal liquids and catalysts in the initial stages of coal
liquefaction. Dispersion of the catalyst on the solid coal surface or in the re-
action mixture containing dissolved coal macromolecules is critical in this
initial stage.

lll. Stages of Coal Liquefaction

Prior to liquefaction, coal is often washed to remove inorganic minerals
and dried. This process sometimes changes the structure and assemblages of
coal macromolecules, which profoundly influences the reactivity of coal as
described in Section XI.

In the preheater, coal with or without catalysts is rapidly heated to reac-
tion temperature in the presence of solvent and pressurized hydrogen. Ex-
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tensive decarboxylation, formation of carbonates, and dehydration take
place in the preheater (/7). Coal is believed to be substantially dissolved in
the preheater at this stage. Rapid heating of up to several hundred degrees
per minute is believed to be very essential in obtaining high oil yields and
prevention of retrogressive reactions, which may take place at the same
time. Catalysts are not expected to be effective in the preheater stage due to
insufficient contact time. Hydrogen donor solvents play an important role in
suppressing the retrogressive reactions at this stage and it is important that
the capacity of the donor not be exceeded in the preheater. The amount of
hydrogen consumed from solvent has been shown to be related to the heat-
ing rate. Slow heating rates allow more solvent dehydrogenation (/8). It is
well known that the viscosity increases very rapidly with bituminous coals
that are dissolved in the solvent rapidly in the preheater. This sometimes
causes problems of slurry transportation in narrow preheater tubes.

The preheated coal slurry (essentially liquefied) is sent to the reactor,
where thermal and catalytic cracking, hydrogenation, and hydrocracking
take place. These reactions occur rather slowly because fewer reactive bonds
are involved in this stage, which produces distillate range small molecules.

In the earlier Bergius process, the reaction at this stage was performed
under very high pressure at high temperature with disposable catalysts of
low activity and was completed in a single step. Current liquefaction pro-
cesses utilize two or three stages under more moderate conditions. Hydro-
gen donor solvents also assist in moderating the conditions required. Thus,
the primary products in the first stage, together with the used solvent, are
further hydrocracked and/or hydrorefined products as well as rehydro-
genated solvent. Various types of feeds, distillates, nondistillable liquids
free of minerals, the catalyst, preasphaltenes and unreacted coal of the first
stage or whole products, including the catalyst and minerals, are charged to
the second stage, depending on the liquid/solid separation procedure utilized
and the durability of the catalyst in this stage. Staged heating is sometimes
utilized in the first stage where the reaction temperature of each reactor is
controlled separately to obtain the best oil yield with minimum formation of

hydrocarbon gases and avoidance of coking (19, 20). The oil is further
refined in the following stages.

Such a process scheme practiced at present is called multistage liquefac-
tion. A series of reaction temperatures is expected to improve selectively
specific reactions at different temperatures in a series of consecutive reac-
tions. Higher degrees of desulfurization and denitrogenation, longer catalyst
life, less sludge formation, and higher yields of distillate are reportedly ob-
tained by the multistage processing and refining of petroleum products
(21, 22). The function of the catalysts in the various liquefaction stages are
described in the following sections.
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IV. Coal Dissolution, Depolymerization, and
Retrogressive Reactions

The liquefaction of coal is the conversion of an ensemble of macro-
molecules as described above into smaller hydrocarbon molecules that are
distillable. Shinn has described the changes in representative molecular
structures of intermediates in the three steps of liquefaction as shown in
Fig. 4 (5). The first step in the liquefaction of solid coal is the formation of
liquid phase. Small molecules of the coal fuse above 350°C to form a liquid
phase together with solvent (if present); some macromolecules may be dis-
solved in this liquid phase (fusion and dissolution mechanisms). Other
molecules undergo thermal fission at their weakest bonds, such as methylene
and benzylether bonds, producing fragmented radicals (23). When the radi-
cals are capped with hydrogen from the solvent or the catalyst, they form
smaller molecules that are soluble in the solvent or even fusible by them-
selves (first mechanism) increasing the quantity of liquid phase (24). This
pyrolysis continues while the reactive bonds and stabilizing hydrogens are
available.

Atomic or molecular hydrogen, available in the reactor system can hydro-
genate reactive sites on the aromatic rings. When the ipso-position of the
strong aryl—aryl bond in the aromatic ring is hydrogenated, the bond be-
comes weakened and bond cleavage becomes possible via the first mecha-
nism of depolymerization and facile stabilization (second mechanism) (25 —
27). Very reactive hydrogen may attack the aryl-aryl bond directly, leading
to its breakage (third mechanism) (28). Aromatic rings are very stable un-
less they are hydrogenated to naphthenic rings, which may be thermally or
catalytically cracked to open the ring (fourth mechanism) (29). Unless the
fragmented radicals are stabilized, they recombine or react with other
molecules, forming thermally stable bonds. Repetition of recombination re-
actions produces large molecules that have resistance toward depolymeriza-
tion. Coking takes place when such large molecules remain at elevated tem-
peratures for long time periods, for example, in the locations of low flow
rate, such as near reactor walls, in bends of transfer lines, or on catalyst sur-
faces (retrogressive mechanism) (30). When radicals are trapped in the cage
of coal macromolecules, such retrogressive reactions become accentuated as
the radicals frequently encounter each other. The cage hinders liberation of
radicals and the participation of donors. Hence, the dissolution of depoly-
merized coal molecules to break the cage is very important and effective in
the liquefaction process (37). Strong dissociative properties of the solvent
are important in minimizing macromolecular interactions of coal compo-
nents or coal-derived products.
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Model of bituminous coal structure

FIG. 4. Coal depolymerization model of bituminous coal by Shinn.

V. Catalysts in Liquefaction

Catalysts used in liquefaction can be classified in various ways as de-
scribed below.

A. CATALYTIC SPECIES

The most conventional catalytic material since the work of Bergius has
been iron sulfide in various types. Pyrite, pyrrhotite, and various nonstoi-
chiometric sulfides are known, and pyrrotite is postulated as the active
form. Its precursors are red mud, residue of bauxite after the separation of
alumina, iron ores of various sources, synthetic and natural pyrites, fine
iron particles, iron dust from converters, iron sulfate, iron hydroxide, etc.
(32, 33). '



Short-contact time liquefaction products from bituminous coal
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The next most widely used materials are Co—Mo and Ni—-Mo sulfides,
which have been widely used in petroleum refineries. They are usually sup-
ported on alumina of designed pore structures in which the pore diameter is
usually larger than that for conventional petroleum residue (34, 35).

A third type of material is the chlorides of transition metals, such as
ZnCl, and SnCl, (36, 37). This group of catalysts works in molten state in
contrast to the solid state of the previous two groups. The corrosive nature
and instability may excludes their practical application. No details are re-
viewed here.

Ru has been used as an additive to Co—Mo and Ni—~Mo (38) to improve
their hydrogenation and denitrogenation activities.

Hydrogen sulfide in the reaction atmosphere has been reported to acceler-
ate liquefaction directly, in addition to controlling the extent of sulfiding of
iron, Ni-Mo, and Co—Mo catalysts (39, 40).

Recently, carbon black was reported to catalyze coal liquefaction
(41, 42), this may initiate radical reactions of bond breakage.

B. PREPARATION

Solid liquefaction catalysts have been prepared by three procedures.

1. Fine Powder Catalysts

Most iron catalysts are used in powdered form. Since their particle size
strongly influences their activity, fine powders are preferred. Natural prod-
ucts are ground extensively. Magnetite for the magnetic tape is needle-like
crystal of which the diameter is less than 1 wm. Recently, ultrafine powders
(nanometer to tens-of-nanometer size scale) of iron oxides and sulfides have
been prepared by means of vapor-phase hydrolysis of volatile compounds in
a hydrogen—oxygen flame to produce nanometer-sized iron oxides (aerosol)
(43, 44); rapid thermal decomposition of solutes (RTDS), such as Fe(NO,)*
solutions (45); laser pyrolysis of Fe(CO)s and C,H, to produce iron carbides
followed by in situ sulfidation (46); precipitation/crystallization sequence
from the sulfated and oxyhydroxides of iron (47); and a chemical reduction
or an exchange/replacement reaction of iron salts solubilized in inverse mi-
celles of reaction media (48).

Finer powders of the iron sulfide are expected to be expensive as well as
active. The cost/performance is carefully evaluated.

2. Supported Catalysts

As mentioned previously, Co~Mo and Ni—Mo sulfides are usually sup-
ported on alumina. Selection of the specific alumina is conventionally stud-
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ied on the basis of the pore size distribution and acidic characteristics. The
supporting procedure and the amount of supported sulfides are very
influential in catalyst activity. Alternative supports to alumina are the focus
of current research. Titania and carbon have recently been examined as sup-
ports for iron and Ni—Mo sulfides (49, 50). Bifunctional and strong interac-
tive roles of the support should be emphasized in addition to physical prop-
erties (51, 52). The search for additives such as phosphate and sulphate,
which have been utilized for commercial CoMo and Ni—Mo base catalysts,
has also been receiving much recent attention (53 —55).

3. Highly Dispersed Catalysts on Coal

Sulfide catalysts have been dispersed directly on the coal surface. Very
high dispersion on the catalyst may allow direct interactions between the
catalyst and solid coal. The first application of this approach utilized molten
chloride as the starting material. Later, oil- and water-soluble iron precur-
sors were impregnated or ion exchanged onto the coal surface through the
interaction with oxygen functional groups (56 —60).

Recently, highly dispersed, highly active, or highly functional catalysts
have been extensively investigated to reduce the amount of catalyst required
for recovery and regeneration (6/-68).

Very fine particles of iron sulfide is one class of very promising catalysts
because of lower cost and moderate activity. Presulfiding treatments for ac-
tivation, ion exchange, and dispersed impregnation of catalysts or catalyst
precursors are combined to enhance the catalytic activity and reduce the
amount of catalyst required (69, 70).

The use of highly dispersed catalysts from soluble salts of molybdenum is
another approach to the reduction of catalyst amount because of their excel-
lent activity despite their higher price. Recently, metal carbonyl com-
pounds, such as Fe(CO)s, Rus(CO),», and Mo(CO)s have been investigated
as metal cluster catalysts. Preparation involved their deposition and decom-
position on catalyst support surfaces (71 —73).

It has been reported recently that highly dispersed catalyst on coal grains
can accelerate the liquefaction of the coal grains without supporting catalysts
(56, 60).

The fine powders of the catalyst are indicated to be mobile during the lig-
uefaction, suggesting no importance of direct interaction. Finer powders
may be the key.

Recoverable catalysts also offer a promising way to economize the cost of
liquefaction catalysts (74, 75). Dow designed a process that utilized fine
powders of MoS, that were reported to be recoverable by hydroclone; how-
ever, specific details have not been published (76).
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C. CHeMIcAL FUNCTIONS OF CATALYSTS

Catalysts in liquefaction accelerate the reactions of hydrogenation, crack-
ing, hydrocracking, and heteroatom removal (77-79). Because the coal is
composed of a large variety of species and functionalities, intermediates
should be well characterized at each step of the liquefaction reaction to clar-
ify their adsorption and reactivity with the catalyst surface. Reactive species
for hydrogenation can be radicals, olefins, and aromatic rings of various
sizes with alkyl substitutents. Iron sulfide can hydrogenate olefins and radi-
cals rather well but have low effectiveness for aromatic rings at the hydrogen
pressures currently being investigated.

Cracking involves aromatic dealkylation and cracking of paraffins,
methylene linkages, and naphthenic rings. Aromatic dealkylation is rather
easy under current liquefaction conditions (below 450°C); however, the
cracking reactions are not facile. Competitive reactions of various species
should be carefully considered in catalyst design.

Heteroatoms, principally O, S, and N, in aromatic rings require Ni-Mo
or Co—Mo catalysts for their extensive removal to the levels experienced in
petroleum refinement, where these constitutents are associated with
aliphatic moieties that are easily removed thermally as well as catalytically
under hydrogen pressure.

D. TyPES OF CATALYST USES

Catalysts in coal liquefaction are used in moving-bed, ebulating-bed, and
fixed-bed processes. Disposable iron catalysts must be used in moving beds.
More expensive Co—Mo and Ni—Mo catalysts are used in either ebulating or
fixed beds, and catalyst deactivation rates and ultimate lifetime are of con-
cern (80, 81). In ebulating beds, a small portion of fresh catalyst is continu-
ously fed to balance the catalyst being purged.

Iron and chloride catalysts are basically disposable because they are con-
sidered to be rather cheap and difficult to recover from residual products,
while Ni-Mo and Co-Mo catalysts are too expensive to be considered dis-
posable (82). Recovery of very fine particles of MoS, by hydroclone separa-
tion has been shown to be promising (83). Disposable catalysts added at lev-
els similar to that of ash mineral contents significantly reduce the potential
recovery of oil in both distillation and extraction. This is problematic be-
cause equal volumes of oil adhere to solid particles after separation. Slurry
transportation of residues suffers from the same problem. Even if the cost of
the disposable catalysts is affordable, adding 1 to 5% of the catalyst to the
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coal feed produces tremendous amounts of waste oil in the commercial liq-
uefaction plant. For example, 1800 ~ 3000 t of waste including ash is pro-
duced while liquefying 30,000 t of coal (usually 5% ash per day). If by pre-
treatment it is possible to reduce the mineral content before liquefaction,
disposable catalyst streams will be the major waste stream to be dealt with.
The recycle of the catalyst or drastic reduction of its amount is a major goal
in current studies. Bottoms recycle of used catalyst and heavy residual prod-
ucts is one promising way to increase oil yield and to improve hydrogen
efficiency. This benefit is limited because it may bring about reduction of
coal concentration in the slurry, increase the slurry viscosity, and enhance
retrogressive reactions, especially under lower hydrogen partial pressures or
if poorer donor solvents are used (84). The amount of bottoms recycling is
also limited by the amount of inorganic residues because of efficiency of re-
actor volume and enhanced corrosion.

VI. Roles of Hydrogen Donor, Solvent Properties,
and Catalyst in the Preheating and
Primary Stages

In preceding sections, fundamental coal chemistry, liquefaction mecha-
nisms, solvent and catalyst characteristics were summarized briefly. In the
following three sections, the roles and improvements in solvents and cata-
lysts in multistage liquefaction processes are reviewed in more detail on the
basis of recent progress in this area.

A. FUNCTIONS OF HYDROGEN DONORS AND SOLVENTS IN
CoAL DISSOLUTION

The solvent performs the following functions in coal liquefaction:

1. dissolution and dispersion of coal macromolecules;
2. hydrogen donation to radicals and aromatic rings;
3. dissolution of depolymerized products; and

4. hydrogen shuttling.

Hydrogen donors have long been recognized to be quite effective in dis-
solving coal. When donors of high boiling point are used, coal can be dis-
solved under normal pressure, and no gaseous hydrogen is necessary
(85, 86). Tetralin has been used as a conventional model of donor (87, 88);
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however, it is not the best model because of its lower hydrogen donor activ-
ity and poor solvent power. More effective model solvents have been formu-
lated from model compound mixtures that combine high dispersion proper-
ties with hydrogen donor properties (76).

The effectiveness of hydrogen donors is discussed in terms of reactivity
for donation, content of donatable hydrogen, hydrogen shuttling ability, and
inherent molecular structure stability. The liquefaction behavior of model
donors has been determined by characterizing the products of their reaction
with coal. In Figs. 5—~14, the products of liquefaction are described as gases
(G), oils (O), asphaltenes (A), preasphaltenes (P), and residues (R). Fig-
ure 5 illustrates the liquefaction yields of Morwell coal with different hydro-
gen donors at 450°C (89). Tetrahydrofluoranthene(4HFI), which liberated all
of the hydrogens in 5 min, suffered a deficiency of donatable hydrogens
at the solvent/coal weight ratio of 1/1 (S/C = 1), thus giving poor yields
of oil and asphaltene. The spontaneous dehydrogenation of hexahydro-
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FIG. 5. Liquefaction yields for donors of variable composition at 450°C and solvent/coal
weight ratio of unity. (a) 1,2,3,10b-tetrahydrofiuoranthene:4HFI; (b) 1,2,3,4,5,6,7,8-octahy-
droanthracene:8HAn; (©) 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydrotriphenylene: 12HTp;
(d) 1,4,5,8,9,10-hexahydrofluoranthene:6HAn. (@) oil+asphaltene; (O) oil; (D) gas; (O0)
preasphaltene; (D) residue.
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anthracene (6HAnR) took place so rapidly that coal fragment radicals were
not capped. Octahydroanthracene(8HAn) and dodecahydrotriphenylene
(12HTp) provided more oil and asphaltene at S/C = 1, while significant
amounts remained unreacted even after the longer reaction time of 15 min.
Larger amounts of 8HAn (S/C = 1.5-3) proved less effective than the
same amount of 4HFI in increasing the oil yield as illustrated in Fig. 6. This
suggests that the ability to release hydrogen 1s important to the liquefaction
performance. 12HTp and 8HAn are not stable and thermally decompose at
450 and 480°C, respectively. Thus, the reactivity of donors, as well as the
solvent/coal ratio and thermal stability 1s important for the production of oil
and asphaltene.

The liquefaction behavior of a mixed donor of 4HF] and 8HAn was exam-
ined to determine the roles of donors of different quality and reactivity of
donatable hydrogens in single-stage and consecutive two-stage liquefactions
as illustrated in Figs. 7 and 8 (28). The two donors competed for the same
radical fragments of coal (total S/C = 2, 45°C, 10 min). The yields of oil
and asphaltene were 37 and 20%, respectively. These values were much the
same as the average values of the separate use of each solvent. The consecu-
tive use of 8HAn with eight donatable hydrogens of lower reactivity in the
first stage (8HAn/coal = 1/1, 450°C, 10 min) and 4HFI with four hydro-
gens of higher reactivity in the second stage provided higher yields of oil
and asphaltene (41 and 19%, respectively) at less total consumption of hy-
drogen. 4HFI converted a larger amount of the heavier fraction in hexane
insoluble(HI), which was obtained in the first-stage reaction of 450°C/10
min using 8HAn(8HAn/coal = 1/1), into the lighter fractions(oil 26%) in
the second-stage liquefaction of 450°C/10 min at 4HFL/HI = 1.5/1. Addi-
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Fic. 6. Influence of solvent/coal ratio on the liquefaction yields with different donors.
Oil + asphaltene: A (4HF1), @ (8HAn); oil: A (4HF1), O (8HAR); (D) gas; (©) preasphal-
tene; (D) residue.
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FIG. 7. Single-stage hydrogen-transfer liquefaction of Morwell coal at 450°C with mixed
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Fic. 8. Two-stage consecutive use of donors inthe liquefaction of Morwell coal at 450°C
and 10 min in both stages. (a) First stage, 4HFl/coal = 1/1; Second stage; 4HF1(2 g) added
(S/C = 2/1). (b—e) Ist stage, 8HAn/coal = 1/1. Second stage: (b) 8HAN(2 g) added
(S/C = 2/1); (c) 4HFI(1 g) added(S/C = 1.5/1); (d) 8HAn(l g) added(S/C = 1.5/1);
(e) 4HFI(2 g) added(S/C = 2/1). (E2) Gas; (L)) oil (£2]) asphaltene; ([[]) preasphaltene;
() residue.
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tional 8HAR in the second stage provided a lesser amount of oil(13%) with
larger amounts of residue and preasphaltene. Thus, two donors of different
reactivities can behave cooperatively according to their reactivities in the
depolymerization of coal molecules in the two-stage reaction, giving higher
yields of oil and asphaltene. The mechanisms of fragment stabilization (first
mechanism) and hydrogen-assisted bond fission (second and third mecha-
nisms) may explain these results.

Three kinds of polycondensed aromatic hydrocarbons, pyrene (Py),
fluoranthene(F1), and anthracene(An), were examined in combination with
4HFI in hydrogen-transferring liquefaction of Morwell coal to define their
roles as nondonor solvents as illustrated in Fig. 9 (37). The mixed solvent of
75% 4HFI and 25% Py in liquefaction at 450°C for 10 min and S/C = 2
provided oil and oil + asphaltene yields of 54 and 65%, respectively. This
indicates the beneficial effects of mixed solvents for oil production com-
pared with pure 4HFI. The efficiency of hydrogen consumption was also
higher for the mixed solvent. Favorable effects of FL and 4HFL mixtures
were observed at a higher solvent/coal ratio of 3.5(§/C = 3.5), whereas the
mixed solvent of 4HFI and An failed to provide good results. The role of
nondonor in hydrogen-transfer liquefaction should be considered when de-
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FiG. 9. Effect of nondonor solvents on the liquefaction. Qil + asphaltene: @ (S/C = 2),
M (S/C = 3); oil: O (S/C = 2), LI (S/C = 3); (D) gas; (©O) preasphaltene; (D) residue.
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signing the optimum liquefaction solvent for higher oil yields, based on the
depolymerization mechanisms of coal macromolecules.

F1, which is a polycondensed aromatic compound containing four rings,
may aid the diffusion of the donor into coal particles and dissolve coal-
derived molecules as effectively as Py, but its ability to accept hydrogens
from 4HF1 was found to be inferior to that of Py. The hydrogen-shuttling
role of Py appears to be superior to that of Fl.

B. ROLES OF CATALYST IN THE DISSOLUTION OF COAL

The reactive radicals produced through thermal breakage of bonds in coal
molecules must be stabilized to prevent retrogressive reactions. Because of
their high reactivity, their stabilization should be as rapid as possible. The
bimolecular hydrogenation by donors is of fundamental importance in this
stabilization as described above, although the radicals can undergo self-
stabilization through liberation of hydrogen atoms.

The radicals are produced from coal macromolecules in the solid or
highly viscous state during the initial stage of their depolymerization. In
such circumstances, hydrogen donor solvents play major roles in stabilizing
the radicals because of their penetration into solid coal and solvent power
(90). Nevertheless, hydrogens adsorbed on the solid catalyst, as well as
those of the donor, can stabilize the radicals whenever they encounter the
available hydrogens (97). Hence, solvents that reduce the viscosity of the
liquefying system are crucially important in enhancing the mobility of radi-
cals and donors for their efficient contact. Immobile solid catalysts are also
expected to participate in radical stabilization if they are highly dispersed.
Hydrogen spillover on the coal surface may also participate in radical stabi-
lization when the catalyst is well dspersed on the coal surface (90).

Another role of the catalyst in coal dissolution is generation and regenera-
tion of donor and/or dissolving solvent through hydrogenation and/or hydro-
cracking reactions (92). The consumption and generation (or regeneration)
of the solvents should be balanced. This requires that the catalyst activity,
solvent/coal ratio, and reaction conditions are carefully adjusted.

It has recently been reported that radical bond breakage may be initiated
by carbon black of high surface area. The conversion of a model coal com-
pound, 4-(1-naphthyl-methyl) bibenzyl was accelerated at ~375°C without
hydrogen pressure in either the presence or absence of hydrogen donors
(41, 42). This suggests that polarity or surface radical content of carbon
black may initiate the decomposition of phenyl-methylnaphthyl linkages.
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C. HYDROGENATION AND HYDROCRACKING OF PRIMARY
CoaL LIQuIDs

Hydrogenation and hydrocracking activity of iron catalysts has been ex-
tensively investigated using coal and model compounds (93-95). Iron cata-
lysts can hydrogenerate olefinic unsaturated bonds, while they are known to
be less active for the hydrogenation of aromatic rings compared with
molybdenum-based catalysts.

Hydrocracking reactions such as dealkylation and cracking of paraffins
and naphthenic rings are necessary in the liquefaction process to convert
heavy nondistillable products into light distillates. Iron catalysts are quite ef-
fective in dealkylation and cracking of alkyl side chains. The latter two re-
actions, however, hardly proceed with conventional molybdenum-based cat-
alysts, which have higher hydrogenation activity (see Section VIII). The
acidic properties of the catalyst may be important. Competitive reactivities
among a variety of substractes should also be taken into account.

In ebullating bed reactor, such as the H-coal process, Ni-Mo or Co-Mo
alumina catalysts have been used (96). The catalyst definitely improves the
oil yields by accentuating aromatic hydrocracking, achieving conversions
around 95% at catalyst make-up rates of 1 ~ 3%.

Iron catalysts exhibit much lower activity for the heteroatom-removing re-
actions such as hydrodenitrogenation(HDN) and hydrodesulfurization(HDS)
compared with Mo-based catalysts (97).

D. THE MECHANISMS OF RETROGRESSIVE REACTIONS
AND THEIR SUPPRESSION

Once initiated, retrogressive reactions may continue until all of the ther-
mally produced radicals are consumed, leading to very stable condensed
aromatic hydrocarbons and eventually coke, unless they are prevented
(98, 99).

Iron catalysts do not appear to be very active catalysts for hydrogenation
of aromatic rings, especially at temperatures above 450°C and at hydrogen
pressures of 100 ~ 200 kg/cm® (/00). Under these conditions, donors are
not sufficiently regenerated once they are dehydrogenated under liquefaction
conditions. Hence, the progress of liquefaction should be adjusted to pro-
hibit retrogressive reactions or it should be terminated before the donor is
completely consumed. Lowering the temperature reduces the reactivity of
donors, while the thermally produced radicals readily recombine at all tem-
peratures. Thus, retrogressive reactions are difficult to avoid. Direct cou-
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pling, as in two-stage liquefaction, is strongly recommended so that inter-
mediates are immediately transferred to the successive reactor for catalytic
hydrogenation (76, 101). The additional supply of donor and/or very high
hydrogenation activity of the catalyst is emphasized in this successive step.
Production of inert asphaltenes and preasphaltenes should be avoided be-
cause the yield of distillate is inevitably reduced by their production. Retro-
gressive reactions can cause such production. One problem with direct cou-
pling of process steps is that of severe catalyst deactivation due to poisons
and contaminants produced in the first stage, which are all sent to the sec-
ond stage.

Retrogressive reactions may progress locally in reactors and transfer lines,
where long residence times or poor mixing of reaction fluids takes place
(102). The surface of the catalyst or minerals adsorb reactants without hy-
drogenation, and extensive retrogressing reactions may proceed on these
surfaces (/03).

Again, the solvents of high hydrogen donor and dissolving abilities are
keys in preventing these reactions. The design of preheater and reactor is of
major importance in achieving uniformity in the degree of reaction in the
homogeneous phase at all stages.

VIll. Combination of Catalyst and Solvent and
Stepwise Application of Donor and Catalyst in the
Primary Stage

A. PERFORMANCE OF SOLVENT IN THE PRESENCE OF
CATALYST

The combined utilization of solvent and catalyst for primary coal liquefac-
tion processes has been extensively investigated by many researchers in or-
der to increase the distillate yield and improve the efficiency of hydrogen
consumption (/04). German groups insisted that the liquefaction under high-
temperatures (~500°C) and high-pressure (~300 atm) conditions can
provide an excellent o1l yield regardless of the solvent or catalyst species
(105), while other groups such as NBCL, NEDOL, and PETC examined the
effectiveness of solvent in the presence of catalyst under much milder condi-
tions (~450°C and ~150 atm), indicating the cooperative role of solvent
and catalyst in terms of dissolution and depolymerization of coal macro-
molecules, suppression of retrogressive reactions, and regeneration of the
donor solvent (/106—-108).

The present authors identified an optimal mixture of solvents for catalytic
liquefaction in presence of pyrite. Figure 10 shows the influences of solvent
composition (4HF1/Py) on the liquefaction of Morwell coal in an autoclave
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FiG. 10. Influence of solvent composition on the catalytic and noncatalytic liquefaction.
(A) 3% FeS; catalyst: (@) oil + asphaltene; (O) oil; (©) gas; (P) preasphaltene; (D) residue.
(B) No catalyst: (A) oil + asphaltene; (A) oil; (L) gas; (A) preasphaltene; (A) residue.

at 450°C, 20 min, 100 atm hydrogen pressure, and S/C = 1.5 with and
without pyrite catalyst (/09). A mixed solvent composed of 75% 4HFI and
25% Py provided the highest oil and oil + asphaltene yields. Pure 4HF! sol-
vent increased gas yields with decreased oil and asphaltene yields compared
to that with the mixed solvent. The catalyst was not as effective with sol-
vents containing less than 75% 4HF]I as oil yields were lowered. This fea-
ture is similar to that of hydrogen-transferring liquefaction, indicating that
the initial step of liquefaction under lower hydrogen pressure involves disso-
lution of coal by the donor as a primary route independent of the presence
of catalyst. It should be noted that slow heating in an autoclave is never fa-
vorable for the donor to perform effectively in hydrogen-transfer deploymer-
ization.

B. STEPWISE APPLICATION OF THE DONOR AND CATALYST
IN THE PRIMARY STAGE

Two-stage liquefaction processes involving stepwise application of donors
and catalyst such as EDS (Exxon donor solvent) and SCT-TSL (short contact
time two-stage liquefaction) processes in the United States and LSE (liquid
solvent extraction) process in the United Kingdom have been investigated as
a means to producing distillable light oil directly using Co—Mo or Ni—-Mo
catalysts in the second stage, although no catalyst was used in the first stage.
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Recently, closed coupled and/or integrated two-stage liquefactions (CC-
ITSL) have been investigated to elucidate the effects of thermal/catalytic and
catalytic/thermal staging on solids buildup. Two-step liquefaction is worth
examining within the primary liquefaction stage.

Catalysts and donors do not always perform most efficiently under the
same conditions. Hence, optimal application is achieved in consecutive
steps, where the best conditions can be selected for each step separately. In
such a two-step primary liquefaction process, expensive catalysts, such as
Co—Mo and Ni-Mo, are not necessarily employed. These catalysts are
more appropriately used when the coal has been depolymerized to soluble
products and catalyst poisons are not present in the final upgrading stages.

The stages of coal conversion to final products are referred to as the pri-
mary stage, in which coal is converted to primary liquid (soluble) products
in two steps and a secondary or final stage in which the primary products
are upgraded to the final distillate products.

Figure 11 illustrates the product distributions from the first stage (350°C,
20 min) without catalyst or hydrogen pressure and the successive second
stage (380 or 400°C) with FeS; catalyst in an autoclave in both stages (/10).
The second stage at 380 and 400°C in the presence of hydrogen converted
asphaltene, preasphaltene, and residue to high oil yield but with a marked
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Fig. 11. Two-stage liquefaction using autoclave for both stages. Ei:Gas; [:oil;
[]:asphaltene; [J:preasphaltene; M:residue. (a) First stage: 350°C-20 min (N, No catalyst);
(b) a + 380°C-20 min (H,, FeS, catalyst); (c) a + 380°C-40 min (H;, FeS, catalyst);, (d)
a + 400°C-20 min (H,, FeS, catalyst); (e) a + 400°C-40 min (H,, FeS, catalyst); (f) single
stage: 400°C-40 min (H,, FeS, catalyst).
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increase in gas. The heavier products in the first step at the lower tempera-
ture appeared difficult to catalytically upgrade without producing gas. Some
retrogressive reactions are indicated to have produced less reactive asphal-
tenes.

Figure 12 illustrates the product distributions in two-step liquefaction us-
ing a tubing bomb then an autoclave in the first and second steps, respec-
tively, varying the temperature and time in the first step (110). The
influences of time and temperature are clearly shown in Fig. 12, suggesting
an optimum condition of 400°C for 10 min, which provided an oil + asphal-
tene yield of 81% with only 9% gas and 10% preasphaltene + residue after
the second step at 400°C under 100 atm hydrogen pressure. A higher-
temperature (430°C) first step and short time (2 min) increased both gas and
oil yields. A longer reaction time at this higher temperature accentuated this
trend, decreasing the oil yield. Increasing the temperature even further at
very short residence time (450°C, O min; heat-up time; ca. 2 min) gave far
inferior results. Lower temperature (380°C) and longer time (20 min) pro-
vided a fairly high gas yield (24%) with less oil. Temperatures around 380 —
400°C appear optimal for the catalytic step in the present scheme.
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FiG. 12. Two-stage liquefaction using tube bomb/autoclave for each stage. First stage: no
catalyst, tube bomb, (al) 380°C-20 min; (bl) 400°C-10 min; (c1) 430°C-2 min; (d1) 430°C-
5 min; (el) 450°C-0 min. Second stage: 400°C-20 min, FeS, catalyst, autoclave.



ISAO MOCHIDA AND KINYA SAKANISHI

Viil. Catalytic Upgrading of Crude Coal Liquids
in the Secondary Stage

The crude coal liquids produced in the primary stage must be upgraded in
the second stage such that they can be further refined with products from
petroleum crude into commercial products. Present coal liquid crudes con-
sist of distillates, asphaltenes, preasphaltenes, residues, minerals, and cata-
lysts of the primary stage. In upgrading this crude, one has several options
in the choice of feed for the second stage, for example, distillate, distillate
plus asphaltene, whole organic products without inorganic components, or
the whole crude. Separation processes function as the interface between the
primary and secondary stages. The separation process, although adding ex-
pense to the overall process, can contribute to substantial increases in valu-
able products. Processing easier feeds, such as light liquid distillates, may
reduce the load on the catalysts while sacrificing precious products, thus
wasting a considerable portion of the cost of the primary stage. Neverthe-
less, even the distillate from coal contains aromatic and polar organic com-
pounds, which are certainly different from the corresponding fractions of
petroleum crudes. The feed, which contains heavier polyaromatic compo-
nents with large quantities of heteroatoms, unreacted coal, and inorganic
solids, is very difficult to upgrade as it severely deactivates the catalyst and
makes regeneration difficult.

The second stage is expected to regenerate the solvent for the primary
stage. Hence, the reaction configuration, reaction conditions, catalysts, and
solvents must be as carefully designed in this secondary upgrading stage as
those of the primary stage.

A. INTERFACE OF PRIMARY AND SECONDARY
STAGES —SOLID/LIQUID SEPARATIONS

Solid/liquid separation is usually required at the interface of the primary
and secondary stages to allow optional upgrading of the crude coal liquids
of the primary liquefaction stage, by removing mineral matter, unreacted
coal, heavy products, and catalysts (/11, 112). Distillation, anti-solvent ex-
traction, and centrifugation have been conventionally employed in liquefac-
tion processes (/13, 114).

Direct close coupling of the primary and secondary stages has been inves-
tigated by Chevron and Wilsonville liquefaction facilities to improve lique-
faction efficiency and liquid yield.

A multistage liquefaction process consisting of deashing, hydrogen-
transfer liquefaction, catalytic depolymerization with FeS,, catalytic hydro-
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racking, and hydrorefining with Ni-Mo may be an attractive alternative in
designing the most efficient liquefaction process. Such a multistage liquefac-
tion process would include completing the coal conversion to distillate in the
first two stages and upgrading the distillate in a third stage (//75).

B. REACTIONS AND ROLES OF CATALYSTS IN THE
SECONDARY STAGE

Crude coal liquids produced in the primary liquefaction stage can be fur-
ther hydrotreated through hydrogenation and hydrocracking into gasoline
and kerosene range distillates, from which heteroatoms can also be removed
rather easily, together with petroleum streams of the same boiling range in
conventional refineries. Preasphaltenes and asphaltenes in the crude are
preferably depolymerized into oil selectively with minimum formation of
coke and gases; however, their conversion to oil is rather difficult because of
their resistance toward depolymerization. Thus, the objectives of the second
stage are as follows:

1. selective upgrading of heavy liquids, especially asphaltenes and preas-
phaltenes to distillates

2. deep and efficient refining to remove heteroatoms, such as O, S,
and N.

Asphaltenes and preasphaltenes are sent to the secondary stage after the
removal of solids. Such feeds must be upgraded to distillates or at least hy-
drogenated such that on recycle to the primary stage, they are easier to hy-
drocrack. When the secondary stage is to be operated in a fixed-bed pro-
cess, the primary concerns are catalyst lifetime and operability as influenced
by reactor plugging. The NBCL group developed a Ni—-Mo/Al,O; catalyst
modified with Ca to control the activity while limiting coking (/76). The
catalyst has been shown to have stable activity for 8000 hr. However, its ac-
tivity for distillate production is rather low. It was also reported that Ni~Mo
hydrous titanium oxide (HTO) catalysts were comparable or superior to
other commercial and novel formulations tested by Amoco for second-stage
upgrading of coal-derived residues (34). Higher activity for hydrocracking
as well as long life are still desired.

The present authors proposed the use of Ni—Mo supported on low-
surface-area clay or titania as upgrading catalysts because of their low polar-
ities, limited micropores, and strong interactions with Ni-Mo (/17). Such
properties are expected to exhibit unique activity and selectivity for the
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TABLE [
Catalysts and Some of Their Properties
Commercial
cat. Cat.-A° Cat.-B*
Support: v -AlO; Natural clay Ti0,(Fe»0;)
NiO (wt%): 6 3 6
MoO; (wt%): 12 6 12
Surface area® (m%g): 170 90 20
Pore diameter (A) Pore volume (ml/g)
30-100 0.31 0.0 0.03
100-220 0.06 0.40 0.01
220-400 0.0 0.30 0.03
400-630 0.0 0.34 0.04
630-1100 0.04 0.15 0.04
1100-2100 0.27 0.12 0.10

“In-lab. preparation.
* Measured by the BET method.

heavy fractions of crude coal liquids. The authors examined the hydrotreat-
ment of solvent-refined coal (SRC) from Wandoan subbituminous coal using
the catalyst listed in Table 1 (/717).

The products were solvent fractionated into hexane soluble (HS), hexane
insoluble—benzene soluble (HI-BS), and benzene insoluble (BI) fractions.
The yields of these solvent-fractionated products after hydrotreatment of
SRC are plotted against the reaction time in Fig. 13. The overall activities
of the catalysts were very similar to those of the commercial catalyst in spite
of their lower surface areas. Both exploratory catalysts (Cat-A and Cat-B)
showed similar reaction profiles, which were markedly different from those
of the commercial catalyst. The BI fraction decreased over the exploratory
catalysts equally as well as the over the commercial catalyst. However, the
HS fraction hardly increased as long as the BI fraction was present. As the
result, the HI-BS fraction increased to a maximum just before the BI frac-
tion disappeared and then rapidly decreased to complete conversion after
about 9 hr. The rate of HS formation increased correspondingly during this
time. Thus, the exploratory catalysts were found to exhibit a preferential se-
lectivity for conversion of heavier components of SRC, compared to the
commercial catalyst. These results emphasize that the chemical and physical
natures of the support are important in catalyst design (49).
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FIG. 13. The yields of solvent-fractionated products in the hydrotreatment of SRC vs reac-
tion time. Catalyst: (a) commercial catalyst; (b) Cat.-A; (c) Cat.-B. Reaction conditions: SRC/
Cat. ratio (weight), (a) and (c) 10/1; (b) 5/1; reaction temp, 380°C; H» initial pressure,
100 kg/cm?, BI (O); HI-BS ([_]); HS (A); open; first run; closed; second run.

C. EFFICIENCY OF TWO- OR THREE-STEP UPGRADING IN
THE SECONDARY STAGE

Removal of heteroatoms, especially nitrogen in heterocycles, is another
important consideration in catalytic upgrading. Nitrogen located in con-
densed aromatics is difficult to remove, since the denitrogenation proceeds
only after all aromatic rings are saturated (//8). The authors have identified
a two-step catalytic procedure for very effective denitrogenation that uses a
Ni—Mo catalyst having very high hydrogenation activity at higher tempera-
tures (/19).

A single-step reaction at 430°C for 3 hr eliminated only 30% of the nitro-
gen from the heavy distillate of a Wandoan coal liquid (bp 350-500°C) as
shown in Table II. In marked contrast, a 100% denitrogenation was
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TABLE I
Two-Stage Hydrodenitrogenation of Coal Heavy Liquid Heavy Distillate

Initial  Reaction

Temperature Time pressure pressure Catalyst N removal

Run No. Stage (°C) (hr) (MPa) (MPa) (g Solvent (%)
1 1 420 3 10 23 1 a 34
2 2 420 5 10 23 1 a 55
3 1 350 8 12 24 a 8
2 420 3 10 23 — — 60¢

4 1 350 8 12 24 | a 8
2 420 3 10 23 1 — 79¢

5 i 350 8 12 25 1 b 23
2 420 3 10 22 — — B1-

6 1 350 8 12 23 1 ¢ 33
2 420 3 10 22 — — 89°

7 1 350 8 12 23 1 d 26
2 420 3 10 22 — — 100°

8 1 380 3 6 13 1 d 22
2 420 3 4 11 — — 82¢

9 1 390 2 5 12 1 d 29
2 440 1 4 11 — — 64¢

10 1 390 2 5 12 1 d 29
2 440 2 4 11 — —— 83¢

¢ 1-Methylnaphthalene (solvent : distillate—1:1).

» 1-Methylnaphthalene (solvent : distillate—3: ).

“1:4 wt: wt pyrene: 1-methylnaphthalene (solvent : distillate—1: 1).
?1:4 wt: wt fluoranthene: 1-methylnaphthalene (solvent : distillate—1: 1).
“'Total N-removal for two stages.

achieved using two successive steps with fresh catalyst in each step [hydro-
genation at 350°C, 8 hr and denitrogenation at 420°C, 3 hr (/20)].

Structural analysis of polycondensed aromatic hydrocarbons in the hydro-
genated coal liquid from the single-stage hydrogenation at 430°C suggested
that insufficient hydrogenation of the aromatic rings including heterocyclic
components was the major cause for its low degree of denitrogenation.
Thus, the two-step hydrotreatment was much more effective for deep
refining of coal liquids. Catalyst deactivation was also suppressed in the
two-step hydrotreatment, as shown in Table III (27).

The most effective catalysts for the secondary step possess selective activ-
ity for hydrocracking of asphaltenes, preasphaltenes, and long-chain
paraffins. The two-step hydrocracking procedure enables the acceleration of
all reactions through extensive hydrogenation of polar aromatics at lower
temperatures (<400°C) in the first step and successive hydrocracking of hy-
drogenated products at higher temperatures (~420°C) in the second step.
Catalysts can be separately optimized for their respective purposes in each



CATALYSIS IN COAL LIQUEFACTION

TABLE 111
Two-Stage Hydrotreatment of Asphaltene in Australian Brown Coal Liquid: Effects of
Two-Stage Concept on Catalyst Deactivation
{Changes of Catalyst Activations and Weight in the Repeated Runs®)

Number of
repeated run Af, HDN(%) ICW(wt%)
1 0.20 43 8
2 0.20 38 8
3 0.20 38 8
380°C for 3 hr 4 0.20 38 8
5 0.20 38 9
6 0.20 37 9
7 0.20 37 9
1 0.17 70 8
2 0.16 65 9
3 0.16 62 10
430°C for 3 hr 4 0.16 58 11
5 0.16 58 11
6 0.16 58 12
7 0.16 58 13
1 0.25 80 3
2 0.23 75 4
3 0.23 73 4
Two stage® 4 0.23 72 5
5 0.23 71 6
6 0.23 71 6
7 0.23 70 6

“Af., change of carbon aromaticity before and after the reaction; HDN, nitrogen removal;
ICW, increment of catalyst weight (THFI on the catalyst).
390°C for 2 hr and 430°C for 2 hr.

step of the hydrotreatment. Acid zeolites have been utilized in combination
with Ni—Mo alumina catalysts for paraffin cracking (/27). This catalyst sys-
tem can also be accomplished in a two-step procedure.

Such two-step hydrotreatments are also effective for deep hydrodesulfur-
ization of diesel fuel, heavy gas oil, and atmospheric residue, without pro-
ducing fluorescent compounds or dry sludge, which are of current concern
in petroleum refining, which must meet current regulations. Some results on
two-step hydrodesulfurization of diesel fuel and hydrocracking of petroleum
residue are summarized in Tables IV and V (22, 122). The combined use of
suitable catalysts, as well as optimization of reaction conditions at the re-
spective step, are very important in achieving deep desulfurization without
color development and higher conversion without sludge formation.
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TABLE IV
Two-Stage Desulfurization of Diesel Oil

Reaction condition

Catalyst (°C-kg/cm?-hr) Sulfur

content
First Second First Second (Wt%) Color
CoMo CoMo 320-50-1 320-50-1 0.080 Transparent
NiMo NiMo 320-50-1 320-50-1 0.074 Transparent
CoMo NiMo 320-50-1 320-50-1 0.049 Transparent

NiMo CoMo 320-50-1 320-50-1 <0.05 Light fluorescence
CoMo NiMo 300-50-1 320-50-1 0.074 Transparent
CoMo NiMo 340-50-1 320-50-1 0.051 Transparent
CoMo NiMo 360-50-1 320-50-1 0.028 Transparent
CoMo NiMo 320-50-1 300-50-1 0.109 Transparent
CoMo NiMo 320-50-1 340-50-1 0.049 Transparent
TABLE V

Extensive Hydrocracking of VR from Arabian Crude without
Sludge Formation

Conditions
(°C-h)
Recovery DY*

Catalyst First Second (Wwt%)  (wt%) PQ?
KF-842  390-4 — 95 39 2

420-4 — 75 72 ng

390-3  420-1 94 68(82)  ng
KFR-10  390-4 — 98 41(49) g

420-4 — 91 74(83) ng

390-3 420-1 94 66(79) vg

390-3 420-3 94 70(82) g

390-3 430-1 94 69(82) g

390-3 440-1 93 81(90) sg

390-3 440-1 95 81(89) vg

DY, 540°C distillate yield; (), 565°C distillate yield.
®PQ, product quality; g, good, vg, very good; sg, somewhat
good; ng, no good.

D. DESIGN OF CATALYSTS FOR THE SECONDARY STAGE,
PARTICULARLY MULTISTEP UPGRADING (/23-127)

Catalysts of higher activity for hydrotreating have been investigated for
petroleum refinement. Improvements through novel design of supports
and methods for impregnation, calcination, and sulfidation are being sought
to achieve higher catalyst dispersion on the support, no sintering during use,
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optimal sulfide levels, and homogeneous distributions of catalytic species.
Although some significant improvements are reported, more systematic in-
vestigations of the catalyst precursors and activation procedures are still
necessary.

Catalysts for coal liquefaction require specific properties. Catalysts of
higher hydrogenation activity, supported on nonpolar supports, such as tita-
nia, carbon, and Ca-modified alumina, are reasonable for the second stage
of upgrading, because crude coal liquids contain heavy polar and/or basic
polyaromatics, which tend to adsorb strongly on the catalyst surface, leading
to coke formation and catalyst deactivation. High dispersion of the catalytic
species on the support is very essential in this instance. The catalyst/support
interactions need to be better understood. It has been reported that such in-
teractions lead to chemical activation of the substrate (/27). This is dis-
cussed in more detail in Section XIII.

IX. Roles of Solvents in the Secondary Stage

Reaction solvents in the secondary stage of coal liquefaction play impor-
tant roles in reducing catalyst deactivation by inhibiting the formation of
coke from polar or polycondensed aromatic hydrocarbons, through hydro-
gen donation, and by removing coke precursors via dissolution from the cat-
alyst surface (119, 120). Because of their excellent dissolving ability, four-
ring aromatics are very beneficial solvent components. Such components
are also easily hydrogenated during catalytic upgrading and become very ef-
fective hydrogen donors as well.

The authors reported an example of such solvent effects in the catalytic
two-step denitrogenation of coal liquid distillates. With large quantities of
added 1-methylnaphthalene or 20% added pyrene or fluoranthene, no addi-
tional catalyst is necessary for the second step to achieve high levels of deni-
trogenation.

The catalyst’s resistane to coking may also be improved by the solvent
while maintaining high catalytic activity. Hydrogen pressure can, thus, be
reduced to 110 atm in a two-step hydrotreatment, as shown in Table II
(21, 128). The two-step hydrotreatment assisted by the proper solvent not
only improves the extent of hydrocracking and heteroatom removal, but it
also allows the reduction of the hydrogen pressure required for efficient up-
grading.

Aromatic solvents have been reported to prevent sludge formation during
two-stage hydrocracking of petroleum atmospheric residue at high conver-
sion by dissolving sludge precursors such as asphaltenes and heavy polar
aromatics (22). Sludges that remain on the catalyst deactivate it through
coke formation.
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X. Lifetime, Recovery, and Regeneration of
Liquefaction Catalyst in the Primary and
Secondary Stages

Coal and its derived liquids contain a number of catalyst poisons or poi-
son precursors, which inevitably and severely deactivate the catalysts during
the liquefaction process. The catalysts are deactivated via three major routes
(129).

1. Carbonaceous substances and cokes cover the catalyst surface.

2. Mineral matter contaminates or coats the catalyst surface.

3. Chemical changes of catalytic species occur; for example, sulfide cata-
lysts are converted to oxides or sulfates and chlorides are converted to
oxides through oxidation or hydrolysis.

The difficulty in the recovery of catalysts from unreacted coal and miner-
als and the poor regenerability of used catalysts forces one to use disposable
catalysts, especially in the primary stage. This increases the cost of coal lig-
uefaction considerably. This section reviews the mechanism of catalyst de-
activation, design of recoverable catalysts in the primary stage, and catalyst
deactivation in the secondary stage.

A. MECHANISM OF CATALYST DEACTIVATION IN THE
CoaL LIQUEFACTION

1. Deactivation by Carbonaceous Substances and
Carbon (130-132)

The catalysts commonly used in coal liquefaction are iron sulfide in vari-
ous forms and complex sulfides of cobalt or nickel and molybdenum sup-
ported on aluminas that are acidic or at least polar. The organic substances
derived from coal are mostly high-molecular-weight aromatic compounds,
many of which contain oxygen and/or nitrogen functional groups. Some of
them contain both basic nitrogens and acidic oxygens. These materials have
low solubilities in the solvent because of their high molecular weights and
strong molecular associations, even in the liquid phase. Such materials are
preferentially adsorbed on the catalyst, where they are hydrogenated and
hydrocracked and heteroatoms are removed. They then desorb into the lig-
uid phase as the upgraded products of the liquefaction process. However,
some of them may remain on the catalyst for extended periods of time, even
if they are partially converted, because of acid—base or polar interactions
with the catalyst surface or because of poor solubility in the solvent. While
on the catalyst, adsorbates can be gradually converted into very heavy
molecules because of insufficient hydrogen supply and/or low reactivity of
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the adsorbate toward hydrogenation. Products that are difficult to desorb
eventually become coke.

Aromatic compounds larger than naphthalene are thermally and catalyti-
cally labile toward condensation through their oligomers and carbonaceous
derivatives (/33). Hence, the organic substances, which stay on the catalyst
for extended periods of time, become carbonaceous, irreversibly covering
the catalyst surface. Such carbonaceous substances may also trap minerals,
thus increasing the volume of coating materials.

The organic solids of fine size, such as inert macerals present in the start-
ing coal, may also cover the surface or plug the pore mouth of the catalyst.
However, this contribution to catalyst deactivation appears minor because
their diffusion into the catalyst pores is limited. Thus, the carbon deposition
on the catalyst surface principally takes place through strong substrate—
catalyst interactions and long residence times of high molecular weight and
polar substances. On the basis of this premise, it may be concluded that the
nature of the catalyst surface, the properties and reactivity of coal, and coal-
derived liquids and solvents are all important to the adsorption/desorption
equilibrium and in hydrogenation (hydrogen transfer) of adsorbates, which
influences carbon deposition and catalyst deactivation.

2. Deactivation by Inorganic Deposits (134, 135)

Two kinds of inorganic minerals are present in the coal; organic-bound
ions and solid minerals such as clays and inorganic oxides, chlorides,
sulfides, and sulfates. Although very fine grains of diameters less than
300 A may penetrate into the catalyst pores and precipitate by further crys-
tal growth, most inorganic solids are too large to plug catalyst pores. Adhe-
sion of inorganic minerals to the catalyst surface does not appear to be
strong; thus, they may be excluded as being a factor in catalyst deactivation.
However, such solids may be trapped with catalytic solids in the preheater,
precipitate on the reactor walls, or deposit on the bottom of the reactor as
scales and sludges.

Precipitation of very fine solids originating from organic-bound ions that
thermally decompose during the early stages of coal liquefaction appears to
be a significant factor in catalyst deactivation. Basic ions, released by this
decomposition, can neutralize the acidic sites of catalysts. More impor-
tantly, the carbonates, hydroxides, sulfides, and chlorides of sodium, cal-
cium, magnesium, iron and titanium are major poisons as they crystallize
on the surface of the catalyst and on the reactor walls. Such organic-bound
lons can easily penetrate into catalyst pores and precipitate within the cata-
lyst pores. This precipitation mechanism appears to be the common cause of
scale and sludge formation, which accompanies other organic and inorganic
solid depositions.
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3. Deactivation by Catalyst Transformation (136, 137)

Liquefaction catalysts, such as sulfides, lose their catalytic activity, espe-
cially hydrogenation activity when they are transformed into sulfate or ox-
ide. Even reduction of the extent of sulfiding leads to a significant loss in
catalyst activity. The crystalline form of the catalyst may also influence the
catalytic activity. Thus, the level of sulfur during coal liquefaction is criti-
cal. This can be controlled by the addition of sulfur additives.

Sintering, which reduces the active catalyst surface area, may also take
place. However, little detailed information is presently available on this
topic with respect to coal liquefaction.

B. DESIGN OF RECOVERY AND REGENERATION OF
CATALYST FOR THE PRIMARY STAGE (138-140)

The recovery, regeneration, and repeated reuse of the active catalyst are
of prime importance in substantially reducing the overall cost of coal lique-
faction. The used catalysts usually remain in the bottoms products, which
consist of nondistillable asphaltenes, preasphaltenes, unreacted coal, and
minerals. The asphaltenes and preasphaltenes can be recycled with the cata-
lyst in bottoms recycle processes. However, unreacted coal and minerals, if
present in the recycle, dilute the catalyst and limit the amount of allowable
bottoms recycle because they unnecessarily increase the slurry viscosity and
corrosion problems. Hence, these useless components should be removed or
at least reduced in concentration. If the catalyst is deactivated, reactivation
becomes necessary before reuse. Thus, the design of means for catalyst re-
generation and recycle is necessary for an effective coal liquefaction pro-
cess. Several approaches to achieving these goals are discussed below.

1. Complete removal of inert macerals and minerals from the starting
coal and complete conversion of reactive macerals at the expense of excess
production of hydrocarbon gases. In this situation, the recycled bottoms
consist of only catalyst and heavy coal liquid products. Reactor designs
should attempt to avoid catalyst deactivation, providing immediate reuse of
the catalyst.

2. Chemical separation of the catalyst from the bottom products. Some
coals, such as Australian brown coal, consist principally of reactive macer-
als and contain organically bound calcium and sodium, which almost exclu-
sively produce carbonate and chloride minerals during liquefaction. The cat-
alyst can be separated by extracting these minerals, which exist on the
catalyst surface or as precipitates in the bottoms product.

3. Physical separation of the catalyst from the bottoms product. Specific
gravity, particle size, and magnetic susceptibility of the catalyst could possi-
bly provide the means for catalyst separation.
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The first approach relies heavily on coal pretreatment. Although such pre-
treatment may be possible, the complete removal of inorganic minerals does
not appear practical.

The second approach depends heavily on obtaining very specific coals,
which may exist in only limited supplies. Carbonates and chlorides have
been found to be easily extracted by weak acids, such as acetic acid, without
harming catalysts such as FeS or Ni-MoS, although regeneration and re-
sulfiding may be necessary because some of the sulfur may be replaced by
oxygen during liquefaction. Catalyst deactivation by minerals deposition will
not be of concern for coals extracted in this way.

Although the third approach is more general, proper catalyst design is es-
sential. Dow proposed the use of a sulfide catalyst of very fine particles that
can be recovered by centrifugation (76), although separation was tedious
and never complete. Catalyst flotation may be possible; catalysts supported
on carbon may allow facile flotation (42) and hydrophobic surfaces may also
help catalysts to float in water.

The present authors proposed ferromagnetic supports, which can with-
stand liquefaction environment and conditions by their inherent nature or by
protection with a carbon coating (/41). Carbon has been recognized as an
excellent support for FeS and Ni-MoS as described in the previous section
(50). Very fine particles of ferrite are available. Coating with carbon can be
performed through precipitation of polymers or pitches by the aid of suspen-
sion agents followed by carbonization (/4/7). Catalyst deactivation by min-
eral and carbon deposition should be avoided for this approach to be feasi-
ble.

The removal of cations, such as sodium, calcium, magnesium, iron, and
zinc from coal, by ion exchange is quite effective, as discussed earlier. If
this is not done, cations can be labilized, through the decomposition of the
organic functional groups to which they are bound, during the early stages
of coal liquefaction, forming stable carbonates, chlorides, and oxides that
grow into crystals large enough to be harmful to catalysts. Many oxide min-
erals present in the coal may not be strong poisons for catalysts because of
their size and stability.

C. DESIGN OF DURABLE CATALYST FOR THE PRIMARY
STAGE (142, 143)

Recovered catalysts should maintain catalytic activity or at least possess
regenerable sites for repeated use. Of prime importance, catalysts in the first
stage of liquefaction can inhibit coke formation. Coke once produced on the
catalyst is difficult to remove without burning, which inevitably converts
iron sulfides to oxides and/or sulfates. In designing catalysts, low acidity or
polarity may be appropriate so as not to strongly adsorb heavy, polar, or ba-
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sic coal-derived intermediates. Highly porous catalysts may retain such ma-
terials until condensation takes place. But catalytic species such as iron
sulfides should have high surface areas for high activity. Very small particle
size or highly dispersed catalysts should be employed.

Electronic interactions between catalytic species and support have been
reported to increase the hydrogenation activity (52). Carbon, titania, and
zirconia may have potential in this area and should be considered for further
investigation (124).

It 1s difficult to design a catalyst that can tolerate deposition of inorganic
materials from organically bound sources. Such poison precursors should be
removed or stabilized before the catalytic process as described earlier. Pores
and pits on the catalyst surface may not trap solid catalyst poisons even if
they are very fine. Again, poreless, very small particles are recommended.

It is not necessary or even desirable to achieve highly upgraded coal prod-
ucts in this initial liquefaction step as a sufficiently depolymerized and hy-
drogenated product can be further upgraded in a secondary step through hy-
drocracking and hydrorefining.

D. CATALYST DEACTIVATION IN THE SECONDARY STAGE

The secondary stage is conducted either after liquid—solid separation or in
a close-coupled scheme. In the former case, inorganic solids as well as heav-
ier and less soluble portions of coal liquids, such as preasphaltenes, are basi-
cally removed from the feed to the secondary stage, although their removal
1s never perfect, especially very fine particles. The coal liquid after separa-
tion still contains organometallic substances, carboxylate and phenolate
salts. The most stable portion of such organometallics may decompose on
the catalyst surface and poison it just as was described for the first-stage cat-
alysts. Calcium, sodium, titanium, and magnesium are suspected to be ma-
jor poisons. Such poisons can be extensively removed through acid extrac-
tion and neutralization of primary products. An acidic guard bed may also
work to remove these organometallic poisons (/44). It should be noted that
fine solid particles of low reactivity that are not removed by separation pro-
cesses basically pass through fixed-bed catalyst reactors. Hence, catalyst de-
activation in the secondary stage is principally due to strong adsorption of
heavy polar organic materials and their coking on the catalyst surface.

In the close-coupled scheme, all produts and minerals are sent to the cata-
lytic process. Heavy deposits of carbonaceous substances are inevitable.
Heavy products of preasphaltene should be converted as much as possible in
the primary stage. The detailed characterization of all products, including
orgnometallics, suggests ways to convert or stabilize the poison precursors
in the primary stage.
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The solubility of unhydrogenated aromatic hydrocarbons is sometimes
limited in excessively hydrogenated or hydrocracked solvents. Overhydro-
genation of the solvent produces anti-solvent characteristics and may en-
hance phase separation at the last minute of the coal liquefaction (/45). This
is believed to be the mechanism of sludge formation in hydrocracking pro-
cesses. Such sludges are essentially dissolved at higher temperatures; how-
ever, some of them tend to be adsorbed on the catalyst surface and eventu-
ally become carbonaceous poisons. The adsorption, and thus deactivation,
is governed by the equilibrium solubility, dissolving ability of the solvent,
and the properties of the catalyst surface. As discussed above for the pri-
mary stage, hydrogen donor solvents may react with carbonaceous products
on the catalyst surface in the secondary stage. Hence, high conversions of
carbonaceous deposit precursors should be incorporated into the primary
stage design, such that all products are distillable or are severely modified
so as not to be unharmful to the catalyst of the secondary stage.

Xl. Pretreatment of Coal and Coal Liquid

As described in a previous section, coal and its liquefied products are
mixtures of complex organic and inorganic materials. Their pretreatment
before their liquefaction, as well as prior to catalytic hydrotreatment, pro-
foundly influences their reactivity and behavior (27, 146, 147).

Coal is conventionally washed or deashed according to the gravity differ-
ences to reduce its mineral matter and inert macerals. Such mineral reduc-
tion is very beneficial for liquefaction as it removes nonreactive substances
that wear moving parts of pumps and valves and reduce the potential recov-
ery of oil from solid residues. In addition, such solids may plug the catalyst
bed. However, removal of all harmful substances may never be feasible.
Different kinds of contaminants in the coal bring about their own specific
problems. Hence, it is important to identify the particular species and their
specific characteristics to design means for their removal and/or to render
them harmless. If properly designed, the combination of donor solvents and
catalysts offers the potential for almost complete conversion of coal into dis-
tillable oil, leaving no residue.

Deashing pretreatments activate even some of the unreactive macerals,
such as semifusinite in Australian brown and subbituminous coals, which
are difficult to solubilize in liquefactions using donor solvents. Such activa-
tion by the removal of cations appears to be characteristic of Gondowanan
coals, although the treatment enhances the liquefaction potential of all
coals. Figure 14 shows some results of Australian brown coal (Morwell)
with tetrahydrofluoranthene (4HFI) and FeS, catalyst under H, pressure of
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FiG. 14. Effect of decationizing pretreatment on the liquefaction. (al) First-stage noncata-
lytic hydrogen-transferred Morwell coal in the two-stage hydrotreatment (400°C-10 min,
20 atm N, tube bomb and molten tin bath, rapid heating) 4HFl/coal = 3.0g/3.0g. (a2) Sec-
ond-stage catalytic hydrotreated Morewell coal in the two-stage hydrotreatment (400°C-20
min, 50 cc autoclave, slow heating).

100 kg/cm? after the deionizing pretreatment (/48). Complete liquefaction
appears to be possible under rather milder conditions.

In the coal liquefaction process, scales and sludges, formed on the reactor
walls, cause severe problems, which limit long operation. The crystal
growth of chlorides and carbonates appears to trigger their formation, trap-
ping the other solids. Hence major problems may come from cations, which
react with carbon dioxide or chloride ions to form insoluble crystalline
solids. The intrinsic solids may not initiate the problem.

Cations bound to organic functional groups in the coal-derived products
are oil soluble and can diffuse through the micropores of the solid catalyst,
deactivating it as described in a previous section. Such ions can also bridge
coal macromolecules, preventing dissociation and lowering their solubility
during liquefaction. Hence, their removal from the coal reduces the catalyst
deactivation and enhances the dissolution and depolymerization of coal
macromolecules.

Preasphaltene, a heavy liquid product, is usually rich in polar functional
groups, as they are sometimes called preasphaltol (76). Such groups still
contain cations that limit their solubility and their removal from the catalyst
surface.

Because these problems are associated with cations, not general mineral
substances, cation removal and/or stabilization by ion exchange is
beneficial. Acid leaching and pretreatments that decompose the complexes
of cations and oxygen groups can also remove or stabilize these cations. Al-
ternatively, 1if particles of crystalline chlorides, carbonates, or hydroxides
can be grown to sufficiently large size, they will not deposit on the catalyst
surface, deposit into the pores of the catalyst, or precipitate on reactor walls.
Hence, such pretreatments can be carried out before the catalytic upgrading
stage by the aid of donors that suppress retrogressive reactions during the
pretreatment (/49, 150).
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Thermal pretreatment can decompose carboxylic acids or their salts prior
to liquefaction. The cations are stabilized as carbonates.

Acidic guard catalysts may be used to trap the ions (/5/). The guard cata-
lyst can be regenerated by washing or by exchanging the deposited minerals.
Coking on such guard catalysts should be carefully avoided.

Xll. lonic Depolymerization of Coal (152—-159)

Coal macromolecules contain ether, ethylene, and aryl-alkyl linkages that
may be cleaved ionically as described in the following equations.

Ar—CH»O-Ar — Ar-CH,+ + HO-Ar (1)
Ar~CH.-CH,-Ar — Ar-CH,+ + CH,-Ar. (2)

These acid-catalyzed reactions occur at temperatures lower than those
used in conventional liquefaction processes. Phenol induces acid-catalyzed
solvolytic reactions at temperatures as low as 120°C. The liquefied products
contain chemically bound phenolic groups, a portion of which can be recov-
ered by cracking.

Transition-metal halides have been reported to exhibit hydrogenation ac-
tivity under hydrogen pressure in the temperature range of conventional lig-
uefaction. The combination of acidic cracking and hydrogenation leads to
the hydrocracking of polyaromatic rings (37), although the origin of hydro-
gen activation by the halides is not clear. Molten metals such as tin and zinc
derived from their halides may have hydrogenation activity, especially when
they are dispersed on the coal surface.

The most attractive feature of the halide catalysts is that they can liquefy
coal at temperatures much lower than those of conventional liquefaction.
Unfortunately, they are difficult to recover and recycle, and they are very
corrosive. The halides may also react with sulfide or hydroxide, thus losing
their acidity. Their acidity may also be neutralized with strong stable N-
bases. In spite of their molten state, a large amount of halides 1s required.

Xlll. Prospects for Catalysts in Coal Liquefaction

In spite of extensive efforts to improve coal liquefaction, so far, coal-
derived oils cannot compete with petroleum. The cost of coal liquefaction
must be lowered to produce petroleum substitutes at a reasonable price.

The cost of coal liquefaction is most sensitive to the capital costs of the fa-
cility. Hence, higher yields of products at the same facility or fewer and/or
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less expensive facilities are targets of future studies. The prodution of hy-
drogen is one of the most expensive component facilities. Less hydrogen
consumption by less production of hydrocarbon gases is generally the pre-
ferred means to limit hydrogen-associated costs. However, one must con-
sider that the nature of the gasification feed greatly influences the cost of the
hydrogen plant. The cost of hydrogen generation from various feeds drasti-
cally increases in the following order: natural gas, coal, coal residue, char.
Coal-derived hydrocarbon gases can be steam reformed along with supple-
mental natural gas for hydrogen generation.

Hence, the authors propose that an improved coal liquefaction process
may be one in which complete conversion of coal with minimal formation of
residue should be the primary goal, even if hydrocarbon gas yields increase.
These hydrocarbon gases are easily converted to recover the hydrogen they
consume.

A liquid/solid separation step is usually required before the catalytic reac-
tion with nondisposable catalysts. This is an expensive step. To remove it,
the catalyst must be compatible with the contaminating solids. Ebulating
beds can partially satisfy this condition, but the rate of catalyst replacement
becomes large if the deactivation is severe.

Solid coal is transported as a slurry. Hence, the solvent is necessary in
any case. However, reduction of its amount is very critical to improving the
productivity of the facility at reduced cost. The solvent requirement, espe-
cially after dissolution of coal, can be reduced by improved catalysts.

Finally, the presence of solid catalysts in coal liquid slurries limits the re-
covery of oil. Thus, lower catalyst requirements are desired.

All of these problems are related to the performances of the catalysts used
in coal liquefaction. Very active, durable, recoverable, and regenerable cata-
lysts are most wanted in the primary liquefaction stage, where catalyst poi-
sons from asphaltenes and minerals are most severe. Multifunctional cata-
lysts should be designed by selecting supports with specific functions, such
as strong but favorable interactions with catalytic species, resistance to poi-
sons, and improved properties to allow easy recovery, while maintaining
high activity.

The catalytic functions, such as high hydrogenation activity under mini-
mum pressure, high cracking activity with limited hydrogenation activity,
balanced activity for hydrocracking, and selectivity for specific coal product
fractions can be independently designed using consecutive multistep pro-
cesses under optimal conditions in each reactor. Hydrogen pressures below
10 MPa are believed to reduce the cost of facilities significantly.

Lower-temperature liquefaction processes may be the targets of future re-
search. As discussed previously, acidic catalysts can depolymerize coal at
temperatures as low as 150°C. Thus so far, rather unconventional catalysts,
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which may have unacceptable costs and corrosion problems, are reported
(153, 154). Biochemical and biomimetic catalysts may also be expected to
perform the reactions efficiently under milder conditions. Catalysts in liquid
state are favorable, although no low-cost homogeneous catalysts yet known
can hydrogenate aromatic rings. There is still a great opportunity for the
discovery of new and improved coal liquefaction catalysts.

XIV. Design of Multistage Coal Liquefaction with
Catalysts Yet to Be Developed

Using known catalysts or those yet to be developed, it may be possible to
design multistage coal liquefaction that can achieve complete coal conver-
sion under hydrogen pressure around 8 MPa at coal/solvent ratios of unity,
producing 80% yields of oil and leaving no organic residue to be gasified.
The major portion of the hydrogen necessary for stoichiometric conversion
can be produced from gaseous hydrocarbon by-products with supplemental
natural gas.

The removal of cations and thermal pretreatments to decompose carboxy-
lates enhances reactivity and reduces the poisonous effects of minerals. Se-
lected and specially prepared solvents, consisting of balanced donors and
polyaromatic hydrocarbons, convert solid coal completely to liquid under
8 MPa, by virtue of their high boiling points. The remaining active miner-
als are transformed to nonpoisonous forms to avoid harm upgrading cata-
lysts. Recoverable and regenerable catalysts are used to convert all coal
products to distillable liquids while coproducing considerable gaseous hydro-
carbon by-products. The solvent recycled to the primary step is very
beneficial for this conversion if properly hydrogenated. The interface be-
tween primary and secondary stages is only flash distillation to separate dis-
tillates and solids. The recovered catalyst is regenerated and recycled.

Distillable products, together with solvent and solvent range products, are
upgraded in the secondary stage. This distillate is first hydrogenated exten-
sively. Then, hydrorefining and cracking of paraffins and heavy coal prod-
ucts are carried out on the respective fractions, using appropriate catalysts
for the respective objectives. By the aid of proper guard beds, each step of
each stage can be operated with fixed-bed catalyst processes.

When the primary stage leaves some asphaltenes in the product, the
whole product, including the catalyst and solids, is sent to the secondary
catalytic stage, using honeycomb-type catalysts of poreless supports to allow
passage of all solids. Thus, flash distillation and catalyst recovery can be
easily accomplished.
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XV. Concluding Remarks

By the end of this century, the supply of petroleum will reach a maximum
and then decline slowly. On the other hand, the worldwide demand for liq-
uid fuels will remain at present levels or even increase because of rapidly
growing demands of developing countries. Thus, both saving energy and
finding new supplies of liquid fuels are major tasks to be developed within
these 10 years.

Coal liquefaction that can provide liquid fuels at the price of current
petroleum (not cost but price) is one of the most important technologies that
needs to be developed. The catalyst and control of its operating conditions
are still key to technology for advanced coal liquefaction. The creative de-
sign of catalyst materials and reaction schemes is an important and chal-
lenging goal for the future.
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2RF, BL., MEEELTIIE{LAGE (%FR) . KFAAE (Ni-Mo ) O2#E%
EZ, KREEAMRKBICONTIR, HRIEPRF-LUTx—I 7 ETDEIAFREI
BELDT-ZNHBH. MEBOERESTMSERIA LT,

1 NEDOLBEISVMIKIFIIER, MERVEAREOKE

3K t/d CPO  ETFEIN EBLEO
L HiEfE  RLERERANORKE
CEREME 4, 200@/t coal +2.5 %
; - (29.78/t, 140¥/3$) |
LAY E . T60M/t coal | +0. 35%

e dfb#IRE 53, 4wt% +4. 0 %

 ACAEARE 600 M/t coal (B2 HM/t, ARSI 0%/coal)

KTRAARE 160 A/t coal (B4E 1005 M /t, fEAE0.016%/coal) :

L) KEMEAMRIE., MEBEBCS DT - XNHBH,
RIEE ORESTE LTRBA L1,

COE2) 2795 bEDIARVERRIFIF t/dEu D, :

E3) KFAMERIZOROBELT, BE 1505M/tNEY

(AL RMEIEIC RIT TR E DRE
BALABEBICRIITRFEORERINEINLSICBEZ AN, MEROXHENtLOR
FIRENRTXRZW ), BEMICREDXRECLD,

RIDBEEASWMCHNTE, RILAMBEOREEZ 270/t SRELTHEY. Thidk
bt BmHIZY 6 0 0 FICHATIN, bLALHEREOREN1 4 FAt&L43
& BEEBRERDY 420 0MICHIEL, BRILAMBRITREHNAREFALEED
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X I“Ezﬁgh:&éo
DEY, TENICABZEENETR{EARBEOEFEPLPERENAZILBMBMTHD VS
CEEDRRLULML, MERRTESLITNITIEL LU,

RQBESHT Mo RICEER & REBREORR

2.

3

MEEBERAOTELRILBANZLRHS. FNTIE, BEHOBRSHS, MBSO ICHE
WEILANREDOBETEECETHATEZSI N, ERFLTHREL,
RIOBESHHMDS., HILARIER600 A/t coal 5200 A/t coal (3HD1DE)
[CIE- 71235 &. BILHIXENS 3. 4wt %BmHo50. IWtHBICETLTHSA—TF
EIBEEICE, WIS, RICBARIEENI1800E/t coal (T > =1B5E( B 3 &)
B EHINEIZE6 0. SwitBLULEICEBALUEWEBEENSRY LG,
COmMEBEOHEMFEER 1 ICRT,

FRRTOERICHE T IMEEICEHT I —AANER
FHEY 70X (AH¥ER) FICENT, —BHICRBEENSOEEELEH TS
MhNERELI
HBHEkEFREEE 0. 4~11 ¢/bbl
*H-0i | 12 ¢/bbl
caAzZvSuF oy 2~ 1 ¢/bbl
*HDS 50 ¢/bbl
s XY —ILEHK 350 M./t MeOH (29 0M/t «Coal)

ARAEII3IFt/dTHI0ADbDL | /doRK{baMEEEShE, ST, LEDS
LKFRIEBEHDBEFORLEVME (50¢. /bbb |) £5TIEHDE, 18381 -
Coal, X%/ —INEBHDT—XT290M,/ t *CoalTH5,

DFY, SANEEOERKIEESHTIHEEENELT. ERBLDESENILITHES
BETSSUILOBE, ARBQETOMBEEIZI00~500M/t -CoalfBEICINZ 3
ONEETHLZEBEbN D,

. ARBUECEITIMBERORK (BATo0EILDLE)

R2IEFRTELSICITSLTOEXTIR, 1 BEEL 2B DBERRIGZETOD Ni-Moft

HEEER, ARHIZY0. 22wt B THD (BT 1TRABRITMICKFBZIHR 1O

BH. 19945 98) , CJ0FE. MERRZIAKItHLYNILIE0RELEY,. EH

ARBEEDLOBEVEZ(MINDIEILED, o, LRO—BPHTAELIFRON
1 0EBAETS_&LICRY, TE(DOHEZRAZ TS LB S,

—%. NEDOL7O®2XTlt, FH2EEICEMULEBEIRTHETIR. BELELS
SRMEN2FMA,/ 1 TEXHREND (GRE-VYDOHEBBIWLIY) C&ELTHY.
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BERRILMBEEEHT, BRIt HLYBTE0HELT W, TORDRELTE
FIKRICAIBOBMN 1 5 05/t THB I, G THKI tH1cY# 85 5MR
E&té (/T_Z'_ ]) [}

HL, RILBHRMIEOAKEN I /3D1. Owt%ETHL (BE3FMH/ t) T
E.ONDRASU—BENS OWt B TRBAAKRIREOHBREDLRAL TEI LT, &
M EIIAR I tHUNISO0H (5F—2—2) &G5-T. BETS Y PORMIE L
BEOLANIICKE S,

. BElE (%2 BR)
O#{LEMmMEE: 1. Owt% /Coal,. Bli:#¥3. 0FA t
QKFEAMEE: 0.0l wt% Coal,. BE:¥1 5058/t

x 2 BRBEICES ZMBEROLFHE (ITSLREEE)

JTot=x NEDOL NEDOL I TSL
(r—2z2-1) (r—x-2) (HR I7-9%)

AL A% 18 53 * % £ Ni—Mo%
H®EE (wt%/db Coal) 3. 0 1. 0 0. 22090
HEm (AA/t) 2. 0 3. 0 160
Ax1tbkyoazt (M) 600 300

kFE/LALIEIE Ni—-Mo#®* Ni—-Mo# Ni—-Mo%

(LHSV = 1, F& 1 &)
HEE (wtk%/db Coal) 0. 016" 0. 01072
(R3YV-BEE40wt%) (R5U-RBEES0wWt%)

Bl ( AA1t) 150 150 (KRR RARER)
Axkitbryoazt (M) 255 150 150
&tz ( A/t Coal) 855 450 3450

F) 1) A1t /hArYDOBHERTI. 5t./h
LHSV=1<&93& kFR{LEFERET. 5ad (=1. 2 t)
FamlFLTdE 1. 2/ (24%x310) =0. 0161%

2) BR1t/hEYDBIHERIT. 00t h
LHSV=1&75& KEEBEZET. 00 (=0. 80 t)
Fwml1FLdTdE. 0. 807 (24Xx310) =0. 0107%
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5. NEDOL Ot XDE{LBAMIE DI
NEDOLZTOEXTIE. ORANN1 34 FEXMRR. QX SMbbes. OfbEH
BROIEBENERHICEN>TWWSE, o 3FFHEORMEN, 37t/ dBHETS
POREBT, BMIEREOEBEOIXMNILIMERTLIEERERIICTRT,

(MEXRNNA 54 MEXBBES
MEERAEE3IWt%ELT, 0. S umETHRTIES (F—21) &0. Tu
METHBRTIES (F—22) OFT—REBELz, HBRTEE1 t HY, 7 —
Z1TIRETI200M. ¥—X2TIRVWB00MERB, {BL. EBAIHEETEL
TEHEHEEZ5~1 0 kih EE(CEBEH-> T3,
ERNAASAMNECEIXZLBHIT, BRAT (T THER-—IUNEETID
CBELEFREESENCETHY, ChNLED IR O3 2~38%ELD
2, .  T—ZX2THH 15 0BOMBBIUELLY, COSHHETHS,
KIRNASA FETEIICHETDFB1=0I01F, DAF 4 7TEREES LT EHE
£E£23. Q1 0EREOKE{LERZ, S&nHA U bERBS,

BAHic, BEOBRBERI tHY300BICTILHICR, y—2 2T, S
BEEI. 1~1. 2WtRBICIWRETIRED T,

(2857 & M T L8k
MIEEEEE1, TwitBeLTHRIHLEE, HEBBERT tH-UN1100Me
%53 (5F—Z3.BL1. Twt%BORILHINENTY) ,

S OHBEBOIX MNB LI BRI, AEBNBOTECENTHEEASL
CETHB, —F. BELLTHEBN—FRITHEC L, BEEUHAIILTE
B3CE (BBICIFIRFFBECHIAGNETSHS) . EHNEFHN B,

SR ORISR E TRILCHTD T BDICR. OBREREELAETEE. @
MEEAEERBLECTACE, MRA VU FEEBS,

E&Ic, BEOHRBER] tHY300BECTEHICE, MESEREE0. 4
~0. SwtX%IEWMRAAEL TIRES L,

(3) A 3% 4 7% £
MEEZLOMEBET, THRELERNSVN, FRENLLEKTICOTRLBENT
FEENBFEINIBETH D, Frohid, BFICLy YO UNITORER
BRABOBEAMOLICOEETDIEICHD, MEFEAEEZ0. 6wtBELT
BIFLI-RRE. HBAR 1 tHILUKHS 00HERSE (F—X4) ., MREABROD
IXMMELKLIZERIEG. BHELIFBE | K0BEMNEVETHD, —F.
EERB[ENEDHTCRVIELVWHEETDH D,
BRISI R E TEAICH U DI 2 HICR, RELEHNTRETIZENKRS VM &
A5,
R&IC, BEOHEWKRERT tHCY3I00BICTIHICIE, BEEFERE%0. 3
~0., 4wtRICMA DD, RELEMEBEELGESTEIEST 0,
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® 3 FE AL FAARIE O FE XA S HEBEE O X bk DO A EST (HIEEE 3Ft/d)
(BTIR R4 : -2 1~2 (ENCOL., #-2 3 I2hBMELRE. -2 4 BI=Z=HEMMAAEL-ERICE S ERBEBL) 1994. 1.10
F—X2B8LUMIETE r—2 =1 r—2x-=2 Fy—2-3 r—=x-—4
Ak
Mg RIZTERF BRE LALLM (0.5um) | BAKRAKA((E (0.Tum) ERXE AL E P4 ER (0. Tum)
MaRER2 (wt%db) 3.0 3.0 1. 71 0. &6
(t./d) 900 900 500 180
RQEHESE
« XA BAE (FBU) 5. 0 5.0 g845 6. 3 -
« KRR} B E (8. t) 2 0 2 0 ot 4 7
 RBEE | BBR (FAH./t) - - - 18. 0
Mgt t Ky BB (tt) - - - 3. 92
i1 ot HEYo 32 (FHt) - - -~ 70. 5
- AR EBIE (FA/t) - - - 30. 0
MLt HEYo ERAE (tt) - - - 0. 36
g1t HEYo 32 (FHt) - - - 10. 8
T\ it (FH./t) 7. 0 7. 0 11. 0 § 1. 3
RIEEE (B2ESL) (29 8 %) (15 1%) (1 ) {5 &)
WEHE MBREEREE (BEM) 164 83 124 32
g1t BrYyo 12t (FHt) (16,400 X 0.25 ) ( 8,300 x0.25 ) (12,400 xX0.25 ) ( 3,200 x0.25)
7/ (310)(900) / (310)(900) / (310)(500) /7 (310)(180)
= 14. 70 = 6. 69 = 20. 0 = 4. 4 4
WREE
-BHIERE (k¥h / t) 660 380 200
EHEM (AB/ kWh) 5. 00 5. 00 AE®3IS. 0 5. 00
g1t Heyo 12 (FASt) 3. 30 1. 90 i 00
-BREERE (kg/t) 7.9 7.9 -
o ST (M k g) 10 10 -
i1t HrYye 224 (FAt) 0. 038 0. 038 —
Sk ERE (t./ 1) 45 2 6 -
7K B (M/ t) 6 6 -
i 1 ot Heyo 1zt (FHt) 0. 27 0. 16 -
GBI —ILEEE
Mgl ot HreYe 12 (FARAt) (12. 30) (10. 0) -
BAHE
Mgt Heve 12 (FHt) 0. 50 0. 50 1. 2 0. 590
S 5 (MilBE) (FAHt) 3 8 15 26. 33 6 7. 2 8 7. 24
A1t HrYye a2t (A/ t) 1145 7490 1142 523
(BHEMEIOA/ kWh DB &) (12 45) 8417) {529)
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GIRELTS v FEE
FHBEEBE K
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HEFHHE
1. BEEDOEE
*x B
- BEEHE (HEEE)
- REIEHRR (HEHEHEZRE)
-EEEER. BEREH
*xEZEEEE
(1) B
&KX R= b 3L
BEME
MEE
HBE S
HMEBEEZE
HEBH
=i
g, =\ A-R=-n{TsFh
HEHRZR
NESE
Eiei
HEBRGR
=il
Rl

(7t %)

000t—-DC*!

30,

3308

3wt®% (DNP*2/DC)
X 0.5 «

X 0.7 ¢

PR A K "2

a:

2 3.

BAI—VAAI®H Hirs

EERRSAS4H)

£F 7.2 % 1 0ESFEH W
5.0 %
iz

PM-DCPU4

0.5 ¢ (dso)

140 kg hr £

900 *7¢ 70.140t,hr X 24hr
90%

298 &

¥ 48407 /&

¥ 144 =

SH - 800

0.7 u

220 kg/hr #E

900 *7¢,0.22t hrx24hr
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20 TooEgs (88X - £ )
30,000t d 0.6
(150t/d P.P.HDBFFED3E) X = 208H
150t /d
B ENIEE (ERX-zkH) HEESEDLS X
XBEEFBEEEE
(ESgBE ¥ 1.000 7 A « &)
4 & 3K 12 A
ReEE 2A
BEEE 1A
i I5A X ¥ 1,000 AN -EFE = ¥ 15,000 &=
2. EHEODEE
(1) BEHE (RRXA454 1) KA cRIEEALT,
2) BMBEILE ;@"tf-
-REEBNH (EFERFED)
BR (=)L I b)) 660 kwh ,t - DNP
ER (R—s/—=A 7Y v F3I) 390 kwh 't - DNP
- BEANEM ¥ 15 /kwh SED R
3) HZE2HAZHEE (RARXRXA 54 rEDOIRKSESwtH T 3)
- LPGEEE (EEHED) 7.9kg, 't - DNP
- LPGER@ ¥ 200 kg re.o
(4) &=k
-FHE (EFRHFEY)
R (B eEIA) 43t 't - DNP
R (MEA 1)V, BEEEZAZRESHA) ?
-GS HIKE G ¥ 120 7/t SECIE
B N, "Z2B (5BRTHKHEER)
-FHE (EFEFEN)
X 0 Nm,t - DNP
HZFR %Y -7 FEFXE) 1. 100 Nm,/t - DNP
- N, #2EH ¥5 /Nm
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' fMEHEBE IR b B aX b

R 2N N TR S0 /kg o o o #7.30F 7Kg
miE 0. 445N BB 2509 /kg #1150/ /ke
CEREIC L ARSI NEE(AEE 500t/d = B& 30,000t/dx1.7%& L T)
s TF3 /kgx 0.9kg/kg = 6.3
0 4.7
B 35.%° N
%ﬁg 12 Y(:E)’ oy [T A
HHEMEEEER (R D25%) 20.0 BHABTHVEEES LUVEER.
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MEABEEERCISITIMESIZMN (BRH), fEX-  FEZEEFETV/R7VRICONTOE-H-KHKBES

SHE R ARSI R

94-4-8  Z3hm

| WEERA Il EER
1. BRB{LTS MEE ;6,000 t/d (Ory coal) 1. WS-8 (FeS04-Ti20) T
_ Y. 188 kg FE:94%
2. hoiym (RIS ;0.6 wt} (as FetS) *! 2. BE BE:30MA/ kg IMEE
| 3. 7vE=7R |
3. MfIERR ;5.0 wt¥% X 6,000 = 300 t/d Bt 7T o Xk (BB
4. Bk BESB—SERE---HokL kB
4, MERY{ITSE : 7.63 wt% on dry coal
(as Fe or 12.0 wt¥% as FetS) * EE— 2 100t/ dRUA THRMAT I LV OEH
- R~ A b (EWZE): 15-20/kg (BERD
5. $#fIRgE : B6.0 wtX - HEEM TASEER ¢ 5-6@/kg €71 74

i GRR RoE

1. BRE (FRR70-%5) : 64085/
4FER/ENE LT 640/4/6000/365=73. 1 A/t~coal

2. 8H 300 kw @15@/kwh
300/6000/24415 =18F3/t-coal

(1) BREES—%% ( FeS04-TH0 ) GERE
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Fe/FeSO4- TH20=56/ (56+32+64+126)=0. 2014
3001/d+0. 0763/0. 2014=113. 65t/das FeS04- TH20
300t/d%0. 0763=22. 831/d as Fe
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(2) HE (S) AR SfFe=1&LT)
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7-7: Advanced Coal Liquefaction Study
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6000T/D ADVANCED BCL PROCESS FLOW
[Double Peaks Solvent System | i

B Gas

Middle Oll Recycle oo
- ]—_J’ Waste
__Water

tive Hydrogen

Vapour Calilyst Purge Gas |

Balt Compressor

Mill less
Slurry Off Gas
Raw Making
Coal

Compressor

#* Slurry

o, POWEr

M Recovery

off

Gas

Heuter Bypass Gas
=
DEWATER!NG K e ocarb u Slurry High Press. Hot CLB Recycle Waste Waste
| DEWATERING SRSVt o ® ool
—Midalc Oll Recvele Pump
[ ¢

DAO Recycle

N2 Gas s -
- Remove
Secondary
Hydrogeunation

DAO

Distillation
Column

DAO Tank

NBCL

ADVANCED BCL PROCESS OFFERS SIGNIFICANT ADVANTAGES

1. Simplified Liquefaction Process Makes High Efficiency With Low Cost.
Primary Hydrogenation With Half Scale Deashing Unit.
Inline Vapour Phase Hydrotreator Ins tead Of Secondary Hydrogenation Unit.

Low S/C Ratio & High Plant Efficiency By “Double Peaks Solvent System”.
Inline Hydrotreator To Improve Product Quality.

DAO {(De-Ashed CLB) Recycle Operation Lightens Erosion Troubles.

High Reactive Iron Catalyst To Improve Oil Yield & Operational Reliability.
Introduction Of De-Carboxylation In Slurry Phase To Reduce Scale Formation.
No Preheater Operation Required During Normal Operation.

Multiple Reaction Temperature Profiles Would Change Yield Structures.

© ® NP @A h N

Hot And High Pressure Bottom Recycle.
Slurry Preparation Without Ball Mills.
. CLB Direct Feed To Deashing Unit.

T
- O

Max. Power Recovery From Gas & Liquid

-
N

13.
. Optimization Of Plant Fuel Systems.

Cs, C4 Recovery From Plant Off Gases.

(%1
»

e SRR - NBCL F 13 )
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100

MEASURING TEMP : 70C
SHARING RATE 1 99.7 1/
[REMARKS)

DC : DRY COAL

TC : TREATED COAL(375C)
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[A]

1 12 14 16 18 2
SOLVENT/COAL RATIO

[- DC(BTM=0) A DC(BTM=50) + DC(BTM=100)]

EFFECT OF THERMAL TREATMENT ON SLURRY VISCOSITY

NBCL

Bl Cs-220C M 220-300C [1300-420C [l Bottom (420C*)

250
200
s
=]
; 150
=
>
O
© 100
=
=
50
0 . LLA30 . ;
Solvent for After Thermal High Pressure Reactor
Slurry Making Treatment Bottom Recycle Inlet
ADVANCED BCL PROCESS STUDY : B.P. DISTRIBUTION OF SOLVENT
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ADVANCED BCL PROCESS STUDY
30,000 t/d CP Construction Cost Summary ; .. . uu uss

Section Original | Vic. Coal | Vic. Coal | Ind. Coal | Ind. Coal
Design | with IHT with IHT

Coal Preparation 197 215 222 118 123
Catalyst Preparation 101 109 109 109 109
Slurry Dewater./Thermal Treat. 471 293 293 208 208
Coal Liquefaction

(Rection, Separation, Hydrotreat. 1111 996 782 1008 804
Gas Washing, Distill.,, Compress.)

Deashing 266 156 156 156 156
Secondary Hydrogenation 356 (4] (1] (4] i)
Hydrogen Gas Generation 358 491 358 528 396
Hydrogen G Recoreiomn™ | 1e1 | 100 | 256 | 100 | 256
Hot Oil, Seal Flush Oil System 68 34 34 34 34
Storage, Loading, Unloading 53 53 53 53 53
Water/Steam/Power Generation 470 433 460 304 368
Waste Water Treatment 246 246 246 77 77
Miscel laneous (Air, N2, Flare) 69 46 46 49 49
Power Board, Civil, Stwoture) | 801 | 669 | 655 | ess | a4
Total 4758 3852 3670 3412 3279

IHT : Inline Hydrotreator

ADVANCED BCL PROCESS STUDY
30,000 t/d CP Feed Stocks and Utilities Summary

N B C L MR 11348

Case Unit Original | Vic.Coal | Vic.Coal | Ind.Coal|Ind.Coal
Design |With Il-}k’g With IHT)
Construction Cost MM USS$ 4758 3852 3670 3412 3279
Oil Yield wt% mafc 51.1 59.0 |*1 63.2 70.8 70.8
Light Oil wt% mafc 19.0 32.0 [*1 29.6 50.2 43.6
Middle Oil wt% mafc 32.1 27.0 33.5 20.6 27.2
Moisture in Coal wt% wb 62.9 62.9 62.9 11.2 11.2
Ash in Coal wt% db 2.4 2.4 2.4 2.84 2.84
Natural Gas for H2 Nm3/t-dc 181.5 266.6 186.8 297.4 217.6
Natural Gas for Fuel | Nm?3/t-dc 80.4 0.0 0.0 53.6 23.1
Electric Power kwh/t-dc 547 | 19,5 52.7 58.3 58.3
Coal for Fuel t/t-dc 0.078 0.248 0.313 0.112 0.157
Chemicals $/t-dc 7.81 2.77 2.77 2.77 2.77
Catalyst $/t-de 3.12 6.864 4.513 6.854 4.513
Liquefaction *4 S/t-de 1.576 4513 | 4.513 | 4.513 | 4.513
IHT/2ndary x5 $/t-de 1.544 | 2.351 0| 2.341 0
Industrial Water t/t-dc 2.77 1.37 1.21 1.93 1.70

* 1 Excess C3, C4 (4.2%mafc) Included
*2 Natural gas for fuel required in case of Indonesian Brown Coal
%3 IHT : Inline Hydrotreator
* 4 Original Design : Pyrite, Size 2micron-m, Feed 8.3%mafc, Cost 1.588/t-dc

Advanced BCL : Iron Hydroxide, Size 0.5micron-m, Feed 1.0%mafc, Cost 4.095/t-dc
: 300m3/y, 0.53t/m3, 2500¥%/kg
For Advanced BCL Process : 457m3/y, 0.53t/m?, 2500¥% /kg

% 5 For Original
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ADVANCED BCL PROCESS STUDY
Product Required Selling Price

Case Unit  [Original Victorian Brown CoalIndonesian Brovm Coal
LH.T* No LHT| LH.T. |No LH.T.
Construction MM US$4758| 3852|3670(3412 3279
oilYield |%MAFC|51.1|59.0|63.2]70.8|70.8
Light Oil |%MAFC|19.0| 32.0|29.6150.2|43.6
Middle Oil |%MAFC|32.1|27.0|33.5 | 20.6 | 27.2
Net Crude Oil Equivalent Prices USS/bbl
B.LR. Long 10%|1994|28.7/21.4/19.5/19.6/18.9
*3  Short 8.5%|2000(31.0(23.0/20.9/21.0/20.3
ROE 15%/2011|35.1/26.2/23.9/23.7|22.9
B.LR.Long 8% 1994|27.5/20.5/18.7/19.0/18.3
Short 3%/2000(29.8|22.0/20.1/20.3/19.6
ROE 15%|2011|33.7|25.0/22.9/23.0|22.2
B.LR.Long 8%|1994|23.6/17.8/16.3/16.9|16.4
Short 3%|2000|25.5/19.2/17.5/18.1|17.5
ROE 10%|2011|29.0{21.7/20.0/20.5/19.8

%1 Inline Hydrotreator

*2 Recovered C3+C4
(4.2%) Included

* 3 Bank Interest Rate

* 4 Crude Oil Equivalent
Factor : 1.30

* 5 Key Assumptions
Plant Capacity: 30,000 t/d

Fis cal Year 1994
Price Settled
Natural Gas : 0.08 $/m?®
Coal Cost Vic. : 8.6 $/t
Ind. : 21.18$/t

Elec. power :0.038 $/kwh
Product Esca. : 1.5 %/y
Natural Gas

Esca. : 1.5 %/y
Labour Wage

Esca. : 1.0 %/y

AR N B C L R ee. 1 11

m— |nstitute of
Energy Economics

n (2] P wn (=]
(=1 [~ o (=1 o 3

Crude Oil Equivalent (US $/bbl )

ey
o

Japan Forecast
( High case )

eeos [nstitute of
Energy Economics
Japan Forecast
( Low case )

mmmen DOE Forecast
{1993)
(High case )

= as DOE Forecast
(1993}

{ Low case)

= World Energy
Outlook to the
year 2010
(1EA 1993)

= 1994 Crude Oil
{15 $/bbl )
Escalation
by15%/y

Victorian Brown
Coal with Inline

0
1990

1995

2000

2005

2010

2015 2020

Year ( Start of Operation )

Hydrotreator
2025 2030
m Indonesian Brown
Coal with Inline

Hydrotreator

Required Selling Price and Crude Oil Price Forecast

R R AR N £ C L. S {5
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250

200

150

100

(CO2 x10°Nm?/h )

50

Original Victorian Victorian
Conseptual Brown Coal Brown Coal
Design Inline
Hydrotreater
D Fuel Coal

B Fuel Natural Gas [l Liquefaction

Indonesian Indonesian

Brown Coal Brown Coal
Inline

Hydrotreater

6,000 t/d DP Base

B Deashed Sludge Off Gas

- H2 Generation

Green House Gas Emissions

NBCL

Energy Efficiency of Coal Liquefaction Process

Original Conceptual Design 57.3%
Advanced BCL Vic. Coal with Hydrotreator 60.4%
Advanced BCL Vie. Coal 66.9%
Advanced BCL Ind. Coal with Hydrotreator 65.8%

Advanced BCL Ind. Coal 70.2%
Other Processes

EDS Sub-Bituminous Coal 57~58.5%
SRC-1 Bituminous Coal 66~71.0%
CC-ITSL  Bituminous Coal 67.9%

Green House Gas Emissions

Original Conceptual Design 21.5¢-C/Mj-product
Advanced BCL Vic. Coal with Hydrotreator
Advanced BCL Vic. Coal

Advanced BCL Ind. Coal with Hydrotreator

Advanced BCL Ind. Coual

20.3g-C/Mj-product
17.2¢-C/M|-product
14.1g-¢/Mj-product
12.7g-C/Mj product

Other Processes (Wandoan Coal)

EDS Direct Liquefaction 26.6¢-C/Mj product

Methanol Indirect Liquefaction 26.3g-C/Mj-product
F-T Syathetic Indirect Liquefaction

MTG Gasoline Indirect Liquefaction

41.0g-C/Mj-product
35.8g-C/Mj product

NuLt
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fib 48 4 78

RAMNICE T ME I X M (RE)

3. WdBEE
4, pbshER

| aEt R I RIA
1. REET S MRIR 6,000 t/d (ry coal) 1.
2. MR (KGN 0.6 wt¥ (os FelS) 2. W

5.0 wt¥ X 6 000 = 300 t/d

1. 63 wt% on dry coal
(as Fe or 12.0 wt¥ as FetS)

HRMSE—2  (FeSo4.THIO) *
i R7

18/ kg A 94%
Yk 30M/ kg BN

3. ToEZTR
REHL T 0 ® 2K (2RER)
4. FOK : WRREE—SR AT YKk % (1

* RIS — 2 100t /d I TREBIEA 95 & O Skt
- EIER~Y A b (BknZE):

15-20A/kg (Kiid)

noMHs, Mk

1. 0N (Fit7o-128J<C) 64 08FRN
4SEIKENE LT 640/4/6000/365=73. 1 19/ t-coal

2. Bh

300 kw @150 /kwh

300/6000/24415 =18F3/t-coa!

5. thER 86. 0 wiX - PN TR RIS ¢ 5-6M/ke (R3EFE)
(1) WEES—ik ( FeS04-TH20 ) (ERim 5
Fe/FeS0d- TH20=56/ (56432464+126) =0, 2014
3001/d40. 0763/0, 2014=113, 651/d as FeSO4 +TH20 L

= Ovl —

(2)

(3)

(4)

3001/d40. 0763=22. 89t/d as Fe

MIFO 4%, £HGHEE 6%& LT (ORIKII0K KEEB0NANE

BB =113, 65/0. 94/0. 86=140. 59 t/d (157.85 t/d)
=140. 591/d4¥18/kgr 1000kg/ t=¥2, 530, 620/d (¥2, 841, 250/d)

W (S) MR (S/Fe=1& LT)
(8/32)/(Fo/56)=1 &Y

S=32/561F0=0. 5T13Fe=0. 571222. 89=13.07t/d as S
=13, 0Tt/d3¥30/ko*1000kg/ 1=¥392, 100/d

WA
PR — &% -+ BALIE = 2, 530, 620+392, 100 = ¥2, 922, 720/d (¥3, 233, 350/d)
= Y487, 12/ton-cout (¥538. 83/t-coal)

REERAUS & DANAER DR S B VLA 2 v RIEY U 7Bl
DML URRID 2 MEKEORTRERES 2,
AMUTZANRD 4 0 X%BIET 5 7t 2 S EHRE 1,
SEAFIAMIR O THIE T B &
13, 0740. 6+30+13. 0710, 443030, 7=¥345, 048/d
(392, 100-345. 048 /6000= & ¥7. 84/t-coal

TOIX

MBI D X b (487~539) + 13 + 18 = 578~630 M./t —Fik
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2. Hph NEDO#GIi#= (28 F)

3. #E (1) MiEMeE PESXMOLERR (Fitk
NEDO, EHFFHES)

(2) EBHFEHNSDEE

- LA ORA( NFER)

- HEFOFIA( KEER)

« JUb=5-2r-ADERE & AR (F A SR ( NCOL, $57KREARS)

R BRRE(CMBICEATIHERR( $AER)
(3) #ooft

4. BEE 36 12M=F (30F)
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ANDTHER LRI EEEMET S,

2. ATEREH
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(NEDOLTREXEHEBMILHKBCLTRERRANNIS 4 PERAFD
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RRLE : EHYDREEXEDRYI T 4ICET (V- (BARIMMEAE)
@FRHEL : FRIBHOZEXEADIXIFT 4 ICE TV

CETER: BRRD T %/ FER1 4%/ FD275—ATHE
COEHEERE . BRBOIX FT—E

OREE M
B Hh :5 BAkWh (FEMIE)
# o 2000 A/ MMkcal (EEMIH)
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Table 1  Analyses of Taiheiyo Coal Samples

Particle
C H N S O(diff) Ash Diameter
(Wt%, daf) (Wt%, dry) (x m)
A 75.7 6.3 1.3 0.2 16.5 14.2 80
B 73.0 6.5 1.2 - 19.3 14.5 4
C 71.8 6.2 1.4 20.6 14 .4 8

A : Original 100 mesh coal, B : Pulverized with water, C : with tetralin
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Fig. 1 Particle size distribut of coal samples
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CONDITIONS FOR CONTINUOUS APPARATUS

1. Samples
Coal ; Taiheiyo coal
Solvent : Taiheiyo coal-derived recycle solvent
Catalyst : Fe20s3
Solvent/coal ; 2.5 wt/wt
Catalyst/coal ; 0.04 wt/wt
CS2/catalyst ; 1.0 wt/wt

2. Apparatus and reaction conditions

Apparatus ; 20ml tubular reactor
Reaction temp. : 400-440C

Hydrogen press. 150 kg/cm? - G
Reaction time : 30, 60 min

G/L ; 1,000 NI/
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EXPERIMENTAL CONDITIONS FOR AUTOCLAVE APPARATUS

1. Samples
Coal : Taiheiyo coal
Solvent : Taiheiyo coal-derived recycle solvent
Catalyst ; Fe203
Solvent / coal ; 2.5 wt/wt
Catalyst / coal ; 0~0.04 wt/wt
S/catalyst : 0.8 wt/wt
Surfactant / slurry 0.2~1 wt%

2.Reaction conditions

Autoclave Volume 200ml|
Reaction temp. ; 420~450°C
Hydrogen press. 8.5 MPa (Initial)
Reaction time \ 60 min

G/L ; 160 NI/I
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Table 2 Effect of Particle Size of Coal and Catalyst
on the Liquefaction of Taiheiyo Coal

Coal Catalyst Conv. Yields of product H2
Particle diameter Gas HS TS THES Consump.
(m) ( wit%, daf )
(1) 8 0.2 95.9 95 451 304 109 3.1
2) 8 1 94.2 11.4 381 31.3 134 2.5
(3) 80 1 95.0 106 39.5 33.1 11.8 2.7
(4) 80 0.2 94.4 8.7 422 30.8 128 3.1

React. temp.: 440 °C, React. time : 60min, Catalyst : 4wt%/coal
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Table 1 Change of coefficient of heat transfmler of preheater?®
Operation hour Chr) 0 to 84 0 230 0 200 410
Fluid Anthracene — — ~> - -
Fluid feed rate(l/hr) 250 — ~ — 240 —
Fluid temp. outlet(°C) | 410-390 354 | 400-360 350 350 350
Fluid mean temp. (°C) 410 406 370 350 350 350
Recycle gas (Nn¥/hr) 112 112 93 100 140 120
Film coefficient of
heat transfer(inner) 950 to
(kcal/m? « hr - °C) 450 550 410 780 690 680
* Taiheiyo coal **  Red-oud(3% to maf coal),Sulfur(0.3%)
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Fig. 1 Change of pressure drop(scale removal effect)'®’
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Table 1 Effects of addition of catalyst on the

liquefaction of Hlinois No. 6 coal

catalvst H-S amount method conversion  oil

wt% to daf coal

none none P 59.8 25.6
none ves P 58.7 30.4
Fe-O3  none 0.5 P 58.7 30.4
FeOOH none 0.325 [ 61.9 33.7
FeOOH ves 0.25 [ 71.3 41.3
FeOOH none 0.25 [ 69.3 39.1
FeOOH ves 0.25 I 83.7 59.38
Mo ves 0.15 [ 87.9 651.9
Tetralin © coal=2 [ 1. 425°C. 60min. PH- : 2500 psi,

P ! powder addition. I ! impregnated. Mo was added
from hexaammonium molvbdate

LB % (T, ORIIBENL S EG L HE
FEr L7

&2 % Table 1i2/R¥ . FeOQOH-S F Tixéndt
oA NMVPERIIE L EELZ, EADHE

1240 FeOOH ¥ il B 2470 L 21244,

Fe & L T2500ppm ORI TEA{LZRBL%, ~7T ¥
YAETLE0% MO TEWEARLZ. TOHE
IR &RETIEWppm OF Y 7T BT Y
LEGRLIZEEDELILE L, BREYRE L
LEFHEEL I EORSEFHEIIRT LOTH
¥, LAL, FhFUHKER200psi L
BRI EE 2 R OTUE T, EREEEF D 4 1 LI
730% LRV, ZoORRY AV OFEES
OHE FEL TEBAERD .

K D EgEO L7 EK® Blind Canyon

ROBLF A F L+ 75 L 0 2 BEICHTT,

S BT BK (RO Fes03%° FeOOH O #H T8 1382 L3
BB 52 Ik, Feo S TIREHEHEOX
EVHDEMLEMNMET A L, HEOHEIERES
L, ARTEET THEREEr GRERIZLHE
XL L ERCHANVAF TR EI LI LS
MBI TH 72 FHELTET

. EREBSLU A CTBIISLDIHEMEDS

AEE

Weller ¥ Peripetz & Fe, Sn, Ni, Mo. Co,
Zn, Pb & EOEMAEFEOHEALIEILS 2 5 8%
L E A, HIEEF RO Rock Spring & (C 1 73.9.
H 5.0, S:0.8daf%) % #E#H KD Bruceton /%
(C:83.8, H:3.5, S:1.0daf%) ¥ HV7,

Table 2 Effects of method of addition of iron
catalyst on the product distribution in the
hydroligquefaction of coals

catalvst amount method conv AS Oil  HC Gas
wt% wt% daf coal

Rock Spring coal (C 173.9. H :5.0.S 0.8 daf%}
None 33.4 2.8 10.4 9.0
FeSO, 1.0 P 38.9 6.9 3.1 13.1
FeSO; 1.0 I 84.9 389 21.7 15.0
FeSO, 1.0 BM 662 241 21.2 11.4
FesOy 0.5 I 85.0 42.8 19.8 13.0
FeCl: 1.0 1 44.8 1.8 12.2 15.2

Bruceton coal ‘C 1 77.5. H15.2.S:1.3dal%)
None 6.9 13,1 104 12.0
FeSO, 1.0 p 5.6 27.1  14.2 10.4
FeSO; 1.0 I 81.6 48.7 16.7 12.1
FeSO, 1.0 BM 78.4 43.7 18.1 12.2
FeSO, 1.0 Ag 8.4 36.1 13.5 15.2

> none, 450T . 60min. H» © 7.0MPa.
D impregnation, BM © Ball milled

solvent
P [ powder addition, I

with coal, Agq  aqueous solution

BEEOSE T X ORI T 200, #SRar v
FTURIE %2 IT > T b, R % Table 212777,
FeSOid M A vit 77 » F T Awvws i
BETHLN, HRLLTEMT 2N E LT
Emidd0B LT LA2ABRON LV LT, &iZ
T2 585% LEVIENEONT, KM
WrR- NV IVFHTRETAEHELTGRIZES
TAGGERE L TECRILIELYS 728, &
FHEFLAZEELVERNEL 572, KBE
BIEE 2 2 ERBFRETE (DI, DE
DEREED FeSOKBE R EF A — b7 L =72z T
HALEBR AT 7208, BUWEETHL I LIdH®
B o572, FeClo®R FeBrad EidiHF L 72 & &12
EMEAEGCEEB L LT, FeSOMREIZIELT > X
YL EENT A EBIENRTTAZENS,
NaOF L A4 A L OREGREL L TLD,
Jackson 512 Victoria RO A VKF L ILED
O bR, TR AXEAA B,
BELKBEPSA A VR EITHIIEIILEST
0.22mol/kg coal (Fe 1.23wt%) #2F £ TiCifii
AU TH ), ROUBOBRORGFIEGEIN
TV FeGaN T BEREENHLBRF L, 7
T P EOWEILRICTH 5795, B TE il
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TwiwY, 512, ke X XOHFEHE IOV
TR *MA2Z7Y, 44~ %0.22mmol/ g
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To7:5 $5E LTO.88wt% DB THET S
E, A4 IRIZEDZLDON10% DEALE OB -
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3. MAFREORR
Sharcosett & id—E DR FIKEE{LEE ~ H B
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Tabfe 3 Activities of various iron oxide catalyst in
the liquefaction of Freyming coal

Catalyst g Distillate % Residue %  H» consumed %
none 46.5 26.0 4.15
FeOOH oven dried 5 46.8 26.2 4.55
FeOOH spray dried 5 52.0 20.9 4.8
Fes03(a) 0.5 54.1 20.8 4.95

tetralin/coal= 2 /1. PH»=15MPa, 4307 . 3hr
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FEhr,

SRS FIREF MoKt em v L T 507K
FALRIEDEE 2170, Fe(CO s SV BRITETE
TRT I RERLS,

T RITY DL R KERGEEH T IIIEE
235 F D EEIIE 2 2 was, BE L oil A
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KE/RSHDOLWVI-XFILFT YL 2 H7#C
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FEFR A Table 412k L7, MEOHEZIDLT
*/:ETL AEFIZEENDLGERIZZ, WE S
MTH5LENHH, MEEMZLIEIZLYD, &
WEHEEMAIREIN LI L 2R LT 5,
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Table 4 Hydroliquefaction of Australian coals using
iron-sulfur catalysts

S Conv. Gas Oil AS PA H,

mmol %

Run  Catalvst Fe

Wandoan Coal

1 none 00 8.6 78223 125 5.9 0.2
2 FeiCOis I 9 85.2 6.9 35.5 210 218 1.3
3 FeiCOI--S 1 1 914 95486 248115 2.8
4 FelCO¥s-S 22 047 75473275124 28
5 Fe- (Coi,-S 1 1 927 81477 8111 25
b FesiCOH--S 1 1 918 7.946.2 277 12.8 2.9
7 Fetacachy-S 1 1 8.6 3.0 27.7 23.2 207 2.4
8 Red mud-S 1 1 93.2 3.739.328.5 157 2.4
9 FeaS2tCOw 1 1 93.3 8.0 42.1 29.8 13.4 3.0
Yallourn Coal
10 none (I 3.7 150129 5.4 5.4 08
11 FeiCOls 1 9.7 13,2 253 Mt 148 1A
12 FeiCO'- 2000 92,5 18.9 30.8 22,9 1%.& 2.3
13 Fe:COIs-S 1 0.3 91,5 1883 34.6 17,0201 2.2
14 Fe'COI-S 1 1 97.7 16.9 41.8 21.6 17.4 3.3
15 FerCOis-s 12 95.0 20.2 36.8 18.3 1v.7 2.9

Coal © 2.0 g . I-methvinaphthalene  4.0m/, H> pressure

1 5.0MPa. 4253°C. 60min.

SRR E S EORE FAK)

L5LDTHDH, A LFEZILOFEER LIOT
L ECEEFEEEYBEL A, FIE 2 Fe
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BELX XRD ST A EIZLY, BRESHELEL
Tl L TR Fe(CO)sDGEEIZ L »
THRT AL, ARLIVELDKRERIEL
FesOuilEMENTWAL I &, HENEET 2 &,
Fel. Sl hm it @ESE 4 R L7z bk~
Wb, REIE L L*ﬁfi‘é R E LG, FeS =
FeSoZe LML vk 2 L) pafEHamb L
72HY, GFIROWME L REMLZ L 2OHEMNEHRD
FEAFENZ L EHEL T2,
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NI T VDGR i#T%%&ﬁ)bz‘:—
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NOfEeA®4 e FOKD L ) IZKELH L )&
TTL2I L5 NI LTV D,

fEAEDHREZLIEFILYEORICFIT- 7
%, BHEED Moessbauer A& L DEIE 47V,
Fe!CO)s-S AR T S/Fe=2 M L 2 |23@E DY
O—% A4 k@ sextet D 7 FILAggl ey, #8
BHEMEOL FFAAPHETL I LA 5, FeSoi
Rt HO AL L DRI AIB TR E
U=F A PPERLTVAILHEIN T
25

Wender & (3 Fe {CO)s B2 % co-processing X

ICIZHG S &3, BBEOSITEIT-> T 5. 1§
5. FelCO)s* B ATER R & § 2 S aihaifEn
A fbilEFEE LA R T LTS ZO5REREE
EDBRETH LA DWTTEM, SEM 72 O F.
RERYER %S & U2, Moessbauer Z X7 L DBEIE
X ir- 720 Mava B EFE £ llinois V.65 D

co-processing FZIT 2B W T L LT FeiCO)s %
0.5wt% N5 5 L ARDELEIERMO L &
D3IV%HAH82B~NELEL, BT A20.2%DHEMT
§65% LHUBEEE AL, SOMEERDRS
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Table 5 XRD and Moessbauer analyses of decom-
position product of Fe(CO)s

sample Fe Moessbauer phases XRD iron phases
(%iron® 2 %) {mean diameter)
coprocessing Fey.,S{26%) Fe;.,S(20.5nm)
residue Fe;C125%)
425C. Omin FeOOH (49%)
FE(CO)S
precursor
coprocessing Fer. S(95%) Fe1..S20.5nm)
residue iron oxide (5%)
425C. 1h
Fe(CO)s
precursor
inois No.6 coal  pyrite (87%) FeSs

FeSO; (8%)
Fe,(S03(5%)

before reaction

iron metal (10%)
activated carbon  Fe304{43%)
Fe(CO)5 precursor FeOOH (47%)

Fe deposited on

FIZETNBRILEWL D L2 EnG, D
LSRRI L 72 Fe(CO)sATE /@ 7 B ARAE L
o TWhHhI LR HEBESIHLLEARNT VS,
Table 5(2 X-# B DFE R & Sk DIKEE L Moess-
bauer A7 P WIZL A THBITLI#ERERL,
Fe(CO) s ELRILIREY (Fek L T2.5wt%)
FIMBAARLCRCEREIGELE &I27272BIC
bz EORETECERET ST L7, JORS
Tkt a»  DEITL TR vy, 49%D°
FeOOH #H T Fe;. S & FesC X F 1L FN25%
BEATV, HIGHET % Fer. S HATKEN 512
25Tz, XRD OEWE L 0 Fero S D—K¥1F
ENB L £20.5nm £ RESN/, SEMIZE T
FFETHIE0.5-1.0emDLDAKRETETEHD
BIEFBHOAIIZLEY,

Huffmann & {4 % & 42 £ 4l 72 Moessbauer A 2
7 PVOBT Y ITG, BAOETEEILEDRD
B ORI E ORI £ D ET % 1T- 72, Blind
Canyon XM L7-f%, FeCh* &§iRIEFI 7/
b0, EHEIL7Z Fe0: % EmMRKICIBRELAZLD
BRE A A KM UIBIE, SO TS L -

Fe,03% O §h Al 3 Moessbauer X< %7 kL8
BT, SRS L KD, ME LG scE
BLALEIGOHRTFEN0ALUTOLDA60%
*LoEN L2056 FTORTH 72, Bi
WBREAF O RBLAZLDL20A LT R F A8
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Development and Future Problems in the Highly Dispersed lron
Based Coal Direct Liquefaction Catalyst

Toshimitsu SUZUKI

{Department of Chemical Engineering, Kansai University)

SYNOPSIS | — Historical back ground and recent development of highlv dispersed
iron based coal liquefaction catalyst are summarized. Four different approaches were
proposed in order to improve catalytic activity of an iron catalyst. One method is impre-
gnation of iron sulfides or -oxides onto pulverized coal by the reaction of iron salts with
suitable reagents such as Na-S or aqueous ammonia. The second procedure is the direct
impregnation of an iron salt onto coal or ion exchanging of proton in the carboxy! group
in coal with iron cation. Use of ultra fine particles of various iron species were the
alternate method for the dispersed catalyst. Another method for the dispersed catalyst
is the use of organic solvent soluble iron species, which would decompose to active spe-
cies during coal liquefaction. Most of these methods promoted coal conversion under
milder reaction conditions.

However, catalvtic activity of iron species for coal hvdroliquefaction is not high as
compared to molybdenum and other metal species. Further improvement of iron based

catalyst is required for the operation of commercial coal liquefaction process.

Key Words
Iron catalvst, Iron pentacarbonyvl, Organometallic compound, Impregnation
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Catalyst Design in Coal Liquefaction Process

Akio NISHDMA

Fundamental research concerning coal liquefaction catalyst, such as catalytic reaction, role of cartalyst, catalyst function, catalyst

property and catalyst deactivation, has been in our institute in order to design suitable catalysts for coal liquefaction. The objective of this

article is to introduce catalyst design concept based on an understanding derived from above fundamental research. First, the role of

catalyst in coal liquefaction and upgrading processes was discussed to clarify catalyst functions required. Then the correlation between

the catalyst functions and catalyst properties was investigated for designing coal liquefaction catalyst. Deactivation behavior or

upgrading catalysts was also discussed for designing superior catalysts with a long life. The results of the aging test of catalysts designed

on these concept showed considerable improvement in overall activity and initial deactivation for upgrading coal-derived liquids.
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Table 2 Reaction conditions of coal liquifaction processer.

SRC-1I EDS H-Coal [-Neu TSL - DOW
SRC-I LC-Fining
Reaxtion - - (- - -
remperature, C 435 430 420 175 40 440 130
Reaxtion 5 9 2
temperature, atm 140 140 210 300 120 140 110~
Catalyst *1 *2 Co-Mo iron oxide+S *1 Co-Mo  Molybdenum
CSolid o o , T o -
separator Distillation  Distillation ~ Hydroclone  Distillation Solvent deashing Hydroclone
*1: Iron compounds in coal are used as catalyst.
*2: Ni-Mo catalyst is used for solvent hvdrogeration.
Slurry recycle
Coal— Slurring |
Reactor
o ! a0c, ltatm Naphtha
Recycle [ . Coal liquid
Gas/liquid — | Distillation pe———
H, separator L———*—“

H,0 — e
Hydrogen production ‘
O, -—

|

Ash

Fig. 1
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Steam ’
reforming |

Fig. 2

Slurry recycle

!

Naphtha

—_—
Gas/liquid ——4' Distillation

separator [

Flexicoking

Ash

Flow sheet of EDS process.

Slurring

——————

Reactor

1
|
|
!

Coal liguid

Naghtha

e

Coal —

Y
i : ) ! T
Gas/liquic f —| Hycrocione | | Distillation ————— Caal liquid
| separator |
——ee Residue
1
Hydrogen production ;
!
Ash
Fig.3 Flow sheet of H-Coal process.
Hydrocarbons
Coal liquid
First-stage __J
liquefaction |—=| Solid separator Second—stage
(SRCI) hydrotreating
SRC (LC—~Fining)
SRC
H,

Hydrogenation

Residue

H,0 — | production
0, —¢
T
Ash

Fig. 4 Flow sheet of rwo stage liquefaction

(SRC-1

+~LC-Fining) process.
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Table 3 Reaction conditions of NEDOL and BCL procssses.

NEDOL BCL
First-stage Solvent Primary Secondarv
Liquefaction hydrogenation hydrogenation hvdrogenation
Reaction temperature, °C 430~460 320 430~460 360~400
Reaction pressure. atm 130~170 100 150~200 150~200
Catalyst Iron sulfide Ni-Mo Iron ore + Sulfur Ca-Ni-Mo
Solid separator Disnllation Solvent deashing
Table4 Composition of coal-derived liquid and petroleum.
feed H/C N 0 S{wt%) 530°C metal
Coal Liquid (A) 1.10~1.25 04-~06 10~30 0.02~0.08 - -~
Coal Liquid (B) 0.85~0.95 06~10 10~30 005~02 + + + + Mg, Na. Ca. Fe
Petroleun (A) 16~1.7 - 1.5~20 * + V. Ni
Petroleun  (B) 15~16 -~ 20-~-30 + +V,Ni, Fe
Slurry recycle
tron catalyst—
Coal T . ,
Hydrocarbon R L_J . | L "
Cosl ~——— Corayse _~’h Slurring '| Reactor }‘—‘Ij Distillation —=Upgrading
J 450°C, 170atm
Reactor -————| Distillation ————+ Coal liquid
Vacuum residue !’—_—m
I—Hx__/f Partial oxidation i i Recycle solvent hydrogenation
L o L————
z 120°C, 100atm
Gasification
Ash
Fig.5 Flow sheet of new [G process. Fig.6 Flow sheet of NEDOL process.
[
Catalys*
Light oit  Midium oil Light
t ! .
oil
[B o :::;alI Slurring & Reactor {primary Distillatio Reactor (seconc I istillati 1_1
rown urrin —=! Reactor {primary | —-| Distillation : r concary{ -l Distillation
I dewazering hydrogenation) — I ¢ hydrogenation) - j
Heavy Medium
cLs oil DAO oit
Solvent J - -+
| s Solid separator Heavy oi!
H:0 y H;
Residue AO
Fig. 7 Flow sheet of BCL process.
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Fig.9 Fundamental activities of iron catalyst.

A: Hvdrogenation, B; Hydrocracking.
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Fig. 10 Effect of hvdrogen pressure on camivtic activities of iron catalyst.
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Fig. 11 Effect of reaction temperature on catalytic activities of iron catalvst.
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Fig. 12 Hydrogenation activities of sulfide catalysts.
Sulfide catalysts were sulfided using 5 vol®e of H2S gas before reaction
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Fixed bed reactor

Ebullated bed reactor

Metal deposits

Carbonaceous deposits

Entrance Exit

Fig. 13 Schematic representation of position-dependent
foulant deposition profiles

(a) Carbonaceous deposits
(b) Metal deposits
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Carbonaceous deposits

Edge Center Edge

s

Fig. 14 Schematic representation of carbonaceous depos
in catalyst particle.
(a) Catalvst with narrow pore size {<10nm)
(b) Catalyst with large pore size {>20nm.’
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Tabled Carbonaceous deposits on hydrotreating catalysts
used for upgrading coal liquid and petroleum.

Catalyst Clwt®%) . H/C N/C H/Cin feed
CatA Ilec”d 148 080 0017  110-125
Outlet™ 193 0.76 0.012
CatB Inlet "} 10.1 107 0024  0835~093
Middle 10.8 090 0025
Outlet @~ 165 0.76 0018
CatC Inlet ™! 116 0.89 0031 16~ 17
Middle 189 063 0018
Outlet® . 206 062 0017
CatC Inlet ™ 176~ 100 0020 15~ 16
Middle = 195 ~ 090 0019
Outlet ' 274 077 0014

Cat.A and Cat.B were used for upgrading coal liquid .
while Cat.C and were used for upgrading petroleum.
"1 Inlet of reactor.

"2 Qutlet of reactor.

a/C

4‘__"“‘
JSUR I S S

1
1

.

PO SN W

/

v

/4
‘/“
‘/

2l

f
0 Z 1 1
K L M

Fig. 16 Elemental analvses of extracts from the catalyst
and the feed.

K: Hexane-soluble oils, L: Hexane-insoluble
and toluene-soluble, M: Toluene-insoluble and
THF -soluble, N: THF -insoluble

Elemental analyses of carbonaceous depositions
were obtained on the successive extracts of the
spent catalyst. Carbonaceous materials on the

catlyst O, Feed: @
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Metal deposits

Edge Center Edge

Schematic representation of metal deposits in
catalvst particle.

{a) Caralyst with narrow pore size (<10nm)

(b} Catalyst with large pore size (>20nm), or

bimodal catalyst
{c) Metal deposits derived from organometallics

Fig. 17
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Table 6 Metal deposits on hydroweating catalyst used for upgrading coal liqu:d.

A) Metal deposits measured using ICP and AAS

Catalyst Fe Na Mg Ca v Ni Total
CatB  Inlet”™ 46 24 13.1 16 - - 196
Middle 09 1.3 4.1 0.6 - - 59
Qutlet™ 1.0 1.1 0.8 02 - - 3.3
CatB  Inle’! - - - - 186 1 245
Middle - - - - 55 09 71
Outlet™ - - - - 25 03 35
B) Metal deposits measured using XPS
Catalyst Al Mo S C Na Mg Ca
Sphere  Fresh 100 7 13 110 - - 196
Used.  Inlet™ 100 13 43 660 84 100 26
Middle 100 77 28 320 61 61 11
Outlet™ 100 36 440 38 83 24
Powder™' Fresh 100 6.7 12.2 7 - - -
Used. Inlet™! 100 . 12.3 130 26 33 14
Middle 100 70 118 140 20 14 23
Outlet™ 100 7.9 150 190 13 9.7 22

Figures show the relative peak intensity of each meral based on the intensity of Al

L L 1 1

1 1 k| 4
0+ sputtering time (h)

Fig. 18 Depth profiles of metals deposited on outer surface layers of catalyst particles.

B: Bimodal catalyst (pore diameter: 10 and 630nm)
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Fig. 19 Distillation curves showing effect of nitrogen content
on hydrocracking reaction of coal-derived distillates.
Three kinds of feeds were hydrotreated over Ni-Mo/
zeolite catalvst. These feeds (A, B and C} contain
1100. 340 and 20ppm of nitrogen. respectively.
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Fig. 20 Caralytic function of hvdrotreating catalyst.

A: Catalyst for petroleun reﬁning
B: Cazalvst for coal hiquid upgrading
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ZHERBEAGH

EMBEORRy I —K

RN e 100 g PICREN DM . MESIEE Fe. S
M 1 w36 t ARMNIC B
(g/100g-dry coal) RUN No
. _ BT om0 : ; . : '
. 1 0.466 0.482 0.948 1.8 | MROTT
FINAS A FesS, PSU - AGD (ME®E) | o 0g | am | 219 167 g ) R R R

S/Fe=1. 8 |BP 220-260°C 3 1308 1445 2843 1.8 | NROTS

— 9¢¢ —

1 0.468 0.511 0.979 1.8 MROTS

RIS FeS: S2-04wtk|PSU-AO (MERM) | 450 59 | &% | 2102 223 g . S A SO
S/Fe=1. 8 |BP 220260 3 1406 1.534 2,940 1.8 | MROTG

_ — 1 0.602 0.692 1.294:2.0 |MROTI

y-txiokmite | YT e00H | PSURRIA 59 | T5g |BBAFM| 1505 4o R PRt R R R
BF 220-538°C 3 1.806.1.244 305 1.2 |MROT2

e (OH) _ 0. 6 038 0218 0.6 1.0 KO3

BRAEME ’ 10179 | - |Su&®m| 52 13.11 g R SR

1 0.635 0.365 : 1.0 1.0 |MRO74

EHLAMEXS Y~ 00 g
Dry-coal 100 g

D Mg wmNTM=

*) RRAEMEOBEIINEMERICMABL D,
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(kg/100kg-daf coal)

RON No MRO71 MROT2 MRO73 MR074 MRO75 MRO76 MROT7 MRO78
FHE R % RZFNALER RZFNVR R RYYIN YNNG RZFAARR 'Y YYY;:) B-MANARR RYYIY;
FRERIZ PSU0701 PSU0701 PSU0701 PSU0701 PSUOT01 PSUD701 PSUQ701 PSUO701
RIEES kg/cn? 170 170 170 170 170 170 170 170
HIERIGEE T 450 450 450 450 450 450 450 450
R 0¥ F NBCL Iwt% INBCL 3wt% |AWIP 0.6wt% ANIP 1wt% SIS Iwt% SIS 3wt¥ NP Iwt% NP 3wt
0O E Wt% 40 40 40 40 40 40 40 40
KFE T 3.93 4.43 4 3.92 3.84 4,11 3.51 4,04
TER 19.84 18. 46 20.5 19. 21 21. 16 19. 99 20. 65 20. 37
C1 4.09 3.84 4.65 4.15 4.6 418 4.65 4.46
C2~C4 9.76 9.48 10. 17 3.65 10. 24 9.55 9.92 9.86
COX 5.46 4.79 5.43 5.21 5.89 5. 34 5.73 5.39
H2S 0.53 0. 35 0.24 0.2 0.43 0.92 0.35 0.66
TR K T1.87 [3.57 11.76 11.73 1. 11 7. 41 1T.04 1. 83
Erah 43.94 i8.55 43.85 48. 36 43 47.63 41.52 4501
~C5~220 T 10.78 13.03 13.52 12.2 13.14 12.65 [2.84 8. 42
200~350 C 20.53 22.61 19.71 21.72 18.3 23.5 18. 24 21.65
350~450 °C 12.63 12.91 10.62 14. 44 11.56 11.48 10. 44 14.94
ZIE 28.28 23. 85 27.9 24.62 28.57 24.08 30. 3 76.83
{50C ~0IL 13.13 11.75 12.15 9. 85 6.42 6.69 7.43 9.57
TAITNT v 7.07 6.03 8.26 7.44 12.31 9.14 10.7 7.78
* e 8.08 6. 07 7.49 7.33 9.84 8.725 12.17 9. 48
&5 100 100 100 100 100 100 100 100
HES
5~HS 0IL 57.07 60.3 56 58. 21 49. 42 54.32 48.95 54.58
Cl 4.09 3.24- .65 ENIS 4.60 4183 4.65 446
cCe 3.64 3.60 3495 3.72 4.02 3.67 393 3.79%
C3 394 3.90 4.9 4.0l | 3.85 4.02 4.06
Cq 2.0 1 1-48 2.03 1.Q2 208 2.03 Vi 2-02
CO .46 1.53 .21 .40 i.52 .60 -3%/ [ .43
Coz2 4.00 3.26 4.22 3:81 4.37 3.74 4.26 396
HzsS 0.53 0.35 0-24 0.20 043 0-92 035 0.6b
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0.01t/d ;MG HRIC KD H(LMEOTFHARE R 95.12.21
CCTC

BrY

E—DEE REEHFICLIRICEBREREB/IZEICLY, SRMBLBICOVLWTOERBRETED S,
HEEERH
1 :0.01t/d EEER (ZHiEM)
135454 DhZbAER (47F%37)
RIgOFEN  EXASCHEYOTRE
RERRM

EEkE  AbiE 4 I 2 kX RIERE 1 ki

L1
i3
5

42
=

WRNE 1.3 wtX FEERSEMEOREE 0.6, 1 Wtk 02k
5%t 450 °C X170 kgf/cm?

HIRE  ErHRE. kKRHERE

BRERHOERTRIOEDRKRER.

s WDNOMBSFMENB (MIERLMINE( C~450 CTRU C ~HSE D) FEM- 1=,
s ZOMFY TRIET B &, KAMM IXFME&ERHFOR(EBNEE( C~450 °C) #BAICHELR

AmEIZENEN,
BRFHES 1.9 wtk, - JkER{E& 1.5 Wtk RER{EAME 0.7 Wtk LHFSNDY,

«Cs~450 CETOHEAMBAICAHL T, MBICLEIXRELERBRIVEE Loz, UL

NBCL5 &k UAWIPARIR (3 4th D 2 FHIC < SXTH O (450~HSNE) 52 THEY. RLHRUMEL DS
BONBREIN S,

s BMBOBEHNI K B0 ~HSRFEBDE(L, NBCLE L UANIPEE DIZGSMD 2 HIC SXTPEN,

NP/ SISICES T B%= 5~6 wtk | AWIP/ NBCL {c&F5E 2~3 wt¥%

- BIRA r - KEES AR AR IC L T B L ELRREE B R 12,
 SEORRE. KICPSU TITONIEXAMML / GRER(LEL, 450 CTX3 WRIZHFIHBREL S

x&

NBL, ARHBEBIDLARNLRIBOHRETH > oo RREE MIHFEORBISMICLIR
ENEZoN5,
DR 3 Wik CRFOBICARLEZSTHICLBETMEROHT
( RN 7 ARRE )
SR LER 1.7 wth - KEESk 10wtk | ARIRAIAEER 0. 6wtk
2

*SRAMBICL > THONSIRILAREOHBELIEE LT,
AR DML KIBICHET 2003, RIGBEICE T SMEORLLERE K UMEROERIC

DNTERERHILEN DS,

s ECAIR OB R LBRFPHMY DRI, G PTHELOFREM G EDERICONT

T50T, COELHSDRFANVEDTELETH D, BRMICIIARMIKEE~PSU RE L TOM
BEETHMTSFEICLTIS,
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FR 14128158

BMBOIR T —% =iEmBR A
; $t
HUEDRNE mai ™ 100 g hIcATNBRS ML 1 i3 € T MUTMBEF e, S
e (g/100g-dry coal) RN No
BT SRS - /D : '
Moo MRS AhMRNEA | MIEERS |3 M| S | Fe Sl Fol S  Fers S
. : 1. 0.466 0.482 0.948 1.8 |MROTI
EMAA5A FeS. PSU - AGO (MMM | of o 09| am | 219 167 g '
S/Fe=1.8 |8 220260 3 1398 1445 2843 1.8 | wROTS
AW FoS. S8tk PSU-MG0 (REE® | 40 | g5q | af | 21.02 223 9 A
S/Fe=1.9 |BP220260C 3 1406 1.534 2.940 1.9 |MAOTS
_ e 1 0.602 0.692 (1.294 2.0 |MROTI
y 4 ookmies | Y FeOOH | PSUBREH %9 | 150 |BEAM| 1505 t9 L T
BP 220-538°C 3 1.806:1.244 3.05 1.2 |MROT2
Fe (OH) _ 0.6 038 0219 06 1.0 |0
BRI ’ 0170 | - |sigmml| 532 1311 9 ; t !
' 1 0635 0.365 1.0 1.0 |MROT4

D AR 1 widsim=

*) BEMBMEOIBSIMIESRERICAARR B,

¥ %)

mYLAzS U~ ¥00 ¢

Dry-coal 100 g

(8/32. 064)/(Fe/55. 847)=m
S=0. 57413m3Fe
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RUN No. MRO7 1 MRO72 MRO73 MROT4 MRO75 MRO76 MRO77 MRO78
FHAR %A RZMANAR RZF VA B RZFANA R IRV R-FNVA IR BZFNVA R B FNVA R BZFIAVA R
FHERA PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSUDT01 PSU0701 PSU0701
RIGE S ke/cn2 170 170 170 170 170 170 170 170
BIELRIGCEE C 450 450 450 450 450 450 450 450
Ao i 1 NBCL 1wt% [NBCL 3wt¥% |AWIP 0.6wt% [ANIP 1wt% SIS 1wt% SIS 3wtd NP 1wt% NP 3wt
AR mE Wt% 40 40 40 40 40 40 40 40
KE B R 3.93 4.43 4 3.02 3. 84 1. 11 3. 51 4. 04
ERA A 19.84 18. 46 20.5 19.21 21.16 19.99 20. 65 20. 37
Cl 4.09 3. 84 4.65 4.15 4.6 4.18 4.65 4. 46
C2~C4 9.76 9.48 10. 17 9.65 10. 24 9.55 9.92 9.86
COX 5. 46 4.79 5.43 5.21 5.89 5.34 5.73 5.39
H2S 0.53 0.35 0.24 0.2 0.43 0.92 0.35 0.66
4 K 11.87 13.57 11.76 11.73 11.11 12. 41 11. 04 11.83
£ B 43.94 48.55 43.85 48.35 43 47.63 41.52 45.01
C5~220 C 11.39 13.77 14. 48 12.9 13.6 13.15 13.38 8.66
220~350 < 19.93 21.87 18.75 21.01 17.84 23 17.7 21.41
350~450 °C 12.62 12.91 10. 62 14. 44 11.56 11.48 10. 44 14.94
=% 28.28 23. 85 27.9 24.63 28.57 24.08 30.3 26.83
450°C ~0IL 13.13 11.75 12. 15 9. 86 6.42 6.69 7.43 9.57
TATTNTY 7.07 6.03 8.26 7.44 12.31 9. 14 10.7 7.78
E A 8.08 6.07 7.49 7.33 9. 84 8.25 12. 17 9.48
ki 100 100 100 100 100 100 100 100
ES
C5~HS 0IL 57.07 60.3 56 58. 21 49.42 54. 32 48. 95 54.58




— Ve —

A b B (kg/100kg-daf coal)

120

100

80

60

40

20

% = e
4l ok

S S N S
4§4Z/Z§
\ \ NN
. .
V%ﬂ o /

FRELR

HH A R
K
C5~220

B 220~350
N 350~450

450~HS
B Asp+skht



— 8¥C —

FIIG &R U TA77 07 /=R (kg/100kg-daf coal)

25

20

15

10

&%

> %
/, 7 .
) '/’
% % .
/ )
/
NBCL 1% NBCL 3% AWIP.6% AWIP 1% SIS 1% SIS 3% NP 1% NP 3%

LY EEE R

PATPNFY
Bl smisw



— 6%¢C —

EPE 33t

%4 108N

%9°dIMV

dN

Yol

%t SIS

Yot dIMY

%E dN

%E SIS

%E TO8N

RIS B U TR77 07 /YXEE (kg/1 00kg-daf coal)

— — Ny N
(6] o (&) (@) (6]
i T T |

N\

LUHMHIDING

i P4

&1 LA R (kg/100kg-daf coal)

H D @
o (@] Q

0¢

ocl

~ 00}

I I i I

W72\

\7 555NN GZ

V7 BR8E8N\Y/\\

5
7
7

SH~0SY

xu¥% 4



— 0S¢ —

# 1 JVA B E8 (kg/100kg-daf coal)

60 | >
’ ’ ’ ..........................................
....................................................................... i
50 I~ 450~HS#1)
* e AD
..... D%D .
40 - C5~4501{ )
S .
B AR o
e SO vk e R,
_ n%._w? | _&AMEMW _
0 0.5 1 1.5 2 2.5 3 35

fith 182 B Wi% (FeSx)

20

10

# X 5 B% & (kg/100kg-daf coal)

KFHEE.



— 162 —

60 |- A
A A
............................................ B
450 ~HSH{
_. 50 F
s B Ao N
.Mu.. D» ....... A A
(4v]
T 40 L C5~450%4 )
2
O
(@»)
g
,+m+ -o-@8- g ® B
.& ' lllll i Illllullli‘ |||||||
& H A E R HE
.
-7.- —
e NS S v S @ mm e o u—
© KEAEE
N ] L L ] | ] ] | L ] | | | ] L
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

A 2 wit%(Fe)

20

10

KEHBEE. H XERKHE(kg/100kg-daf coal)



ey - B Exho] H - Y30LNGVRh —
By~ » BEEUSGEHINO RS FXHE - RO T E
BEOHUH{FO? LD -
BEOFAH D - EROWEL N v
Y4 - W EE )5 - (3
BEOLE)FRIEY - AU "wEE )
BRI - EROWHIITHH Ve e
Y BN B2 Edd/NSd * KIMG T~ T FHY - MWED®2dd / NS - THoEH "‘ER
CEELZHIETRN POITEEEE gxd- | 0p-1/HOOY YT - BEREHMARGY - | ORRG S P RGO ET (L)
TRIQHEYIETE a4y
NTROHRAEG - (100N )
*0°P-1/H00ZT YCHfEY - NPTROHEHE - HROWETEE /Y524 VYWY
PRSREOTHWE BEE BT ET B2 2517
12 °21°S6

— ETFO N TEZE - HIEZE —

BEYNIZLEE O R L O X  H{gHg )y i

— 253 —



- P52 —

A iE WERE DRITHFERE BiR{E e LoOMESERE
r- KE(Lsk | MEEREOER « 7AIRCLB chEny{t EM - ERFMEERE - BSU B TE25)-HEOEH 5CLB
(NBCL) HILRE DA & BhLbxt 3R 1%—0. 5% BRECRANDH D
« fti¥ 124400/ /t-d. c.
TKE L SKREXVL R DHERER L < YEHb REBIMAOHELHP - f13FI21300M/t-d.c. | - FHEVEHM P REXARLADAE
BRIC K BR(LHREDRH L (R, M- EOHAFETEE)
- BPRREEE OER
BEATER | AMRRTE D1 0w - FEEM S TFEOME
(Z3:Em) —
Eo-91 MERNSRIF & RALIEAE - A ATER K DL EMTERE & B LR H KT Eo-51 DMK
« BHIP A ORBFTER D 53 L
RAUMEDBERAIC L BHRER L | - Ex : MofiA
SHRRKRULY | KA 0N E - RIGEN EBRENENROIER
(IMAEER) | ( Fer_, S ADERR) - 75 DS
SELAOF A (Fe ., SADIG#R)
SRERARUY | RLFEOFIA - BB DG » FEAZIAT-MBALEXT SR
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A BmhidE I L & 95.12.20 CCIC
=& HREH HMREX LIS RAEBtEE DL AR/ DB FeEORE | RERRE HE
(1) Ry | KAAAAL OBBFERTOWR BB FeS; FiG5#E 0.7 um A5Y-4K 250 kg/hiErsah
(FeS;) - PAAEER, Fe 43.5 wl% thakmmig 10.5 m*/g | AQS%mEE6OWt% | (150 t/d PPR)
- B & DHBRE S 45.3 HIFLATE 0.039ml/g
OEKHBREDRE FeS: +l;, - Fe-, S Fer.. S 25-1k
- toyft {LOHHER 300-500 °c. Pil; 0.5-1 _ 1-0.1h
(2) & $iia OEHMBHEONRELL (Fe, 0, ++ S5 — Fei_, S Fe._, S 251k
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Beneficiation of coal-heavy oil
coprocessing residue by oil-phase

agglomeration®
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Surface characterization techniques (scanning electron microscopy and X-ray photoelectron spectroscopy)
were used to examine toluene-insoluble solids from coprocessing of coal and heavy oil in order to evaluate
their physical separation potential. Washability studies, using float-sink tests, were also carried out to
provide an empirical estimate of the ash separation attainable. On the basis of the results, agglomeration
tests were performed in an attempt to oplimize the beneficiation of the organic matter in the residue pitch.
Ash rejection in these tests ranged from 30 to 40%. Analysis of the ash from the agglomerated and reject
fractions suggested that most of the iron was retained in the agglomerates.

(Keywords: coal-oil coprocessing; residues; oil-phase agglomeration)

The liquid-phase agglomeration technique developed at
the National Research Council of Canada can play
a major role in the beneficiation of finely divided
carbonaceous solids! . The principle of selective liquid-
phase agglomeration is the preferential wetting of a
specific solid component in hquid suspension, by a
second, immisciblc liquid. The amount of sccond, or
bridging liquid, controls the formation and growth of
agglomerates formed from the selected component.
Surface tension forces in the capillaries between the
~gglomerated particles bind them together. This technique

as the advantage of rejecting non-wetted solid impurities
while maintaining high recovery ol combustible carbon-
aceous material.

The work described here concerns the beneficiation of
the solid residue from a coal-heavy oil coprocessor. In
the coprocessing reactor an iron sulfate catalyst precursor
is eventually converted to pyrite or pyrrhotite under
severe hydrogenation conditions. Iron sulfides cannot be
readily separated from a hydrophobic matrix, owing to
their hydrophobic character®. This fact may be utilized
advantageously in de-ashing of vacuum pitch, where it
is beneficial to leave the iron compounds in the cleaned
oil, thereby reducing catalyst makeup rcquircments.
Surface chemical characteristics play an important role
in the selective separation of one component from a
complex mixture such as coprocessing residuc’. In this
work, the surface characteristics of toluene-extracted
solids from coprocessing residue were studied, using SEM

* Presented in part at the 205th National Meeting of the Amenican
Chemical Socicty, Denver, CO. April 1993, RCC No. 37590

and XPS, to evaluate the potential for their separation
by means of oil phase agglomeration.

Ash dissemination, size and degrce of fiberation are
also primary determinants for separation. The degree to
which a carbonaceous material can be beneficiated by
agglomeration is limited by the extent to which the
ash can be liberated from the material®. Washability
characteristics derived from float-sink analysis and
specific gravity fractionation® usually provide a good
measure of the degree of dissemination of the ash
associated with coal. In this investigation, float-sink tests
on the toluene-extracted solids from coprocessing residuc
provided an empirical measure of ash separation
attainable. The sclective de-ashing of pitch residuc from
a coprocessing reactor was attempted by sclectively
agglomerating the hydrocarbon-rich fraction, using a
suitable oil as the bridging liquid. A number of

conditioning treatments to improve ash removal were
also examined.

EXPERIMENTAL

Materials

The vacuum residue was obtained from a CANMET
bench-scale coal-oil coprocessor. The composition of this
test sample is reported in Tahle 1. Pitch samples (100 g)
were dispersed in distilled water (500 ml) and ground
using 2kg of 6 mm zirconia balls in a 25cm porcelain
ball mill. The average particle size of the ground material
was 9.8+ 1.4 um as measured with a Malvern particle
sizer.
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Surfuace analysis

Scanning electron micrographs were recorded using
samples coated with a thin carbon layer to impart
conductivity. X-ray photoelectron spectroscopy (XPS)
was performed with monochromatic Al Ko radiation and
dry samples pressed into indium foil. Survey spectra were
collected using a pass energy of 188eV, and high-
resolution spectra were recorded with a 22 eV pass energy.
An electron flood gun was used to neutralize the charge
during the experiment. Bonding energies were referenced
to the carbon-carbon bond, which was assigned a
bonding energy of 284.6 ¢V. Atomic compositions were
estimated using standard programs provided with the
instrument. During analysis, the pressure inside the
instrument was always <5x 1079 torr (0.67 x 10~ ® Pa).

Float—sink tests

Triplicate samples of ground coprocessing residue were
extracted with toluene in a Soxhlet apparatus. Each
sample was wrapped in three layers of Whatman No. 2
filter paper to ensure that no solids were lost into the
toluene. The toluene extract was diluted and centrifuged
to ensure that no solids were fost during extraction. Three
eparate extractions with fresh solvent were made on each
sample to ensure removal of all soluble organic material.

Float-sink tests on the extracted solids were carried
out using Certigrav liquids having specific gravities of
1.3, 14, 1.5, 1.6, 1.8, 2.0 and 2.2. Each separated fraction
was analysed for ash using a Leco proximate analyser.
Size analyses were conducted on the extracted residue
and on the specific gravity fractions using a Malvern
particle sizer.

Agglomeration

A slurry containing 10-20 g of ground pitch was first
conditioned with an appropriate reagent by agitation in

Table 1 Composition (wt%) of CANMET coprocessing residue
C 775
H 6.2
N 1.2
S 44
Al 43°
e 20.5¢
Si 3.0°
Toluene-extracted solids (TES) 297 +1.3
Ash at 600°C (fced) 1.8
Ash at 600°C (TES) 313
Average particle size of ash (um) 10

? Ash basis

a blender at 250 rev s~ ! for | min; thereafter the agitation
rate was reduced to 150 rev s 7!, Bridging liquid was then
added dropwise, with mixing, until discrete agglomerates
formed. At this stage the blending rate was increased to
200revs ! for 2-3 min to facilitate ash liberation. The
pitch agglomerates were then scparated from the
suspending aqueous phase by screening on a 149 ym sieve.
The product was washed several times with distilled
water, dried at 100°C and then ashed to determine the
degree of beneficiation. The aqueous phase (<149 um
fraction) was returned to the blender and the residual
carbon was floated using a [rother. The froth was carefully
removed, dried and designated as secondary product. The
remaining aqueous phase was transferred to a preweighed
glass beaker and the contents were dried in an oven at
110+ 10°C to constant weight. The difference between
the final and initial weights of the beaker was taken as
the amount of aqueous-phase ash.

RESULTS AND DISCUSSION

Washability studies using float-sink tests are routinely
used to determine the relative ease of separation of coal
from refuse®. These studies are usually helpful in
determining the efficiency of a separation process or what
might be done to improve its performance. The
authors’ experience with coal beneficiation using oil-
phase agglomeration is also consistent with the usefulness
of these tests in determining the suttability of this
technology for cleaning different types of coals.

Float-sink tests

The float-sink process can be subdivided into two
processes involving ash liberation and coal cleaning®. In
the liberation process, the bonds between coal and
impurities are fractured. In the separation process, the
resulting liberated particles are sorted using a dense
medium. One [raction is a float product rich in coal; the
other is a high-ash reject. These tests provide information
on the theoretically attainable separation. However, in
actual coal cleaning processes the scparation may be
incomplete; some sink material always reports to the
clean coal product and some float material to the refuse’.

Table 2 summarizes the float-sink analysis data for
the toluene-extracted solids from coprocessing residue.
No material floated at < 1.4 specific gravity. As the
specific gravity was increased from 1.5 to 2.2, successive
samples of float material, with increasing ash contents,
were removed from the starting material. The quality of
these separated fractions was very different from that of

Table 2 Float-sink data (wt%) for tolucne-extracted solids from coprocessing residue

Individual fractions

Cumulative floats

Cumulative sinks

Specific Ordinate
gravity Yield Ash C Yield Ash C Yield Ash C Z

m 3] ) (4) (5) (6) M (8) 9 (10) ()

1.4 x 1.5 float 123 31 19.1 123 31 19.1 100 313 100 6.2
15x L6 L5 10.1 2.1 138 39 212 87.7 42.1 80.9 131
1L6x 18 83 19.0 107 221 9.5 319 86.2 427 78.8 18.0
18%20 17.8 26.0 21.0 399 16.9 529 779 45.2 68.1 310
20x22 257 394 248 65.6 257 71 60.1 50.8 47.1 528
Sink 2.2 344 59.4 223 100 313 100 344 59.4 223 8238
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Table 3 Comparison of float-sink data for toluene-extracted solids (TES) from coprocessing residue and unreacted feed coal

Yicld
(Wt%) (wt%)
Specific Feed
gravity TES coal TES
1.4 x 1.5 fioat 12.3 50 31
1.5x 1.6 15 403 101
1.6x1.8 83 4.6 19.0
1.8x2.0 17.8 31 26.0
20x22 25.7 0.5 94
Sink 2.2 344 1.5 59.4
Table 4 Representitive propertics of coal lithotypes®
Ash
Lithotype  General appearance  Specific gravity  (wt%)
Vitrain Uniform shiny black 1.3 0.5-1 {mainly
plant ash)

Clarain Laminated: composed 1.3 0520

of shiny & dull bands
Durain Dull. nonreflecting, 1.25 1.45 1-5 (much

poorly Taminated extriancous ash)
Fusam Charcoal-tike Soft 1135145, 5-10

fragments hard 1.6
“Rel 9

typical coprocessing fced coals. In all cases, the ash
content of the material separated at any specific gravity
was much less than that of typical unreacted coal
separated at the same specific gravity.

The data for toluene-extracted solids (TES) from
coprocessing residue and unrcacted feed coal are
compared in Tuble 3. Float fractions separated from TES
at specific gravity 1.4-1.6 appear to be unreacted coal.
A comparison of the ash content of these fractions
with that of coal lithotypes®, Tahlec 4, suggests that
these fractions are unreacted durain and {usain from
the feed coal. The higher carbon content of the
remaining fractions from TES, compared with the
corresponding fractions {rom feed coal, suggests that
during treatment in the coprocessor the ash liberated is
coated with layers of carbonaccous material. This is
consistent with the results of SEM surface analysis, which
clearly demonstrate that the solid particles of the residue
are more or less coated with carbonaceous material.

Experience with oil agglomeration has shown that
particles of spectfic gravity > 2 are too hydrophilic to be
oil-wetted and collected as agglomerates. If it is assumed
that the particles in the coprocessing residue behave
similarly, then it should be possible to predict the amount
of coprocessing residue solids that can be selectively
separated from the oil phase. The data from the float-sink
tests are plotted in Figures I to 3 as washability curves.
Figure 1, cumulative weight per cent floats against specific
gravity fraction (Table 2: column § vs. 1), shows the
theoretical yield of washed product from the toluene-
extracted solids for any specific gravity of separation. It
is evident from this curve that a maximum of 60 wt% of
the solids has a specific gravity >2 and therclfore may
be rejected to the aqueous phase during agglomeration,

Figure 2 shows two curves of cumulative ash in the
float product (Table 2: columns 5 vs. 6) and the sink

Ash

Carbon:ash

Carbon
(wi% ratio
Feed Teed I'ced
coal TES coal TES coal
12.0 30.6 534 9.9 4.5
18.9 276 396 27 21
237 254 43 13 018
44.0 232 2.1 09 005
64.2 19.0 0.2 0.48 0.003
80.4 74 04 021 0.005
100
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Figure 1 Washabilily curve, showing yield of float product separable

at different specific gravities
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Figure 2 Washability curve, showing cumulative ash in the float and
sink specific gravity fractions

fraction (Table 2: column 8 vs. 9). Thesc curves give the
theoretical percentage ash of the washed product and
sink fractions at any given yield of washed product. These
plots suggest that ~ 50 wt% of the total ash is contained
in the 60 wt% float product separated at specific gravity
> 2. These results also suggest that theoretically it might
be possible to reduce the ash content of the pitch by
50%, provided that the sample is ground to the ash
liberation size.

The plot shown in Figure 3, known as the clementary
ash curve® is a derivative of the cumulative pereentage
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Table 5 Concentrations (a1.%) of clements by XPS

1.5 Floats 2.2 Sinks
C 91.540.5 852405
0 39402 87404
N 36+0.3 39403
S 1.0+0.1 1.740.2
Ca <0.05 0.5+01

The combination of SEM and XPS data provides
information that allows speculation on the structure of
the samples. XPS provides information on the topmost
10 nm layer of the particle. The fact that no Fe, Cu, Al
or Siis seen in the XPS spcctra for either sample suggests
that the particles are covered with a layer of organic
material. This organic layer consists mostly of carbon
atoms with small amounts of O, N and §, suggesting that
functionalities such as C-OH, C=0, HO-C=0, C-NH,
and C-SH could be present. The high-resolution spectra
of the carbon peak also suggest the presence of some
functionalities. In the 2.2 sinks some calcium was detected
in association with a higher oxygen concentration,
suggesting the presence of CaCQ, or oxides of calcium.
The fact that Ca is obscrved at all suggests that the
organic layer covering thesc particles is thinner, or less
uniform (patchy), in the 2.2 sinks. These results indicate
that the sink fraction is more hydrophilic than the float
material, making a separation based on surface selectivity
possible.

Beneficiation by oil-phase agglomeration

The results from the washability studies, as well as the
surface analysis data, suggest that components in the
pitch ash are finely disseminated. Spherical agglomeration
techniques are well suited to handle solids in such a finely
divided state®®. Several tests were carried out 1o
agglomerate the carbon from a wet, ground pitch sample
(average particle size 9.8 + 1.4 um) slurried in water, using
Stoddard solvent, no. 4 fuel oil or dodecane as bridging
liquids. Conditioning agents added to render the surface
of the ash particles more hydrophilic included tannic acid,
sodium silicate, sodium hydroxide, sodium oxalate,
hydrogen peroxide, copper nitrate, iron sulfate and
aluminium nitrate. Other variables investigated included
slurry pH and the amount and type of collector oil.

Effect of pH. One objective was to explore the
possibility of selective separation of the carbon and iron
compounds from the siliceous solids. This would allow
a reduction in overall catalyst use if the pitch was recycled.
Previous work! demonstrated that pH has a significant
effect on the selective agglomeration of iron in the
presence of siliceous matter, provided that the siliccous
matter is liberated. Several tests were performed to
investigate the effect of pH on the beneficiation of
coprocessing residue by oil-phase agglomeration. The pH
of the slurry was adjusted by HCl or NH,OH. The results
are summarized in Figure 6, which shows weight per cent
ash rejection as a function of the pH of the slurry. A
dramatic effect of pH was observed. Best ash rejection
was achieved at pH4-5 This improvement in ash
rejection may be related to the point of zero charge'®,
at which there is in theory no ionized charge at the surface
of the particles and thereforc a maximum carbon

hydrophobicity should appear'’. This should lead to
higher carbon recovery by oil-phase agglomceration. The
point of zero charge for coals varies between pH 2 and
pH 7 depending on rank, degree of oxidation cte.'2. The
clay minerals illite, montmorillonite and kaolinite, which
are usually the major ash constitucnts of coals, are
expected to be negatively charged in this pH range'?,
and thercfore should remain dispersed in the aqueous
phase; this would account for the steep rise in ash rejection
seen in Figure 0.

Effect of conditioning agents.  The effects of various
conditioning agents on ash separation are demonstrated
in Table 6; the resulls are compared with hlanks at the
same pH. None of the additives gave resulls better than
that achieved at pH 4-5.

Lffect of oil churacteristics.  The type of oil used as
the bridging agent is as important as its concentration
in the agglomeration of hydrophobic materials®. Lighter,
more refined oils, having a high alkanc content,
are usually more cfficient for selective agglomeration,
especially when the rejection of siliceous material is an
important consideration. In addition to their more
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Figure 6 FEflect of pH on beneficiation

Table 6 Eflect of conditioning agents on the beneficiation of pitch

Ash rejection®

Test no. Conditioning agent® pH (Wt%)
fa Blank 6.7 25.4
1b Blank 42 390
2 Tannic acid (16) 6.7 21.2(25.4)
3 Tannic acid (30) 6.7 35.3 (25.4)
4 Tannic acid (20} 40 339 (22.5)
5 Tannic acid (30) 80 362 (23.0)
6 Sodium silicale 7.0 34.7 (25.0)
7 Tricthylamine 70 27.1 (25.0)
8 Sodium oxalate {4) - 229

9 Hydrogen peroxide - 05

10 Copper nitrate (3.8) B 237

nl Ferric sulfate (5.4) - 217

12 Aluminium sulfate (4.3) - 280

* Values in parentheses represent amount of additive in milligrams per
gram of pitch; all tests werc carried out using Stoddard solvent as
bridging liquid

*Values in parcatheses arc data from Figure 6 at various pil values
for tests without conditioning
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Table 7 Ash and iron contents of various fractions of pitch under best
scparation conditions

Iron content

Yield®  Ash® of ash®
Sample (Wi%)  (wt%) (wt%)
Feed 100 1.8 24 41 (100)
Agglomerated product? v 90 69 (57) 2907
Secondary product 8 34.1 (25  19(23)
Aqueous phase ash from 2 100 (18) 0(0)
agglomeration

°Calculated on the basis of the total of the three products —
agglomerates, secondary products and agueous-phase ash — recovered
* Values in parentheses are percentages of total ash

‘Values in parentheses are percentages of total iron

4 > 149 ym product

desirable wetling properties, these lighter oils achieve
efficient and economical coating of the organic particles
during mixing. Denser, more viscous oils are generally
less selective for the rejection of siliceous compounds.
However, heavier oils, despite their poor selectivity, are
usually a good compromisc for the beneficiation of
oxidized materials because of their ability to condition
surfaces, rendering them hydrophobic. Most of the tests
were done using Stoddard solvent, a reference oil
normally used for comparison purposes®. However, tests
were also made with dodecane and no. 4 fuel oil. The
best results were obtained with no. 4 fuel oil, with which
an ash rejection of 43 wt% was achieved. This compares
with the 50% ash rejection predicted using float-sink
tests. Ash rejection levels with Stoddard solvent and
dodecane, under similar experimental conditions, were
30 and 36 wt% respectively.

Distribution of iron in reject and agglomerated fractions

The quantitative distributions of ash and iron in the
feed and various fractions obtained from beneficiation
by agglomeration are listed in Table 7. Agglomeration
under optimum conditions resulted in an ash rejection
of up to 43 wt%. ICP-AES analysis of the ash indicated
that 77% of the total iron was retained in the
agglomerates and 23% lost to the reject. These results
suggest that two types of iron species are associated with
the pitch. One, derived from iron sulfate catalyst added
to the coprocessor and adsorbed at the coal surface,
would be expected to remain associated with the coke
on the surface of the particles. The other, originating from
the mineral matter in the feed coal, would most probably
be chemically bound with the inorganic solids. On
treatment, the catalytic iron species are more likely to be
collected with the agglomerates, whereas the species from
the original coal feed would tend to remain with
the ash-rich rejects. This is consistent with previous
experience of the separation of pyritic sulfur from coal;
such sulfur is difficult to separate from the hydrophobic
coal matrix because it is itself hydrophobic'#'*. Preferential
collection of catalytic iron with the organic concentrate
is beneficial because it could reduce catalyst makeup
requirements during pitch recycling, as long as it is
available at the particle surfaces.

sl "

— 271 —

V

CONCLUSIONS

The results of washability studies suggest that the ash
particles associated with coprocessing residuc pitch arc
finely disseminated and that the ash liberation size is
< 10 yum. The data also predict a theoretical ash reduction
of ~50wt%, provided that the sample is ground to
liberation size; grinding to finer sizes could produce better
results. SEM and XPS results for the gravity-separated
fractions suggest that the solids have an external
coating consisting mostly of organic carbon. The
lower-specific-gravity fractions have a thicker layer
of carbon coating than do the heavier fractions.
Liquid-phase agglomeration techniques applied to the
coprocessing residue pitch for the selective separation of
carbonaceous matter achieved >40 wt% ash rejection.
Analysis of the ash from the agglomerated product and
the reject material suggests that most of the iron from
the added catalyst is retained in the agglomerates.
Analysis of the ashed agglomerates showed an iron
content of 29 wt%, representing 77 wt% of the total iron
in the feed. This would be bheneficial, as it could reduce
catalyst makeup requirements if the pitcli were recycled,
provided that it occurs at the particle surfaces. The results
also show that, compared with the feed material, the
cleaned pitch is considerably poorer in siliceous matter.
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