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(3) S3 SB —FY2005
ES^mihSlcc/'cbb'Ekl,',
&vmm: ,si4ig)!4s ± iff u i 'mtx3 yti h mm.
SH :

98 ! 99

in- ^ fee? s% go am 4^;

(i) mymmum (*#i)
SKemaog1® 4 EmaStoSlc-oc'Tfi-oTi'So

si&Tkmtm

FeS2 FeSz FeOOH(rM) Fe(0H)3
X7>J- X7'J- %7'j- ##m®mm ■ &£■

(zyij-'pcDmmmm) (60wt%) (45wt%) (30wt%) 5wt% <

JW$roe$ < 1 /um < 1 /um Er4V

—

mu- TOXJh mn- TOXJk
ilWM ilW^ £1M iSWM

Ufat9V%%4-@0*m%#T&U, C4l$Ti%M'5iaA4#0#f S%/j'$ < L*m%%@LT, $ 
ft»iR^«-S46-5ciicfc'*'nTgfc0 c®#m, *'&i atk

$"CTO'S C tt)<S!mtt£ y, C®a$lcj:y${b'6JK$liE%A±Lfc„
$rc*4S0®8i-(fc ■ H^f&eiiA'StoSolilsICT't). ® ,£ -5 ic 8 6 6' C toeftSE ic am
BE^StiSS-srjetEfflJS^^iatr^iiiCct: y, f&®#^®—®mnM"CE#®%**4#6ak.
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(2) a&fbAD#®#:# (##2)
toscDsasicoi'Tsiis-stosrcto, uTi&fwsims-it# ur=.

K##m : O.Olt/d (r;M-mj£)

Mk : ^(n*iR
Jg(5*ft : 450 °C, 170 kgf/cm2
MSSAdI: : 1 , 3 wt* 0.6, 1 wt% )

^MA150 -eEWttt

WSiSAUM (wt%-dry coal) 1.0 3.0 1.0 3.0
$<b'6W (wt%-daf coal) 41.5 45.0 43.0 47.6

* Cs -150 °C

• S'(ta®777i'3>tfEKicoi'Tii«iiJsrBrc'*g*^*''iL6n^*'ofc0

rS) ld;^)AMS[c^LTt,Si'®^b'6W64x.7c„

■^£$'W50 3 wtt $AD#6R#®#<bA#$&l#6®IC^#»#ADm$-#^L, OfOSSilfco 
t=6fcWttfc 1.9 wt%, 1.5 wt%, 0.7 wt%

1.0 3.0 0.6 1.0
43.9 48.6 43.9 48.4

(3) □ * k®#$

tolledOTj$i6^5BWD,)7;y) <T>miCltffcT-Z?>m&t.T*t?/vtzi>0±7my 13®®&©£*'' 
$57cto, CffigT'SIS:*) «-Jt®{-r-5Ci*''r-g^l,'0 LA'L^ttoJg®tt^«-%x.€.
5XT', EiSn) SActobSfS77) itK$(t®SS"6lcSLl'®6<S
oTt>iltt®7-Ji $fflC'T«EI|®77) A5-5xT#xA%$nMbt&6®

£%x&M£i»»fc„
(,'fm.M*A<mA,7cR®T]7) ®ia6'S^b6i|5*-¥»l*^®

■ linn.®. :
■ SHiiiEti : 3 77 h >ZB®5r®I
■ : SK#fe®ttw^sbj;«
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toii$*0e ( wt%-daf coal ) * 3.0 1.7 1.0 0.6

Mmmm# (fn/t-m«) 31 29 91 77

5*t $/cy©3Xl ( xlO2 F)/ t-5*) 9.2 4.9 9.1 4.5

NEDO|UjS£g®( X102 ft/ t-5®) ----------------------- 3.0----------------------------

«‘J, |||-(2)|^Lfcfiili**So
££tb
-5*i ^fcas-rsfcj&c&n&MiJ&tfi- u. 4 ~9 ww<t;p;®.sfts $w®rttBgic*fLT

■ 3Xh ©rtl/tikteieSh., r?9 % I c fc I j- 5 H A'1 IIP 5 h. /c0
■ 4"EIS«S®ISS$±lf5l$6'. PSU m$r'g^1tj3d;y'«IItt%EET5fcto©tttt$ff5„

(%) (g*: #t±&%#ie&6*at©)

its#®*
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(4) UiiftMroftft

efctaiWiiA/Tl'Sdtes & Jct^fiEWbET-SO Ttt®—S-HCn*'5>EiS1a«$^lt
t"5iai®icife50 46'Tt)SiteHncet)i5i.'B6AT^itsnri'5roii^E4-(7n sii$T$or,
250 kg/hT@rSe$fflflii$$SiiSr5ESckLTSiC*'-»i» it'-*;*
¥^<as O.Vyuin $rmto^S'5T86lcLycc,

LTii^i$®b«6tfiE^®s9fM%6<iokg/hmia<$Tfi;tonT35u, Tviannnm*
&«£5ti:-f-51-Mo Tl'-5„ KiSL/tto«li. PSU IC^orttfibSMU/tc

$i6iokg/h©s^iisi3sg6M^Lrfcy, c 41 c <t v t
£!W®1-3lteT'$5l3»\ #-RK*#{b#tamMHC*^#m#gE%RoT l '5.

fikMfe MI%©EE

mm 250 kg/h 150 t/d m^nn psu mmtfr

■g-EE-fbE // lOkg/h i$kj£1un<DM&<t //

^-i&7Km<bm 5#E@ %###©$# BSU WET&

mm lOkg/h i$EEEIcj:d9)E®giE 0.01 t/d WET&

i'T'n©MiSt>$iSlDtx©Ef^tt*ieE'r5®@$r16tt$TT©yc5xT, 
lT6miS©*8-£l¥E$ff5 C
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(5) eMm/cAfflElSH

M4SH*Coi'TgfE5fe/#M*'e>©a*«-S<t4b/Co 
SH± UTaesnfcfcdli, %&0#K#^&$6lcm*6T-7 i*f^©f-7 ©15*',
ttSUaffc’f 5fc*C!&®*i£<tfttxE©an-<fc-c,a&ofc„
C©I5*', SSftyhtoALttS-BgllCfc'l'T,

fiafflfcAroiasiii

*i«a W5ESH B#

■ 3te$(*3oJ;VBS#roiiZ<b 
• 5»-»7^ e*©i6i±

■ #A0# l~1.5wt%
400 R/ t-dry coal

■ »4{b&*5mwztiotimw

■ %mmw M7ICMT5MS

■ inm&ftt&uzgitmmiv&wtiim

• 7kE<bEMESt5f iJ ffl ;i ©ait

■ i—*o. 5wt%
400 R/ t-dry coal

■ 300 FI/ t-dry coal

■ %«#?m$n@©*:©©m#&#©aw

• A*$S£#l t ©Wffl led; 5tt*felR]±

(iff&)

■55^«V50 StiH-fl-'xfc&T-S C ± lc J; 5»&tt©3fcS
■ »S£5£l:o-m'-\fc£LT©fiJffl

■ -g-fil(Wb&©fiJffl
■ K-ibiu /rntmubomt

###*#. j’Mmi- 
U j1 ©l%ih
iiWt ©KSPJffl
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IV.

is
2000^s^$s$Lfcg|ffl<l:lDtxicfc'i.'Tilffl^Tflg»toiSK<eroM%{SXT' 

$Bo SBfflSLri'S^sicfc'l'Ts 5;6Etelifc<i:Xli$23 /bbl(IEA ?mij) @g6©?mW4S 
nrfcys ^tx%m4b©4©©##M4ms6LTtd:.
T#Bj$#©MR64B9.

%%
Mx®8;gttic&i,'T\ i£4bto»®ttlbia±§4fl5g£t>oT&ys ^SS)*'6®14Sb4l*?SMB 
$» S' L /c9F5EM%6<ff bnr S 4„ i!8*,6Tlift*M& 4 ® ico I'T&!W& S hT l'-B» 
$SS$"crorBr %#©m#*S#V»fb##i©'gB&. < ©AT##A<*bh
5:S^ttlcJ:oTti®<b'e®EKtillffl4b$E$Lri'5^lfllcj5i'T±2B©;?aiJEfSlciSd'SooS
© o

L»'L*t5iitST'fTknfcme©s$^,5x$x5<b. 8#M*c4y@^*%i'of ?t6i±s#mbK 
«£SPl-fBlcli, g^WmiS® °TSb14£ jl@toS :: <b^$T$SK $l^T'BS6<itEK$n 
4 t lim '*<fc I',?: T(2)Sf L (, '«S:®toi®/$<blDtxMSI- tE#lc%y llt;^ §Kifx<fc5„

—:4. ^l%M{#lc|N|f B%#M4A)M6 LTI1. rMJg®«7t-7« ?-> lif#E>n44\ ICM
oTC'Bj £j|4Sft, C © 4 B4#iVT S 61:

E±r-S5©6\ ttBbii$$toic?#6h.B©»', ■4mt%z.t\±mmtztmLbn&„ 
tztJ; B £, B4*>A'Aifrbf'4m©%#©Wb;A
i|Xi£ 1245-49 wt% (O.Olt/d £4 y, 8t$toS®1t*6® StottS'PE S -tt B 6 ©T'$ o 4„
L6'Utt*SE;i©5»*V\ *ifi©IBSlc*e.nS<fc-54"toigS5$X7'J-<i:£t>icfitBWBC£4J:B
mb;A4X$m±%m (NBCL: a*##, NCOL: *#%) 4£>I£y T'g BtiRBtirBM# BhTl '4 C'»

cnb$siWTBB<b6<TSnti; to«mrE*6iSS:t"Bfcto®flBiigffiv>iity4fD-ir-f^©iiS@i

m@»BBi6<T'g*Bo #'E^ne.©*K0<l4aM«ll©B^«-IS?tLfct'o -ECT, SS£iM 
i-B4AC^#4#gEma%%oglC^L4.
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(1) mmtisicfcij-s'Bjegttmfl.eto

• mum<nis,m (®#»)
■ 8<fcaiR*(D|pj± (WK¥®(£S, 7iijiir; JE*®(6S)
■ (Ajn iSgseT, 7k$^bg®|6)±, SStt©|6]±)
• <b-£#)BS;:£©b-o-m'\®fc861ntx®fteft<i:Stt!t}t;£©tim 

(Dli4!®^iSlDtx®S;Wttl=l±

(2) £U-£gitt&$<b;fotx©&!fic<k5toi®#66®A±
i£ W» ;£x QiKRfiJfflii)

(fD-Mbesa®) ®»@<b
®gt6«46(*ic fctf 5 Eo-M h$tt®«Uf

(3) Hr u «iS t s<b)n«®«^ic =fc 5 mbi$9f®9F3EK36

¥BE8^gm6t>godS^WSlcJ:^rSMZ$K5t<kya$SnycSeAi>> ±E©m«l:6 U < 
vztiziio rtt%)i4i$®l¥E;Eli-g/ci'o
© o [$ 3 t g%6ghoTgT&y, +S«B5l'liOf4y7€«*CLTllffl{b
?7Z®-fy-y£tiaSs -e©7^yEVT<&@mTeCoTlC©$ISl-tEx.5ICIi, 
6A<a©5m%ib&#©%fT©7K#&A%L, %rnib^7i-©mR&m!*ic^#%Rat*^ u, amu 
Tl'< C<b6<!0$r$5o
c©g*tctoT%{bmm■ ®^b«u*«rf^<iy*6®7=mm4#%m*t

y < fc&MSSfizXfci'o

og-®<b33ye$d„
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V. %*4-
J= ^rCO

^^/W5-r h

T 55 U 5uSfflJ$ Ud:% o S li $ 3 K ©Si®£fijffl

(1) (HWFS) ttttm-giJ 
it¥M& [Kt%]

Fe S Si02 AhOa 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) warns*©
*iB,nrA wt&©fc*t>s^2®ta^3Ci-<fcy 250 kg/hr©tg*$fco$iiS5-f> earn
*&©#m

■ SfE©$$1t55<fctfj|4iig©£®imh
■#-»;» iti®tiS£l-5 /am . t'-XiA ttiOtoST^toSSO.7 /am ifSCilCioT,

##70-
lHI-mg. : 65- 70 wt% 60 wt%

: 1.5 /am 0.7 //m

-o —c=> *-* —c

-=t>

ittca !----=>- t'-X 54 -=»toSX7lJ'

(3) m###©#®
t-m-1 sstKckv-psu ic*5ife$T«7

Psuatee* (¥tit 7 *F6fll 1 ElSWKSlbSliSWS)
t P G/L

51.7(wt%-daf coal) 450 170 700 3

/z 55.5 // 465 170 700 3

// Max^# 59.3 465 190 900 4
* 9:WA*. Cl- 538 °C ** f^fig 0.53-0.56/am

(4) SS
• fttasm (5®<t^Mn-f7-(h ©*##*) ©SJlSiFjfSoXh ©If®
■ ma##©x»-A7.ai e*
■ M^ros^aeifffijb'iktFiiii#;*©®*
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m&iyAzmtuyi6e-s-tsc^c^or#^e>&a£©*&i£-r niion-xk

&^*<pjti

(i)

^)*(ci;u^papfi, j&mm-t-in- paP, #{70) i$nDp^ibn,
fi^c (wt%) j-x-7o- Wov

FeS2 95-99 80-88
Fei_x S 1-2 4-7
F63O4 0-1 0-3
FeS04 0-2 6-11

(FeSz +Fei-X S) 97-100 86-94
4%$ (wt%) 56 44

yum ) 
Ds 0 122-164 3-71

0.22-0.42 0.22-0.77 * *2sta 5fl-%is

(2)

©»iS;i

FeSOi ■ HzO

Siil^*:10kg/h ) icJciJWSSSIJStK *SST'$iiLydltj®ld;PSU lcd:5ff«$T-
»7o> ogmememfc.

<3)

psu xtsfgm (VfiK 7 ¥SSH 1 ElSW®$7bS|5S**4)
i£fk»JR¥* t P G/L tettStn*
54.6(wt%-daf coal) 450 170 700 3
57.5 // 465 170 700 3

// Max## 61.8 // 465 190 900 4
* C4- 538 °C

(4) 5SH

■ ®AtlTAtM1\r\ UTcito-S-7otx |c H f 5 titlt

- 13



fbggfe (■yg.n

r S7kE^bElc J: Sftfcj*tt#b© |6]±

(1) ^fifokSMtfcCDM®

©®iSi±
FeSOa -mo + NH37kS® =0 Fe(OH)z+ (NH,)2S04 
Fe(0H)2 => => FeOOH (r)

(NH4)2HPO<

FeOOH ( r ) %,ij- •5 a. as-, sets, m#* a*#*—
t

©ttttffl—0IJ
Fe 59.3 wt% femtttt -iHfifi 200-500 a 
S 0.7 —0.4- l.O^m

p o.6 X7'j-'froji4Sg;S6 30 wt%

(2) MfEtfiR
7#xHncTJWStilb6tait

(3) H4i$ltt6®i¥e 
BSU SE(0.1t/d )

: W-7 @{, tog*1.0wt% as Fe on maf-coal, 450 °C 
iS-ftitiJR^tCs ~420 °C) : 66 wt% on maf-coal

(4) ss
• mtTOMMPiikiiim&mt 
■ mn JW$®S;51t<b

— 14 ~



Ltz&<McrAz7 %Mb£ltT7k»{fctt££fiB U 58t*®ic##£-y-
S„ MSL/-cMS#SSS9f$mSiJ^T*i!iS$i:il^1-S C £ lc<k y. «lias?x.S„

(1) MSii
FeSOfl + NHa+HzO => Fe(0H)3 + (NHj )2S04

SiS —

(2) fltS1±^®W«
t-M-1 &<£Xf 0.01 t/dagggCcfc y If* »/c
t-HF-J R##* :lwt%©to®$*aST\ 3wt% $»n £ IHtX<D9!$$i#/c„

( 4-fJl + ) =72g/100g-daf coal
0.01t/dj$ESS ic <fc S R®M£*:

450 °C, 170 kgf/cm2 x 1.25hrx +S) =1.26wt%

$lb6tR*(C5 -450 °C) : 48.8 wt% (daf-coal)

(3> gmtm

mmmszw-mts^sicsmeu umntutntctbtc&m&mpizfivo
#amg :#SroMSSa 10 kg/hr

(4) BH

— 15 —



«7|1 2 3 2 1 0

ggy# 2 Jji:

to CD X '"X / y7 — %

ram** 1 0 0 g ME 1 wt% t asjjnic
ME^7m*6 F e, S

(g/IOOg-dry coal) RUN No.
gTSMEm-*©

m a m MEE/&# titWEftiti ME£/£tf ;8 JM S F e
a* F e j S FeiS S/Fe

5-f F
FeS, PSU - AGO (flCE&i*) 60 g 40 g irW 27. 9 1. 67 g

1 : 0. 466 i 0. 482 0. 948 1.8 MR077

S/F e = 1 . 8 BP 220-260‘C
3 1.398 i 1.445 2. B43 1.8 MR078

F e S 2 92-94wtX PSU - AGO (REEiiti) 45 g 55 g 21.02 2. 23 g
1 0.468 I 0. 511 0. 979 1.9 MR075

S/F e = 1. 9 BP 220-260‘C
3 1.406 ! 1. 534 2. 940 1.9 MR076

y -***>?KSMt8*
y-F e OOH p sura^ij

25 g 75 g 15.05 4 g
1 0. 602 i 0. 692 1. 294 2.0 MR071

BP 220-538‘C
3 1.806 1. 244 3. 05 1.2 MR072

5/xttSME
F e (OH) , -

10.17 g fiiJMTia 5. 32 13. 11 g
0. 6 0.381 : 0.219 0. 6 1. 0 MR073

1 0. 635 j 0. 365 1. 0 1.0 MR074

ML/zME*? V -*OQ o 
(D ME1 wi%Wo =------ -————---------

*) E/xttfiMEcDiAiHlMEttfr/Klclft^SS/*



m -
(kg/lQQkg-daf coal)

RUN Na ■111071 wm 1R073 Turn MR075 TRIO 41)077 1wm
a/rors {t-pAA-Aj^ ^z\>J\Kkfk

3SU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 ^ SU07 01
"S iSlEE jj kg / cm 2 170 170 170 170 170 170 170 170
FfTEtEnUf x~ 450 450 450 450 450 450 450 450
sIwm NBCL lwtX NBCL 3wt% AWIP 0.6wt% AW 1P lwt% SIS lwtX SIS 3wt% UP 1 w t% NP 3wt%

wtX 40 40 40 40 40 40 40 40
3EWWW1 ------ J7W or 4 or or 4.11 or 4. o4
WWWtT 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
II2S 0.53 0.35 0.24 0. 2 0.43 0.92 0.35 0. 66

^1: /;jc ;K ------rrrtt 13. 57 11. 76 11.73 11.11 12.41 11.04 11.83
UTifiili 43.94 48.55 43. 85 48.36 43 47. 03 41.52 45.01

C5-220 'C 10.78 13.03 13. 52 12.2 13.14 12.65 12.84 8.42
220-350 'C 20.53 22.61 19. 71 21.72 18.3 23.5 18.24 21.65
350 — 4 50 V 12.63 12.91 10.62 14.44 11.56 11.48 10.44 14.94

¥E 28. 26 — 23. 85 27. 9 24.62 28.57 24. 08 30. 3 26. S3
450*C —OIL 13.13 11. 75 12.15 9. 85 6.42 6.69 7. 43 9.57

7. 07 6.03 8.26 7. 44 12.31 9. 14 10. 7 7. 78
5k ik J/ft $ 8.08 6.07 7.49 7.33 9.84 8.25 12.17 9.48

nF nrr too nnr ■ nnr rar ror IW nnr
Nil #

C5-1IS OIL 57. 07 60.3 56 58.21 49.42 54.32 48.95 54.58

C| 4-'.6q 3.%4- 4-65 4-19 4--60 . 4,18 ' 4, or
ca ?;.6q 360 a.qr 3.72 4-02 3.67 3.q.3 _ 3-74__C3 3A6 s.qo 4-.14 4.01 4-K- ___4.-0<

I ,77.
——

z^ozCjl 2.1 1 00 2.03 l .92 .24)3—
1 -60c% l .46 1.53 1.21 1.40

. .

1.52 \-y2—
_

C02 4.00 3.26 4.22 3.21 439 a. 74- . 4-36 . 3%
H?S 0.^2 0 -3ET O -24 ozo ___ 043. 0-92 0 35T 0 -66
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1 . B6I ¥fiE 7 *F1 2 0 B (£) 14:00-17:30

2. jgBf NEDO 3 6 0£»£(3 0F)

3. NEDO## (NEDO, ±B$5) 14:00 -14:10

4. mm (1) #asm# 14:10
(2) N S S*3S## (NSS , aSE3%t#) 14:15
(3) (NEDO. tfcS^EE^a) 14:20
(4) ®(btomws(Eosttima 

©HKE3E#3i
■ ^*SM50 torn (NCOL, /J\#sp») 14:30
■ SfiSWt&IW® OiMbfiS, 14:45
• SEtmrnt nbcl. s*sg*ass) 15:00
■ HfiBS*7bSfotiiig( =#S<6. m&ma) 15:15

14:15
14:20
14:30

14:45
15:00
15:15
15:30

15:30 —15:40

®R&0mbn
• **«•&<*: y©«*( $*)
■#K5fe<ky©#S( NEDO)
■ M%ICfc'»53lW»-77XB6'e>©5im( NEDO)

15:40 —16:15 
16:15 —16:25 
16:25 —16:35

(5) 661tm 16:35 —17:25

(6) 17:25 -17:35
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i. ms
iso t/d p.p. mmm©#M©im*#4b/ot%©%#&&a: L/=#35Mmicd: u

o#® 3 J&Kt’C'itafbTfc'y STo
©150 t/d P.P. T'EfflTS^fcMiXlcHTStllt : FY1996EffllNSi6

L/d@fgEM* : ~FY2000«-toi:'^a«A,Y-5 ilTSx.5
icMf S#gE : 20004mFW°txHH%©SS£t>6 < Mg©fi

WlBflSSBlI
©ICOt'TIJ, ®*M&SS<i: LTtHtSf-rto, F/rffl© BS$iiE8T'g 5*ii L$1#S <b C S <E & 
U$Ufc0 %oT4-Eti. ©<!: LT$S5Tl'SWM4i*®eElRl±ICl,#.6tlC± y < 1aiilD 
Wt-m $-StoS^e6efl6»'lcLT2000^ri,»-y icKfcl'i^TasySt,
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£ lv Tv- O

ii. nis^a
(1) BM
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t-TSETSo %oTv ®%©Be¥6li20004FiSE£ U ggs©BS$liP S umi8T-©i$SiS*
Tl¥«TSo

(2) a®©tnt?-v
• R Rffliit$©14tE$v #*pm**$#SY=©©^*&g<-SC6
• i&ffi® u ±ifr t' s EiwsKiss-aw w icfr © s fc © ©tiitsff -5 c £
- ©*#v x)V-:W' v %m%fr?C£ (jfi4?©f-7 £LT©iKl') „
cnesifiLT. i

(3) #W#©%Rg
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f4@gg. 4-^Slil flZ3fl©It2H]$-^S
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XTJ
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0.2 0.5 0.7 1.0 2.0 5.0
-T- H] f£ 2 (tJ m)

(^-hTP-T, 7>K7 7^A##om:3wt%-dan

B# fifl (z/m) #R$ [wt%-daf ]

y-Tt h PeOOH 0.47 Gl. 18
h F g j 0, 0.50 60. 63

JM.M ’ b 7 b 1' FeSz 0X5 60. 24
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1 A20E
mm4

3.

■7ptX7P- 

• X'r-y^L-Jl't

4.

(D¥)S7$ 1 OHaiigJI
• nstcH
• aiitt

©»ipnDi

• S EM?I

WfcElS#

0 H P 

1 ft

1 ft

114 

1 ft

1 ft

2ft
3ft

5. $- 4 i'-y'\z.£%m'cmm\ 2ft

6. 1 ft
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A

F C
oa

l

%

30-

20-

10"

4 <) / 4 $ No. 6 
460C, 30min 

150 kg/cm2 ( ME) 
MS : Fe 10^/DAF Coal

A
Fe-W/S

FeO/S 
/' ■ '

/"O'

hi
Q

(NH,)2Mo04
O

B
FeSO/S / ^ N Fe -Co/S (95 -5)

/ A Fe-Mo/5(95-5)
* \ e Oco -Mc/A1203

FeCl2/S x e 1/

-P-15;
VA-AA ____ A_J_______________

A
A

y<_ ■ i
-F e S X K#

o I*/Y Hit

10 20 30 40 50 60 70

Hexane Soluble Oil/ Liquid Products-

80 90 100%



m
 \»

V It'f 9 .'MiEffl
ES;Kb;i -* NEDOLii

r<w-r* r<w-r» 

mm. SE<b

(1IS)FeS0.-7H20}Na,S^FeSlNa,S0. StO,-»SO,
(2f£)FeS+S ->FeS, FeS0.-H,0+3S^FeS,+2S0,

(]o4K') (»&)
1 i

•5iM FEttiU
t-oayfi*

FeS2 : 8 5% FeS2 : 9 o %\n±(mnmm)
Na2S04 : 5 %

C
OC
D

LL. : . /<5 >X
ftfe FeSO, •

S 1 0 % S : -tz'n

g;s

l

H3%J; ypsu^ffi*&

2. 4t/BPDU/\#$&

2. 4t/0RDUffl|c{Sm^gT- 

a" 7*6^(1984)

0. 24t/B/JxSEET$Jf3£^

iiliSi£±o ©2IS5EPe^6<fiCx 
HS.£ ©Sl'WbSiJF'i&E

©F/W$i§&m5J5%W£S;

©mMA7MJ>7"Eii|ii
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iI£3F3E©f£fS

CO
CO

10/20 -26 10/30

— h T v

("C) 490

0. 22—0.2 2

100 -
95 —

80 —

1 1 k g / H (Kit 1 0 k g Z H )
n m is a « is 8 a n ( s t)
# # $ 9 5. 5 % • • • JS 14 7 ^ - K cf3 E li E IE W T tD IS $ lJ &

(1 0 mmS )

# ^ ^ U , # 1^ # # X # i# E # ( S U S ) (C E M V

In In 4
tt

% A It



1995SM0/3 J$iIl5£fiSm(Enan;®m

yj™ — / \ — 3? □ — -y- -i 5 □ >
PSU Run0602fflMnap

<)

15 fl| 5. (k g) 1,117 8 6 9 1,986

EJ$(wt%) *1
FeSz 9 5-99 8 0-88 9 2
Fe, - ,S 1 — 2 4 — 7 3
Fe304 0 -1 0-3 1
FeSO. 0 ~ 2 6-11 4

(FeS2 + Fe,-,S) 97-100 8 6-94 9 5

*2
D,, ( m m) 122-1 64 3 3-71 1 1 1
D' ,, ( m m) 0.22-0.42 0.22-0.77 0.42

*1 X 0 X fi 5} tir fit *2 U+f - 0#tMSL&
D' ,. (i j@ W i)S (c J;55 # M M <D fi Jt



1994$ 11% 20 13 B#30#

yf~ — n — ~J Q —

= 150 fi m

J_l l l 111! I ooo0. I
I PARTICLE SIZE XOn >

cocn

1M ? □ >

o. i I oooPARTICLE SIZE XOm)

i oo 50

I OOO

PARTICLE SIZE XCJ^n)

0. I I oooPARTICLE SIZE X(*m)



m fk # M m lit iit

es&jsssfb**
i|Z/£6fM J! 6 0j®£ 

(Run9303-06)
mmttw

d- If
(60%) (40%) (100%)

PSU Run0502
MS

(wl%) FeSz 97 83 93 85 XfSBtoi

Fei-x S 1 8 3 -

Fe30d 0 0 0 -

FeS04 2 9 4 -

S 0 0 0 1 0

h2o - - - 1

Na2S04{fil - - - 4

tiffin (A* m) Dso 164 46 124 8. 1 HHUffrS

D’ 50 0. 17 0. 33 (0.5) 4. 1 (•til)

tmmm (nf/g) - - 12 4 BETS

(.ml/g) - - 0. 171 0. 02 7

w-mmm a) - - 285 135

T — h ? V-y 
«£-fb7SttimxWlo. © © ©

c&) d' so : 5
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i.

• 5 U
• ###

• h ? iv-y
• tfcjATkSE*

• E$SM

•

IsS;£/£fiilHL&«ii«£©£h&

■4 > KT'^7^ 60 g (DAF Basis), lOOmesh under 

P S U;M# 90 g

1, 0 0 0 77d — h y7 b — "7' (1, 0 0 0 rpm)
9 0 kg./cnf G 

4 5 0 °C 

6 0^}
^16 0 kg/cnf G 

3% (DAF Basis)
4E cwifflti m-10M)
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3 . IiJ4Bap*<^4-l'o(^g8J: U S*<& < ®Iim^/J')
4 . K/ot%ib&*6o

^H£©fti*il*SI 1. &j&*pam-*7,7'
(BSt Si it ffl Blbiii© SI j$*p 4- £' © JB E & « A)
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300B/%

*8618 - a-m/Kgi
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1o on/Kg

3 Ofi/K g

6 OX/C*
3 0 $//<- l/VP
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«= 7 %
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1. xmmmm

O HUMS* : 0. 5~1 . 0/im

O «#*$$: (yiyhS^ + ^ai)

O : /X'f54'h, U^tWh (a*«<bfft) ,
'SVjT'i h (*ft*) , »yl-79V^ h (F e WO.)

2. 3»/W5< MJWmtttM
O /WJ-fUtE (*»n7:7*)

o m**a eae* - *nmkicj:**ft*tt©«T
»*»» - »ft»*]'M0*tfttfti::.fc*JS14rofo±

3. SS»*«ffllSiSiM
O ##***& - lt*«*S*»'6®7>;E-7'f'«2t*a

O MttOJB* - aTkltftlft. ttftft

O Wttt>-5Ktt*8 (TEM, X»EH/t) : 200-500A
(tt*»»»$se) : 0. 4~1. OMtn

4. mmmm
O 0 . 1 L - A C

* X HR# (1 -MN<0**fcKJ6)
■ 1 -MNSftt, TkJIftiS#.

*BK)RftRj6
• SKeft* (TH F I eft*) , H SIR* (tfX. *ttttn 

O 5 L-AC
♦ *ft*!R*, «*«» (*. #X*tt. ±7#. »««». CLB)

O 0 , 1 t/d B SU
**ft»jR*, to*** (7k. tfXlfctf. i-7D-, *««#. CLB) 
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0.1L-AC(±T*it). 450°C, 30min. FMtiE : 10MRa

i&ftJttii '• So tv. /mafc=2. 5 

^ 4 h) : 3wtX as Fe on mafc,
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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

Fig. 1. Multistage coal liquefaction scheme.
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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.

II. 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 (sp2-sp2) 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 (70). Higher 
ranking coal structures emphasize large aromatic planar structures, which 
form stacked layers typically observed in graphite (77). 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
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Fig. 2. Model structure of bituminous coal by Shinn.
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Fig. 3. Hirsch model of coal ranks.
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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 CS2//V-methylpyrrolidone mixture, indicating strong 
intermolecular interactions of coal macromolecules and suggesting a limited 
contribution of three-dimensional covalent linkages (72, 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 (74) 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 (75) or through catalytic reactions accelerated by added cata
lysts or the inherent mineral components (76). 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.

III. 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 (77). 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 (78). 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 (79, 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 
(27, 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 (31). Strong dissociative properties of the solvent 
are important in minimizing macromolecular interactions of coal compo
nents or coal-derived products.
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HO' *0

0 OH

OH OH

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. 
0?2, #).
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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 
ZnCl2 and SnCl4 (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 (3S) 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 yu,m. 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(N03)3 
solutions (45); laser pyrolysis of Fe(CO)5 and C2H4 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 (61-68).

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)5, Ru3(CO)12, and Mo(CO)6 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 liq
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 MoS2 that were reported to be recoverable by hydroclone; how
ever, specific details have not been published (76).

— 69 —



ISAO MOCHIDA AND KINYA SAKANISHI
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 MoS2 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(4HFl), 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-

rc-adion time(min) reaction time(min) 
(a) (b)

50

*o
ID

0

Fig. 5. Liquefaction yields for donors of variable composition at 450°C and solvent/coal 
weight ratio of unity, (a) l,2,3,10b-tetrahydrofluoranthene:4HFl; (b) 1,2,3,4,5,6,7,8-octahy- 
droanthracene:8HAn; (c) 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; (O) gas; (€)) 
preasphaltene; ((D) residue.

reaction time(min)
(c) (d)
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anthracene (6HAn) took place so rapidly that coal fragment radicals were 
not capped. Octahydroanthracene(SHAn) 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 4HF1 in increasing the oil yield as illustrated in Fig. 6. This 
suggests that the ability to release hydrogen is 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 is important for the production of oil 
and asphaltene.

The liquefaction behavior of a mixed donor of 4HF1 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. 4HF1 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 8FlAn(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-

Fig. 6. Influence of solvent/coal ratio on the liquefaction yields with different donors. 
Oil + asphaltene: A (4HF1), # (8HAn); oil: A (4HF1), O (8HAn); (3) gas; (C) preasphal
tene; ((D) residue.
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Fig. 7. Single-stage hydrogen-transfer liquefaction of Morwell coal at 450°C with mixed 
donors. Reaction time (a-g); 10 min; (h-n); 20 min. (a, h) 4HFl/coal = 2/1; (b, i) 4HF1/ 
coal = 1.5/1; (c, j) SHAn/coal = 2/1; (d, k) SHAn/coal = 1.5/1; (e, 1) 4HFl/8HAn/ 
Coal = 1/1/1; (f, m) 4HFl/8HAn/coal = l/0.5/l;(g, n) 8HAn/4HFl/coal = 1/0.5/1. (0) 
gas; (□) oil; (0) asphaltene; (0) preasphaltene; (■) residue.

Yield(%)
0 50 100

1 i i i i l i i i i—I

Fig. 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) 1st stage, SHAn/coal = 1/1. Second stage: (b) 8HAn(2 g) added 
(S/C = 2/1); (c) 4HF1(1 g) added(S/C = 1.5/1); (d) 8HAn(l g) added(S/C = 1.5/1); 
(e) 4HF1(2 g) added(S/C = 2/1). (0) Gas; (□) oil (E3) asphaltene; (0) preasphaltene; 
(■) residue.
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tional 8HAn 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(Fl), and anthracene(An), were examined in combination with 
4HF1 in hydrogen-transferring liquefaction of Morwell coal to define their 
roles as nondonor solvents as illustrated in Fig. 9 (31). The mixed solvent of 
75% 4HF1 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 4HF1. 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(S/C = 3.5), whereas the 
mixed solvent of 4HF1 and An failed to provide good results. The role of 
nondonor in hydrogen-transfer liquefaction should be considered when de-

Fig. 9. Effect of nondonor solvents on the liquefaction. Oil + asphaltene: # (S/C = 2), 
■ (S/C = 3); oil: O (S/C = 2), D (S/C = 3); (3) gas; (€)) preasphaltene; ((D) residue.
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signing the optimum liquefaction solvent for higher oil yields, based on the 
depolymerization mechanisms of coal macromolecules.

FI, 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 FI.

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-(l-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.

— 76 —



CATALYSIS IN COAL LIQUEFACTION
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 olehnic 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/cm2 (700). 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 (103).

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.

VIII. 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 (104). German groups insisted that the liquefaction under high- 
temperatures (—500°C) and high-pressure (—300 atm) conditions can 
provide an excellent oil 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% FeS2 catalyst: (•) oil + asphaltene; (O) oil; (C) gas; (3) preasphaltene; ((D) residue.
(B) No catalyst: (A) oil + asphaltene; (A) oil; (A) gas; (A) preasphaltene; (A) residue.

at 450°C, 20 min, 100 atm hydrogen pressure, and S/C = 1.5 with and 
without pyrite catalyst (109). A mixed solvent composed of 75% 4HF1 and 
25% Py provided the highest oil and oil + asphaltene yields. Pure 4HF1 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% 4HF1 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 FeS2 catalyst in an autoclave in both stages {110). 
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

Fig. 11. Two-stage liquefaction using autoclave for both stages. Hj:Gas; D:oil; 
E3:asphaltene; □:preasphaltene; ■residue, (a) First stage: 350°C-20 min (N2 No catalyst); 
(b) a + 380°C-20 min (H2, FeS2 catalyst); (c) a + 380°C-40 min (H2, FeS2 catalyst); (d) 
a + 400°C-20 min (H2, FeS2 catalyst); (e) a + 400°C-40 min (H2, FeS2 catalyst); (f) single 
stage: 400°C-40 min (H2, FeS2 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, 0 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.

0 50 Yield(wt%) 100
1 i i i i l i i i i I 4HFL conv.(%)

(ai)

(32)

(ei)

(62)

84

80

69

85

58

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; (cl) 430°C-2 min; (dl) 430°C- 
5 min; (el) 450°C-0 min. Second stage: 400°C-20 min, FeS2 catalyst, autoclave.
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VIII. 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 {111, 112). Distillation, anti-solvent ex
traction, and centrifugation have been conventionally employed in liquefac
tion processes (113, 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 FeS2, 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 (115).

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/Al203 catalyst 
modified with Ca to control the activity while limiting coking (116). 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 (117). Such 
properties are expected to exhibit unique activity and selectivity for the
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TABLE I
Catalysts and Some of Their Properties

Commercial
cat. Cat.-A" Cat.-B"

Support: y -ALO3 Natural clay TiOziFe.OO
NiO (wt%): 6 3 6
M0O3 (wt%): 12 6 12
Surface area* (rrr/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. 
bMeasured 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 I (117).

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; FL initial pressure, 
100 kg/cm2, 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 (118). 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 (119).

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 II

Two-Stage Hydrodenitrogenation of Coal Heavy Liquid Heavy Distillate

Run No. Stage
Temperature

co
Time
(hr)

Initial
pressure
(MPa)

Reaction
pressure

(MPa)
Catalyst

(g) Solvent
N removal 

(%)

1 1 420 3 10 23 1 a 34
2 2 420 5 10 23 1 a 55
3 1 350 8 12 24 1 a 8

2 420 3 10 23 — — 60'
4 1 350 8 12 24 1 a 8

2 420 3 10 23 1 — 79'
5 1 350 8 12 25 1 b 23

2 420 3 10 22 — — 81'
6 1 350 8 12 23 1 c 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). 
b 1 -Methylnaphthalene (solvent: distillate—3 : 1). 
c 1:4 wt: wt pyrene: 1 -methylnaphthalene (solvent : distillate—1:1). 
d\ :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 (720)].

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
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TABLE III

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 Runsa)

Number of 
repeated run A/a 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

° A/a, 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 (727). 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, 722). 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

Catalyst
Reaction condition 

(°C-kg/cm2-hr) Sulfur
content
(wt%) ColorFirst Second First Second

C0M0 C0M0 320-50-1 320-50-1 0.080 Transparent
NiMo NiMo 320-50-1 320-50-1 0.074 Transparent
C0M0 NiMo 320-50-1 320-50-1 0.049 Transparent
NiMo C0M0 320-50-1 320-50-1 <0.05 Light fluorescence

C0M0 NiMo 300-50-1 320-50-1 0.074 Transparent
C0M0 NiMo 340-50-1 320-50-1 0.051 Transparent
C0M0 NiMo 360-50-1 320-50-1 0.028 Transparent
C0M0 NiMo 320-50-1 300-50-1 0.109 Transparent
C0M0 NiMo 320-50-1 340-50-1 0.049 Transparent

TABLE V
Extensive Hydrocracking of VR from Arabian Crude without 

Sludge Formation

Catalyst

Conditions
(°C-h)

Recovery
(wt%)

DY"
(wt%)First Second

KF-842 390-4 95 39 g
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

a DY, 540°C distillate yield; ( ), 565°C distillate yield. 
b?Q, product quality; g, good; vg, very good; sg, somewhat 

good; ng, no good.

D. Design of Catalysts for the Secondary Stage, 
Particularly Multistep Upgrading (123-127)

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 (127). 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 
(729).

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 liq
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

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 liq
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 {133). 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 
ions 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-mo)

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 (Ml). 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 (141). 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 (/42, /4J)

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 is 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 
is 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 (144). 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 (145). 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.

XI. 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 (4HF1) and FeS2 catalyst under H2 pressure of
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50 Yield(%) 100
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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 N2, 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/cm2 after the deionizing pretreatment (148). 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, if 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 (149, 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 (151). The guard cata

lyst can be regenerated by washing or by exchanging the deposited minerals. 
Coking on such guard catalysts should be carefully avoided.

XII. Ionic 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-CHz-O-Ar Ar-CH2+ + HO-Ar (1)

Ar-CH2-CH2-Ar -> Ar-CH2+ + CH3-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 liq
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 is required.

XIII. 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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£, «4bttl65roS/ty 4 2 0 0 RIcfBS U »4bfflte$fcliT-@m5S:£ll] CSS©
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n x t-

s-nm, gsm©*!**^, Mmm©m^ic#
U%4bm%$©ET%4'C:&T#@TBS*\, ££ftLT&7cl'0 
Si ©!®g##fA't>, $7bffl*i$S600 R/t coal *<200 R/t coal ( 3 #© 1 ©*) 
IC&o7=i§-£\ i®{ta*R$*''5 3. 4 w t %*'6 5 0. 9 w t %IC@T0T6-f - 7 7 
4*c5It® ic4-S0 ffiic, $4bffl*iSe*''1800R/t coal lc%o/=%-§-( #E*< 3 #)
, ®4ba>R$li6 0. 8 w t %J^±lc±g*L4-t'4g;'il14*<fiEy a/o*cl'0 
c©m#©#i#M#^B 1 iCTjktc

2. 5tt^7"ntrxicfc-^5M«SlcWrS-l5aW®^:
5;6fSSS7‘nt:x (5;t6¥S«) Slc&VT, —6$69lctoi®S*<4'©8®S6©TV5
A'^SSU/c,

■ ®;f;67kS4bflS
• H - 0 i I
■ 3. - ^7 9 * x 7"
• H D S
■ y 7 V -tl/^Kg

0.4-11 0/b b I
12 0/b b I

2 - 7 0/b b I
5 0 0/b b I

3 5 0 R/t • MeOH ( 2 9 0 R/t ■ Coal)

5SS7bli3 7Jt/dT|t| 1 0 75b b I Zd ©$<b;6A<$ji§Sn3o CCt, ±IE©-5
67kS4b«SiV>toe©#ifcKl'ffl (5 0 0/b b I ) «-STIitoS4, 1 8 3 RZ t ■ 
Coal, y S’ J -7V-S-ti(©Z-XT' 2 9 0 RZ t ■ CoalT"$5<,
•7$ IJ, ;E#*nEffi©Si,S,£ir/$TSlg£ld:SiJ4 LT, gixii£4b©d:54-A71-7-Cia5
E#/x > b©)##, SK#mT©M##ld: 3 0 0 - 5 0 0 RZ t - Coal%@lc#x.&
©*<$ST'$5 4 jb a ns o

3. 5KS<blcfcidsni^«©J|tt tx4©ib*5)
*2 IC^-fZSIC | T s LZntzXT'ti, 1 f£B4 2 ® B ©iSJESEtSISn'© Ni-MoM 

Ej$e$7c U 0 . 2 2 w t %T=85 (# 1 1 BBSkU TMIcfc’btSH R I © 
*#, 1994^ 9 fl) o C©i#^, M&lliES; 1 t S/tUitoS 4 5 0 R44‘‘J, 15# 
5S6S4$n64-l,'fIS < A'A'5C4lc&5o $fc, ±IE©-DS694teS6:S@©l5 

i oetm#Tsc4ic»y, %#7b©Mm&%xTus4mnnSo

—^, N E DO L/n-fexT-li, Vtit 2 ^SlcSIit L,/tS5H4i¥ETIi, SE&iStbffl 
E$to^*''2 75R/t r-$|gsns (ZiM&tz y ©;SW» 3 w t %) C44 LTfc-y,
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SSbkaUtmgiSttTx 5JS1 X&tz'-mi 6 OHitTl'fco -e©«©Jlitt LT-g
1 5 0 7?RZ t T$57c»Z ^StT'E/S; 1 t *fc y tf) 8 5 5 Rg 

§1 <t & -5 (*T — X — 1 ) o

t>u i / 3 © i. owt^sw (^Es^nzt) x?
S, frox^ U-;®g»<5 0 w t %"CSSij7kS'(btoi$©S#*6a,>'X:'S54-6li', •& 
l+HtSSIi5ro 1 t $fcU^4 5 OR (Z-x- 2) i4Z, x htotetiA
WS® X^UHc&So

4. g#m (#2 ms)
®iSEffl<4«a : 1 . Owt»/Coal, li:«3. OTJR/t 
®7k$ffltoi$a : 0.01 wtK/Coa K ¥I:fil 5 0 7JR/t

2 (ITSLE##@)

7°n-trX N E DO L
«r-x- 1 )

N E DO L
(*T — X — 2 )

1 T S L
(HR 1 r-$ )

» * N i -Mol
###(wt%/db Coal) 3 . 0 1 . 0 0 . 2 2 0
#E ( 3JR/t ) 2. 0 3 . 0 1 5 0
5^1ttkl|®37|- (R) 6 0 0 3 0 0

N i -Mo^ Ni-Mol N i -Mol
(LHSV = K 1 4f)

/^#m(wt%/db Coal) 0. 0 16" 0. 0 10"

(%7'i-mg40wt%) (75'M#g50wt%)
$E ( 7JR/ t) 1 5 0 1 5 0 (affl7k$tos)
Ero1t6/:‘J®331 (R) 2 5 5 1 5 0 1 5 0

■nSt^ ( R/t Coal) 8 5 5 4 5 0 3 4 5 0

ii) 1) 50S1 tZhafcy©SffJ*li1. 5 t /h
l h s v= i ttzt. ymitnms. i. 5 nf (= 1. 20

I. 2Z(24X310) = 0. 0 16 1% 
2) 5® 1 t / h 3 tz y ©;§»ij*li 1 . 0 0 t Zh

L H S V = 1 tt&ts 7kS-ftMig$ 1 . 00nf(=0. 8 0 t ) 
*6is 1 0. 80/(24x310) = 0. 0 1 0 7 %
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5. N E DO L7”ntx©iS{tfflWilcDlltt 
N E DO L^Dt XT'li, ©B8L’'"'f 7 -i Mgltto&ffi, ©liiC-S-EfcBSt^bS. ®toiX# 
i»St © 3 «I- ±6< o T l' -5 „ Ch6 3 fi(82©Jl4iS6'\ 3 77 t / d jSj*©^ >
E©%#C\ HPSi'©SS®3 x ic^t%

(IR^-fT-f h SittoStna
M«ffllS3wt«iU, 0. 5 zumSTto^fSJS^ (C-Xl) ± 0 . 7 a 
m&C##T6#^ (7-72) ©S 7--x£?J5gL7cc, 1 t£fcy, >t-
X 1 -Clift I 2 0 0 PL 7-32 Clift 8 0 0 Ri«:5. fit, $M-i7lffc$9-$ L 
T**l£lffi£5~1 OR/kHh ig<a«fe^Tl'50

EA<%< %6*#%imaii, XC&-5rt'-;k;Wg|f-f-Sfc©
' 7#7bL%lifUi»6%l'C6C&y, J X P ©ft 3 2 ~ 3 8 %££©
■5. Sfc, fr-X2Cfeft1 5 0*©$Ag7#A<ig'#6%y, C©A6M»C&6.

7^ P$I*7tlcSVoli5 7ctoLli, ©> ?-< ymtimZil'ts: < T5:fr;* 
%#x.5, ©1 O|gS$©*aibS05, v Pi7i55„

HPMC, g#©#*&5^ I t SSfcy 3 0 ORIc-fSfca&dli, 7-3 2 t\ MtX*6
mm% i. i — 1. 2 w t %ic*xt < cii%e%iv

(2) S8it£fiK6lt7fcE
i. 7 w t %6 uc##L7c#m, 1 t sr=yft 1 1 0 0 r£

%5 (7-33, mu 1 . 7 w t %B#©®<taiS^*<^M) o 
#a^mR7b*©3 x PA<*< t6#Bli, m3a#A<%©^&l:ik^C#m6±@l,'
C6C&6. #*£ LCIi##A<—^9ijC%-5Ci, R#%U»7'X;l/C#
ect (Esicii^x hwtoicft&ixit^gc&s) , wt,<mife>n-5„ 
Kie-e-ES-ftttsxsiticisvciisrcitiicii, Tac£, ©
MS(effl*6fft)d3 4-<1-5C^:, TKtfd > P£»55.
B*IC, ISfflifSESI t $fc‘J 3 0 0 RIcTS/ttolcii, 0 . 4

~ 0 . 5 w t %lciqix&< Tli4-6>&iNo

(3) toS#@®
M%m±©AWc, < cf&©c#t*mftc
#$#*<%!$$ £fccftli, V hyp >^A7PSEi§
@%e§#©###A±l:6##T5C£lc»6. 0. 6 w t %£ LC
«mL7cf£*, ttfSSSn t 357cUft5 0 0 R±&3 (7-34) „ %m#*m©
□ X hfr'S< fr-SgHli' I #©##A<Al'C£C&6. —75,
#mmm%A<@©c^i'c 6A<#ac&6.
Mt$#»Be$I*<l:L$SVoli5 7ctolc|is gm%im#CR#T6C 6 6^-7 > I-£ 
%55.
HPMC, B#©#$&5K I t £fcy 3 0 0 RliTSfcJ&Kli, 0 . 3
~o. 4 w t %ic)iiix5A\ aim%i@w%m^L%< cii%s%u.

112 -



(4)*S-£gS
3 fssoDiaisajiixfs t i t r £ -ko & -5 ic* 3 „

©^<•<5 4 h

(DISit-BfiKEibE

R*

-«=>- -c=>- :b 1 etfiEF/& o -=t>-

^ ;##?K

5 %

- 113 -



N E DO L-yo-tzxicfcrtS 3«a©i8KbfflttiJi©*KFf<t:S0r

fta REP

(7-f h
■ tog-EgSlc$iJSIlT'S5

■ toStiSI-* y»SE;S1t
fc$UiS5

■ T©SS6<^$i
■ %M1W S*$6''/JxS C'

(MiJ8fc6<$l')
■ i®fi®EEic =t: yss,® a

S»<E^T5
■ ES*<liJ$iT-5

■ E=aD© 5 »»<$:£

■ &s.m<m±rz
■ cf

64-5x6$6<*6it"U'g5 ?

■ teE©$iJ8D6<BII
(ffliSe©$iJi$P6<BH)

■ 5 %(:##
»i£u

igEIckcU'x^&y
■ sttSiiA' mi^fe u c'

■ ^Fil$g*6''®o TC'5
■ 1 #©#@A<

rib t'
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3 -?&: it. m m: co trn <*= wt =i k wi it (mtmm 3 751 / d)
= 7-x 1-2 iaNcou t-x 3 )-x 4 1994. 1.10

— x do ct U- % &S Qi

i^i:RI2‘tST —

T - X - 1 T - X - 2 *T — X - 3 <r - x - 4

•;1^TMa<50 (0.5pm) (0.7pm) mS##f% (0.1 p m)

(w t % d b) 3 . 0 3 . 0 1 . 7 0 . 6
( t Zd ) 9 0 0 9 0 0 5 0 0 1 8 0

(2)^###
■ 35%W5n SSA# (TR/t) 5 . 0 5 . 0 6. 3 —
• t**/xxi- mi## (tRZ t ) 2 . 0 2 . 0 4.7 —
■mmm1ms® Of RZ t ) - - - 18.0

%m 1 t mmm (t / t) - - - 3.92
ms 1 t m (tRZ t ) - - — 7 0. 5

•>§mBsis® (tRZ t ) - - - 3 0. 0
%m 1 t E±am Ems (t z t) - - - 0.36

1 t e^j6 ]%i- (TRZ t ) — — — 10.8

/j\ it (TRZ t ) 7 . 0 7 . 0 11.0 8 1.3

(3)mm# ( 2 9 8 S) ( 1 5 1 S) ( 1 S) [ 5 S)
smuu e^mmmm# atm 1 6 4 8 3 1 2 4 3 2
%m 1 t m (TRZ t ) ( 16.400 X 0. 25 ) ( 8.300 x 0. 25 ) (12.400 X 0.25 ) ( 3.200 X 0. 25 )

Z (310X900) Z (310X900) Z (310X500) Z (310X180)
= 14.70 = 6 . 6 9 = 2 0.0 = 4.44

(4) mm#
• mtiEmm (kWh Z t ) 6 6 0 3 8 0 2 0 0
mtis® (R/ kWh) 5 . 0 0 5 . 0 0 mm# 35.0 5 . 0 0
ms 1 t 3x1- (TR/ t ) 3.30 1 . 9 0 1.00

(kg/t) 7 . 9 7 . 9 —
#ms® (RZ k g ) 1 0 1 0 -

1 t ym 3xi- (TRZ t ) 0 . 0 8 0 . 0 8 —
■ ;tSl7XEmfl: ( 1 Z t ) 4 5 2 6 —

;S£P7kS® (RZ t ) 6 6 -
1 t ^ty® 3X1- (TRZ t ) 0 . 2 7 0 . 1 6 —

(5)/1t'-7l/;l%#
1 t 3xh (TRZ t ) (12. 30) (10. 0 ) —

16) A It*
ms 1 t ^ty® 3xi- (TRZ t ) 0.50 0 . 5 0 1. 2 0 . 5 0

^ it cmss®) (TR/t) 3 8. 15 2 6 . 3 3 6 7.2 8 7. 24
5 &< 1 t =i fcy® 3x |- (RZ t ) 114 5 7 9 0 114 2 5 2 3
(mt]S®iom/ kwh dD i§ "a ] (1245) [ 8 4 7 ) ( 5 2 9 )



MCo L 'if 9 4* it

7 < hM#® 3 X nap
(jfCL^J

1994. 3. 

H 7$ u — )[/ /f 'f vi/(#

> hm#

(

i.

*12#^#:
(i)

Z§ jd< — )\s ^ )[/

mm#
mm^m

%& fffi -fS
$£,5^ X-/'-/W7’J v F;^

mm#
mm^^

% fffi r#

30, OOOt-DC" /B
3 3 0 B
3 w t % (D N P "'/D C )

"51 i£ 0.5 !±
$g^: 0.7/z

A$U 7. 2 % 10
5.0 %
%

P M - D C P 4
0.5 u (doo)
140 kg/hr g
900 /0. 140t/hrX24hr = 268^
90%
298 m
V 484077/^
¥ 144 #
SH - 800 
0:7 u.
220 kg/hr #
900 ^'/0.22t /hrx24hr = 170^
90%
189 m
V 13,50077 
¥ 255 #

2 3 .
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1 0. 6
= 20ttfl

It 15A x ¥ 1, 000 7?/A • S = ¥ 15 , 0 0 0 75/S

2 . mWiS(DMth

(1) SflS (Xfr'Vf-f ^ i*i£5i(n|mtAUt°

(2) *»$£«*$
• msmtj
S^ A ■* — vo ~ /v)

(X — / ° — / x'f X U y F F /F)

• HAS®

(3) Kiftffl'Eftg (A.%/V 7 0 4:07k 5 wt% i f 6 )

• LPGIffii (##m# '0 ) 7. 9kg/t - DNP
• L P GS« ¥ 200 /kg

(4) 7n Sp 7k

• (.nmn.m'o)
(SmaSfffaiffl) 45 t At - DNP
(inEA-f ;K ®i*SSA xftiPffl) ?

• %@7k#e ¥ 120 /t

1-i

660 kwh A t - DNP 
390 kwh At - DNP 
¥ 15 A kwh 0 *

(2) toicasi (is:-KS*)

(150t/d P. P. ffl©!.?*9II) x 

(31 igftXVS (SS • #£j£V) 

(¥*=lSffi ¥ 1. 000 75/A ■ S)

30. OOOt Ad

1501 Ad
* 52 * © 5 %1= thZ 55

4 g 3 3c ft 12A
2A
1A

(5) Nz //x#

0 N nf At - DNP
1, 100 N m At - DNP

. N , ^ # b A N nf
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9) X T - ;i/ 7 "J 7* & 3; & £ CD & It
5a57f^&t9

^^T^lsL^m^^2.4t/d PDU^m^U/:.

10) e/w%fb^(D 3 % H # # It
- % tb AA ^ 3 ^ H CD B : % tb f6 cD 3%

(H-Coal 30,000t/y7"7>KD A2^ + me5/%fb 75=8.4%)
• m it tti : Exxon 2,000^5#^*?. 60, 000H /kl
• fa erf- £ 7 7 b :

As j& ef & 3 7 h # # 3 A h
As ^: :2%:N:M:5 # :: : ::% % 3.0 R /kg
As&K 0.4%ft5J% 250M/kg ^150P9/kg

- $z:^ & C j: S As^X 3 7 h #3# (A6#S 500t/d = 5^ 3 0,000t/dx 1 .7%h U T )
&x^5 7P3/kgx 0.9kg/kg = 6.3
•e CD ftfe 4.7
fa % 35.^

1.2 4= #)
gSC#Mm@^X(%$cCD25%)

20. &"

- #aa2R(#s<D2o%) 13.3" ;c 0 u% 6
It 80. 6R /kg

(^<by 7 > u

37 k^t77(D/:%lC(^
Gfc fx A -*• zx zS 5
m fb M -» 7l5 tb g'l & Gri ^

u)#^(DA6m7 -7 ua^)

NiS.., > CoS > NiS > Ni(0H): = Co(0H), = mm@/S
© M ^ (D ^ m fb

CoS ,Fe,S, ,Ni(0H):%^"0.5%;&m#:5,%-C&m5fE# 
(^ ^ 6% tb #z< 3 % A <b (i != fm <f o i5 % )
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M##-5 84#=] % h (K#) , / KT/^lcoi'T0tf-a
94-4-8

i mi&i* II Em in stats. m%s

1. feu : 6,000 t/d (Dry coal) 1. EB#-# (FeS04*7H20)* 1. lass (TSE7D-lcSd<) : 6 4 0S75R
m® : 1 8R/k g FEJS: 9 4%

2. temm (©&$) : 0.6 wtX (as Fe+S) v 1 2. EH m®: 3 OR/kg j§S?EH
3. 7^-7 M

4%m^6 LT 640/4/6000/365=73.1 R/t-coal

3. 5. 0 wtX x 6, 000 = 300 t/d Gmi<f/n-bX^K (±S6$6) 2. 7S7] : 3 0 0 k w @15R/kwh
4. ffl7k : EBSg-teJ8»ffl....$7kSy$7K£{£ffl

4. : 7. 63 wtX on dry coal
(as Fe or 12.0 wtX as Fe+S) * EBtSg-te* 100 t/dm$r-TO$AT

300/6000/24*15 =18R/t-coal

•£jm~<tM F G&WkmfiS): 15-20R/kg (Bit)
5. : 86. 0 wtX • : 5-6R/kg (BBS)

(1 ) mmm-m ( FeS04-7H20 ) fitffljt

Fe/FeS04,7H20=56/(56+32464+126)=0. 2014 

300t/d*0. 0763/0. 2014=113. 65t/das FeS04 7H20 

300t/d*0. 0763=22. 89t/d as Fc

FES9 4%, ftfSm8 6%t LTo ( ) RI3FES9 0%, 8 0
£'$fi = 113.65/0. 94/0. 86=140. 59 t/d (157.85 t/d)

= 140.59t/d*¥18/kg*1000kg/t=¥2,530, 620/d (¥2. 841, 250/d)

(2) ES (S) SfflS (S/Fe=1i LT)

(S/32)/(Fe/56)=1

S=32/56*Fe=Q. 571*Fe=0. 571*22. 89=13. 07t/d as S 
=13. 07 t/d*¥30/kg*1000kg/t=¥392,100/d

(3) SSiJSffl
EMm-^+E$= 2, 530, 620+392.100 = ¥2. 922. 720/d (¥3. 233, 350/d)

= ¥487. 12/ton-coal(¥538. 89/t-coal)

*SJ»Alc<fc53SaSK<0(Ett2D5l'li^x6't>aRUfcEI|
©smcJ: yai»j3 x
3sAoLfcEH(D4 0Wi&fbT’xX HtftfX.tiMbBiRSfU FA<

13. 07*0. 6*30+13. 07*0. 4*30*0. 7=¥345, 048/d 
(392,100-345, 048)/6000= A¥7. 84/t-coal

(4) a X h (487—539) + 73 + 18 = 578-630 R/ t

5%t±zi\

nwajKttKiitittttt r/s /ii 
7 o-rg

ATM
-f ic "

- Lie) -
-> in*

te-so

(/k io.lo)



f-7: Advanced Coal Liquefaction Study

LfcUfy n-fex©l@^

7*C 411 20 0 

(#)
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6000T/D ADVANCED BCL PROCESS FLOW
(Double Peak* Solvent Sy»tem | Hi 'li LIQUEFACTION

N BCL

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 Instead Of Secondary Hydrogenation Unit.

2. Low S/C Ratio & High Plant Efficiency By “Double Peaks Solvent System”.

3. Inline Hydrotreator To Improve Product Quality.
4. DAO (De-Ashed CLB) Recycle Operation Lightens Erosion Troubles.
5. High Reactive Iron Catalyst To Improve Oil Yield & Operational Reliability.
6. Introduction Of De Carboxylation In Slurry Phase To Reduce Scale Formation.

7. No Preheater Operation Required During Normal Operation.
8. Multiple Reaction Temperature Profiles Would Change Yield Structures.

9. Hot And High Pressure Bottom Recycle.
10. Slurry Preparation Without Ball Mills.
11. CLB Direct Feed To Deashing Unit.
12. Max. Power Recovery From Gas & Liquid
13. Cs. C4 Recovery From Plant Off Gases.
14. Optimization Of Plant Fuel Systems.

NBCL



10000

DC(BTM=0) A DC(BTM=50) + DC(BTM=100)

EFFECT OF THERMAL TREATMENT ON SLURRY VISCOSITY

aoo
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£

250

200

150

100

50

0
Solvent for After Thermal High Pressure Reactor 
Slurry Making Treatment Bottom Recycle Inlet

ADVANCED BCL PROCESS STUDY : B.P. DISTRIBUTION OF SOLVENT
liii*
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ADVANCED BCL PROCESS STUDY
30,000 t/d CP Construction Cost Summary Unlt. MM us$

Section Original
Design

Vic. Coal 
with IHT

Vic. Coal Ind. Coal 
with IHT

Ind. Coal

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. 
Gas Washing, Distill., Compress.)

1111 996 782 1008 804

Deashing 266 156 156 156 156
Secondary Hydrogenation 356 0 0 0 0
Hydrogen Gas Generation 358 491 358 528 396

Hydrogen Gas Recovery, Sulfur 
Recovery, Gas Purification) 191 109 256 109 256

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, Na, Flare) 69 46 46 49 49

Common (Fire Fighting, Pipe Rack 
Power Board, Civil, Structure) 801 669 655 658 644

Total 4758 3852 3670 3412 3279
IHT : Inline Hydrotreater

NBCL

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

Case Unit Original
Design

Vic.Coal 
With IHT

*3

Vic.Coal Ind.Coal 
With IHT

Ind.Coal

Construction Cost MM US$ 4758 3852 3670 3412 3279
Oil Yield wt% mafe 51.1 59.0 *i 63.2 70.8 70.8

Light Oil wt% mafe 19.0 32.0 *i 29.6 50.2 43.6
Middle Oil wt% mafe 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 Hz Nm3/t-dc 181.5 266.6 186.8 297.4 217.6
Natural Gas for Fuel Nm3/t-dc 80.4 0.0 0.0 53.6 23.1
Electric Power kwh/t-dc 54.7 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-dc 3.12 6.864 4.513 6.854 4.513

Liquefaction *4 $/t-dc 1.576 4.513 4.513 4.513 4.513
IHT/2ndary *s $/t-dc 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 Ca, C4 (4.2%mafc) Included
* 2 Natural gas for fuel required in case of Indonesian Brown Coal
* 3 IHT : Inline Hydrotreater
* 4 Original Design : Pyrite, Size 2micron-m, Peed 8.3%mafc, Cost 1.58$/t-dc

Advanced BCL : Iron Hydroxide, Size 0.5micron-m, Feed 1.0%mafc, Cost 4.09$/t-dc
* 5 For Original : 30(kn3/y, 0.53t/m3, 2500¥/kg

For Advanced BCL Process : 457m3/y, 0.53t/m3, 2500¥/kg

ULU4
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ADVANCED BCL PROCESS STUDY
Product Required Selling Price

Case Unit Original Victorian Brown Coal Indonesian Brown Coal
I.H.T.*1 No I.H.T. I.H.T. No I.H.T.

Construction MM US$ 4758 3852 3670 3412 3279
Oil Yield %MAFC 51.1 59.0

*2
63.2 70.8 70.8

Light Oil %MAFC 19.0 32.0
*229.6 50.2 43.6

Middle Oil %MAFC 32.1 27.0 33.5 20.6 27.2

* 1 Inline Hydrotreater
* 2 Recovered C3+C4

(4.2%) Included
* 3 Bank Interest Rate
*4 Crude Oil Equivalent 

Factor : 1.30

Net Crude Oil Equivalent Prices US$/bbl

B.I.R. 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.I.R. 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.I.R. 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

Key Assumptions 

Plant Capacity; 30,000 t/d 
Fis cal Year 1994

Price Settled
Natural Gas 0.08 $/m3
Coal Cost Vic. 8.6 $/t

Ind. 21.1 $/t
Elec, power 0.038 $/kwh
Product Esca. 1.5 %/y
Natural Gas

Esca. 1.5 %/y
Labour Wage 

Esca. 1.0 %/y

NBCL

■ Institute of 
Energy Economics
Japan Forecast 
(High case)

Institute of 
Energy Economics 
Japan Forecast 
(Low case)

DOE Forecast 
( 1993)
(High case)

DOE Forecast 
(1993)
(Low case)

World Energy 
Outlook to the 
year 2010 
(IEA 1993 )

1994 Crude Oil
(15$/bbl)
Escalation

^ Victorian Brown 
Coal with Inline 
Hydrotreater

* Indonesian Brown
Year (Start of Operation) coai with inline

Hydrotreater

Required Selling Price and Crude Oil Price Forecast
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250

Original Victorian Victorian Indonesian Indonesian 
Conseptual Brown Coal Brown Coal Brown Coal Brown Coal 

Design Inline Inline
Hydrotreater Hydrotreater

6,000 t/d DP Base
L— 1 Fuel Coal H Deashed Sludge HU Off Gas
HN Fuel Natural Gas Hi Liquefaction Hz Generation

Green House Gas Emissions

Energy Efficiency of Coal Liquefaction Process

Original Conceptual Design 57.3%

Advanced BCL Vic. Coal with Hydrotreator 60.4%
Advanced BCL Vic. 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 n Bituminous Coal 66-71.0%
CC-ITSL Bituminous Coal 67.9%

Green House Gas Emissions

Original Conceptual Design 21.5g-C/Mj product

Advanced BCL Vic. Coal with Hydrotreator 20.3g-C/Mj product

Advanced BCL Vic. Coal 17.2g-C/MJ product

Advanced BCL Ind. Coal with Hydrotreator 14.1 g C/Mj product

Advanced BCL Ind. Coal 12.7g-C/MJ product

Other Processes (Wandoan Coal)

EDS Direct Liquefaction 26.6g-C/Mj product

Methanol Indirect Liquefaction 26.3g C/MJ product

F-T Synthetic Indirect Liquefaction 4 1 -Og-C/Mj product

MTG Gasoline Indirect Liquefaction 35.8g-C/Mj product
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i. E^kA^^Fmm 6, 000 t/d (Dry coal)

2. MEJt (5ZJ7JH4) 0. 6 wtX (as FetS)

3. 5. 0 wtX x 6, 000 = 300 t/d

4. tiWttJSfl. 7. 63 wtX on dry coal
(as Fe or 12. 0 wtX as FelS)

5. 86. 0 wtX

m49i
1.
2.

3.

4.

*(FeS04 * 7H20)
1UE : 1 8R/k g M : 9 4 % 

mm :3 o n/k g %*mm 
ry^-TM
m?k : ....

* oot/dE^r-MKiRAT
F (%wwm): 15-20n/kg (Sim)

• MitmtitiMS : 5-GR/kg (KM)

III JftCHiK. m%R

1. SftCHiK (T;E7d-|c$'5() : G 4 OW77M 

4^%tn6 LT 640/4/6000/365=73.1 H/t-coal

2. E* : 3 0 0 k w @15H/kwh 

300/6000/24*15 =18F3/t-coaI

(1 ) ( FeS04'7H20 ) {jfcfflfi

Fe/FeSO4-7H2O=56/(56+32+64+126)=0.201 4 

300t/d*0. 0763/0. 2014=113. 65t/d as FeS04 ■7H20 

300t/d*0. 0763=22. 89t/d as Fe

M9 4%, ttJB^G 6%t LTo ( )A0W90X. HMOOXOUfi
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(3) mmm
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Table 1 Analyses of Taiheiyo Coal Samples

C H
(wt%,

N S
daf)

O(diff) Ash
(wt%, dry)

Particle
Diameter
{ju 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



CONDITIONS FOR CONTINUOUS APPARATUS

1. Samples

Coal
Solvent
Catalyst
Solvent/coal
Catalyst/coal
CSz/catalyst

Taiheiyo coal
Taiheiyo coal-derived recycle solvent 
FeiCb

2.5 wt/wt 
0.04 wt/wt 
1.0 wt/wt

2. Apparatus and reaction conditions

Apparatus : 20ml tubular reactor
Reaction temp. : 400-440°C
Hydrogen press. : 150 kg/cm2 • G
Reaction time : 30, 60 min
G/L : 1,000 Nl/1
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Fig. Effect of Reaction Temperature on the Liquefaction of Taiheiyo Coal 

(Solv./Coal wt ratio : 2.5, Catalyst/Coal wt ratio : 0.04, React, time : 30min)



EXPERIMENTAL CONDITIONS FOR AUTOCLAVE APPARATUS

1. Samples

Coal
Solvent
Catalyst
Solvent / coal 
Catalyst / coal 
S/catalyst
Surfactant / slurry

Taiheiyo coal
Taiheiyo coal-derived recycle solvent 
FeaOs
2.5 wt/wt
O'-0.04 wt/wt
0.8 wt/wt
0.2-1 wt%

2.Reaction conditions

Autoclave Volume 
Reaction temp. 
Hydrogen press. 
Reaction time
G/L

200ml
420~450°C
8.5 MPa (Initial)
60 min
160 Nl/I
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Table 2 Effect of Particle Size of Coal and Catalyst
on the Liquefaction of Taiheiyo Coal

Coal Catalyst 
Particle diameter 

(^m)

Conv. Yields of 
Gas HS

product
TS THFS

H2
Consump.

(wt%, daf)

(1) 8 0.2 95.9 9.5 45.1 30.4 10.9 3.1

(2) 8 1 94.2 11.4 38.1 31.3 13.4 2.5

(3) 80 1 95.0 10.6 39.5 33.1 11.8 2.7

(4) 80 0.2 94.4 8.7 42.2 30.8 12.8 3.1

React, temp.: 440 °C, React, time : 60min, Catalyst: 4wt%/coal
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# 1 A 7d^r(:XA-yl/(D^^^^A6^L, iEEE(D^E±#(D^aAA
-)Ao #m#(iNaCl^< 60%, .\aCl(j:m^AcD\
a6C1^6^a:U, FeS^CGSX'X h^OFe^gi#6S^l/T^^:L/:4)(Dr^5o 7 
7 h — 9 h' b% 1 ~^ 4 77 lA i£, S 1 ~.^ 2 tOX'ir-it'©:E 5j£ E
^i^/;0 FeS £ NaCHi, 7°7h — AA£>Sb 1 E lA fl <2> A 4> □(- U A A ^ tl if > # 2 

JT: lZ2^ A ^# ## 35 f: A If T 0 X A - /H3 f# ^ E 0 E # # 9c @f la T & 5 o 
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A-A 7^, ^NaCl^l^Bec#^ UT A6 2 6 A^ Ao
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3. 1 db^Kl:4o^6A- F 7 7-7#(D^#' ^ 
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GfHb&EC##^ Fe,_.S-FeS:0mmTKYbX6o 2^f:^U. /^Y5Y FC. # 

mo^/fb^ETTC^^mr^akfo-^'Y FCE^^TrU. ^5%U/:t:D
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Table 1 Change of coefficient of heat transfmler of preheater9)

Operation hour (hr) 0 to 84 0 230 0 200 410

Fluid Anthracene -> ->
Fluid feed rated/hr) 250 - 240 -
Fluid temp. outletdC) 410390 354 400-360 350 350 350
Fluid mean temp. (°C ) 410 406 370 350 350 350
Recycle gas (Nm3/hr) 112 112 93 100 140 120
Film coefficient of

heat transferCinner) 950 to
( k c a 1 / m2 • hr* °C ) 450 550 410 780 690 680

* Taiheiyo coal * * Red -niud( 3% to maf coal), Sulf ur(0. 3%)
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-o 0.

Red-mud/S Synthesized
Pyrite

20 40 60 80
Reaction time (hr)

Fig. 1 Change of pressure drop(scale removal effect)10)
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#L, FeS047K^<%^#x.FeS04yE^:4'(:^ 
^-tF&o 2 2/xNa2S^tnx.FeS^;tm^Ej^- 
yA%7V-C#lT^"d-, TK^^Na.SO^^i&TjcC' 
^t#L"C^w/2o z#j:9(:Em(:FeSe@#
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^2.0wt%?^toL/2B$z o <)
Tw&s
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Feso^
NazS

#L/:o
aALT#/:E^:
KiSiGCAL/:;

0.35wt% 60 FeS £• "a tsHvi £* ?# tz3 ~k ffl
v^f CKlZ'^^f v\ 400°CC^ < ;i/4%#29.3% r 
#/:o 2fU±10wt%^#*^(7)FeSe^t[]L/: 
F#6O15.9%Z0t^<,

^<7)^ LT#^w-\ 

^B^(± FeCl3(7)7K?#m:: Wandoan
& L, %(±A LW^ (NH4)2S

-afk&!Z4:
&wT,

L-cu^ 2 ^ a#
&b 6

Cugini b li FeOOH <7)'$i%i-f' £■ 5" /?c; SE El 12 $futi

^-t±, &##
FefNOs)]"

9H,0 1.0 g & 40m^ (7) * 1:7# L 2 (7) ^ 1: Illinois 

No.6^50g^AnA'C^-%h^M#L/:= 5.8g 
NH3^#ti'200r^(7)7K(7)t:7!)^:%(:m# L/2F7

rfcco^— X h iirtlDZ-X, »i A f%, 0.45 ^ m 2)
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#&-C'FeOOH

- 184 -



# = 1 ^ U994) —

Table 1 Effects of addition of catalyst on the 
liquefaction of Illinois No. 6 coal

catalyst H:S amount method
wt% to daf coal

conversion oil

none none P 59.8 25.6
none yes P 58.7 30.4
FeeOa none 0.5 P 58.7 30.4
FeOOH none 0.25 I 61.9 33.7
FeOOH yes 0.25 I 71.3 41.3
FeOOH none 0.25 I 69.5 39.1
FeOOH yes 0.25 I 83.7 59.8
Mo yes 0.15 I 87.9 61.9

Tetralin ! coal = 2 : 1. 425°C. 60min. PHe • 2500 psi.
P 1 powder addition. I 1 impregnated. Mo was added 
from hexaammonium molybdate

L tz o
Table FeOOH-S^TMilfifb

7rT^i|%$*t:#L<r6]±L/:o ±JT(7)^^ 
(: Z FeOOH
Fe h L T 2500ppm CO t)D Tft^84 %, ^ 7 9

(i^#f4T1500ppm (0^ V 7T >@&7 > t - ^

2 J: ^ (OT2r)
Ld'L, Tb7V>^7K#E2500psi^Fb

7)^30%2<7)^&mw/:#<2#%#b

Blind Canyon
^COifEfb^ 7 ? L/ >

FezO^^ FeOOH (7)E@#id:$%;fb$ 
Fei.xST(d#m#(0±

j: 0.

W & O fl 2 t PT IE "a LtM^4b:3

Weller t Peripetz ii Fe, Sn, Ni, Mo, Co,

Zn, Pb
$##^(0 Rock Spring^: (C:73.9, 

H : 5.0, S : 0.8daf%) Bruceton
(C:83.8, H:5.5, S:1.0daf%) Irmw/:,

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

catalyst amount
wt%

method conv AS Oil
wt% daf coal

HC Gas

Rock Sp ring coal (C : 73.9. H : 5.0. S i 0.8 daf % )
None 33.4 2.8 10.4 9.0
FeSO; 1.0 P 38.9 6.9 8.1 13.1
FeSO^ 1.0 I 84.9 38.9 21.7 15.0
FeS04 1.0 BM 66.2 24.1 21.2 11.4
FeSO; 0.5 I ' 85.0 42.8 19.8 13.0
FeCP 1.0 I 44.8 4.8 12.2 15.2

Bruceton coal W : 77. 5. H : 5 .2. s : 1 .3 daf% )
None 46.9 15.1 10.4 12.0
FeSCh 1.0 p 55.6 27.1 14.2 10.4
FeSO, 1.0 1 81.6 48.7 16.7 12.1
FeSCX 1.0 BM 78.4 43.7 18.1 12.2
FeSCh 1.0 Aq 68.4 36.1 13.5 15.2

solvent ! none. 450°C. 60min, HL> ! T.OMPa.
P ." powder addition. I : impregnation. BM i Ball milled 
with coal. Aq 1 aqueous solution

Table 2(:7Ffo
FeS04(± FT 7^l%fbY7 > p-Cbt <

#M&P)FeS047K#i#&:T- b^lx-ycAnAT

^^-o72o FeCl2i=FeBr3 3r-aT#:fB#L72 2#(: 
?e#^^Ewm6>L"C. FeS04##Ctaf(:7>f 
w b? A ^ 6 a 6 2 a ^ b,
/\ay x T ?!

Jackson b Victoria ij Wrp ^ v )U^<7)

^^7K^(%7)^b T t 9 2 P 1: Z c"C.
0.22mol/kg coal (Fe 1. 23wt%) flf% £ T?

#7)''0 , 7)1777 W'a' £
Tw^Fe-a-m^T^IM^^^^fB^L/Zo 7P 
7VxrF^i%fl:5:!4:''C*67!)\
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CCO#^. FeCD,

FeClg,
"Cv^v^'o

^^^->^0.22mmol/g
coal ti ?# L fz % ui CO \b *U ^ t^'40 % "c b '0 , 
O.OSmmol/ g coal (D Sn Lfz&iK7)HijMZ
$^38%T*^(7)r^LT, FeSC^SnCD&i^ 

o'# 1% 7)' 6 ^@#f" h t, 0.32mmol/ g coal CO 
Fe <20.02mmol/ g coal (7) Sn $ fl, -tr 7) 2

#CO^fka$(i63%C^mL^o
(±2 7) Z i)
7X7)^T60%#%7)i%fb4%^^#6 4:f)(:(±.
jo±^10i^7)7X^@#f6^7)%6 2 2;)^,

Sfhffl ^rP^/Jo #(±1^^7)88mmol/kg coal tA b 
133-146mmol/kg coal^2i#^0L72o S^:ii%ib/< 

Yo -y hX7>
44or-e<%fb^^c/2^o 

fb^T'6%, X<^a$"C10%,
& ^rsi±Lf:o

Huffmann LT$^T X

> ^ L /jf&E^fk^^coafb 2 mrnco ^ t7
^ ^ v-tf-V 3 S^2 LT(±
North Dakota CO Hagel %wl & ffl ^ \ Fe (OAc) 37K

^^75^pH2.8-C<X>x%^^Tc4:o 2 7)^& 
"C0.88-5.3%(7)Fe^A-t;E^7)^#6fl/:, «%fb 
KlZ'tiT 8 9 V > ^7K#%S5.1MPa 2 /:(± 
10MPa(DT"e^T^fL4:o 

(30 A) (DFeoOs (j^oo^Machl)

^fc4:o $^2LX0.88wt%7)^^o#Tl:bR4"6
2,

Moessbauer%^7 8;C(7)^^^

{kCiaWt^C), #@^$^$^72^2625 4 
aT(7)^6038%, 78A^±7)^7)48%2 2@fbL 

EXAFS7)%##;0'WW± 
2L"Cy-4h<h2LT^:%LTv^7)\ Fe-Fe 

(:##$jt^2°-^7)#%7)^v^2 2^6, 
_h-C(i/<;i/f Ob?) j:

3. mt^-mmcDm^
Sharcosett 6(±-lg7)@Wl/f#mfbmz'm#

Table 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 overt dried 5 46.8 26.2 4.55
FeOOH spray dried 5 52.0 20.9 4.8
Fe-zOala) 0.5 54.1 20.8 4.95

tetralin/coal= 2 / 1 , PPP=15MPa, 45012. 3hr

ZcX## LA: FeOOH, FezOs^^Ah, FeCb^ 
Ac^4:T##$-t2#A:, mWlf^FezOs^To 
V';h (^TFe903 (a)&%E, 200mVg#^^i:b

7 7 Freyming##^:
(0:83.3, H:5.4, S:0.5daf%) i%

fb^^foA:^^:^ Table SC^L/Zo *##-#-#

/Ex^r,
^^^Tm^L/:Fe203(a)^#L<^

^ V' W%#-Oi#S ^ 4- ^ 2 2 (±i± g $ ji
6 O

Fe203(a)(7)^@^ SEM #B#(:Z 0 2
6, 0.05rnm#%^m#^^/:o 
#f4:T7K#-H2S#a%Ttn^^mL, mfb^-

2 2ArL,
Fe203

(amm^Wb, ^fbKiZ'f(:^(t/&^@7)^ib
Cov^T^', Fe203 (a)#t#2#^At#7), t%fb 
(: jo if & i#ij 7)±b$% $ jr/2

Derbyshire b\i^JK ffliitftkM. ^ iW 57 f& £ *£ h

afb#A#^#^L"Cv^o Fe(CO)52^f-l%>^) 
?Jt □* if 7 b — 4f — it It h t iE $£fA-F2)

FesC > Fe7C7%5%t&o Wyomingi^CD^fb^ 
mm$Af(DFe7C^mv^-nTc/2o 385°C^K^-
T$5fb$56.3%A, Fe(CO)53rfRv'4:a&co 
46.9%j:0^^#^7T:L4:^"'o 2jUi^(D^- 
;<< Ka7)^385°C, 30min-C^#&k:n-?4' h

/:80T^a2 2 7)^XRD, TEMm#H:Z0 7T;2jL
-jr~. 14b)
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Rapid thermal decomposition iRTD) 2 LfM t 

tlo
##$0$ KTu^v. i M*

2. 2fl

^fL/z t^2#ATw6o 
Fes^+H.O-^FeOOH + SH" ll
Fe3+ +H2O—*Fe203 + 6H"r ;2

#@(i225°C^KlZ'"C'(il0nm, 300°C
llnm, BET ^ffiffr fi "2 Tt^2 tl212m2/g 2 167m"

/ g 2 L tl/L0 Moessbauer X ^ ^ H )l- il X il

(f, 225'C^m#L/j#K#(i@^m##(7)#%^ 
^L. 3 2 2 ^ ?)4: ^ c
72^^ 2fl^At#2LTmv\ Blind Canyon^ 

1.0wt^v\ #(%
#5:^ (400'C, lhr"C, THFoTi#m%) (:# 
LT*6#^^afk4%#^^± (THFnTig^ 
91%)
1^# (THFoTi#g^9l%) C#L"C##:#(iE^ 

2(D22^^,

4. oT;m±mem##

^ /5 o ^C ^i# ^
tDL, E

0, YaT:%^#.$$f(:^fi6 2 E7)##-2-
&^)o

Ni, Sn.
Co, Fe 60X^7 ')

Cox
wcw&d\ ^2L"C##$d26/jy)
(:, a t:25oraT^I&^Z

Zmi±:32A2'6:

^-dr-f. %#fpm rm#61:(iZc -CWC 
Sharma

2 LX <7)i5tt?r New Mexico % % WT##Y

L7L = ^fb^^ELTliFefCgHisO])]. FeZOs
2 2;)^

&vw
Beii

Z'#2(0#A7)^^^E, ^i)E, Fe(CO)s(7)%# 
Fe(CO)s(i HoS (7)#%T(: 

# ^ 2 2, L?)^ Li#A470°C

^^^2 2^#&L/-:= 2fl(j:g;i%#:^C/V7!7- 
7& ^ f ±"C'607k#(D% 6
^(7,2#mLTL^-"L 

Garg E) (± Elkhorn No.2^ (C : 84.4, H : 
5.5daf%) E##?)#
rE@#. 'arig#f-7-f>^^2"e##2L'C. 
##:iAC SRCII COm^igmia&mwT440-454°C 
Tif o /L o $2fk$ (±#%##Z85 % ## 4- i^tO L 
2()86%26T^L^^^A)t:W7)\ $^g^/hY 
Z^(7)4%$(i#A^##(D12.3%7)'L FeS.y 
I4.i%-mtnf6227%-st#tnL/:(7)(:^L'C. f
7-r >^$^Z'(d:1.0%(D#(7)i^tna'2 Z i)

Y ;L/iR$32.5%^#Lfi/:o $5fk$L2b$xLTt

L^)'L, f7T>^$^!d:@d 
LT 1 wt%i.^%f 

l: 5 wt%i^tnt^-JZ^7)^^o
Bockrath 6(i$^(7)2-^^;i//\4r--V->S^^^% 

»/ \ Kentucky r ^#<2)i.^
tna^fk^-tzafo/:; mm^^r^LT^z 
f O.Pmol i^tof 6 2 t Y 

Z7%) L7LoKentucky^#:(:#%f/6/\Y7
Y h^SiJC?%^mL"C, 2=K&W*2i-&i#{t:5: 
lZ^^foZ2 26. $2f^(if5]L#(Om^2-J:f- 
;h^^-4->@^2m#^^tnL/L2 # Z d 4 %# 
%mw#2CrcY:o E^:##%TZmc02-J:Y-;h

XRD-C!j:Fe/S = 1.0U± 
Z(iZ^^7)'E°a-^Y h3o:). SEM#M^Z(i 
m^Tm^Z^L-a-^Y M2Zf&L-:&2 2 7!L
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6 (i#af #?mfL3# ^ L f 6 5^:
Fe(C0)5Xi^L^$m^'K

T'TF'L Z t Z-fe# LTc

f H 7 v ><^z a ^7Km#4-i±^j^Tua$
$AWC: oil ^1#

)jdT6 z t, h z t fr
b, A^#±T7K#(D^#'fb^'Z )? 6 2 L ^r
mgSL-cwa^v

f-;i/f 7 ^ U x ^-^#1: 
mw622czo, Fe(co)5#mi;tRk#f$me

# ^ m # ^ ^ ^ C: v' # -J-H (2) ^ # m (2) W an-

doan jk IK Z) Yallourn yt^fflV^'C^T-^'CV^-. 

Table 4(:^L/:o ##co##:::ow-(:
##L.
t0f6^#7)%0, m#etDx62L(:Zi), i#i

2 2 LTw6.

Fe/S Bockrath COZ b 20.5
T(i#^<%cmLTv^v^ cmi&Y-bC,
Yallourn jk t Kentucky ^ CO 5i; 1| I3 W it CO IS V b C

Table 4 Hydroliquefaction of Australian coals using 
iron-sulfur catalysts

Run Catalyst Fe S Conv. Gas Oil AS PA Hj 
mmol %

Wandoan Coal
1 none 0 0 48 6 7.8 99 3 12 6 :j 9 0 9

2 Fe'COls 1 0 85 2 6.9 35 5 21 0 9; 8 1 8

3 Fe'COL- S 1 1 94 4 9.5 48 6 24 8 11 2 8

4 FeTOL- s 2 9 94 - 7.5 47 3 97 5 12 4 2 6

5 FeYCOo -s 1 1 92 7 8.1 47 / 25 8 11 1 9 6

6 Fej'COy 2-5 1 1 94 8 7.9 46 9 27 12 8 2 9
7 Fe(acac) -s 1 1 81 6 8.0 27 7 25 2 2d 7 9 4
8 Red mud- s 1 1 93 9 8.7 39 3 28 5 16 7 9 4

9 Fe:S]'C0 1 n 1 1 93 3 8.0 42 1 29 S 13 4 3 0
Yallourn Coal

10 none 0 0 36 15.0 12 9 0 4 3 4 0 8
11 Fe'COL 1 0 69 7 15.2 25 3 14 4 14 g 1 6
12 FelCO! = 2 0 92 5 18.9 30 8 99 9 19 9 2 3

13 Fe CO'b- s 1 0 5 91 5 18.8 34 6 17 0 21 1 2 2
14 Fe'COls- s 1 1 97 7 16.9 41 8 21 6 17 4 3 3

15 FeiCOL- s 1 9 96 0 20.2 36 8 19 3 19 7 2 9

Coal 1 2.0 g . 1-methyl naphthalene ". 4.0 rb. H_> pressure 
i 5.OMPa. 4252. 60min.

Z6LC0T^6bo

'acaclsC: 22±ac#&#5t0 L2 L [^#(7)^^ ;Tdi'

mtm^XRD^#f32 2 2Z0,

^w2%#2 LT%0x7L Fe(CO)3<7)^^2Zc 

TAmf6#(d:, S^Z0^L67KL^^LT 

Fe3042|5^:2 flX 2 t, %#7)'#%-f6 t, 

Fe;.xS2$m$ L/: 2i$-<-C

FeS^

FeS2^2%'^tnL^v^2 & j: ;)^#('e%:il6]±L 

/C7)\ ^f^(7)^#^aL/:L&(7)^^%%(7) 

l^±^Vc&^2 2 ^^LTv^^L 

tT;i/#m2LT#^##(7)7Kmf^^. ^

#f$:^2'Y0Wm^^#m2^L/':o 

7^f>blx>(7)7K#fk5:lT'2^v^T, Fe(C0)5 
(±/<Y x Y h%#C0 1 / 4 $#l^co#m#T$ bC 

/<YxYb^^fb#-%#^

#T(±> 2 Ka k: lx >7)^^^c#T^)c/:C0(:# 

LT, Fe(CO)5-S^Fe(CO)5^#T(i-rK7ld 

2 Ka#:coZ b (:7K#ft:^'Z 0 !@ 

62 2 ^%b7)b: LTV'6o

6^T';i/#^(D5:iT'Hf cT 

f%, Moessbauer X -X ^ h ;P CO?|Jjte £ Lf V b

Fe(:CO)s-S 8t#T S/Fe= 2 (7) 2 # l:(±l#^COL 

n-H h CO sextet CO 2 7*d~ fh- < & 0 , @ 

#m##(7) V y f & 2 2 d't. FeSz^t
2'eA^#!:mv^2 & j: 0
n-?T h7)^^LTV'622^#^efLTv^ 

6-"L

Wender b ii Fe (CO) 5toS 2 co-processing f%
iZ2:mv^62#c. %

6:i. Fe(CO)52%##u#E#:2f6i%^^#^^

L'(7)#%T*6 7)b:b)V'TTEM, SEM ^2'COB 

,%AEOM^ 2 #C2, Moessbauer X x< ^ h JU COifJj te 

2 ITc To Maya ^(±9#:# 2 Illinois No.6^: CO 

co-processing lx L:-11 do V > T £2 2 LC Fe (CO) 5 2 

0.5wt%af 6 2E^(7)$Tfk#i7)%^tDC0 2 & 

(7)39%^'b82%^[6]± L, =bf ?20.2%<7)a-0 

L65%2^V'$2fK2T;L, 2(7)#;^^^:^^^
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Table 5 XRD and Moessbauer analyses of decom
position product of Fe(CO)s

sample Fe Moessbauer phase
(% iron ± 2 %)

s XRD iron phases 
(mean diameter)

coprocessing
residue
42512, Omin 
Fe(CO)s
precursor

Fe,_xS(26%)
Fe3C(25%)
Fe00H(49%)

Fei-xS (20.5nm)

coprocessing
residue
42512, Ih
Fe(CO)s
precursor

Fei-xS(95%) 
iron oxide (5%)

Fei-xS(20.5nm)

Illinois No.6 coal
before reaction

pvrite (87%)
FeS0^(8%)
Fe, (S0J3(5%)

FeSc

Fe deposited on
activated carbon 
Fe(CO)o precursor

iron metal (10%)
Fes04(43%)
Fe00H(47%)

Table 5(: Moess
bauer
Fe(CO)5&#bJ%(&m^# (FeaLT2.5wt%)

2(7)#A
-f (iiiHb# & 2 0 M LT V' & w, 49% ?)' 

FeOOHtB"C'Fei.xStB& Fe3CtB^^fl^fl25% 
5:^#7%(±Fei.xStB^±Me(: 
XRD(7)^#Z(] Fei_xS(7)-^f 

@d?&j:f20.5nm^#&)fL/:o SEM(:j:cT 
^7@^(i0.5-1.0^ m(7)

Huffmann b (i $ b (2 g=F£E & Moessbauer X

Blind
Canyon fit ft L tztik, FeCls
<)(7), ^#tL7t:Fe203^^#^(:@#L^^^,

S04-"T##L/:

Fe2O3#(D0=8t#& Moessbauer X/X^ Hl/(7)^

L/2 ^ # (i#(7)#7g^'20 A^1T(7) <) <7)^^60% 
^Ld4^0t207)^65A^"e^#re^^^. 

C^^rd' ^ t20AW.T(7)%77)'
50%^6y>, 45-65A<7)#mO%<E2;ftt%#7
7>^V'2 <k^^7)4:tro^o FezOs-SO/'^liSO

A %1T;M0% &T-C30-85 A (7)#X)^0% 

85Aia±'7X)(7)T*c/:o 2KA)(7)^e(%#<!:L 
T, Illinois No.6j^(7)^fteffc^ 6 26,

Fe203-S042'^SiS(i:3500ppin ^ ft'& ib^tin 
]E"C, -r h 7 ') > ^TKSEG.QMPa b

;p(7)a$^90%ia<c^'o^o .hoztd'^^e

SO4-" ^ - 7^# ^ C {%C (7) r f^]A

(b L-mm
6 T /i/4%$7)^An L/: t (7) ^

##LTv'6o

5.

v'-c,
EXXONf±^> b#(: zaSeti&ft
/^avhy7>h<7)^%czo,

<^-oTu/z, L^L, 5^mk(7)@^#ei6]±
e-t±z 9 >f tuf,
$6^6fn]±,

<7)|%#(:cv'T/±g7!)^^6tLT&'Cw6o 1993

£iWr£t£<l:76!jtXblouT^ <
L^L, E

ifci&iMM<7)(:M±£ t'<DX i ft IT Sit"6tWwOV'

T(7)f oTv^v^c «b ca$f 6# < (6

#6: jt$xUT4%#:«7)[o]±(7)^6fL^w#^t^^

mm, ^#, #m,
#^<7)
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Development and Future Problems in the Highly Dispersed Iron 
Based Coal Direct Liquefaction Catalyst

Toshimitsu SUZUKI

(Department of Chemical Engineering. Kansai University)

SYNOPSIS ! — Historical back ground and recent development of highly 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 NacS or aqueous ammonia. The second procedure is the direct 

impregnation of an iron salt onto coal or ion exchanging of proton in the carboxyl 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, catalytic activity of iron species for coal hydroliquefaction 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.
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Iron catalyst, Iron pentacarbonyl, Organometallic compound, Impregnation
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Catalyst Design in Coal Liquefaction Process

Akio Nishijcvla

Fundamental research concerning coal liquefaction catalyst, such as catalytic reaction, role of catalyst, 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 1 Direct and indirect coal liquefaction
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Table 2 Reaction conditions of coal liquifaction processer.

SRC-n EDS H-Coal I-Neu TSL - DOW
SRC-I LC- Fining

Reaxrion 
temperature, "C 455 450 450 475 440 440 450

Reaxtion 
temperature, atm 140 140 210 300 120 140 110-

Catalyst *1 *2 Co-Mo iron oxide-i-S *1 Co-Mo Molybdenum

Solid
separator Distillation Distillation Hydroclone Distillation Solvent deas’ning Hydroclone

*1: Iron compounds in coal are used as catalyst.
*2: Ni-Mo catalyst is used for solvent hydrogenation.

Slurry recycle

Coal- Slurring

H,

Recycle

J Reactor 
130'C, MOatm

H.O

H,
Gas/liquid
separator

Naphtha

[Distillation [...

Hydrogen production

Ash

Fig. 1 Flow sheet of SRC- II process.
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Fig. 2 Flow sheet of EDS process.
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voal liquid
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Fig. 3 Flow sheet of FI-Coal process.

Hydrocarbons
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Hydrogenation
production

"
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hydrotreating
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Coal liquid

Ash

Fig. 4 Flow sheet of two stage liquefaction 
iSRC- I -L0-Fining) process.
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Table 3 Reaction conditions of XEDOL and BCL procssses.

NEDOL BCL

First-stage

Liquefaction

Solvent

hydrogenation

Primary

hydrogenation

Secondary

hydrogenation

Reaction temperature. °C 430-460 320 430-460 360-400

Reaction pressure, atm 150-170 100 150-200 150-200

Catalyst Iron sulfide Ni-Mo Iron ore + Sulfur Ca-Ni-Mo

Solid separator Distillation Solvent deashing

Table 4 Composition of coal-derived liquid and petroleum.

feed H/C N 0 S(wt°0) 530T metal

Coal Liquid (A) 1.10-1.25 : 0.4 — 0.6 1.0—3.0 0.02-0.08 -

Coal Liquid (B) 0.85-0.95 06-10 1.0-3.0 0.05-0? + + + + Mg, Na. Ca. Fe

Petroleum (A) 1.6 —1.7 - 1.5-2.0 ± ±V,Ni

Petroleum (B) 1.5 —1.6 - 2.0-3.0 + + V, Ni, Fe

Slurry recycle

Iron catalyst —

Coal "

— Distillation-----------

Vacuum residue 

-j . Partial oxidation

Reactor

;;
H,

Hydrocarbon

Coal liquid

HjO

0,

Ash

--Upgrading

Fig. 5 Flow sheet of new IG process. Fig. 6 Flow sheet of NEDOL process.

h,

Catalyst i—i

Brown coal 1

Light oil Midium oil
I I Light

oil

LLf Slurring & 
dewatering

Reactor (primary 
hydrogenation)

Distillation

Solvent ,—

CL3

T
H.O

oil

CLS

j Reactor (secondary | —I Distillati 
hydrogenation) I ^--------

DAO

Solid separator

Residue

Medium
oil

+
Heavy oil 

+
HDAO

Fig. 7 Flow sheet of BCL process.
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Fig. 13 Schematic representation of position-dependent 
foulant deposition profiles.

(a) Carbonaceous deposits
(b) Metal deposits

Center

Fig. 14 Schematic representation of carbonaceous deposits 
in catalyst particle.

(a) Catalyst with narrow pore size (< 1 Onm)
(b) Catalyst with large pore size (>20nm;
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Catalyst age

Fig. 15 Schematic representation of time-dependent 
catalytic activity, and carbonaceous and metal 
deposits on the catalyst.

(a) Catalytic activity
(b) Carbonaceous deposits
(c) Metal deposits
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Table 5 Carbonaceous deposits on hydrotreating catalysts 
used for upgrading coal liquid and petroleum.

Catalyst C(wt%) H/C N/C H/C in feed

Cat.A Inlet ** 14.8 0.89 0.017 0 1 to U
l

Outlet *2 19.3 0.76 0.012

Cat.B Inlet ’l 10.1 1.07 0.024 0.85-0.95

Middle , 10.8 0.90 0.025

Outlet "2 16.5 0.76 0.018

Cat-C Inlet-1 11.6 0.89 0.031 1.6 - 1.7

Middle 18.9 0.63 0.018

Outlet "2 : 20.6 0.62 0.017

Cat.C Inlet*1 17.6 1.00 0.020 1.5 - 1.6

Middle 19.5 ; 0.90 0.019

Outlet *2 ' 27.4 0.77 ' 0.014

Cat.A and Cat.B were used for upgrading coal liquid . 
while CatC and were used for upgrading petroleum.

Inlet of reactor.
*2 Outlet of reactor.

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

K: Hexane-soluble oils, L: Hexane-insoluble 
and toluene-soluble, M: Toluene-insoluble and 
THE-soluble, N: THF-insoluble 
Elemental analyses of carbonaceous depositions 
were obtained on the successive extracts of the 
spent catalyst. Carbonaceous materials on the 
catlyst 0, Feed: #
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Fig. 17 Schematic representation of metal deposits in 
catalyst particle.
(a) Catalyst with narrow pore size (<10nm)
(b) Catalyst with large pore size (>20nm), or 

bimodal catalyst
(c) Metal deposits derived from organometallics
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Table 6 Metal deposits on hydrotreating catalyst used for upgrading coal liquid.

A) Metal deposits measured using ICP and AAS

Catalyst Fe Na Mg Ca V Ni Total "l
Cat.B Inlet*1 4.6 2.4 15.1 1.6 - - 19.6

Middle 0.9 1.3 4.1 0.6 - - 6.9
Outlet*1’ 1.0 1.1 0.8 0.2 - - 3.3

Cat.B Inlet*1 - - - - 1S.6 4.3 24.5

Middle - - - - 5.5 0.9 7.1

Outlet*- - - - - 2.5 0.3 3.5

B) Metal deposits measured using XPS

Catalyst AI Mo S C Na Mg Ca
Sphere Fresh 100 7 13 110 - - 19.6

Used. Inlet*1 100 13 43 660 84 100 26

Middle 100 7.7 28 320 61 61 11
Outlet*1’ 100 9.6 36 440 38 83 24

Powder*1 Fresh 100 6.7 12.2 37 - - -

Used. Inlet*1 100 6.4 12.3 150 26 33 4.4

Middle 100 7.0 11.8 140 20 14 2.3

Outlet*1’ 100 7.9 15.0 190 13 9.7 2.2

Figures show the relative peak intensity of each metal based on the intensity of AI.

A

sputtering time (h)

B

0* sputtering time (h)

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

A: Unimodal catalyst (pore diameter lOnm)
B: Bimodal catalyst (pore diameter: 10 and 650nm)
Na: #, Mg:®, Si: O. K: □, Ca: A, Fe: O

6 V^i Ct ^ &

*6. Ld'L&d'f,. Ca.
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Fig. 21 Changes in pore size distribution of catalysts used for 
hydrotreating coal-derived liquid and petroleum residue.

A: Hydrotreating of coal-derived liquid with asphaltene 
B: Hydrotreating petroleum residue. Fresh catalyst: O.

Used catalysts: Inlet ■. middle #, outlet A
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& $4 S X ^ v y7 — H

mmm# wfitttt* 1 o o g*i zggn&m# tttti tasftiic
«!&»*<!: F e. S

(g/IOOg-dry coal) RUN No.

a* m « te&£E5> % m S F 6 5R7JQ* ; F e S Fe+S S/Fe

F e S 2 PSU - AGO (JftEEHiA) 60 g 40 g aw 27.9 1.67 g
1 0. 466 0.482 : 0. 948 1.8 MR077

SZF e = l. 8 BP 220-260*0 3 1. 398 1.445 : 2. 843 1.8 MR078

a&Wtfc F e S 2 92-94wtX PSU - AGO (#E*&A) 45 g 55 g aw 21.02 2. 23 g
1 0. 468 0.511 I 0. 979 1.9 MR075

S/F e = 1. 9 BP 220-260*0
3 1.406 1.534 : 2. 940 1.9 MR076

y -Z + ^KBHbS y — F e 0 0 H P s usssiti 25 g 75 g 15.05 4 g
1 0. 602 0.692 i 1. 294 2.0 MR071

BP 220-538*0
3 1.806 1.244 ; 3. 05 1.2 MR072

F e (OH) , —
10.17 g 5. 32 13. 11 g

o. 6: 0. 381 0.219 0. 6 1.0 MR073

1 0. 635 0.365 : 1. 0 1.0 MR074

(D AA#i «rt%asAn=
U -*OQ g 

Dry-coaI 100 g
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(kg/lQQkg-daf coal)
RUN Na HR071 MR072 MR073 MR074 MR075 mrotE HR 077 IMR078

^pAUj^ WYulM
ffiffllfWlj PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701
ELlfoEEt) kg / cm 2 170 170 170 170 170 170 170 170
a it & ft s j® r 450 450 450 450 450 450 450 450
WWW~^ NBCL lwt% NBCL 3wt% AWIP 0.6wt% AW1P lwtX SIS lwtX SIS 3wt% NP lwtX NP 3wtX
SKSlJg wtx 40 40 40 40 40 40 40 40

;K S }N tf M nr or 4 3.92 3.84 4. 11 nrr or
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

HE ;K 11.87 13. 57 11. 76 11.73 11.11 HIT---- ror TOTHe /& hi] 43.94 48. 55 43. 85 48.36 43 47. 63 41. 52 45. 01
C5-220 'C 10.78 13. 03 13. 52 12.2 13. 14 12. 65 12. 84 8.42
220-350 "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

28.28 23. 85 TTY 24. 62 28. 57 24. 08 30. 3 26. 83
450'C -OIL 13.13 11. 75 12. 15 9. 85 6. 42 6. 69 7.43 9.57
7%77&T> 7.07 6. 03 8. 26 7. 44 12.31 9. 14 10.7 7.78

8.08 6. 07 7.49 7. 33 9. 84 8. 25 12. 17 9. 48
MF 100 For nnr 100 100 100 100 nnr
US#

C5~HS OIL 57.07 60. 3 56 58.21 49.42 54. 32 48. 95 54. 58

Cl 4-oq 3.^- £££ 4-1^ 4.60 4-AS"
C2 3.64 560 s.qet 3-72 . 4-02 3.67 3/7 3 3.73
Qi 3-96 ...am 4^.3 4-OI 4.14 3. as- 4.na 4.06

-2.ilJ.-..-
I -46

...i--.qa .. l . 92 2-0S 2.03 97—1cS 1-53 1.21 1 -40 1.52 I -60 -3V f .43
C02 4.00 326 4.22 v3-8l 4.3? 3.74 4-36 a-96
H?S 0.5^ 0.3s 0-24 OZO .....04-1. 0.9a 035" 066
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o.oit/d awMacAsaftWiiimtHBawfen 95.12.21 
CCTC

169

^-©S*/SJ6SfettCA«i*{ttt«e**»«Clilc±y, #Sto«4itlcoi'T©SP$$to5„

ms : o.oit/d ismmm (e.#®«6)
: ): WAi£ (IV ftv7)

JW$©91SI : $K5feSlC!S$iUra«

***7k* Mtt4#x $jjp* 2 *S x 17k*
MttaSfo* 1 , 3 wt* 0.6, 1 wt* ©27k*
StEs6# 450 °C X170 kgf/cm2
»«t«b Tkssea

tt86S(t©EHTIio$'©$i$6?#fc=
■ I, '"3*1® *48$ t>3SiDe6<$l' 1$4:$(kaiK*( C,-450 °CRU C= ~HS£t>)
■-O©f-» 6 6, 3%$l,p%6E#©ElbaiR*( Cs~450 °c)
SJpfiii-en-en,

1.9 wt*, r- ikBMbtt 1.5 wt*, 0.7 wt*,
• c=~450 ‘C*-e®a»*fi8lcNIUT, tt«lcJ:S*SJa:**l4ai'«-i*&*'-3fc„ LA'L

NBCLjo j; VAWIPteSti#© 2 SIC < 6 A'riSl,'(450~HSJ|X*) S-lXT^U, SMb«*»«4©6
*U'*<a*sn«o

• 3SDPS©^*<t'ICJ:6C5~HSiR*©Mli, NBCLjb'^OTWIPMiSmiglte© 2 #IC < e-x'T/J'31'o
NP/ SISICfcDSS 5~6 wt* , AW IP/ NBCL IC43I76# 2~3 wt*

■ SSfflr- 7kK<b&M« ti*= HAS; cy L T t> IE l '8(k;6iK*61x /Co
•l@®e$£, TfelcPSl) tffrbnfcjSMWn / S/dtWbtt, 450 °cx3 wt*icjjy6U«i < e. 
'<6 4, 7k*;im*A<d>&< tfxWli^l'fSMTS-pfco
W6<nze>ns o

1>^»450 3 wt* 4P*©ifc<b»tt*«*Sfc©IC!£!>«&ttflM©jt£
()

1.7 wt*, r- 7k6Mt» l.Owt* , MSUtSiS 0.6wt*
£4©

• ttSMS C=t:oT(# e> *16 SS4b»JR*©«*ttS«S U 7=o
• 6iS®tt*B6*<6lc6feST57=toictt, MBlilcfclt5M#®$(bV>ftfflfcj:Vto6gr=1®SMIc 

ot'TS)S«iS©6£'S*<«6o
■ $fcteS©ff StiSttSto* W* ©ttttroia*'. 93$ul 'Pxmitro^ltett'ii'roflHic^i'r
1?©T, C®B6'e.©ti6t96<t>S'3=5e£.S-C,a55„ ##69lctlft#64#&-PSU *«$?©*
ttSSTWEt-STSIc UTl'So
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S’ to <D X '''x •;/ —

CsD
cn

*100
M4&1 wt% t gSAOIC

mm>Q*£F e, S
(g/100g dry coal)

tt

RUN No.5Jtii&;m-*(l)
W A* fll @ M S F e as AO# F e S FefS S/Fa

Zitt'U 7-7 F F e S 2 PSU - AGO (%E$&A) 60 g 40 g SW 27. 9 1. 67 Q
1 0. 466 0.482 0. 948 1.8 MR077

S/F e = 1 . 8 BP 220-260%) 3 1. 398 1. 445 2. 843 1. 8 MR078

a#0WI:& F e S 2 92-94wtX PSU - AGO (RE6;6) 45 g 55 g sw 21.02 2. 23 g
1 0. 468 0.511 0. 979 1.9 MR075

S/F e = 1 . 9 BP 220-260%) 3 1.406 1.534 2. 940 1.9 MR076

y-FeOOH psu ms#*! 25 g 75 g X#3SA0 15. 05 4 9
1 0. 602 0. 692 1.294 2.0 MR071

BP 220-538%) 3 1.806 1.244 3. 05 1. 2 MR072

F e (OH) , - 10.17 g - 5. 32 13. 11 9
0. 6 0. 381 0.219 0.6 1.0 MR073

1 0. 635 0. 365 1.0 1.0 MR074

(!) titiM *t%as%o-
I«mLrcA)l(%%7U-*00 g 

Dry-coal 100 g

* *)

(S/32. 064)/(Fe/55. 847)=m 

S^O. 5741*mtFe



RUN No. Minn MR072 MR073 MROTi MltJTB mo Mim MROTl
^hA/Uj^ £-HVLAjl5< ^-LAUj^

PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701 PSU0701
ESE kg/cm 2 170 170 170 170 170 170 170 170
WTEZISZli v~ 450 450 450 450 450 450 450 450

NBCL lwt% NBCL 3wt% AW IP 0.6wt% AWIP lwtX SIS lwt% SIS 3wt% NP lwt% NP 3wt%
WMWM wtT 40 40 40 40 40 40 40 40
rWiin 3.93 or 4 OF or 4. 11 3. 51 4.04

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

11.87 13.57 11.76 11.73 ii. a 12. 41 TT7W 11.83
A 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 ’C 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

iot 33.85 ITT 24.63 28.57 24. 08 30.3 26.83
450°C -OIL 13.13 11.75 12. 15 9.86 6.42 6.69 7.43 9.57
7%77&7> 7.07 6.03 8. 26 7.44 12.31 9. 14 10.7 7.78
it J&jBc 8.08 6.07 7.49 7.33 9.84 8.25 12. 17 9.48nnr nnr 100 100 TW 100 100 io0

6#

C5-HS OIL 57.07 60.3 56 58.21 49.42 54. 32 48.95 54.58
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<tz 95.12.20 CCTC

E# ama

(l) Xf*MV» ^A<50
(FeSz)

Sxtta# FeSz 0.7^m
Fe 43.5 wt% 10.5 mVg
S 45.3 fcETLgft 0.039ml/g

%7'J-#
tt«*£60wtX

250 kg/h%)#m
(150 t/d PPffl)

• tfom Ibofift*
FcSz +IU —* FGi ~, S
300-500 °C, PHz 0.5-1 , 1-0.lh

Fe,_. S wu-tt

(2) ^pDn as&s
(Fc . 0 y )

mm## ##%)&#&<&
Xfl-9- M-k ©Efifih

• b’DJO {b0%#

Fg, 0 y 4-llz+ S —» FGi _„ S FGiS %7'J-tt

mi
77"?
(Fe „ 0 y )

©M7O
• iSttf^L (DET

Fg, 0 y +H2SO4 —► FgS0« • lizO
FeSO, • lizO + S -> FeSz +S02
FeS20;SitJ!?#-

FeSz 92 wtX 0.4/zm
Fe,_. S 3 12mz/g
FgS04 4 0.17ml/g

ttfit*£45wtX
10 kg/h aaiSixi*

(Dr- 7kflMba©MiS
• Stififctb

Fe, 0 y +H2SO4 -» FeS04 ■ HzO
FeS0» + NII3+H2O — Fe(0H)z
Fe(0H)z +(NII4)zHP04+0z-» FgOOH
FeOOH 05iS,

FeOOH 0.4yum X7'J-%
tt«*£25wtX

7 m-A

Fefit5+HzS04 — FCSO4
FgS04 +NH4OH — Fg(OII),
5J»+ Fe(0ll),^5ifi.

Fc(OII),
ttW TfMtt

mt-t
10 kg/h
^$(H8)

(3) sms
777-f i

*«T-> 0%# td^nsi Fe 65 x Si 1.9 wtX
Fc 55 , Si 1.5, A1 2.3, Ni 1.0 wtX

%7'l-% Hil-h Mm

S/dtBHbl* FCzOj
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Ss®»5/®5b

<?>»? r 5 ft c-flS* 3TM3¥$-S¥II&G0 - ' 1 #B3 EM4) ?^S0)#l|9»i(l?fl SP ^IIi®31Sfq>$
°o >^l«»¥Bf5a-?Tfel*^»fWf)i«0 i-DAZ 
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(2) ga/ mam©## < i)

LT, 75V-m#micAl'Tliog©^@A<##

■ tLT*BfI£igU x^J-^ic^ttS-SS

■ Dtia:Fffl#it«J:<'r5titi< Z7'J-MlSlc33l'-C^B;gttSiJ6fiJfflT5

(3> < *#-2> a)
■ $1ra Lfc 4 UtoJItiXBtEtfit),

(ii£HBH(DE$siit'D-^w;$$su*B«sabTfffflT'$u,

in. %ax##A±©f=©©ma

#£/ SfSiSiSIcfcllS, M!«©#]lIkt¥a«4t£5i»©£4t£©|Slj<*£ll»-f toil fF #16

n»-r 5 fc * ©#* <t %*. b n 3 o

EJ$M!6B8©MEfiKti- (FeS2 x FeOOH , Fe(OH),) t
■ #X~Jh J$@S ic 35 y ^ 5$ <!: ©)8tott;K

■ Ea-MI-©;E*tti%

■ fn-?n©±fiSttia( 4fi£SS£5ft^WS$©M#)

• to-NE©erBES ( S/FeJt) 6#%©$fk
fc<££##%#icfell6±Ef-9 ©*>*<©

(1) ( 814-4)

• 5i«©*Bl-*S£4ti*65m^ (EI8E/ 7Vtir/5^, ©;ft£T-7MHb»6£)$
Ulz#S/ SET6) SCEISICSAT5

• iS-fbtiSbte 4 «©to«©4-6'Tliit-$*n8 1 wt%iyTT'AMn-(50 3 wt% 6%iblA

nmmtfzii'i-tpcvmMtcttmz-ttz<t y 5k*b^.»th4 r#*£i^#4~»ftKJio-sttT

Tt'o-a4#6£j&2#TS#fa£*7cTC£S'5jS£©}gttt6iiLa4bttt6£ffi©.5C£*-iT£-5.

ifiM$nSo

=»fflito@iiM»XT$.or6Et6i!mic3sil55$i©i8tol3;'S:3s7FEUTl,'5( toS--x ©Si'«;%*< 
£CTl'5)
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■ 5J95ZSSJ * uizit-mm ic a i -t 5 t
■ fn-men©®*/

• 8maSv6<£®!&S£B C9j$£iFTSti

(2) Ae 6 &%&©##

'DSB

■ ss, n$ra
■ mMmomntnw

■ %ti6, ®1f8S

■ Sil@icfc" 5 5#t#!W£6± fn-^ ^fiKSS (#) ®M# 

■fo-»Offl»«t (5*<fc©j£M) #;%, cne.<t5ro«-«?i®

®g#

■as»> ttj*ri®*3t»ia^->®»»t

■ E$toS®iS<bA7*-7'yi Max $E$St"51ati®Klt

- 258 -



1

lit: 3 wUjpirairUT,
56? A g, $g 1.2, mfglOO x/m
MS 0.03A g, // 3.5, // 50 , 5 , 0.5 , O.OS^m ®f-%

V = 4/3 x tt r3 
» ©S®9 S = 4 x 7i- r2
" fflISrBft Sd = ttF2

0.05

8xl07

2x10

0.52 xlO"2 0.52x10-' 0.52 0.52x10

ItSfS*

50 0.5

MSftrF©(ife©jP 8xl0"2 8 xlO 8x10'

2XlO-2 2 xlO -1
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sr £H 44 >4'^r c~ n n 5: O ln| —i
X- E # 1 9- a a rv h" t—k Bin m »
rv n ion (5 c &a rx□ <h ( ™H

d
rv

P*t mi ft lso fV vr p *8
ft m a f# d ft 44
/> ft o s # iX ft n "fc rv $
° UJ> o s rx□ E gm ft 3 * r i

m d m 1
sir 94- DJ> n a 94- 9t

im 52 -X £f Cf dt 05 -fl e>4
* -4 i 44 44 m M- X- ag 44
r n gm iS # E 04 ft #
A 35 a m >-jVjl >4-4T gm pit iMdWfn
% ft Si m a 4" 1 r i 88 >
w 4 H % M 94- |5 m d a

Cm n n Bin Mm rx□ >4-4f
44 ° 4- 44 # m St 4 1<o 1

$ 1 1 X 04
"r #• # 8 n fc- ° n #V iX m d pfr W rv
d E 0 0 d ft
mi n d a
hI 44 d at fl a rv §f

% >4̂r <-' ag tr 4 l^
5 at 1 d 3F Uf eN a1
sir 04 fV ft pit n °
-x.

Or C" X- 88 ft Kh
5 d s d M m
gm ft & gm rx□ c i_

a gm # n 1
sir rd

50 a 4 a -X

@ 05 04 Mm ft m rv
n >+ 0 4 gm

rv 04 pit 5 ft
E o- 0 Hf i

sCr

ft S -X
44 M, 4 9+
a vJ' Cm —4
m ? ° Zra

CM aS
0 d zZN 8

s
© © © © © ©

H-k
1 rq K zf B4 r S m- 81 -s

rv X % % Ct> ft 4: rv C/3 Bm 9- rv gm 1

% s # rv 1# 81 Sf M r )$ m
ft ft m m- CD 81 a Mm 8
a

ai-

C/3 8
P^t • • m rv 8 32

IN g 5= mi -1 )$ gm rv- d 94:
^7 944 C/3 Ira V ft S’ Bm a 41 &■ z to
$1 0:. 1 5= rv r 1 8 S*

-X
s*
-X r 1 8 8

S s $# ft =c X X 1 d

Or I "-5 m ft n 94 d
C a e>4 i 8 94- rx

□
d % | 5> rx□ 81 Bin h4 T! to

0 f> ft 1
sir

X- ' 1sir 8 M m 8 >° ~A gm -X

ira w -X o # hU 1 d fV 944 4 a 7

# C/3 CO i d s d CO 944 0; 04 s Or
n 9C

I
fa a 4# H-4

944. Bf rv Mm 8T
9r Or, 8 # hI l—l 3D rv # tit »

4 1 mi X' ft 4
lo| 8% II

1-4
II1-4 d CM d w ft 04

rv l-X 1-4 Hi rx□ St 94- 0 0
&ti 1-4 o 8S fie 1sir 0 M 04 ft ft
1# 1-4 C" N—" -X ft ■7 0 gm gm
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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 optimize 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 solids1-4. The principle of selective liquid- 
phase agglomeration is the preferential wetting of a 
specific solid component in liquid suspension, by a 
second, immiscible liquid. The amount of second, or 
bridging liquid, controls the formation and growth of 
agglomerates formed from the selected component. 
Surface tension forces in the capillaries between the 
agglomerated particles bind them together. This technique 

as the advantage of rejecting non-wetted solid impurities 
while maintaining high recovery of 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 character5. 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 requirements. 
Surface chemical characteristics play an important role 
in the selective separation of one component from a 
complex mixture such as coprocessing residue3. 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 American 
Chemical Society, 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 degree of liberation are 
also primary determinants for separation. The degree to 
which a carbonaceous material can be bcneficiated by 
agglomeration is limited by the extent to which the 
ash can be liberated from the material5. Washability 
characteristics derived from float-sink analysis and 
specific gravity fractionation6 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 residue 
provided an empirical measure of ash separation 
attainable. The selective de-ashing of pitch residue from 
a coprocessing reactor was attempted by selectively 
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 Table I. Pitch samples (lOOg) 
were dispersed in distilled water (500 ml) and ground 
using 2 kg of 6 mm zirconia balls in a 25 cm porcelain 
ball mill. The average particle size of the ground material 
was 9.8+1.4 pm as measured with a Malvern particle 
sizer.
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Surface 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 Ka radiation and 
dry samples pressed into indium foil. Survey spectra were 
collected using a pass energy of 188 eV, 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 eV. Atomic compositions were 
estimated using standard programs provided with the 
instrument. During analysis, the pressure inside the 
instrument was always <5 x 10”9 torr (0.67 x 10”6 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 lost 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, 1.4, 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 77.5
n 6.2
N 1.2
S 4.4
Al 4.3“

e 20.5"
Si 3.0“
Toluene-extracted solids (TES) 29.7 f 1.3
Ash at 60CFC (feed) 11.8
Ash at 600°C (TES) 37.3
Average particle size of ash (/im) 10

“ Ash basis

a blender at 250 rev s” 1 for 1 min; thereafter the agitation 
rate was reduced to 150 rev s “ *. Bridging liquid was then 
added dropwise, with mixing, until discrete agglomerates 
formed. At this stage the blending rate was increased to 
200 revs”1 for 2-3 min to facilitate ash liberation. The 
pitch agglomerates were then separated from the 
suspending aqueous phase by screening on a 149 pm 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 pm 
fraction) was returned to the blender and the residual 
carbon was floated using a frother. 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 refuse6. 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 suitability 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 cleaning6. 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 fraction 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 separation may be 
incomplete; some sink material always reports to the 
clean coal product and some float material to the refuse7.

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 tolucnc-extracted solids from coprocessing residue

Specific
gravity
(1)

Individual fractions Cumulative floats Cumulative sinks
Ordinate
Z
(11)

Yield
(2)

Ash
(3)

C
(4)

Yield
(5)

Ash
(6)

C
(7)

Yield
(8)

Ash
(9)

C
(10)

1.4 x 1.5 float 12.3 3.1 19.1 12.3 3.1 19.1 100 37.3 100 6.2
1.5 x 1.6 1.5 10.1 2.1 13.8 3.9 21.2 87.7 42.1 80.9 13.1
1.6 x 1.8 8.3 19.0 10.7 22.1 9.5 31 9 86.2 42.7 78.8 18.0
1.8 x 2.0 17.8 26.0 21.0 39.9 16.9 52.9 77.9 45.2 68.1 31.0
2.0 x 2.2 25.7 39.4 24.8 65.6 25.7 77.7 60.1 50.8 47.1 52.8
Sink 2.2 34.4 59.4 22.3 100 37.3 100 34.4 59.4 22.3 82.8
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Table 3 Comparison of float-sink data for toluene-extracted solids (TF..S) from coprocessing residue and unrcaclcd feed coal

Yield
(wl%)

Ash
(wl%)

Carbon
(wl%)

C,irbon ash 
ratio

Specific-
gravity TF.S

Feed
coal TES

Feed
coal TFS

Teed
coal TF.S

Feed
coal

1.4 x 1.5 float 12.3 50 3.1 12.0 30.6 53.4 99 4.5
15 x 1.6 1 5 40.3 10 1 18.9 27 6 396 2.7 2.1
16 x 1.8 8 3 4.6 19.0 23.7 25.4 4.3 1.3 0 18
1.8 x 2.0 17.8 3.1 26.0 44.0 23.2 2 1 0.9 0 05
2.0 x 2 2 25 7 0.5 39.4 64.2 19.0 0.2 0 48 0.003
Sink 2.2 34.4 1.5 59 4 80.4 7.4 04 0.21 0.005

Table 4 Representative properties of coal lithotypes'

Ash
Lithotype General appearance Specific gravity (wl%)

Vitrain Uniform shiny black 1.3 0.5-1 (mainly 
plant ash)

Clarain Laminated: composed 
of shiny <& dull bands

1.3 0 5 20

Durain Dull, nonrcflccting. 1.25 1.45 1-5 (much
poorly laminated extraneous ash)

Fusain Charcoal-like Soft 1.35 1.45, 5- 10
fragments hard 1.6

0 Ref. 9

typical coprocessing feed 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 unreacted feed coal are 
compared in Table 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 lithotypes8, Table 4, suggests that 
these fractions are unreacted durain and fusain from 
the feed coal. The higher carbon content of the 
remaining fractions from TES, compared with the 
corresponding fractions from feed coal, suggests that 
during treatment in the coprocessor the ash liberated is 
coated with layers of carbonaceous 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 specific 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 5 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 therefore 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

SPECIFIC GRAVITY
Figure 1 Washability curve, showing yield of float product separable 
at different specific gravities

• Sink
O Float

80 *

60 w

- 20

20 30 40
CUMULATIVE ASH

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

fraction (Table 2: column 8 vs. 9). These 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 elementary 
ash curve6, is a derivative of the cumulative percentage
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Table 5 Concentrations (at.%) of elements by XPS

1.5 Floats 2 2 Sinks

c 91.5 + 0.5 85.2 +0.5
o 3.9 ± 0.2 8.7 + 0.4
N 3.6 ±0.3 3.9+ 0.3
s l.O + O.l 1.7+0.2
Ca <0.05 0.5+ 0.1

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 Si is seen in the XPS spectra 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 S, suggesting that 
functionalities such as C-OH, C=0, H0-C=0, C-NH2 
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 CaC03 or oxides of calcium. 
The fact that Ca is observed at all suggests that the 
organic layer covering these 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 state5,9. Several tests were carried out to 
agglomerate the carbon from a wet, ground pitch sample 
(average particle size 9.8 + 1.4 pm) slurried in water, using 
Stoddard solvent, no. 4 fuel oil or dodecanc 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 work1 demonstrated that pH has a significant 
effect on the selective agglomeration of iron in the 
presence of siliceous matter, provided that the siliceous 
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 HC1 or NH4OH. 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 pH 4-5. This improvement in ash 
rejection may be related to the point of zero charge10, 
at which there is in theory no ionized charge at the surface 
of the particles and therefore a maximum carbon

hydrophobicity should appear". This should lead to 
higher carbon recovery by oil-phase agglomeration. The 
point of zero charge for coals varies between pH 2 and 
pH 7 depending on rank, degree of oxidation etc.12. The 
clay minerals illitc, montmorillonitc and kaolinitc, which 
are usually the major ash constituents of coals, arc 
expected to be negatively charged in this pH range1', 
and therefore should remain dispersed in the aqueous 
phase; this would account for the steep rise in ash rejection 
seen iq Figure 6.

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

Effect of oil characteristics. The type of oil used as 
the bridging agent is as important as its concentration 
in the agglomeration of hydrophobic materials5. Lighter, 
more refined oils, having a high alkane content, 
are usually more efficient for selective agglomeration, 
especially when the rejection of siliceous material is an 
important consideration. In addition to their more

pH
Figure 6 Ffleet of pH on beneficiation

Table 6 Effect of conditioning agents on the beneficiation of pilch

Test no. Conditioning agent” pH
Ash rejection'1 
(wt%)

la Blank 6.7 25.4
lb Blank 4.2 39.0
2 Tannic acid (16) 6.7 21.2 (25.4)
3 Tannic acid (30) 6.7 35.3 (25.4)
4 Tannic acid (20) 4.0 33.9 (22.5)
5 Tannic acid (30) 8.0 36.2 (23.0)
6 Sodium silicate 7.0 34.7 (25.0)
7 Tricthylamine 7.0 27.1 (25.0)
8 Sodium oxalate (4) - 229
9 Hydrogen peroxide - 30.5

10 Copper nitrate (3.8) - 23.7
II Ferric sulfate (5.4) - 23.7
12 Aluminium sulfate (4.3) - 28.0

* Values in parentheses represent amount of additive in milligrams per 
gram of pitch; all tests were carried out using Stoddard solvent as 
bridging liquid
* Values in parentheses are data from Fiynrc 6 at various pH values 
for tests without conditioning
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Table 7 Ash and iron contents of various fractions of pitch under best 
separation conditions

Sample
Yield" 
(Wt Vo)

Ash6
(wt%)

Iron content 
of ash*
(Wt Vo)

Feed 100 118 24 ±1 (100)
Agglomerated product*' \ 90 6.9 (57) 29 (77)
Secondary product 8 34.1 (25) 19(23)
Aqueous phase ash from 
agglomeration

2 100(18) 0(0)

“Calculated on the basis of the total of the three products — 
agglomerates, secondary products and aqueous-phase ash — recovered 
* Values in parentheses are percentages of total ash 
r Values in parentheses are percentages of total iron 
d > 149 pm product

desirable wetting 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 compromise 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 purposes5. 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 adsorbecTat 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 arc more likely to be 
collected with the agglomerates, whereas the species from 9
the original coal feed would tend to remain with 10
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 12 
coal matrix because it is itself hydrophobic14,15. Preferential 13 
collection of catalytic iron with the organic concentrate 
is beneficial because it could reduce catalyst makeup )5 
requirements during pitch recycling, as long as it is 
available at the particle surfaces.

CONCLUSIONS

The results of washability studies suggest that the ash 
particles associated with coprocessing residue pitch arc 
finely disseminated and that the ash liberation size is 
< 10 //m. The data also predict a theoretical ash reduction 
of ~ 50 wt%, 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 wl% of the total iron 
in the feed. This would be beneficial, as it could reduce 
catalyst makeup requirements if the pitch 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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