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INTRODUCTION 
Solubilization andor depolymerization are the initial steps of coal liquefaction, coking or pyrolysis. 

Most of the solubilizatioddqlymerization eqeiments pecfamed at rather high tanpabxe in relation to 
coal liquefaction Ldilized a batch maor,  the d e d  autoclave, where the i n t d o n  between the solubiilized 
small molecules and the insoluble macromldes can not be neglected. Fwthmore, it is almost 
impossible to h w  the a d d  d o n  yield at a high temperature using autoclave, because we can nd 
separate the fiac&ion which is soluble at the high tmpmtwe but is pmipated at room tmpml!m h m  the 
residue. The solid recovered at room tempatme afler experiments is the mixture of the resldue and the 
precipitated solid. Blessing and Ross' used a speciaUy designed autoclave which is equipped with a basket 
assembly. Solvent can pen- the basket thmugh the glass 6its fined at the top and the b o r n  of the 
basket. Coal samples were placed in the basket assembly, and the exbat3 was expeded to come out h m  the 
basket through the glass fiits. Unfortunately this trial was unswm&& be*luse the diffusion rate of the 
deposit thmugh the tiit was very small. Flow readors have been used by several inves!igakm for 
the soIubModdepolymerization behavior of coal at a rathm high tempatme. Aida et al.' tried to exbacl 
coal in a flowing stream of solvent with an W specbometer as a detector. This enabled them to monitor the 
proctUds continuously, but detailed analysis of the produds has not been performed because of the 
expeimental difficulty. Kandiyoh et d.56 have heated coal up to 450 "C in a flowing steam of solvent to 
avoid the secondary reaction They have examined the el€& of apaating conditions in d d .  Their 
interest was, however, the hydrogenation d o n  abok 400 "C, because. their main remmh was to 
examine the coal liquefaction mechanism. 

We have recently found that some bituminous coals can be amaded up to 75 % in a flowing non-polar 
solvent at 350 "C without appreciable decomposition.' At rwm teqaaam about a half ofthe exbacl were 
still soluble in the solvent and the rest half precipitated as solid Both the soluble M o n  and the precipitated 
solid were almost tee h m  mineral matters, s ~ g g d n g  the possibility of preparing clean fuel h m  cod in 
high yield. 

In this paper the. solubilizatioddepolymymerization Bcpaiments of eight Apnne premium coals were 
performed at 350 "C in a flow type reactor, where coal samples were heated in a flowing stream of tehalin. 
The purposes of this work wme to &ne the coal structure though d d e d  analyses of the exbat3 and the. 
residue, and to examine the possibility of prep- clean fuels andor raw materials for the subsequent 
conversion The possibbili to decompose fiutherthe soluble, the precipitated solid and the residue recovered 
torn F'ittsbugh #8 coal was also examined. 

EXPERIMENTAL 
Coal Samples Eight coals of the Argonne premium coals were used in this work The analyses of these 
coal samples are given in Table 1. 
Experimental procedure for exiractionldepolymerkation. Figure 1 shows a schematic diagram ofthe 
apparatus used for &on andor depolymerization 100 to 200 mg of coal samples were placed b e e n  
two filters (11.2 mm OD and 0.5 mm opening) in a reador made of Swagelok Tehalin was supplied 
continuously using a high pressure punp at the flow rate of 1 ml/min The pressure was regulated using a 
pressure regulating valve (TESCOM) at 10 MPa The reador was heated at the rate of5 Wmin to 350 "C 
where it was kept for 0 to 90 min, then it was cooled immediately by a dicient  mount ofwerto tmninate 
the so lubMon and/or depolymerization The coal fraction sdracted andor depolymerized at the reactor 
tempaa!m became soluble in the solvent and came out h m  the reactor with the flowing solvent, but a part of 
the solubilized components precipitated as solids when the solvent flow was cooled to room tempmiwe. 
The solid thus precipitated, called "deposit" in this papa; was collected by 3 filters (20, 10, and 2 pm 
Openings) placed in Series just before the. pr- regulating valve. The deposit which passed these filters 
were collected in a Separation trap with the soluble components at mom tempganae. The components 
soluble at room temperahae are called "soluble" here. produd gas was collected in a gas bag, and analyzed 
using a gas chromatograph for the components smaller than C6 hydmcahns in molecular weight Thus 
each coal sample was separated into the residue that is mt amaded or depolymaid, the depoh the soluble, 
and gaseous components. The weights of the residue and the deposit were directly measured aflm 
drying them in vacuo at 70 "C. The weight of gaseous components was c a l M  h m  the analysis using 
the gas chromatograph The rest ofthe produd was regarded as the soluble. 
Decomposition of soluble and deposit The depost prepared h m  PllT was served to the flash hydro- 
pyolysis and the pymlysis in a liquid tehalin to examine the possbiity to decompose the deposit fiutha. 
The flash hydropymlySis was pafonned using a small scale of batch reador at 700,800, and 900 "C at the 
residence h e  of 60 s. The decomposition of the soluble, the deposit and the residue in liquid tetralin was 
peformed using a small batch reador (6 ml in volume). About 50 mg of sample was placed with 5 ml of 
tehalin in the batch reactor. The whole reactor was immersed in a sand bath regulated at a tmpmtures 
h e e n  380 to 450 "C, and kept there for 60 min The produds were separated into hexanesoluble h d o n  
W), hexaneinsoluble and ktratin soluble W o n  (Tds-HI), residue and gas components by a similar 

. 

procedurepreserdedabove. 
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of the produets The soluble, the deposit and the residue were charadalzed ' thmughvalious 
analyses. ultimate analysis and S P W  13C solid NMR analysis' of the deposit and the residue were 
@Oyed using a CHN carder (Yanaco, CHN-500) and a NMR Specbomder (Chemagnetics, CMX-300), 
w e l y .  The gel permeation c h m m h y  (WC) was used to &mate. the molecular weight 
a h t i o n  ofthe deposic because the more than 95 %'of deposit could be s o l u b W  in dimethyKonnamide @m. The packd column used is a Shim-pack GPC-8025 (Shimadzu), and an eluent DhP was s~pplid 
at the flow rate of 0.5 d m i n  The &-assisted laser desorptionlonization timeof-fight mass spectromeby 
W I - T O F M S ;  ShimadnJKrato s KOWACT-MALDI-n) was used to estimate the molecular weight 
distributions ofthe soluble, the deposit, the residue, and the raw coal. 

RESULTS AND DISCUSSION 
changes in yields of soluble and deposit with mueasing temperature and extradon time. Fcgure 2 
shows the changes in the yields of the soluble, the deposif and the residue with increasing tempgabne and 
exmaion time for IL coal. The soluble yield inrreased with the increase of tempemhrre, reached 25% at 
350 "C, and finally reached more than 30 % at the holding time (td of 30 min at 350°C. On the other hand, 
the deposit yield was very small up to 350 "C while temperature is increased, but it inaeased graduauy with 
the hcra of holdmg time at 350°C and finaUy reached about 4oo/o at tf= 60 min or so. The &ease of the 
soluble yield is judged to be b& about through the relaxation of coal sbuchlre upon heating in solvent, 
because most of the soluble was produced below 300 "C, in other words, the soluble was not prcduced 
h g h  decomposition reaction. By keeping the coal for extended time at 350°C relatively large molecule 
components that are soluble in tebalin at 350 "C gradually came cut h m  the coal particles. It would be 
because the intraparticle diffusion rate ofthe deposit is not so fast. 

Figure 3 compares the ultimate produd yields at 350 "C, which were arbitrarily defined as the yields at 
4 = 60 min, for eight Argonne premium coals. The yields of soluble and deposit for bituminous coals, & 
PllT, and UF coals, were vay large. The extra yields for these coals are as follows: 80 %(soluble: 41 %, 
deposit 39%) for UF, 67 % (soluble: 29 %, deposit: 38 %)for PllT, and63 % (soluble: 27 %, deposit: 36 %) 
for IL. Surprizingly, 80 % of UF coal wae amaaed at 350 "C. For the lowest rank coal, ND, the deposit 
yield was very small and appreciable amount of gaseous components were produced. Both the soluble and 
the deposit yields were small for the highest rank coal, POC. These & indicate that decompsition 
&on OCauTed for the lowes rank coal ND, but linle decomposition reaction ocaured for the other higber 
rank coals. Thaefore, most ofthe soluble and the deposit for the higher rank coals are judged to be relatively 
snall molecule compnents existent in the original coal. The small molecules could come out because the 
macromolecular network of coal was relauedthmgh the heat treatment in the solvent. 

These results suggest that the struwe ofthe biauninous coals used in this work is mtherclose to the 
model B of Nishioka (physically assoCiated d e l ) .  9''0 The soluble and the deposit are assmed to be 
physically - each other andor with the residue in the raw coal. 
ultimate analysis and 1k NMR analysii The above discussion clarified that 50 to 80 % of coal can be 
Bctrabed with little decomposition by tehalin at 350 "C for b b o u s  coals. Then the solid producq the 
deposit and theresjdue, were characterized by various analyses to examine the change accompanying the 
&on. Table 2 compares the ultimate analysis and ash content of the raw coal, the residue, and the 
deposit prepared at tf 60 min at 35OOC for P m  and IL coals. Sice  the soluble concamtion was very small 
and hence could mt be slbjeded to the analyses, the numbers for the soluble in Table 2 were calculated by the 
proportional allotmat h m  the data for the raw coal, the residue and the deposit using their yields given in Fig. 
3. Although the ultimate analyses were not significantly different among the raw mal, the deposit, and the 
residue, the hydrcgen content and the atomic WC ratio of the residue WET appreciably smaller than those of 
the raw coal and the deposit As a res& of this difkencq the atomic WC ratio of the soluble was the highest 
This indicates that the soluble is richer in hydrogen than the other M o n s .  The most d m n g d m g  result is 
that the soluble and the deposit contain little ash, which means most of ash remains in the residue. This 
presents the possibility to prepare clean fuel or clean raw materials in a high yield from bituminous coals by 
simple exlmdion 

Figure 4 compares the 13C NMR spectra among the raw coal, the &due, and the deposit prepared at 
tfz 60 min at 350°C for PllT. The carbon dimiutions estimated Iium these spectra are given in Table 3. 
Again the carbon distriiutjon for the soluble was calculated by the pmpodiod allotment h m  the 
distributions for the raw coal, the residue, and the depsit by iLsswning that M decomposition readon OCQltTgi 
during the exhadon Aitlmugb the distributions for the raw coal, the residue, and the deposit are rather close, 
the propodions of methyl groups (CH3) and methylene bridge (-CH2-) are smaller and the propdons of the 
bridgehead carbon (Bridgehead) ~IE larger in the deposit and the residue than in the raw coal. These 
dil€erences reflected on the the dif€"ce in the values ofthe aromaticity i n d q  fa ofthe raw coal, the residue, 
and the deposit they are 0.733, 0.785 and 0.782, mpechely. The calculated carbon distribution for the 
soluble shows that the soluble is rich in methyl gmups and methylene bridge and the the proportions of the 
bridgehead carbon is small, resulting in the anal fa value of0.650. These resvlts are consistad with the 
ultimate analyses shown in Table 2. 

Above results suggest that soluble is the fraction consisting of small and more aliphatic molecules in the 
original coal, and that the aveage chemical SrruChae ofthe raw mal, the residue, and the deposit are very dose. 
This- ' y supports the above discussion concluding that b e o u s  coals were apraded with little 
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decomposition below 350 "C. Then the detailed analyses of the soluble, the deposf and the residue will give 
us a more realistic picture o f b i o u s  coals. 
Molecular weight disbibution of solublq deposit and residue We have clarified that the mol& 
weigtd distribution (MWD) can be well estimated by the MALSI-TOFMS method for molecules less than 
so00 in molec~lar weight by comp+theMALDI and the Gpc iwmmmmh a deposit sohb4iz.d in 
dunethylfonnamide (DMF). ' Then Figure 5 compares the MWDS measured by the MALSI-TOEUS 

forthe soluble, the deposit and the residue prepared 6 u m P m  attf 60 min at 350 "c with t h e m  
of the raw PllT coal. The MwDs for the raw coal, the residue and the deposit are all bimodal having peaks 
at Mw = ca 300 and ca 2200. The Mw ofthe peak position for the larger molecules in the deposit seems to 
be slightly smaller than that in the midue. On the other hand, the soluble consists of only small molecules of 
less than 600 in Mw and the peak position almost coincides with the peaks of smaller Mw in the taw coal, the 
reddue andthe depost. These r& again support the mcdd B ofNIshioka forthe shuchre ofPllT. The 
depoSa and the residue still Contain the small molecule components which muld mt be dissodateed at 350 "C . 
Deromposition of duble, deposit and midue m tebnlin. The soluble, the deposit and the residue 
prepared h m  P l l T  we-e heated in tehalin at 380 to 450 "C in the batch reador to decompose them MS. 
F i  6 shows the produd d i s h i i o n  tJnuugh the decomposition far the deposit. The yields of oil (HS) 
and TetsHI iiaaion inad with inmasing tanperatllreup to 420 "C mondoIIously and the sum of the 
two yields &ed 78 wt %. By fiutha inmasing the tempemwe up to 450 "C a part of the TetS-HI 
M o n  were decomposed into oil W o n ,  and the yields of oil and TetS-HI reached 56 wt % and 22wt??&, 
respeddy. 7 compares the MWDs of the produds at 450 "C, which were measured by the 
MALDI-TOFMS method C O m p e  with the MWDs of the soluble and the deposa, the oil h a i o n  
consktsofthemmponentsderthantheseinthesoluble, themnponentsinTetS-HIMonaresimilarto 
those in the soluble, and the T d  M o n  consists ofthe components smaller than tho0 in the deposit. These. 
results show that the deposit can be fkthcr decomposed into small molecule compoundspst by heating it in 
tehalin at 450 "C. Figure 8 enlarges the MWD of the oil M o n  so as to id- the components more 
easily involved. Most of the oil fiachon consists of the components of = 2.50 to 350. These 
compon~wereJudgedtobedimasofhvoaromati~ringcomponents6umthe'~cNMRanal~is. 

Figure 9 cnmpam the product dism~utions thrcugh the decomposition of the soluble, the deposit and 
the residue at 450 "C. Since 72 wt % of the soluble consisted of oil, the oil yield increased by only 9 % for 
the soluble through the decomposition A small amount of gdsecxls components (CH, and CO are main 
components) were s i m d t a n d y  produced. This indicates that the soluble h d o n  is hardly decomposed at 
450 "C. The residue was c o n v d  into 32 wt % of oil, 1 wt?? of gaseous componem and 67wt % of TetI 
and residue. Figure 11 shows that more than 52 wt % of PlTI coal (daf basis) are converted into oil 
M o n  through the combhation of d o n  at 350 "C and the decomposition at 450 "C in tebalin This is 
very amadive as a coal conversion process, since this conversion process does mt requirr expemive gaseous 
hydrogen These r d t s  with the detailed adyses of the soluble, the deposit, and the midue given above 
clearly show that the unit components composing the soluble, the deposif and the midue are similar. 
Elash hydmpyrolysii of deposit 'Ik above results and discamion showed that the unit shmres of the 
deposit prohced lium PllT coal are two aromatic ring components. Therd the flash hydropymlysis of the 
deposit was paformed to examine the posnbility to convert most ofthe deposit into two mmatic ring 
componeats such as naphthalene, methylnaphthalenes, etc. Elgum 10 shows the effect oftempaawe on the 
product yields for the tlash hydxupymllysis of the deposit. Main prduds were, unexpechdy, CT& and 
benzene, and the total conversion to volatiles was less than 50 % even at 900 "C. Flash hybpp lys i s  over 
700 "C seems to be too sevae to preferdally obtain two aromatic ring components. We are now 
Sramining the possbilay of milder hydropyrolysis conditions for this plrpose. 

CONCLUSION 
Eight Argonnepremium coals were BdraQed in a flowing stream oftehalinunda lOMPa at350 "C. 

B h o u s  ooals, Illinois #6, pmsburgh #8, and Upper Freqm& wae Bdraded by 65 to 80% at 350°C, and 
the exbad was divided into atout 30 to 40 % of soluble (soiuble) at room and 25 to 4G?? of 
prwipitated sobd (deposit) at m m  tanperature. The comiuiion of the deconpmon reaction on the 
exhadion yield is ~&ed to be negleded for these coals. The extradon yields of lower mnk coals, Beulah- 
Zap was not so large as those for the bituminous coals. At 350°C appredable gas formation was observed, 
indicating that the decomposition readion as w$L as the amaction proceed for these coals. The d o n  
yield of the highest rank coal, Pocahom was also d deding its sbudure. Sice both the soluble and 
the deposit were almost ash ike, they will be well lltilized as a starting material of subsequent upgrading 
processes such as liquefichoq pymlysis, and cokrng. 

Thekatment ofthe extradon pmducts prepared 6omPllT coal we-e paformed intebalin at 380 to 
450 "C to examine the possibility to decompose the M o n s  under mild conditions Thmgh the amaction 
and the heat treatment at 450 "C P i t t h g h  #8 coal was into 52 wt % ofoil (hexane soluble). 
ThisisVXyattraCtive as a coal conversion pnxm, since this conversion process does mt require expensive 
gaseous hydrogen The defailed analyses of the emaction and the decomposition products c l e  showed 
thestruchrreo~llTcoalisrepreseraedbythemod$BofN~o~(physicallyassociatedmodel). 
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