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Ol'TIMIZATION C1lE}11S1llY AND PRODUCT ANALYSIS OF SUPERCRITICA.L 

GAS EX11lACTION FOR THE LIQUIFACTIQ;'.J OF CANADIAN COi\LS 

by 

J.F. Prescott* P.Van llostelen*nn<l A.E. Ge6rge** 

ABSTRACT 

· Supercritical qas extraction was çarried out on Forestburg 
. 

subhituminous coal. The presence of excess solvent during the heat-up 

~eriod favoured the yield of coal rlerived liqt1ids (cdl). The yield of 

cdl Has sensitive to the temperature and pressure conditions employed 

duri.ng the extraction with higher · ·yields being obtained at high 

temperatures and higher pressures. 

A ser. ies of supcrcritical toluene extrélcti0ns ·wcre carried out 

using temre ratures ranging from 350 to 450°c ano pressures ranging 

from 1100 to 1900 psig. A simple mathcrnatical ,roclel for predicting 

yields of cdl was derivcd from the results. 

Supercritical gas extractions using oxygenatec1 solvents lead to 

so'l vent degr ada t ion. The yicld of cdl decreased relativP. to toluc 1e 

when paraffinic sol vents 1•1er~ .used. Tetral in used in conjunction i,,ith 
. 

toluenc resulted in an increased yield of cdl and highly oltered char. 

Analysis of cdl showcd that aromatic content incrcased with 

increasin9 temrer,1tures of cxt,r ùction. 

( * ) Rn y lo Chcnd.ca L; Li111it c d, r.drnonton, .,\lh cr tn. 

C") Enr:q:y ll<~Scf\n:h Lnli or:ntor ica, C'J1.W-ŒT , Ei'IC'l'."CY Mi ne11 nncl Rcnourccn, 
Ot: tnwn , C1wndn . 
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I. INTRO DUCT IO N 

The Department of Supply and Services awatded a contract 

{23440-9-9069) to Raylo Chemicais Limited to i.nvestigate the 

feasibility of supercritical gas (scg) extraction of · Canadian coals. 

The contract period extended from April 1, 1980 to Oecember 10, 1980 . 

This contract was a con t inuation of a previous contract {23440 -8- 9091) 

(November 1979 to March 1980). 

A simple semi-continuous extraction apparatus 1-,as designed and 

construct~d and samples of bituminous, subbituminous and lignitic coals 

were _extracted 1,1ith super::ritical toluene during the first contract 

period. The yields of coal derived liquids (cdl) obtained by 

supercritica_l toluene extractions at 400°c and 150Q psig from high 

volatile bituminousC coal v1as 19% on a dry ash free (d af ) basis , 1 7% 

for Forestbur g subbit uminous coal and 17 % for the lignitic coal. These 

results were encouraging and justified the continuation of the 

feasibility study in this contract period. 

The \'lork in this su:nmary report v,as originally reported in Ra,vlo 

Progress Reports numbers VI through XIV . 
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I 1. OGJCCTIVES 

The purpose of this projcct l'iJs to investiQ ate the fe asibility of 

using scg extraction t echniques for the liqu efaction of Canadian coals. 

The obj ect ives were: 

l. to provide data about the relative import anc e of pyrolytic · and 

extraction processes in the scg e,..craction of coal; 

2. to evaluate the effects ·of te!npe rature, pressure, · solvent and 

flov✓ rate on the efficiency of scg extractions of sarnples of 

lignitic, subbituminous and. high volatile bituminous coals; 

3·. to inves t i gate the chemi cal interactions beb1een tol uene and the 

inter mèdiates <_Jenerated by pyrolysis of the coal during the 
• 

course of scg extraction; 

4. to provide suffici ent t: na lytical data on thr coa ·1 liq uefaction 

products obtained under optimized extraction condit ions to enable 

their cvaluati on ; and 

5. to prov ide rec ommendations to E.M.&R. about the further steps 

requjred to assess the c.>eonomic potential of t he scg extraction 

technique on the basis of the publishcd information and the data 

generated during th e project. 

Although the ov err1ll objective of the proj ect 1.,ras to determine 

the effectivencss of scg extraction for the li qucfaction of severa l 

ran ks of coal, it 1.,r as agreed 1-1ith tlle Scientific l\u tho rily (Dr. A.E. 

Gc9rgc ) th J t it v:ou l d lv:? ef ficient to carry out :nos t of the cxpe riments 
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vlith only one ran k of coal. On ce experi111ental trends 1<1ere establ is hed 

and the reaction conditions def incd , t he -other ran ks 1vou l d be examin ed . 

The experiments re l at in g to th e general properties of scg extraction 

we rc performed on samp l es of subbituminous coal. This coal has 

properti es intermerl i ate between bitum inou s and lignitic coals and is 

the most abundant rank of coal in \~est ern Canad a . The ulti mate 

in-pl ace reserves in the /\lbèrta Plains Region are estirnated at some 

360 billion tons and th e ulti rnate r ecove rahle reserves totals 

·approxi ma t ely 80 billion tons (1). Thi.s coal is the most likely 

candidate for scg extraction on a comnerci a1 scale. 

III. 

A. 

1. 

EXTRAC TIO N OF SU~B ITU MIN OUS COAL 

E xper i menta l f1e t hoc! s 

Met hod A: 

The coal sampl e (12 - 24 mesh - 400 grams) V11 as placed in the 

autoclav e , the apparatus assembled and evacuated and 350 millilitres of 

solv ent were introduced . Th e autoc l ave was isol ated and heating 

started. Pressure increased, slm•tly at fir st, but rapid ly in th e 

225 to 300° range due prirnarily to the re l eas~ of viate r fro m the 

·coal. Pr ess ur e in excess of the chose n opera ting pressure (1000 to 

2000 psig) \'l as re l eased as the autoc l avr? conti nu ed to heat to the 

chos en extrëlct ion tcmperature ( 350 to 45 CP ). Th e ti me requi r ed to 

r eacli the orerat i nu tcnipercilure rJnged fro::1 90 to 120 minutes . Rclease 
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of rre ssure 1-.' ilS usual ly requi red at 275°. Solvent 1.,ras lost 1vith the 

relcase of pressure rc su lting in nearly total los s of solv ent_ before 

the des ired opcrilting tempe rature 1vas reached especially if the 

temperat ure was 400° or higher. Hith the loss of solvent, tne coa l 

in effect undenvent pyrolysis in the dry state during · the la tter part 

of the heat-up period. \•lhen the desired operating · temperature was 

reùched, three litr es of solv ent (2.6 kilograms, if the solvent 1-1as 

tol uene) measured at room tem;Je rature was pu:11ped through the system at 

a purTlping rate of 27 to 32 millilitres per minute (23 to 28 grams per 

minute, if the solvent 1vas toluene). 

2. Mettiod B: 

. The above rrocr.dure was modified so that dry heating of the coal 

v✓0uld be eliminated. As venting to con tro l pressure b2carne necessary 

during the .heat-up period, fresh solvent was in troduced into the 

autocl ave by simultaneously starting the sol vent feed pump. The chosen 

operating pressure 1--1as maintained by operating the pressure control 

valve. After the des ired operat ing tcmperature was reached, an 

additional thrce litres of solvent 1-,as pumped through the system at a 

pu rn pi n g rate of 2 7 t o 3 2 mi l l i 1 i t r es pe r :-11 i nu te . The heat- up tir •2s 

1·1cre incr eascd to bet 1v een 105 and 195 minutes due to this procedural 

.modificùtion. 



13. 

1. 

- 5 -

Ex t r ac t i on \~ i th Sure r cr i t i cal T o l u r. ne 

Effect of cxperimental method on cdl yield: 

Table I summarizes the effect of the experimental method on the 

isolatec-i' yield of cdl. At 10\oJ reaction te:npcratures, -the operational 

method has li"ttle effect on the isolated yicld of cdl. Little venting 

1-Jas required to rnaintain the pressure 1vhile reaching the extraction 

ternper ature and the di fference bet1-Jeen the. two oper at i ng method s 1-Jas 

minimized. /\t 4000, diffP.rerices iri yields become more pronounced ' 

especially at 101,, pressures. ra maintain the 101v pressure, much of the 

· solvent h'ê1S lost during the heat-up period. To mainta'in high pressure, 

less venting was required thereby minimizing the essential difference 

betl-✓een the operational methods. The effect v,as most dramatic at 

450° and 1500 psig in 1-Jhich instance 3.4 tinies as much cdl was 

isolated · using Method B compared 1·1ith Method A. In _ gener a 1 , the 

material balance 1vas better usrng Method B 1-,ith the rrost pronounced 

effect observed at 450°. The am::iunt _of char isol ated was de pendent 

on temperature but essentially i..ndepcndent of the extraction method. 

These resul ts tend to show that the extent of coal pyrolysi s .,.,as 

dependent only on temperature. The differ.ent amounts of·cdl isolated 

reflected the heat lability of cdl under the pyrolysis-extraction 

conditions. If the cdl are not efficicntly re;noved from the reaction 

zone, they undcrgo secondary reactions forming gaseous and heavy 

' . . ' 
! : 
' ! . 

1 ' 
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Since the gas evolution ,-,,as not meas ured, the 

l 01-.,,er for extracti ons in 1vhich there ,-.,ou ld be 

l arger amounts of gas formed. Depos ition of the hi9h mol ecu l ar 1•1eight 

mater i a l on the aut ocl ave Hall 1vas not genera lly observed except in the 

'150° - 2000 psig extrac tio n run using Method A. This dej)osited 

material could no t be coll ected and 1veighed thus further contributing 

to the 10\'le r materi a l ba l ance relative to the extraction at 450° and 

1900 psig us in g Method B. 

2. Op t imi zat ion st udies: 

Havin g establ ished the effect of · pyrol_ysing coa l in the presence 

or the ( part i a l) absence of solvent on the isol ated yield of cdl, the 

effect of temperature and pressure was studi ed using extract ion Method 

B. Thi s extraction me t hoc el i mi nated the dr yi ng out eff ect . A set of 

ex pcr i ments 1'/as des i gned so th at the gr eatest amount of i nf or mat i on 

coul d be gained from the least possib l e numb e r of experimenta l runs. 

The t wo indep enden t variables were ea~h specified at five l evels 

(moo ifi ed l3ox -\~il son desig n). ~Th e t emperature r ange 1·1as set from 

350 ° (3 00 above the · critical t cmperature of toluene) to 450° 

(lirnit ed by equipment ). The pressure range v,a s set fr Ôrn 1100 psig 

(yi eld i s knovm to be l ow at this press ur e ) to 1900 psig (li mit ed by 

cq uipmcnt ). \.lith five levels of two i ndcpencient variahles, 25 runs 

would be req uired to t est all the conditions. A satisfactory 

rrsircssi on .:ina l ysis CJn , hov1cver, hc 111acJo on a partial· fact or ial sel of 
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nine cxperirnents with a replicate of the ce ntrt~ l experimcnt to check 

the exper i menta l cr r or. Trie results are sho1-:n i :1 the fol l ov,ing tab l e 

which illustr ates the effects of te111pe r c1ture and pressure on the 

perc ent i so l ated yie l d of cdl and al so t he l ayo:it of . lhe factorial set 

(numbers in brackets indic ate the grams of ch a r rema ining afte r 

· extr act in 9 400 grams of coa l). The co;nple te results are given in Tab l e 

I i . 

Pressure Ternpe r aturé (oc ) 
{psig) 350 375 480 425 450 

1ioo· 14 . 5 
(2 35 ) 

1300. 14.3 17.9 
( 24 2) ( 23 7) 

150Q .11.0 17. 8+0 .5 24.7 
(2 57 ) ( 226~8) (221) 

17()0 16 . 6 21.3 
( 24 7) (224) 

1900 19.3 
· (223 ) 
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The amount of cdl isolated incre ascd ,-.,ith increasing tcmrcrature 

1"1hile lhe amount of char decrr.Jseci \vith incr easing temperature 

confirrning a greatr.r degree of cool pyrolysis at higher ternper.ature. 

The amou nt of. cdl isolated increaseci 1vith increasing pressure at any 

given temperature indicating better extraction effic iency at higher 

pressure. 

Table III shOl·✓ S the amount of cdl i so l ated in var ious temperature 

ranges during the . heat-up . period. One-third -of the total cdl was 

isol ateci during the heat-up period for the extraction - at 350° and 

tv,o-thirds was i so l ated during the heat-up periods of the extractions 

at 450°. · Thesr results indic ate that ·cdl 

101-J temperatures (l ess than 300°) ar.d that 

cdl 1-1ere isolatcd at temperatures belov1 

extractions. 

3. Mathe:natical analysis: 

a) Objectives 

v1ere for;11ed at re l at ively 

rrore than one-half of th e 

400° in this set of 

1. To finrl the relationship betv1een the yield of cdl and the 

temreraturc and riressur e of the scg extraction in order to find 

as simple a physical/chemical expl.rnatio n. of .the effects as 

possible. Th e rnost accuratc mathcrnatical fit was not desircd. 

2. To find out if the ovcrall yield could be intcrpreted as a 

ryrolysis of the coal (t cinpcraturc cicp0nden t ) 1-1ith a separilte 

mcasure of th e efficie:ncy of the cxL r 2ction (tcm;-i 0. r atu re and 

pre c;su rc rl,~pcndc'nt. ). 
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b) Computer program 

The experimental set was devise·d to ineasure the effects of 

temperature and pressure on the yield of ccil. Before the extraçtions 

were perforrTJed, it 1.,ias expe_cted _ that the temperature effect could be 

expressed as a single variable ( abso lute te rn pe r atu re ) but that it mi ght 

be necessary to consider both a linear pressure effect and a pressure 

. s q u a r e d te r m . The ba s 'i s for th i s as s u m pt i o n 1•1 as th a t su p e r c r i t i c a l g a s 

extraction efficiG'ncy is usually considered to. be a functi _on 'Jf the 

density of the extracting fluï"d and the density of the fluid requires a 

pressure squared terr.1 to obtai:1 a goorl regr ession. · Therefore a 

compu t er program 11as ·.-tritten, for a TRS-80 computer, to calculate al l 

the linear and quarlratic regressi0ns necessary to evaluate a cubic 

level multiple linear regression. The results obtained ,-rom this 

program allows the effects of each of the variables to be evaluated and 

in all possible co rnbinations v4ith the others. The progr a:n was al so 

used to obtain equations for the density of the extracting fluid and 

for th~ release of volatiles in t~ermogravirne t ric an alysis. 

c) Results of the mathematical analyses 

i. Ohser~ed yield as a function of ten.) erature and pressure: 

The ob ser ved yield (y, %) of cdl obtai;led at a temperature ( K, 

OK) and a pressure ( p' psig) i s given by: 

y = -72.1395 + 11. C) (K/100) + 6.375 (P/1 000). 

The standard rr r or of th e cs ti111at e i s 8. 93% . · The pr ecision of 
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the cst imale is not improved significanlly hy introduction of a 

pressured squared term. 

The yiclds calcula.t cd from the for:nula are co1npared ,-1ith the 

observed yield in Table IV and Figure 1. 

ii. Solvent density as a fonction of ten1perature and pre.ssure: 

The density of the extracting fluid (D, g/rnl) 1-1as estimated frorn 

generalized compressibility charts using the reduced ternperature and 

pressure (see Appendix I). Th~ density can be re presented by: 

D = 0.8317 - 0.1967 (K/100) + 0.891 6 (P/1 000)
0 

- 0 .22 92 (P/1000)2 

. The standard erro r of the estimate is 0.01. l\11 the variables 

are significant and the regression is exce llent. 

iii. · Observed yield as a function of fluid density: 

These variables gave a scatter diagram \'/ithout a significant 

re9ression. 

i v • Estima t i on of py ro l y si s y i e l c1 : 

The results for a ther :nogravi111etric analysis (see belov,) ,-1ere 

used to estimate the yield which could be obtained by a perfectl y 

efficient extraction . The volatile matter (V, %) at a ternperature (K, 

OK) is given by: 

V = 325.293 - 162. 802 (Y-/1 00 ) + 26 .3 495 (K/100)2 - 1.?.995 (K/100)3 

The st<1ndard error of the csti:nate is 0.91 ~.. In this case, the 

preci sio n of the cstirnatc is imp rovr~d by the inc l11sion of all thre e 
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terms of the equJtion . The amo unt of volatile mattcr released is 

great er th an the possib l e yicld of cdl 'because some of the 1·1eight loss 

observcd in the thermog ravirnetric analyse s over this temperature rang e 

(548 - 873°K) is due to_ dehydration. Various, somevlhat arbitrary, 

corrections have becn app li ed to correct for the liberation of 1vate r 

and so est i mate the hypothet i cal yi el d. 

v. Extraction effici~ncy as · a fonction of temperature ·an_d pressure: 

The extraction efficiency (S, a dec inial fr_action),h•as de fined as 

the observed yield divided by the hypothetical yield • 

. Based on a rough measurcment of the amount of 1'later .li berated 

duri ng the supcrcritical 
• 

toluene extraction at the extraction 

ternperature, it 1-1as decided that the 1rost reasonable correction of the 

hypothetica l yield v✓ as given by V-4. Using this value te ca ·1cul ate 

extraction effici e ncy, it was found that the extraction efficiency can 

be represented by: 

S = 0.3459 + 0.2772 (P/1000)~ 

The standard error of fhe cstimate i s 0.04. Ther e v1as no 

significant regression in tempcrature nor did the introduc tion of a 

temper atu re ter:n in the quadratic equat'.on irnprove the prec isi on . 

vi. Extraction efficiency a~ a function of fluid density: 

Thcse vari ctb l es gave a scatter diagra1n without a significant 

regrcssion. 
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d) Di sc uss ion of the :nathernat ical analyses 

i. Regrcssion Jna l ys is: 

The yield of cdl 1·1hich can be isol :1t.ed by scg extraction of coal 

would he expr.ctcd to increase •;✓ ith tcrnpe ratur e , sincc greater a.nounts 

of vol at il es are formed by p_yrolysis, and 1,1ith pressure, since higher 

fluid density le ads to greater solubility power of the extracting 

fluid. Th e vJriation of the Yield 1·wuld not necessa rily - be line ar v1ith 

the se variables. I.J01·1ever, the observed yi e ld, based on the avail ab le 

experi mentè l data, i s 1ve11 re-pres en t ed by a reg ression linear in both 

temper ature and pressure. The accllr ac _y of th~ regression is 

èomme nsurate with the experimenta l error and close ly predict s the 

actu al yield of cdl in an extraction carried out at 450° and 1900 

psig (Tab l e IV). Thi s is very sat isfact bry but gives little insight 

into the actual extraction awl f)yrolysis :rec hanis 11 . 

i i . Simple rnod el : 

To obtain furth e r insi ght into the se processes, an attem pt was 

made to est irnat e a maxi;num possible yi eld, the hypoth eti cal yield, and 

hen ce obta in a 1neasure of extracti0n cfficicncy. . The hy pothet ic a l 

yield was expcct ed to incre as e with t e;rif)e r2t ure, sirice this is 

de pendent on the degr cc of pyro lys i s, but not l'li th pr es sure. The 

extr action efficiency 1✓ as expectcd to be proport i ona l to . the density of 

the cxtrilcting fluirj cJn d tllr.!refor e dccrcélsc wit.h tc mpc ratur c and 

incrcasc stro ngly 1-1itli pressu re . 
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Thermal l ability of the cdl 1,·as .also expccted to be a factor in 

vie1.,i of the results ohta i nr.ci 1-1hilc ccJrrying out the extraction using 

expcr i menta l Method A. 

Considcrah l e difficulty was expcrienced in assigning a reasonable 

value to the hypothetical yielcL In order to keèp to an experimental 

base, thermogravim et ric ana lysis of the coal was us ec as an indication 

of the amount of volat il e ;nateria l 1'-lhich could be released from the 

coa l at _a_given ternperaturc and make an allowa:1ce for part of these 

volatiles bei ng 1-1ater. By testing a range of corrected volatility 

estimates, it \vas sho1'/n that the effect of temperature and pressure on 

th_e effic i ency of extraction 1'-lere similar fo·r all the case s tested. 

There· l'-la S no significant temperature · cffect and thrre 1-,,as a positive 

:inear pressure effect. Using the '.)es t estimate of hypothetical yield, 

percent volatiles minus four, the extraction efficier'lcy rang ed from 

0.63 to 0.36. 

The si mp 1 e model whi ch ernerges from this admittedly rough 

analysis i s shown bel ov1. As th~ hypoth et ic a l yield is inde pendent of 

pressure, each column ShOl·IS the hy;-,othetical yield for the 

corre sponding te mpe rature. As the extraction cfficiencics were 

ind epencJent of tcinperat ure, each row sho1-1s tt1c extraction efficiency 

corre s ponc1ing to it s pressure. The cntrir.s in the table are thr. yield 

of crll calculatcd from th e rnorlel and , in brackcts, the yi e lri found 

c x p (~ r i m c n l a 11 y • 
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Temp ( C) 350 

Hypo ylcl {%) 15. 5 

Pressure Extraction 
efficiency 

(p sig ) . (fr act ) 

1100 0 .65. 

1300 0.71 

1500 0.76 11.8 
(11.()) 

1700 0.82 

1900 0.87 

ii i. Further devel opment of the mode l: 

37 5 

19 .2 

13 .6 
{14 .3) 

15.7 
(16.6) 

400 

23.0 

15.0 
(14. 5 ) 

17. 5 
{l? . 8) 

20.0 
(19.3) 

425 450 

26.S 30.5 

19.0 
(17.9) 

22.0 

23.2 
(24.7) 

(21.3) · 

26.5 
(25.4) 

The simple model gives a good representation of the experimental · 

results but the simplicity is prohahly deceptive. The bulk of the cdl 

were obtained early in the extraction, much of it being obt a ined before 

the 1·t0rking te1nperature 1-1as reached (T ab l e III). In ea c h case the cd1 

were being extracted as thcy were f.îrmed by a fluid of decrea s ing 

den sity sinc e the te mperature is incrcasin~ 1-1hile th e pres s ure. is kept 

const ant. As tne ex ocriments covered a range of pressures and 

temperatur es , th e f1uid densities during Lhe he at -up µe riods wcre 



- 15 -

di-fferen t in different cx;)cri!'1cnts . Furthcr \'/O rk 1vill be necessary to 

design, construct and operc1te an cx;,eri111cnta l_ unit 1-1i:.h a high lieat -up 

rate in order to invest ig ète the process in 1Dre depth . 

4. Other · extraction exper imen ts: 

a) Cont inuous cdl rernova l 

I n on e ex p e r i i1l en t , th e s o 1 v e n t fl o..,,, a n ci th e h e a t e r w e r e 

s i mu lt a n e o u s 1 y s t a r t e d . a n d th è c o a 1 ·,·1 a s ex t r a c t e d a t 1 5 0 0 p s i g w i t h 

tol u,ene throughout th e temcie rature range fro:n 25 to 394°. The 

extract was collected every ·ten ~inutcs and the weight of cdl 

determined. The results are shovm in Figur e 2. Each fracti on 

represents the· passage of 240 gra ms of toluen e through the coal bed . 

The yield of char 1-1as 226 gra ::1s, r::om;:iar ab l e •r:i'.:h all the extractions 

c arried out at 4'J0° ; th e yie ld of cdl 1vas 56 . 9 grams (21 % on a daf 

basis), sorne1vhat greater than for ot he r extractions at 400° , and th e 

materia l balance v1as 93.2 %. 

lhe results shov1 tha t 13 . S~~ of the total cdl •,vas ext r acted before 

the critic al tempe ratur c of to l uene (321°) 1-1 2s reachecl. The coa1 

starts to und c rgo si gn{ficant pyrolysis at 1~0° .as shown by the 

incrcasing y ie l d of cdl. Iri the r ange of 234 t') 2670 , a l cî rg ~ am-'.::>trnt 

of cdl is libe ratcd i nd ic at in_g th e release of a lcrgc arnount of a 

spccific class of compounc1 . Th e grcotes'.: a:11ount cf pyro lysis takes 

p lace in th e 350 to 3800 ran ge . An c1c1 diti ona l 0bse rvati on v1as that 

th e hul k of t he vi nte r v1 i:S rc l easccl in the 250 t. 0 ?~0°. r a ng e . 
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The highest yicld of ccll for ari extr,,ction carried out at 4000C 

anci 1500 psig occurecl in this experb1ent. This gives a further 

indication that cdl are heat lahile materia l s and efficient remova l 

fro!n the rcaction zone is necessary to maxi!llize their iso1ated yields. 

b) Effect of fluid feed rate on isolated cql yield 

An extraction 1</aS carried out using Method .ri. at 400° and 1500 

psig cmploying a tolucne feed rate of 36 grams/~inute. The results are 

compared with those ~btained for an extraction employing the same 

experiri1ental conditions except that . the toluene feed rate 1•1as the usual 

ràte' of 24 gra·ns/rninut.e in Tatl-2 V. 

The char yield 1</as insensitiv<2 to flow rate. The isolated cdl 

yield was significa~tly greater for the extraction e~ploying the faster 

feerl rate. The se results are indicative of th e lability of cdl and the 

necessity o"f efficient rernoval of these :.1aterial s from the reaction 

zone in order to maxi:11ize the isolated yield. 

c) Extraction of dewatered coal 

Subbiturninous c:oal (400 grarns) v,as heated to 275° under 1500 

psig nitrogcn pressure . The 1-,ater present in the coal came off as a 

liquid and the coal pcJrticles rc rna i:wd intact under these conditio • s 

(vapour rrcssure of water is 865 psi a at 275°). The heated coal .· v1as 

sv,ept v,ith nitrog 1.:n , 1-1hilc mai:1taining the pr essure, to rernove thr. 

1·1ater. The amount of 1-121ter isolc"ilr.rl v1as 35 gra111s ('.2l.2o/., ), an am:itrnt 
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1vhich agreed very 1·:e ll v-lith the moistur~ cont ent of this coal as 

dctcrmin r.d by proxi :nJ te ana l ysis (2L5%): The rcactor 11as cool ed , th e 

ni trogcn 1\!as relcas ed and the reactor 1\!as charged 1\!it h 350 millili t res 

of toluene and reh ea ted • . The rate of pressu re i nc r ease during the 

_h eat -up per iod 1-: as cons ide rably sl01ver th an for the as received coal 

and a pressure of 1500 psig was re ac hed at 37 5° (c ompa r ed with 275° 

for the as received coa l )_. Th e ex tr act ion 1·1 as ca rri ed out . using Method 

B. 

The amount of char remai ni-ng v1as 234 grams 1-vhich compares wi th 

the extractions of . as received coal carriec'. out under simi lar 

extraction conditions (234 and 218 grams). An additiona l 25 grams of 
• 

v,ater 1-,as isolated to bring the tota l 'date r liberated to 110 gr ams , the 

sanie 2s for extractions of as recei ·, ed coa l. This indic ates . the 

initial 85 grams 1-1as physica ll y held ,.,,ater 1·1hi l e the rema ining 25 grams 

is che,nic a lly form ed 1"1 ate r. The amount of cdl 1va s 39 gra:ns , lower than 

for extractions of as received coa l under simi l ar extr c1 ction condit ions 

(4 9 . 4 and 47 .0 graa1s) . The l o1vcr - yield may be caused by degradat i on of 

the coal dur ing th e dry heati'1g per i od or may i ndi cate th at wate r is a 

bencfi ci a l co - so lv cnt for scg ext ri:lc t io n--. of coal, a propè rty al 1 uded 

to by other l'IOrker s (2). 

C. Supcrcritical r.xtraction us ing so l vr. nt s othr.r '.:hi:ln to l uenc 

Tolu cnc vt as choscn as the ht1sc solvent fo r the investig a tion of 

the cffoct of various paramct.crs 0'1 the sc~J extracti on of coal bccause 

this solv('nt is kno1·:n Lo be .-i ~Joocl so l vr.nl for clis~.o l vin9 crll anc1 i s 
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gcnerally thought to be incrt und e r the extraction conditions . . The 

cffects of so lv ents other than toluene on the li quefciction of coal and 

the isolation of ccll v1cre briefly studied. 

T h e fol l o ,.,, i n g s o l v en t s 1-; e r e c h o s c n fo r s t u d y f o l l o l'I i n g 

consult ation with the Scientific Authority, Dr.A.E. George: 

tetralin (t etrahydronaphtha lene) since it is known to be a 

relatively effective hydrog en donating solvent; 

isopropyl a lcohol because the hydrid e donation chemistry 

associated with it is said to have a beneficial effect on coal 

li quefaction (3); 

methyl ·ethyl ketone because · thi s sol vent i s kno1-;n to readil y 

di SS O l Ve cd l ; 

90% p_-cresol /10% vtater is a polar sol vent known to be a re act ive 

liquid phase so lvent f or coal (wat e~ was added to make the 

_e-cr esol li qui d); 

the paraffinic solvents ~-dec a ne and ~-heptane since these are 

pro bab ly inert solvents not e.ntering into or influencing the coa l 

ther mo lysis reaction. The paraffinic solvents 1-1ould be expected 

to have similar solvent pov,ers for cdl but v1ould have different 

densiti es und cr the sc9 ext r action condit i ons , vrhich could offer 

an indication of the effccl of solvent dcns ity on cdl isolati on . 

Rcsults of extractions carried out with the ahove solvents are 

s 11 mm élr i z cd i n T a b l e V I. 
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1. Extraction v1ith tetralin 

The high critical ter.1perature of tetralin (Slo°C) precluded the 

use of this rnë1tcric1l as . an extraction solvent. 

used · in conjunction with toluene. 

I t can, hOlvever, be 

In this extraction experiment, the subbitu111inous coal was heated 

ivith 370 grams of tctralin. During the heat-up period, the external 

reference temperature of the autoclave increased steadily. The 

internal autoclave temperature, howeve r, showed sharp tempe rature 

increases at temperatures hi•]her than 2000, the temperature at which 

coal . starts to undergo active thermal decomposition. This contrasts 

sharply with the behaviour during the heat~up in the presence of 

t o l u e·n e • I n th e p r e s e n c e of t ci hi e ne , t h e i nt e rn a l au t oc l a v e 

t.emperature incr eased steadily, paralleling the reference temperature 

(see Figure - 3), and no sharp temperature increases are noted. The 

difforence in thermal behav iour provides strong evidence for scveral 

exoth er rnic reactions taking place above 200° betvieen tetralin and the 

coa l. 

Rapid pressure fluctuations accompanied the rapid temperature 

fluctuiltions. At 300°, the increas e in pressure ran9ed from 150 to 

500 psi pcr minute maki ng pr ess ure control at 1500 psig difficult. The 

pres s ure fluctuiltion subsiderl at 3300, the point at v1hich internal 

and refercnce t emperilt ures coincide . The autoclave was prouably "dry" 

at tllis point. 
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Extraction 1-1ith toluenc \-Jas started at 400°. Table VI shows 

that the amount of chM remaining \'las · 176 grams, considerably lo1·1er 

than the arnount of char remaining after scg extraction in h'hich toluene 

was the sol vent present du.ring _the heat-up per iod. This ·indic ates that 

the coal had undergone a greater degree of pyrolysis. Analysis of the 

char ( see belo11) indicates changes not evident in the chars of coal 

extracted 1-1ith other sol.vents. · Coking of the ch ar was noted. 

The crude cdl contained unreacted tetralin and the product of its 

dèhydrogenation , naphthalene. · A gas chromatographie analysis, to 

estimate the content of these materials in the mixture, was developed 

so that the amo~nt of isol ated cdl could be determined. The amount (85 

grams) v,as 31.4% of the coal on a daf basis. 

The resu l ts show thctt the ô:nount of cdl ca n be strongl y 

influ enced by the presence of a reactive so lvent. 

2. Extraction 1-1ith isopropyl alcohol (IPA) 

The extraction 1-1ith IPA (Tc = 235°; Pc = 47 atm) was carried 

out using experirnenta l Method A. No extraordinary ternperature or 

pressure effects 1-1ere noted (see Figure 3). The 1-1ei ghts of char and 

cdl - are similar to those obtained by to1uene extraction . The char was 

very soluble in pyridine and. had an atomic hydro gen to carbon ratio 

similar to that of the starting coa l (s ec be lo,,.1). This suggests that 

the so lv ent do r.s take part in the thermolysis reaction. The low 

'density of IP/\ und er the extraction conciiti ons (0.lG g/ rn l) may have 
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resultcd in the redcposition of cdl on the char. 

A l a r g e a mou nt ( l 7 0 rn i 11 i l i t r e s ) of v o l a t i l e mat e r i a l w as 

coricl enscd in a dry ic e cold tra[) during the extraction. The bulk of 

this liquid evaporated \'lhen the trap 1vas · allov!ed to warm to room 

ternpcrature . Based on this.· observation, this by-prod'Jct was 

tent at. ively identificd as propylene (b.p. -47.4°) rcsulting fro m the 

dehydr at ion of IPA. If this te:1tative conclusion is correct. then IPA 

would not be suitable as an extraction fluid . . 
3. Extraction with · methyi ethyl ketone ( MEK ) 

The extraction \'lith MEK (Tc= 262°; Pc = 41 atll)) v,as carried 

out us i ng exp~ri mental Method B. This extr action lead to exce s sive 

amounts of tars the bulk of which v,ere ·solvent derived. The amount of 

char (252 grams) ·r1as high, possibly due to high molecular weight 

polymers derived from sol\·ent polymerization being deposited in the 

char. No further work using this solvent is anticipated. 

4. Extraction v1ith 90% .e_-cresol /10% \'later 

The addition of water (Tc= 374°; Pc = 218 atm) to _g-cresol (Tc 

= 432°; Pc = 50 .8 atm) . 1;1as requi red to faci l itate pumpi ng of the 

solvent. The critic al temperature and pressure of the mixed solvent 

· v.ias est imatcd to be 420° and 80 atmosphercs. The extraction was 
. 

carricd out cmploying cxpcrirncntal Mcthod 13 at 450° and 1900 psig. 

The amount of char (1 99 grams) 1•1as less than that obtained for tol uene 

cxtrc1ctions but more than th Jt obtaincd for the tctra l in/tolucnc 

cxtr act i0n (17G gr ,1111s ). This \'✓0uld indic c1t e that _E·•Creso l is r,Y.)re 
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effective than toluene as a solven t for coal li quefact ion but less 

effective th an the tctralin/toluene system. /\ consider ab le amo unt of 

coking was observed in thé char. 

The isol ated cdl \'1ere contaminated 1vith _r-cresol. The amoun'1- was 

estimat ed by agas chromatograph ie t ec hnique s i mil ar to that deve loped 

to estimate the amou nts of tetralin and naphthalene. An estimated 

amount of 226 gr ams of produced liquid vias isolated. The mater ial 

bal ance o-:- -132% clearly indicated that a subst ant ial amount of the 

liquid w~s solvent derived. 

' A large difference between the internal autoclave tempe ra t ure and 

the external reference tempe r atur e 1-1as observed v:hen 90% E_-cresol/10 % 

v,ater 1-rns subj ected to the extraction conditions in the absence of 

coal. The presence of a positive peak at temperatures exceeding 230° 

(Figure 4) fodïcat ed that an exothermic reaction 1·1as taking place. 

Sarnples of the recov ered solvent condensed after passage through the 

autoclave ta ke n at 15 minute intervals were spotted on thin l aye r 

si 1 ic a gel plates and el uted v1ith 15% ethyl acet ate/hexane. Each 

sam pl e had a component l'lith a lower Rf value than the _.2-cresol as wel l 

as a spot at the origin, both of which v,ere absent l'the n the unhe ated 

_e-cr eso l/\'later mi xt ure was spott.ed on the plate. Both these 

·ob servat ions indic ate that _e-cresol re act s v,ith itse l f in the abse nce 

of coal at the extraction conditions. Thc~sc react ions v1ould probt1bly 

he cnh.:incr.d in the prescncc of coal. The reactivity of _r-crcsol has 

also bcr~n ob:; crvcd by v1orkcrs al the Br ili sh riation a l Coa l f3oJrd (4) . 
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All the oxygenated solvents studied have reacted under the 

extraction conditions. Therefore these · sol vents cannot be considered 

useful as. supercritical extraction fluids. They may, however-, be 

useful in modifying a ba·se solvent resulting in a 11XJre efficient 

' liquefaction/extraction process. 

5. · Extraction with paraffinic solvents: 

Subbituminous coal · 1vas extractcd 1vith the paraffinic sol vents, 

n-heptane (Tc = 2670; Pc = 27 atm) and n-decane · (Je = 3440; Pc = 21 - . 

atm), using experimental Method !3. The arnounts of char remaining were 

_similar to that obtained by toluene extraction. The amounts of . cdl 

isolated 1-Jere co!'i siderahly lov1er than the amounts obtained by toluene 

extraction. This probably reflects the 1-1eaker solvating power . of 

paraffinic sol vents for cdl. Deposition of cdl in the tubing and _the 

catch pot was observed when paraffinic solvents were used but was never 

observed when toluene was employed. The weaker solvating power of 

paraffinic solvents results in less efficient removal of cdl from the 

reaction zone leading to secondary reactions. 

The amount of cdl isolated from the n-decane extraction was 

1 argcr than the a.nount isol ated from the _!2-heptane extr-action shov✓ Ïng 

that decane is a better solyent for dissolving and solvating cdl 

possibly because it is a more dense fluid undcr the extraction 

conditions cmployr.d (dcnsity for n-decane 0.40 g/1111; for ~-li ept ane 0.28 

9/1111). 
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IV. AN/\LYSIS OF PRODUCTS 

A. Coals and Ch ars 

1. Proximate and ultimate analysis: 

/\ l l th e ch a r s su bm it t e d for p r o x i mat e and u lt i mat e an a l y s i s vl e r e 

derived from scg extractions carri ed out using extr action Method A. 

The results are sur,rnarized in Tables VII and VIII. After tol uene 

extraction, the res idu al volatile matter in the char 1._ras . lower than the 

vol at i 1 e content of the coa l • The volatile content of the chars 

· decreased 1•1 ith increasing extraction temperature and with increasing 

extraction pressure. The temperature effect can bè . explained by 

i .ncreased pyrolysis of the ·coal and the pressure effect by improved 

extraction with denser solvent. 

The res i dual volatile mat ter was l ov1er after · the IP A and 

tetralin/tolucne ext ra ct i on . Both these solvents are re act ive solvents 

and may have altered the coal structure. The tetralin/toluene 

extraction had also resulted in much greater amounts of isolat ed cdl. 

All the extracted dry chars - sh01,Jed an incr ease in calorific val ue 

over the dry co al. Thi5 increase v1as greatest for the char resulting 

from tolu ene extraction at 4500 and 1500 psig and le ast for the char 

· resulting fr om the tetralin/toluene extraction. There does not seem to 

be any obvious re lati onsh ip b~tvleen changes in volatil e matter and 

changes in ca lorific value. 
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Th<?te 1·1ere decrcases in oxygen ·and sul fur content and increases 

in carbon and nitrogen content in the chars from all sources relative 

to the coal. The hydro·gen content decreased for the ch ars · resulting 

from toluene and tetralin/toluene extractions and the atomic hydro ge n 

to carbon ratio decreased significantly relative to the coal. The 

hydrog en content increased for the char resulting from IPA extraction 

and the atomic hydrogen to carbon ratio decreased only slightly. This 

indicate s ·that IPA donates hydrog en to the coal. and suggests that this 

solvent, or other·s like it, may be useful co-solvents for maxiniizing 

the isolated cdl yield or for upgrading cdl qual ity in scg extractions. 

· 2. Thermogravimet ric analysis (TGA): 

Figures 5 through 8 show th e TGA of the three types of coal and 

of chars obtained from supercritical toluene extractions of these 

coals. The · e·xtractions on the high volatile bituminous C (HVBC) and 

lignitic coals viere reported in the summary report of the previous 

contract period. The sc curves shol'✓ the thermal characteristics of each 

individual coal. A number of conclusions may be dra1-m. 

a)_ /\11 the coals start to lose weight imnediate ly (Figure 5). This 

i s most pronounced for HVBC coal and least pronounced for t: :e 

lignite. This rapid iJ1itial loss is due to loss of surface 

moisture. 

b) Active thermal dccomposit ion, chart1ctcrizcd by an incrcased rate 

of 1-1eiullt l oss, starts at 2700 for the subbituminous and 
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lignitic coals. This stage is characterized by rapidly 

increasing pressure during the extraction of these coals. Active 

thermal decornposition starts at 310° for the HVBC coal. 

c) The chars from all t!1e coals obtaincd by sup ercritical toluene 

extraction at 400° sh0\'1 imnediate weight loss during the 

initial heating stage. The weight loss up to 110°, the 

temperature at which moisture is determined i_n proximate 

analysis, corr,elates 1>/ell 1'lith the "moisture content" of the 

chars as determined by proximate analysis. Both measurements of 

weight loss are probably due to desorption of adsorbed solvent. 

d) The char obtained from H\/BC coal starts to undergo an increased 
• 

rate of weight loss at 300°, about the same temperature as the 

coal. Ho ... ,evcr, v-1eight ~oss is not as rapid. The char obtained 

from toluene extraction of the subbiturninous coal starts ·to 

undergo an increased rate of v1ei ght loss at about 3500 compared 

with 270° for the feed stock 1-,hile the char obtained from the 

lignite shows an increaserj rate of weight loss at 400° as 

compared with 270° for the starting coal. These observations 

suggest t.hat the pyrolysis and scg extraction of lignite •r'fas most 

complete 1-,hi le that for .the HVBC coa·1 \'Jas lcast complete. The 

percent loss of volatile matter (prox i mate analysis) were 43% for 

lignite and 39% for subbituminous coal. Unfortunately, the 

proxi matc an alysi s of the char obt <1 incd from the HV GC coal 
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cxtracted at 1100° is not available. Ho1vever , a char obta i ned 

by supercritical toluenc extraction at 350° and 1500 psig 

shov,ed only a 5% loss of volatile material. By way of 

compar_ison, the char obtained by extraction .of subbituminous coa1 

under the same conditions sho1·1ed a 17% lo ss of volatile matter 

(Tabl e VII). 

e) The thermograv-imetric curve of the char derived from hea,ting 

subbituminous coal in the presence of tetralin is drastically 

altered compared v,ith the curve obtained for the starting coa l 

showing that a - significant change had taken place in this 

instance (Figure 6). This ,,,as evident from a 55% reduction in 

volatil e matter and further confirmed by petrographic stu_dies 

(see below). This shows the influence a reactive soïvent can 

have on the liquefaction/extraction process . 

3. Petrographic analysis: 

The petrographic analysis of coals and chars were carried out by 

Mrs. Judith Patter at the University of Saskatchewan, Regir,a. Her 

compl ete report 11✓ as attachcd as an Appendix to one of Raylo 1 s rnonthly 

progress rcr·orts (5). 

The saniplcs subrnited for _p2trography v,ere three coal samples: 
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22/230-SQ-8-30019-H- HVGC; 

-S- subbituminous; 

-L- li9nitc; 

and a numb er of char s: 

22/230- SQ- 8-30019-HCT- supercritical to l uen e- .extraction of HVBC at 

-LCT-

-SCT-

-SCL-

400° and 1500 psig; 

supercritical toluene extraction of lignite at 

400° and 1500 ps i g; 

supercri t i cal tol uene extraction of 

subbituminous coal at 400° and 1500 psi g; 

subbituminous coa l heateci to 400 ° in the 

presence of tetralin follow ed by extractio~ with 

toluene at 400° and 1500 psig; 

-SCD- supercritical n-decane extraction of 

subbituminous coal at 400° and 1500 ps ig. 

Taking the degree of vesiculation as an indication of 

devo latiliz ation and, therefore, a measure of degradation, 

superc ritic al toluene extraction at 400° and 1500 psig was most 

effective for HV BC coal, of inter med i ate effectiveness for lignite and 

least effective for subbituminous coal. The daf yi eld of cdl from 

thcs e extrt1ctions wcre 19.0%, 17.4% and 18 .2% re spcct ively (s ec Table 

IX). The degrce of ve s icul ation ctoes not aprcJr to corr el ate with 

percent cdl yicld, nor with the changes in vo la t ile matte r as 
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determin ed by proximale analysis, nor with the TGA curves (see above) 

1-1hen comparing differ cnt rank s of coal. · On the other hand, if deg ree 

of vesi cul ation is indeed a meas ure of the completeness of formation 

and extraction of vol at il esr then the cdl yi eld from HVBC coal is about 

as compl etc as can be exµected 1vh ile the yi eld from subbituminous coal 

could be and indeed can be improved a great dea l. 

and 

S upercrit i cal n-decane extraction of ·subbitumi nous· coa 1 

1500 psig sh01't'ed only 22% 1:esiculation,. none of· it 

at 4000 

highly 

vesicular, indicating that the decane extracted coal had undergone less 

devolatilization than the toluene extracted coal (32.6% vesiculation). 

Th_e yields of c~l v,ere 11.8% and 18.2% resp ectively, shovdng; in this 

case, correlation with petrographic results (see Table X). 

The residue from tetralin/toluene extraction was most highly 

altered showing coking of the char, a highly vesicular char and 

possibly redeposition of cdl · on the char. The latter could be due to 

the "dry" heating of the coal before tolu ene extraction was start ed 

( see ab ove). 

Additional ob servat ions sugg est that penetration of the coal 

particl es by supercritical gas is good, agreeing with a literature 

stat ement (6). The rcsults also sugges t ed that some coa l particles had 

not bee n cont act cd with supercritical gas indica t ing un eve n gas 

distri but i on within the re actor. 
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4. Pyridine so lubl e rnaterials: 

Blcssing and Ross have suggested that coal thern1olysis rates are 

enhanced in the prcsence of a solvent and _took the increase in the 

amount of pyridine soluble material in the coal products as an 

indic ation of this phcnomenorn (3). Pyridine is a specific coal solvent 

1.,,hich can dissolve up to 40% of a coal und er certain cond itions. The 

extraction yields are • strongly depe ndent on . coal composit ion and 

extraction procedures (7). 

Table XI summari zes the aniounts cf pyridine soluble material from 

Forestbu rg subbituminous. coal and of the products derived frorn this 

coëil by supercritical solvent extraction._ The cdl 1-1ere totally soluble 

in pyridine and the colurnn "cdl" represents the percent yield of cd_l 

obtaincd from daf coal. The solubility of the daf char was 

substantially lov,er than the solu bi lity of the coal except _for the char 

deriv ed frorn supercritical isopropyl alcohol extraction. The ultimùte 

analysis of this char (Table VIII) shov1ed an incr eased aroount of 

hydrog eri compared 1-1ith the coal ùnd- an atomic hydrogen to carbon ratio 

sirnil ar to that of the coal. These result s may be indicative of 

red epos i tion of cdl on the char due to the very loi', density (0.16 g/rnl) 

of the supercritical gas and hence expected poor solvent pov,er of IPA 

for ccll at the extraction conditions. \./ith the exceotion of this case, 

the ch,1r so lubility contrihuted vc ry littl e to the total product 

solubility. Thcrc wi1s no corrcl ê! lion bctv;ccr, cxt r acti-on condit ion s and 
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I 

char solubility for the ch ars deriVed from su pcrcritical toluene 

extraction. The amo unt of p_yridine solubl e s in these chars is 1.08% 

v~ith il standard deviatïon of 0.37%. The tot a l amount of - pyridine 

solublè _ material in the products 1>1as greater than the a;munt of 

p_yridine soluble material in the starting coa-1 _ in cvery inst ance. 

For supercritical toluene extraction, Blessing and Ross obtain_ed 

from five to twelve percent pyridinc soluble materials from their 

chars, ccnsiderably mor,e than the pyridine soluble material _obtained 

from our chars (less than t\--/0 percent). These \\'Orkers used a batch 

mode · for supercritical gas extraction resulting in a liquid-solid 

seµaration of cdl. This procedure has a very high potential for 

redeposltion of cdl on the char. A semi-continuous supercritica -1 gas 

éXtr.:iction mode removes cdl from the coal as it is forrned resulting in 

an efficient gas-solid separation having little potential for 

redcposition of cdl. 0etermination of the total amount of pyridine 

soluble material in the coal products would t)~ an i mportant ind icator 

of coal conversion 1-Jhen operating in a batch rrode but has little value 

when operating in a semi-continuous or fully continu ous mde. 

B. Analy s is of cdl 

1. Fractionation: 

The cdl isolated from the extraction rroce s s ah1ays contain some 

solvent. To cnsure th at cdl v1cre solvcnt fr ec, thcy 1-,cre plac cd in a 

short p.:it h distill ation .--irr arr!tus <1 nd the fla sk · 1"1t1s hc ated to 200 + 
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10 ° for 30 mi nu t c s . Gas chromatog raphie analysis of the distillate 

indicat es the presence of a number of ·volatile components (b.p. less 

than 200°) in the cdl. No attempt was made to ident i fy or quanti fy 

thcse components. The residue was then fraction ote d int0 benzene 

insoluble material (pre asp haltcnes), ben ze ne soluble but pentane 

insoluble material (asphaltenes ) and pentane solubl e material following 

a published procedure (8). 

Since only th e pentane so ·1uble portion 1-1as suît ab le for 

_spectroscopi c an a 1 ys i s, the above procedure was streaml i ned to 

fractionate the cdl into pentane soluble and pentane insoluble 

fracti ons using • a procedure very similar · to a published procedure (9). 

The effect of the supercritical gas extraction conditions on . the 

relative amounts of pe,"ltnne soluble and pentane inso luble fractions are 

tabulated in Table XII. The data sho1-1s th at there is relatively more 

pent ane soluble material in the cdl de rived from supercritical _!2-decane 

extraction than the re is in cdl derived from supercritical toluene 

extraction. The data is too sparse to shov1 any trend in the relative 

amounts of these fractions with extraction conditions for the toluene 

ext'ractions. 

2. Infrarcd spectroscopy: . 

An infrared (ir) spectroscopie: analytical method for the 

estimëJtion of th e percent paraffinic, naphthcnic and arornatic carbon 

prc scnt in hcëJvy oi ls has b2cn ck~s cri-bC"d in the li tcrature (10). 
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The absorbance at 2850 cm- 1 ( met hy le ne C- H str·etchi ng 

frequency) is used to calculate the amoünt of paraffinic carbon and the 

absorbance at 1600 cm- 1 (aromatic double bond stretching 

frequency) is used to calcul ate the aromatic carbon content. 

Regression equations are 9i.ven for both these relationships and the 

naphtheni c content is calculated by difference. Figures 9 and 10 show 

typical ir spectra ob.tained ·for the pentane soluble fractions of cdl 

and Table XIII su rnma rizes the results of the ir.analysis. In crl, the 

· · absorbance at 2850 cm- 1 is · small resulting in zero or negative 

paraffinic carbon content when the absorbance value is substituted into 

the equ at ion~ The cdl contain substantial amounts of carbonyl 

containing material which absorb at about 1700 cm- 1 and large 

amounts of aromatic C-0 boncis 1-1hich · absorb in the lf'.500 cm- 1 

region. Both thcse absorbance bands interfere Hith the . aromatic carbon 

double bond stretch i ng frequency at 1600 cm- 1 . Thes e i nterf eri ng 

absorbance bands make the absorbance measurement at 1600 cm- 1 

unreliable le ading to high estimates of the am~unt of aromatic carbon 

(Table XIII). 

The i !" spectra of cdl are compa re c 1vith the ir spectra of oil 

obtaincd by supercritical propane extraction of Athabasca oil sands 

(Figur es 11 and 12). The se spectra do not cont a in significant carbonyl 
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absorbance in the 1700 cm- 1 region and shov, a stronger absorbance 

at 28S0 cm- 1 . The amounts of the various çarbon types estimated 

from the ir spectra are ieasonable. 

The i r rnethod ca l i br ated for h_ea vy oils i s not v·a li d for cdl 

samples. The ir data does appcar to shol'✓- .an increase in aromatic 

charac ter as the tempe rature of supercritical toluene extractions 

increase. Conventional ir methocis are of limiteci value for the 

analysis ·of cdl. HO\.,, eve r Fourier Transform ir. techniques, hav ing the 

capability of "eliminating" intèrfering bands by normalizing the 

spectra· follov,ed by successive subtraction of interfering ir 

absorbances, may in future prove to be a val uable to ol for cdl and coal 

analysis. 

3. 

a) 

Nuclear magnetic resonance (nmr) 

Proton magnetic _resonance : 

V a r i o u s t y p e s of pro t o n s c a n be d i s t i n g u i s h e d i n the pro t on 

magnc t ic resonan ce spectra of cdl as summarized in Table XIV (11). 

Figure 13 sho1-1s a typical nmr spectrurn of a pentane soluble 

frqction of cdl. l\romatic protons arc rea dily obs~rved but there are 

no olefinic protons. Fluorene type methylene protons are detectable al 

c5'4 (by inte gra tion), hydrogens.on carbons al pha to aromatic rings are 

ab und ant and naphthcnic protons arc dctectablc by integration but no 

fine structure is evidcnt. The bulk of tt1c pr otons are present as 

n1clhylr.nc or JTH:t.hyl ~roups (most lik cly mct hylcnc ~Jroups because of the 
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sharpncss of the resonance atr1.25) beta or rrore ren1ote from aromatic 

rings . Methyl groups gamna or further re·movcd from aro111a tic rings also 

makc up a significant. portion of the total protons prcsent. The _sharp 

singlet at6 2.92 is due to -t he t:en zy ~ic protons of bibenz.'.,i l. The ratio 

of the broadly grouped paraffinic-naphthcnic protons to the arolilatic-

phenolic protons, taking into account the contribu tion of bibenzyl 

protons [toluene de gr ad q t i on is assumed to he the major source of 

bibenzyl (12)], is . calculated from th.e integr atiçin and sunmar i zed in 

Table XV. These results shOl'I that: 

1. more aromatic material is isolated 11hen toluene is ·used as the 

supercritic~a l extraction gas than when _12-decane is used; 

2. the relative arnount of aromatic material increases with 

increasing extraction temperJture; 

3. bibenzyl is not detectable by nmr \'lhen supercritical toluene 

extraction is performed at 3500; 

4. the amount of bibenzyl formed increases with increasing 

extraction temperature; 

5. vlith hydrogen donors prr.sent (tetralin or toluene at high 

temperat ure -· implic ate d by bibenzyl formation), the rela t ive 

amount of c1romat ic material in the extract is enhanced; 

6. the pentane soluble fraction of cdl fro m subbituminous coal are 

more aron1éltic than hcavy oil from the /\thahasca oil sands. 

Thcse prr.li111inc1ry reslllts sho.,., that n:nr ana lysis is useful for 
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dctcrmining the composition of cdl and mùy be useful in eluciciatï'ng the 

fac;tors affecting coal therrnolysis in· the prescnce of various 

supercritical media. 

b) Carbon~l3 magnetic reson ance : 

Figures 14 and 15 shOl't' the aromatic and aliphatic regions of a 

50.32 MHz c13 nmr spectrum of pentane solubl2 cdl obtained from 

the extraction of subbitumin ous coal at 450° and 1500 psig with · 

toluene. The aromatic reaion is do rn innted • by si gna1 s . at f; TMS 

128 .8, 128.6, 128 .4, 128.2 and.125.8. The· first set of these signals 

are associùted with unsubstituted carbon of benzene or naphthal ene 

a romat ic systems ,,.,,hile the latter is associated l'tith carbons ~ to 

the substituted carbon of naphthalenic systems (13) . This signal could 

also be associated 1-,ith cycloalke11es but this assignmen t is less likely 

since there \'lere no olefinic hydrogens observed in the proton nmr of 

the same sample. The aliphatic region is dominated by signals at 

& 37.8 and 29.7. The first of these is associated 1·1i th carbons alpha 
-

to an àrornatic ring whereas the second resonance is associat.ed Hith 

methyl ene carbons whi ch are heta or furth er rernoved from an aro 111at ic 

ring (14). This rcsonance appcars as a tlipl et in the proton couple~ 

spcctrum with a coupling consta~t of 12G Hz confir~ing thùt this signal 

is rlue to mcthylcnc carbon. Srnaller signals at r; 22.9 and 22.7 are 

associated v1ith mcthylcnr. groups of ch a in ter ni in at i ng ethyl gr oups 

wilile the signal at & 1/\.l is associalr..:d 1·1ith éhain tcrn,inating 
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mcthyl 9roups ( 14). Signals for · saturatcd cyclopcntancs and 

cycloh cx anes appr.ar in the & 26 to 28 rèrnge. Very fev, signals are 

obscrv ed 1·1hich coincides · with the proton nmr spec t ru::1 in 1vhich only 

small arnounts of naphthenic hydrogen 1-1as observed. 

Quantitative c13 nmr combined with Hl . nmr would result in 

a p01·1erful tool in the estimation of the amounts of hydrocarb on types 

present in cdl. 

C. An a1ysis of gaseous products 

The volume of gas liberated during the scg extraction of 

subb i tumi no us coa l was cr ud e 1 y rneasu red for some of the to 1 uene 

extractions and found to be about 15 litr es for extractions at 3750, 

18 litr es for extractions at 400°, 23 li tres for extractions at 

4è5° :1nd 30 lit res for extractions at 450°. These vol u;nes 

represent from 0 .7 to 1.3 moles of gas. 

In other experiments, the evo lv cd gas 1'/as passed through a dry 

ice (-7 8° ) cold trap. The volumes of the condensable portion of the 

gas was about ten milli li tres . More than half of this material 

evaporated on war;ning to o0 and probab l y consisted primari ly of 

hydrogen su lfide (b.p. -60 .7 °) as .indic ated by its distinctive cxlour . 

The remainder of the materia l v1as ana l yz ed by gas chromatography (si x 

foot by qu arter inch, 10% SE - 30 from 400 to 100 0, 40 ml/min he liu m 

flo1-1 rute ). Figur e lG sho.1"1s a typical chro rn élt ograrh obtaincd for a 

to l ucne extraction of subbituminous coal. Tll c chrornatog rélph dis pl ays 
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four major products (greatcr than 1.5% by reak area) and traces of 

eight r.1inor cornponents. Toluenc (56.4%) ·v1as identified by retention 

time and rncthy l sulfidc (19.8%) by retention time and ninr (singl ~ reak 

at& 2.15 - identical to th.at of the authentic sample). Chromatographie 

analysis of the contents of the cold trap after extract ions with 

_!2-heptane, ~-decane and MEK revealed the presence of methy l sulfidc, 

small arnounts of benzcne. and significant amounts (up to 40%) tol uene. 

O. Analysis of recovered toluene 

Toluene recovered from the ext r action of subbituminous coal at 

400° anrl 2000 psig was fractionally distilled through a one - foot by 

three-quarter in.ch Vigreaux colu:nn. The fractions •.-1ere ana lyz ed by gc 

and where possible by nmr. The results are sho1·m in Table XVI. 

8csides toluene, the major volatile component isQlated and identified 

is methy l sulfide (b.p. 380) . Besides methy l sulfide> there were 

traces of six other compounds l'Jhich elute before toluene and , frorn the 

distillation residue, only one compound 1•1hich eluted after toluene. ~lo 

attempt i·Jas made to idcntify these :ninor components l'ihich could not 

account for a significant proportion of the products dcrived from 

coal. 

V. CONCLUSION 

The vmrk rcportcd in this Sll '.Hil1ary report 1-,as ·corried ·out in a 

space of ci~ht monlhs and meets al l the major objectives put fon1ard Jt 
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the beginning of the contract pcriod. The yield of cdl isolatéd from 

subbituminous coal by scg extraction 1•1as sensitive to the rrocedure 

follov1cd during the hcat -up perioc!, temperature, pressure and to some 

degree on the flov1 rate of_ the extracting gas. The _yield 1•1as also 

dependerit on the solvent used for extracting, 1-..,ith toluene being rnuch 

better than paraffinic solvents. Oxygenated solvents generally 

underwent extensive degradation and cannot . be consi~ered as scg 

extraction media. Ho1-1ever, these types of. solvent, espec ially 

alcohols, may be very useful ·as a reactive co-solvent for inc reasing 

the yielrl of cdl or for upgrading the qual ity of cdl. The use of a 

hydrogen donating solvent such as tetra lin greatly improves the yield 

of cdl and drastically alters the characteristics of the char. The 

chemical compos ition of cdl wJs sensitive to temperature of the 

extraction with the material becoming more aromatic at high 

temperatures. 

VI. FUTURE WORK 

The extractions carried out using solvents other than toluene , 

indicated tr;2 influence extraction so l ven :. s can have on the yield and 

composition of cdl. Much mo.re work is nccessary to define these 

solvent effccts. 

The effcct of extraction proccdure poinled to the import ant 

influcncr. conditions during the hcat--ur rcriod h0ve on the i so l ated ccll 
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yicld. Heating rate is expccted · to have a major influence on 

extraction yiel d . The heatin9 rate canno t he altered using the current 

equipment. Ther eforc , ·an apparatus must be des ign cd and constructed 

v1hich ·1-Jill reduce the heat-uf) rate from a matter of hours to a matter 

of minutes. 

The effects of temperature and pressure were conduct ed over a 

very narro1v range, the upper limits being defined by current equipment 

limitat ions. The design of a new apparatus should also incorporate the 

capability to reùch temperatures of 600° and pressures to possibly 

6000· psig. 

These prqpos als have already been developed and a research 

proposéll has been sent to the Oepartment of Energy, Mines and 

:<es0urces. 

VII. 
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TABLE 1 

The cf fcct of extraction procecure (see text) on the i so l a tec1 yielc1 of .cdl \vhen 
extracting 400 grams of subbitulllinous coal 1,ii th supercritical tol uene. 

[xper"irne:ntal Conditions Pr od uct s (g) % cdl % Material 
Method Temp Pressure Chor cdl daf Balance 

(OC) (psig) a) 

A 350 1500 257 27.7 9.4 97.2 
B 350 1500 257 29.8 11.0 98.7 

A 400 1000 235 17. 2 6.2 90.6 
8 400 1100 - 235 39.4 14.5 96.1 

A 400 1500 223 24.2 8.7 89.3 
B 400 1500 . 218 47.0 · 17. 3 ' . 93 .8 
B 400 1500 234 49.4 18 .2 98.4 

A 400 2000 227 42.-3 15.0 93 .1 
- B 400 1900 223 52.7 19.3 96.4 

A 450 1500 227 19.7 7.2 . 90. 7 
B 450 1500 221 67 .1 24. 7 99.5 

a) Takes i nto ac cou nt the amou nt of 1vater i sol a tec1 (110 g) but not the amount 
of gas liberat ed. 



TJ\BLF. l l 

.Supercri t ic al toluene extraction of 400 9rams l?.- 24 n1esh subbi turni nous coal at 
various tcri1peratures and pressures using extraction Method [3 • 

Sol vent a} P-rodlic ts b} % cdl % Material 
Tsmp Pressure F l OV✓ Space Oensity Char cdl daf Balance 

C psig ml/min Tirne g/ml g g 
min 

450 1900 76 7.2 0. 33 217 68.8 25.4 94.2 

450 1500 77 7.1 0.28 221 67.1 24.7 99.5 

425 1700 59 9.3 0. 36 224 57 .7 21.3 97.9 

425 1300 102 5.4 0.27 237 48.5 17. 9 98.9 

400 1900 54 10 .1 0.43 223 52.7 19.3 96.4 

400 1500 69 8.0 0. 39 . 218 47.0 17.3 93.8 

400 1500 72 7.6 0 .39 234 49.4 18.2 98.4 

400 1100 107 5.1 0.26 235 39 .4 14.5 96.1 

375 1700 57 9.7 0.45 247 44.9 16.6 100.5 

375 1300 72 7.6 0.39 242 38 .8 14~3 97.7 

350 . 1500 · 48 11.5 0.47 257 29.8 11.0 98.7 

a) Estimation based on cornp r es si b i l ity factors ( see Appendix I ) • 

b) Water estimated at 110 g. 



TABLE III 

CLl::, ·.11ative a.~oLlnt of cdl isolated during the heat-up period in toluene extraction of 400 gr am s 
12 -2~ ~esh subb itumi nous coal àt various te rnpera tures . and pressures. 

cdl i.solated (g) % of 
13:::p Pressure Total Cu mu lative wt. in temp range total 

C psi g cdl 275- 300- 325- 350- 37 5- 400- 425- cdl 
300 325 350 375 400 425 450 

~50 1900 68 .8 2.2 8 .5 12.0 18.7 27.6 38.1 46.1 67.0 

450 1500 67.1 4.7 9.1 14.5 21.7 30.6 39.2 45.0 67.1 

42S 17 00 57.7 --- 7.3 12.1 17.4 26.9 36.6 ---- 6J.4 

425 1300 48.5 4.2 8.6 12.5 18.2 25.3 32.5 ---- 67.0 

400 1900 52.7 --- 4.1 12.7 · 19.0 · 28 .1 ---- ---- 53.3 

400 1500 47.0 3.7 8.2 12.3 18.8 27.5 ---- ---- 58.5 

4]0 1500 49.4 3.8 6.0 9.1 16.5 27.3 ---- ---- 55.0 

4JO 1100 39.4 0.3 6.1 10.8 16.9 24.4 ---- ---- 61.9 

375 17 00 44.9 4.8 9.4 13.4 19.1 ---- ---- ---- 42.5 

375 1300 38.8 3.2 9.2 13.1 19.0 ---- ---- ---- 49.0 

350 1500 29.8 3.2 5.5 9.1 ---- ---- ---- ---- 32.8 



TAGLE IV 

C 0I~1;1a _ris on of Calculatcd Yields of cd 1 a) 1vi th [xperi1;1enta: Yie1ds at 'i2riou s 
Ter,iperatures and Pressures. 

Pressure Temp CV Yield (daf) r res su r~e -:-e:np 0( Yie~d : da f ·: ;, •< ' . . 
(psi9) C Ca le' d ~ound (psis) C Calc'C . i:: OL:nd 

1100 325 6.0 1700 325 9.~ 
350 9.0 350 ' '") r, l L , c. 
375 12.0 37 5 15.3 1 r r 

~ 0. IJ 

400 15. 0 t,OQ lô. 8 
425 17. g· 4 ') r ~::i 21.5 2:.. 3 
450 20.9 450 24.7 
475 23.9 475 27.7 

i300 325 7.3 1900 325 11.1 
350 10.3 350 . 14. l 
375 13. 3 . 14.3 375 l 7 .1 
400 16.2 400 20.1 19.3 

· 425 19.2 1 7. 9 425 23. 0 
450 22.2 450 26.0 25.4 
475 25.2 475 29.0 

1500 325 8.6 2100 3'> c:; '-- ., 12.4 
350 11.5 11. 0 358 15. l 
375 14.5 375· 18.l 
400 1 7. 5 17.3/18.2 ½00 21. 2 
425 20.5 4r -J 24. 3 
450 23.5 24 . 7 450 ?-, , 

.... I • v 

475 26.4 475 30.3 
~ 

a) y ;:; -72.1395 + 11.9 ( Ot:/100) + 6.375 (psi g/1000 ) 



T/\ lîLE V 

Effect of tolucne fecd r ate on the i so l atcd yield of cdl ~hcn 
extracting 400 gr an1s of subb i tumi nou s · coùl at 400° and 1500 psig 
us i ng extraction Mcthod A. 

Feed Rate 
g/min 

3fi 

24 

Sol vent 
F 1 O\'i Rate 
ml/min 

a) 

92 

62 

Space Ti me 
min 

6.0 

8. 9. 

Products (g) 
Ch ar cdl 

229 

223 

39 .7 

24. 2 

% 
cdl 
daf 

14.6 

8. 7 

a) At 4000 and 1500 psig; toluene density is 0.39 g/ml. 

~) · lncludes 110 ml water . 

% 
Material 

Balance 
b) 

94 :7 

89.3 



TABLE VI -

Effect of solvent on the isolation of cdl derived from supercritical gas extraction of 400 
çrè~s subbi tumi nous coal at 4000 and 1500 psig. 

Sol ven t Product s % cdl "' /0 

E x p e r i i:1e nt a 1 Mate ri al F 101.-1 Space Den s ity Cha r cdl -da f Mater i2l 
t~etr.od Rë1te t ime .g/m l g g Bal an ce 

rn l /m in 
él b 

A Tetr al in c) - -- - -- --- 176 85.0 31.4 92.8 

A IPA 131 4.2 0 .16 222 48 .3 17.8 95.1 

8 MEK à) 87 6 .3 0.22 252 

B 90% p-cresol · 
10% water e) 44 12.5 0.64 191 226 ---- 132 

8 n-dec ane 52 10 .6 0.40 234 32.1 11.8 94.0 

B n- heptane 64 8 .6 0.28 237 20.5 7.6 91. 9 

B to 1 uene 72 7 .6 0.36 234 49 .4 18 .3 98.4 

a) See text for exp lanation. 
b) Includes 110 g 1-1a,t er but not amo unt of gas evolved • . 
c ) Tetralin present during hea t- up pe ri od follo wed by toluene extr action. 
d) Solve nt degradation occu rs lead i ng to 263 g of .tar. 
e) So l ve nt deg ra dat i on occu rs; extr ac ti on too k pl ace àt 450° and 1900 psig. 



TABLE VII 

Prcxir.iate analysis and calorific value for subbituminous· coal and char derived frcxn scg 
extrèction using experirnental methoà A. 

Sè~;J le 
a) 

A 

B 

C 

D 

E 

F 

G 

Deter'd 
as b) 

1 
2 

1 
2 

1 
l 

2 

1 
2 

l 
2 

1 
2 

1 
2 

Moisture 
% 

21.5 

3 .1 

1. 7 

1.3 

LO 

2 .1 

· 2. 7 

Ash 
% 

4.7 
6.0 

6.6 
11 • 9 

7.8 
7.9 

6.8 
6.9 

7.4 
7 .5 

11. 7 
12.0 

8.7 
8 .9 

Volatile Mattèr 
% % decrease 

33.7 
42 .9 

34.5 
35.7 

29.3 
29.8 

25.9 
26.2 

21.9 
22 .1 

19.0 
19.4 

23.5 
24 .2 

c) 

17 

31 

39 

48 

55 

44 . 

Fixed 
Carbon 

% 

40.0 
51.1 

55.7 
57.5 

61.2 
62 .3 

66.0 
66.9 

69.7' 
70.4 

67.2 
68 .6 

65 .1 . 
65 .9 

Calorific Value 
Bru/lb % incrcase 

c) 

10,510 
12,122 

13,030 
13,447 

13,206 
13,380 

13,813 
13, 953 

12,9B7 
13,266 

13,502 
13,877 

10.9 

10.4 

15 .1 . 

9.4 

14.5 

a) A - subbituminous coal; B - Toluene at 350° -and 1500 psig; C - Toluene at 4000 and 
1000 psig; D - Tol uen e at 400° and 1500 psig; E - Toluene at 4500 and 1500 psig; 
F - Tetralin/toluene at 400° and 1500 psig; G - IPA at 400° and 1500 p;ig. 

b) 1 - Air dried sarnple; 2 - dry basis. 
c ) ~elative to dry coa l. 



TABLE VI II 

Ultim2.t e analysis of · subt tuminous coa1 and chars remai_ni ng after sc-g extraction at 400° 
and 1500 psig using exr,e y mental method A. 

Sa~ple Deter 'd as Mo isture Ash · C H N s 0 H/C 
a) b) % %. % % % Of % /0 

.ü. 1 (13.25) 3 . 60 62 . 09 5. 54 1.32 0.69 26.76 
2 --- 4 . 15 71 . 57 4 . 68 1.52 0 . 80 17.23 
3 - -- -- 74.67 4 .88 1. 59 0 .83 18.03 0.78 

B 1 (1. 30) 6 . 81 78.45 4.03 1.67 0 .56 8 .48 
2 - -- 6 . 90 . 79 . 48 3.93 1. 69 0 . 57 7.43 
3 --- -- 85 . 37 4.22 .. 1. 82 0.61 7. 98 0.59 

C 1 (2.09) 11.73 76 . 98 · 3.80 1.78 0. 55 5.16 
2 --- 11.98 78 .62 3. 65 1.82 0.56 3.37 
3 --- -- 89 . 32 4.15 2.07 0.64 3 .83 0 . 55 

0 1 (2.69) 8 . 65 76 .82 .4 .. 89 1.64 0.33 7. 67 
2 --- 8 . 89 78 . 94 4 . 72 1·. 69 0. 34 5.42 
3 --- -- 86 . 64 5 .1 8 1.85 0 . 37 5.95 0.72 

a) l\ - subbit um inous coal; [3 - toluene; C - tetral i n/toluene; D - IPA. 
b) 1 - air dried saiiip le; 2 - dry bas is;· H and 0 do not incl ude sa mple rroisture (ASTM 

D-31 80 , Nov . 1974); 3 - dry ash free basis. 



TAoL E IX 

Petrographic rcsults obtained for chars dcrivcci from c1ifferent coal ranks 
after supercritical tolucne extractio n at 400° and 1500 µs ig. 

Coal Rank % Vcsiculation % Highly OI ccil % loss of volatile lo 

Vesicul ar a) (ciaf) matter b) 

HVBC c) 72 90 19.0 

SÙbbituminous 32.6 0 18.2 39 

Ligni tic 85 10.5 17.4 43 

a) % of total vesiculation. 

b) · Obtained by comparing proximate - analysis of coal s and chars. 

c) High iolatile bituminous C. 



";"ABLE X 

?etrographic results obtàine-~ f8 r chars derived fro:" su;:iercriticàl gas 
·extract ion at 4 □□ 0 c and :SJC ~Sig of subbi tu~inous coal. 

Gas "' "' Highl_v f. cdl ;c . Jo 

\lesiculation Ve.sicular - ) c I ( da f) 

Toluene 32.6 0 18. 2 

n-D ecane 22.C 0 11.8 

Tetral in/Toluene b) 62.0 95 31.4 

b) 34~ of the char was se~i-~~~e , ran gi ng fr o~ fine grai1e~ to flow 
ty~e over one-hal f )~ w~ich was vesicu1ar. 



T/\f3LE XI 

Pyri dinc so lu bl es in products dcrivcd fro:n supcrcritical solvcnt 
extrac tio n of subbiturninous coal. 

Extr act i on Conditions 
Sol ven t Ternp r>s i___g_ 

Feed Stock 

Tolu ene 350 

Toluene 375 

Tol uene 375 

Tolu ene 400 

Toluene · 400 

Toluerie 400 

Tol"uene c) 400 

Toluene 400 

Tel uene 425 

To~ucne 425 

· Toluene 450 

Tol uene 450 

Tet/Tol 400 

Heptane 400 

Decane 400 

IPA 400 

1500 

1300 

1700 

1100 

1500 

1500 

1500 

1900 

1300 

1700 

1500 

1900 

1500 

1500 

1500 

1500 

% of co ti l produ cts soluble in py ri d ine 
on a daf bas is 

cd 1 a ) C l"l"â"r P S b) 

11.0 

14.3 

16.6 

14.5 

17.3 

18.2 

14.4 

19.3 

17.9 

21.3 

24.7 

25.4 

31.4 

7.6 

11.8 

17.4 

7.0 

1.23 

. 1.30 

0.75 

0.6 3 

1.26 

1.85 

0.76 

1.18 

1.31 

0. 64 

0.99 

1.03 

0.89 

2.00 

1.67 

7. 87 

7· .o 

12.1 

15.4 

17.2 

15.0 

18 .. 3 

19.7 

15.1 

20.3 

19.0 

21.8 · 

25.4 

26.2 

32.0 

9.2 

13.6 

23.9 

a) The cdl obta ined frorn éln extraction v1as tot a lly pyridinc soluble. 

b) PS = Pr oduct Solubility = % cdl + (100 - % cdl/100) (% pyridine 
solubility of so lid s ). See Appcnd ix Il fo r a samplc 
ca lculùti on. 

c) Co a l dr. 1·:at t~r rd bcfo re extract ion. 



TABLE XII 

Lff ect of extrùction conditions n11 the relative Jmounts of. peril.trne soluhle and pentane 
jr.s ol uble r.1ùterials in cdl deriv(!d fro111 st1µercritical gas extrdction of subbituminous coal. 

----------·-· - -·------
E~traction Cond itions 

Ga '5 Te11;p rressure - % Pentane ~ % l'en J __ an e Soluble/ 
__________ C ____ .J!_S i 9 __ ______________ ! nsol ub le _______ Sol 11l> 1 c __ ____ Insol11ble 

J U Î ll ~ ~:C 450 l JO U 52 .3 ù) 4 /. / 0.91 

· T·.:: 1 ii er;e 425 1700 52.B 41 .2 0;89 

ro l uer '. e 400 . 1500 G2.5 31.5 0.60 

To i t1e r.e 350 1500 59.4 40.b 0.68 

n-Dec2ne 400 1500 35.5 64.5 l.8i 

a ) COL frc:n this run v:as fr<1ctionated into benzene insoluble (35.8%) penta ne insoluble 
(! 6 .5%) and pentane soluble (47 .7%) fractions. 



TABLE XI II 

Infrared analysis of pentane soluble cd1 obtained fr om supercritic:,11 ~Jc1S extraction of 
subb i tu ,:ii nous coa 1. 

Extraction Conditions 
-------~ ·-----% Carbon Type 2. 1 

G2s Te,a~1 Prcssurê- ---· Paraffinîc Aro rn c1tic Na phth(~nic 
________ c ___ ___._p_s_i 1 _____________ _ 

To l uene 450 1500 --16 127 -11 

oluene 400 1500 -2 191 -A9 

Tol uene 350 1500 0 73.~ 26.4 

n-Oecane 400 1500 0 h? .n :rn .o 

·1 - ~ 1·0 ·, - n ° h) 1 1 1•c.1 .._ l l fl lYflO 12. 5 ri:;. l r.11 . 1 

a) % Cp = G2 •93 ,\?.H 1)0/c x ,1 - 31. 1>1 t CA= 710.l(J AHi00/c x a - ll.'/1 

cr, CN = 100 - (% CA + % Cp) {\ ., ,1 b s o r h a n ce , C concf'nt.r,1l.ion in q/1 
ll = p,üh len~Jth in cm. 

b) Oil obt;iined froin f\th,1bc1sca oil Scrntlc;. 



5.S - 'J .O 

4 .7 - 5 .5 

3. 3 4. 5 

2.J - 3.3 

1.0 - 1.6 

0.5 - 1.0 

"1 .A.C ll XIV 

/\r C!:121''.: i c ?.nd plie no l i c 

Olefinic 

Mrthylene gr ours t ( to twc. arJma:ic 
ring s (e . 9. fluorrne) 

:-lyciroc::; ("'r. ü'"l CèrbOI'"\ atryns ,:,e, .. L0 211 

aro:;1atic ring 

tiaprithenic ~,ethy l ene and ::1et hi'î~ 
( o th r- r t han ,x. t o a ri a r or., a t i C' r ~ n? ) 

Sy:nbo l 

Methyl ene. , ' or :nor e re :note fr ~'T) an f~~ 
aroJ11atic r inr:J; ·neth_vl qrou~1s to 
an Mo1:iatic ririg 

~',ethyl ) or further. fr om an aro.11tic H)/ 
rin g 

a) A~apted from re ference ll. 



TABLE XV 

::::ir s1; 2ctral date, sllo'v1in~ the re l at i ve amounts of paraffinic-naphthenic and aromatic protons 
~;, the t:entane sol\Jble fractions of cdl obtained from stipercritict1l gt1s extraction of 
subbitu:·1 inous coJl. 

~xt r actior. Conditions !3ibenzyl a) 
C:: s Te !ilp Pressure llp ~llr~ IIA 

-:-et.ra] in/ 
toluenc ,1()0 1500 

'; 1~ 1·!t:flC 4 S•) 1 )()() " . ' 28 

Tc l 1.1ene ;,r ,,_:, l 100 ~) . ~ ~ 2fï.5 

To 11;e;1'2 4()() 1500 ~ • Î. 19.7 

:o 1t1Qne 3SO l'i()( 1 

:1- 0r: ccinc /) (1() l S(Jl l 

~ - ;' r I i i, ~~ n f~ c ) 11 ll l 'ltfl 

e % Proton type h) 
Hp+l{N 1\ 

63 .ri 37 .0 

63.7 3Fi.3 

69 .7 30 .3 

8 1.8 1B .2 

Bl.l lil.() 

9?.. (i 1 • ·1 

9S . q 1L l 

fi +H~ b) 
7"1fl7+ 

r\ 

1. 70 

L 75 

l . 30 

Li . Ill 

/\.29 

l ~ . rj 

n.ti 

è) r1crcent contribution of bibcnzyl protons to the i n teg r c1tion o f pa~,1ffinic-n;iphthenic 
(Hp+l!N) ancl aroinat-ic (Hf\ ) rrotons . · 

b) Corrected for bibenzy l rontrihution . 
c) Oil obtaincci fro :11 i\thc1bt1sca oil Scl nds . 



TABLE XV I 

Fractional distillation and gas chromatographie analysis of toluene 
recovered frorn the supercrit1cal toluene extractiori of subbit.u111inous 
co .:11 at 40o 0 c and 2000 psig. 

Fraction h.p. Products 

1 51. - 5/ Tol uene and Cl!3SCll3 ( nrnr) 

,.., m - mi (._ 

3 c7; - % 

4 ~15 - 100 Toluene ~ trâces of 4 cornpo(inrls a) 

5 10() · ,_ 10? Tol uene & traces of r> crn11potirHis c1) 

G 102 - 1 ()) Tol uene & traces of 4 co,i1pounds a) 

7 105 Tol uene & traces of. 3 co,npounds a) 

Residue · 105 Tal uene ?, traces of 1 colllpound b) 

. a ) E 1 t I t e d fr o 111 G I x 1 / 4 " , 10 % S • E. - 3 0 c o 1 um n a t GO° C be fore 
tol 11ene. 

b) El uted after tol uene. 
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32 5 350 3ï5 .::. ) (1 

fi?.tffl' 1: lncrcasinf, pc•rcc·n~ vie1J 1,,.·:th incn•;1sinf, :("nl i'C•r.-1turc• .-:inc! pr c- ss~!-cs . 
Lin cs rcrrcscnr · c.:JlculalL'c.l v:('lds wllih: t-) rL'!'fL•sc:nt!- c:-:;ie1·irie: nL,1; 
y i c l d s ( s cc· T .1 b l e J J ) . 
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Fir,11re 15 : 

/\1 j pli.::il:ic rcginn of Ll 50 . 32 ~Ulz 
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;ubbitumin ous coa l. 
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Peak ff) - air; 2 - unknown l .s i, 
1 - methyl suJfjrle ]9.Ai; 
4 - unknown - ]2.Ji; 5 - toluene 
6n.4i; G t:hrouqh ]1 - unkoowns. 



11rrEND1X I 

Molar voluw-:s of non-ideal gases r.wy be calcuLJtcd from 

V = ZRT 
p 

Z = Cor.1prcssibUity foctor 
V = Molar volur.ie 

Z may be dctcrmincrl. from standard plots likc those appearing in 
"Ch cmical En g inecrs Handb_ook" , H.H. Perry nt:~ C .H. ·chilton, ~1cGraw-Hill 
Cor:1pany, .Sth Ed., p. 3-232, ar'!d frorn the followi:1g paramcters. 

p = act ual pressure 
T = act ual tempet1ture 
Pc = crit ical pressure (41. 6 atm for 
Tc = cri tical tem p C'.'1 t \!TC (320.6°c 
Pr = red uccd pressure = P/Pc 
Tr = rcd uced tempera t ure = T/Tc 

At 1500 psig and 400°c 

Pr = 
Tr = 
z = 

103/41.6 = 2.48 
673/ 594 = 1.13 
0.48 (above source). 

tolucn c ) 
583. 6°K 

V = 0.48 X 82~05 X 673 
103 

= 257 cm3/mole 

for tolucne) . 

A flow rate of 36 g/min = 36/92 x 257 = 101 c:;i3 /mü1. 

Likcwise a flow rate of 23.6 g/min = 66 cr.13/min. 

These calculations gencrally givc values accurate within 3 to 5% . 

Space Tim e = tiinc takcn for one bcd volur:ie of f1uid to pass through 
th e system. Conventionally the volume of the bed occupied by the 
solids is neglected. 

Residencc Timc = Average time during which individual portions of th e 
fccd arc in t)1c reaction zone. 

_§_2_;;..,ce Veloçi!_y = Inver se of the spncc ti r:ic gcncrally cxpresscd in 
br ~at is the num ber of · tilncs t hc bed volur.i c is chan ged per 
hour. 

To calculatc space vclocity 

S = v 0 whcre v 0 = fl uid flow rate ( ml/inin) 
v 

V - volume of hcd (ml) 



Ap pe nd i ~ I continu ~d 

36 g tolucnc/rni.n = 101 ml/min at 4oo0 c and 1500 p s i g . 

400 C coal occup ies 550 t:il 

s = 101 = 0.184 r.iin-1 = 11. 0 hr-l 

550 

Corr cs ponding s pacc timc . 9 = 1/S = 1 /0 • 18 4 = 5 • 4 3 r:, in 

. The cor re s pondin g v a lu e s cif 23. 6 g m /min are 

S = 66 
550 

e = 1 
0.120 

0.120 r.iin- 1 = 7.20 hr-l 

= 8.33 min. 
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APP END IX II 

Sample Calc ul ati on for Determinat i on of Pyridine Soluble Products 

Extraction·conditions: Toluene, 35ooc, · 1500 psig, 400 g co~l. 

Ash content of coal = 0.047 x 400 =· 18. 8 g (proximate analysis) 

Products: 29.8 g cdl = 11.0% (daf basis) 

-257 g ch ar which conta ins 18.8 g ash but ho moisture. 

0.5250 g char co ntaincd 0.0060 g pyr idine soluble materia l. 

PS = 11.0 + 100 - 11.0 

100 

X Q.0060 X 100 

0.5250 0.5 250 X 18.8/257 

= 11.Q + 0. 89 X 1.23 = 12.1% 

Char contains 1.2 3% pyridine soluble materi al on a daf basis. 


