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SEPARATION AND CHARACTERIZATION 

OF COJ\L-DERIVED LIQUIDS 

by 

Marc-A11dre Poirier and Albert E. George 

Coal i.s a fuel whose full potential has not yet been exploited in 

spite of the fact tllat liqutd hydrocarbons have been produced from coal for 

nearly two L!e11Luries. Currently, proceSSt;!S of conversion to liquid fuels 

are being dev,::loped in se·,eral countries that wlll ctepend on ooal as a major 

sour<.:tJ of eneré'.Y ill the near futu('e. Analyses of pr-oducts of coal liquefac-

1: ion 1s needed to assess pi·ocess etficacy, Lo unde.rstand conversion mech

&nÜ31ll!3 with the purpose of optimizinµ; Llquid yields and to control product 

quali.t.y. 

Coal-derived liquids (COL) are very complex mixtures of widely dif

ferent, prP.domlnantly aromat.ic compounds. 1\ prerequisite for efficient 

chenücal characterization of coal liquids is s1~paration inLo fractions en-

r iched in (.:hemicall_y siroi Llr' specit?s. FractionaLlon is• achieved by ta king 

c1dvantagê! or 1..:i.ther the different :mlubi..lities of components in solvents or 

applying chromë:t~ogr-aphic methods based on sorption, steric exclusion or ion 

exchange efrt:lctB. 

Develoµment of coal liquefacüon technology has also created a need 

for addi tional armlyt.ical methodolog_y. ln many cases, chemical charac

terizaLion or CDL tlas bo1•rowell heavily from the petroleurn l.ndustry, u.sing 

ruod.J..!ïcati on.s of routint: analytic:ü techniques or modern spectrophotometric 

proeedt1r·e~1. 

This paper reviews methods of separation and characterization of CDL which 

ùOVt.:r•s the main developments in this expanding area in the last t~n years. 

ri reference guide (Table 1) for the separ·at ion and cha.racterization of 

spec U'ic cunstitui~n:..s of GDL is also 111(:luded . 
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SEPARA~ION MRTHODS 

There is a variety of methods used for the se para tion and charac

terit.ation Df componenl:.$ in CDL. Separat.lon inLo compound Lypes or accord

lng Lo f'uncti.om:il groups has Lo be performed prlor to cha!'acterization by 

111eantl of i n:3 trumenL,11 tèchniques. 

Solvent ExtracLl~1 

Solvt;nt 11x:tractlon is commonly 1.J:Jed a.::i a means of fracLianation and 

chctracterization o!' coa.l -d1::r 1ved product..::1 based on solubi.11 ty in penLane, 

be11zene r-u1i! pyl'idlne. The a:Jphall:P.ne fract.ion is oper·atlan,llly d!:!t'ined as 

banztrne-solu l>lt::l and pentane-insoluble and the prea3phal tene fraction as 

pyr-idine or· THF sol11bl(:; and bt:nzene-~.m:.iolublt.- (1,2,3) . Schweighardt et. al. 

( 11-'() have ul.i li.zcd t~Jis techniquE: t.o ~1ep;lrate CDL into pentane, btmzene and 

Tl!F !:'1olubl,1 fr:,c:tion:.L They suggest Lhat t..11eir 111et.t1od could p1·ovlde a guide 

t.o the dev,,l.opment of a !ltandard sc:paraLion analysls of coal-derivud mate

r·ial. Otller· invt:!st igators (f'-11) riave also llSed a liquld fracLionation 

schcrne t,) stud.v the viscosil.y of CDL. ~,,~hwager et al. (12-15) used pentane , 

benzene I propane and carbon disulfi.de to C'ract.J onate CDL. Brown and others 

( 1 G) and '!'ci.Y 1 or et ~l. ( 1 '{) separatcd coal-derived aspl)altenes (CD/\) from 

acl<!ic components by preclpit.11tion of' the bas'lC' material from a toluene and 

ben7.ene solution wlth dry lfCl gas, according to the proceduce of Sternberg 

<::t al. ( 18) . Maekawa ,md cu-worker::; ( 1 9) frae Li ona t.ed CDL by suocessi ve 

ext1·autJ ur1 wJ 1,11 11-ht:xé1111;:, benzen.:.: and pyridine prio1· Lo analys1s by nuclear 

n1agrt1:! t ie , ·c ::\onr:1 !H.!c:: ( NMH) . 

l.11 r.1 .::ie,.11 d1 for a standard metl1od for de Ler-mina ti on of asphal tene 

in CDL 1 Schultz e~ ol (20) compared 1~sults from rive dlfferent methods 

based cm .solvent separation. St<'ffgen et al . (21) sc-!parated CDA by soJ vent 

fr·acL.lom:it .ion w.Lt.h bt::nzen<.: and tnluene. 
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Liqnid Chroma LoJ,1:raphy 

Th,· :-_il,Und-'\rd meLhod.i for hydrocarbon-Lype analysis of petroleum 

d.l!it L llat~s ,wd tt,eir· pr0c,.:s:sing proctuct..s cannoL be applied direct.ly to CDL 

lo(·1'a11:1e of ll1.ff~Jrt:nces !.n Lf'!1: nature of Lhe componenLs. Farcasiu (22 , 2"3) 

ieveloped att alL•::!rmüiv0 scl1t:flle ba~wd on 3eµara1-ion of fractions of dif

feruut cht;mi ca 1 f'unctioné.l Ll ty using sequential e.lution of the fractions from 

~lllil.:a gel. :,,)hllle1· and others (~!'1-2a) separaled solvenl-refined and 

liq11et',1cti1Jn p,•qdur'l:.J of coal lute, satur~ctt,:s, aron1atlcs and polar 

liydrocü1'0011!:I wi th neu t1·al .t lnmina µrior Lo gas chroma tograph.i e-mass specLra l. 

;malv:üs (GC-M!i). rn her authors (?9-31) used cllf'omaLographic rnet~ods based 

on ic,r,-exc!1an[!.e, coor<iiuati on and adsurpt.i.on properties to separal.t:: 

$ll.;u1•11Le!'!, ar-011111t.ics and polar frac:;t.ion!3 ri·om CDL. 

.%ult,¼ (3;>) ut.i.lh,•1 a similnr procedure to separate nitrogenous 

cr,mp,Ymds w LLh f'u1·Lhar f't'é.t<:liooatlon by preparat,ive thin layer chr·orna

Lography ('l'L.r~) b~fo1·e GC-MS analysis . WhlLe ( 33) separated lighL oil from 

t>Oa L 11 qul,fa I.Jy fluor1c1scent indica tor t1dsorption cllromatography (FIJ\) and 

:mi:ilyzed Lhe fractions by GC-MS, i11frarec..l ( IR) anc..l Raman spectros,~opy . 

"\lm .lar•Ly, Hull 1:?1•tn et al. (3lt) fra.:tionatcd ll1e dlstillates from coal 1lque

f'aet1on p1·oducts tnto Sc1Lu1•ates, at·omatlcs and olef.lns by Lh~ fo'IA method . 

The sutu,~a LP rrrn.: tirn, was armlyzed by GC-MS and t.he aromat.ic frac Lion inves

t,iga ted 1Jy proton 111i...:le,.ir rnagnetic r<.>sor1ance ( PMR). /\ccording to Lhese 

au Lliors c::oa 1 l 1.quids e;..in be rnia lyzL:d by modifying the methods normally used 

ror pt-:Lro1~1i1n f>r'1.Jtl11c!..::i. 

ln ot,her ::;tudles (5,35) thl! heavy oil fractions obtained by solvent 

ext.ral'.'tion wer,.~ rractionatt!d by the SARI\. method (saturaLes , aromatics, 

f't-!:Üns anrl cllphalteue~) and the fractic,n.s analyzed by GC-MS. Schweighardt 

et al. ( 11, 36) cJc:.<Jrj t1ed tltt.! separat ton or coal - liquids into fractions using 

u combinatior, of solv..;nt r>xtraction and ~ü.l lca gel column chromatography 

prio1· to analy.~ü:, by in:-iLruinental U:c!uüque.s. 

lleavy eoal hydrogcmation pr·oducl.s have been separated CH ,38) int,o 

.saturate, rnonuaromat ic , dlarornatic and po1y':lromatic po1ar fractions usJng 

gradient el11tion Lhro ugh dt:nl-pflcked tsilica gt:1-alurni.na) a.dsorpLlon columns 

a.cc:o:n·dinP,; to the t,~clin lque descrihed by l!lr.sch et al. ( 39) . 



Callen et al. (!JO) used gradient elution chroroatography on alumina to sep

aratP solvent-i~rined 0oal (SRC) products from different coal.s into 

well-defined fractions. They reportcd recoveries of over 90% The distribu

tion ot' heteroatoms N, 0 anct S within the chromatographie cuts was also 

uxamined. Othet• lnve!:Jtigator.s (11,12,15,41) f'\..1rther ::ieparated the solvent 

extr·act.Lon rmetions of CDA by sol vent elution chromatograplty on sil ica 

gel. Th<-'y u::H'd benzenc, '.lietllyl èther and tetrahydr·ofuran ('l'HF) ln se

qucn~e. A m<-thod of seµai•H t lon of alky lpheno l.s from CDL wa.s developed by 

Soh;1hrnn l't; al. (112) using flilica lt,t:l op..:n-colwnn chromatography. The 

motH Le plkt!:lr:lS us1•<J were n-l1exar1e-Lo luen~ ( ()6: Ji), ch loroform saturated wit..h 

IIC.l and chlorot'ol'rn-•·Lh~r saturated with l'C1 r0specl.ively. Further sep

c.1!'étLion::1 wl::!r-e p,•1·f·orrncd us nr; high-pert~o1·111 .. u1r.:e l.Lquid chromat.ogr·aphy 

(l!PLC). Lu111pkin ~·t. al. (41) scparat.,..d coc1l-liquids lnto saturates , aro-

matics and polar 111a.t,•1·L:ll:..~ by ... lay-g;el ;-idsor-µ1-1011 chrornatography according 

Lo t~hc AS'l'M-!)-2007 rnt~thod. 

Gel Permea tion Cl11·omat.rogr·aphy and Va pour Pressure Osmometry 

Gt.>l µerin1!aLio11 i-•h1·omatoe;r·aphy (GPC) has been extensively used for 

prepar.i.ng spe1~.lf1.c eu ts of pctroleum and coal-11 quid fractions . It sep-

~1ra t P'!! mol,!r;ules according to th(:ii· si•u ln ~olut..ion. Gel permeatiorl 

chromatog1•.:1ptiy ~ive·➔ the 111ole-cular· weight dlstribution or SRC but provide.s 

very I i ttlè infm'md ,i.on nl>out the cl1f•mical nature of the products . Although 

GPC l.! r\f.) 1 a r.:ompllt.!ate(1 Lc~hn.i.que to use, rwoblems of adsorption and 

ca.libratlou have been report8d (4lt). Moleeular size separation of various 

CDL f'i'al.!ti,.,n~ 11•lln!-!: GPC w,1.::1 titudieù by q11,rnLlt..al.ivt; proton and Ci:lrbon-13 

FoU!'J.t!r tPa11sorm NMH lly 'doot,on et al. (4S-I.J9) , and WelSh et al. (50). 

Yokoyama Ulld 0L11e1·s ( S1 -51) separat,·ti tl1e l!exani:::-::iu l uble oil rroin t1ycfro

genatad co!lJ l>y J.i411id chr·ornatography usinfl; 8ilic<1 gel columns. Fu,·ther 

.:3epa1·atio11s of ttiuse saturate and aporoatic fract.ions as we11 as asphaltenes 

we1·e perfurmed by CPC and the fractions analyzed by NMR spectroscopy. 

(;oleman et al. (')Il) :-iepara t.ed the T!-i-'-soluble SHC into fractions by GPC and 

~xamined meLaJs l)y fl;uoelr;;ss ator.Jic nbso,·pLinn spectroscopy. Bockrath et 

a L. ( 10, 11, r)r,) <k:.scrlb,:id th•? ruoleculur· w•·l[l;h L distribution of CDA fractions 

by GPC. 
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A preparatlve quantitative separation of THF and chloroform- soluble 

SRC has been demon.strated (56-58) employlng GPC an'é:l three column packings: a 

s ty rene-d 1 vin y 1 benz,111l! packing ( Bio-Beads S-X4) , a cross-linked poly 

(N-acryloylrnorpholint!) polymer (Enzac:1·yl Gel K-1) and a modified alkylated 

fü~xtr·,m ( :~ ... phadex LH-20) . The pcrcc::nt. re1.:overy using Bio-fleads prie king was 

greate•· than 9:,1,. This technique (59) wa::1 al.so used to separate asphaltene 

and oil 3Bmples intu fractions . 

~ole1.:11h\r wei.ght di~Lr-lbuti.011::i ot' :Jolubi.lized coaJ. products from 

r·educt.tve ;:ilkylation were investigatt•d t>y Ignaslak et al (bO) using GPC. 

Deterininaliom1 of molt:cular w..=!ight by GPC and vapor pressure osmoruetry (VPO) 

were dlso 001-rE::lutPrl (61,62) on SRC fractions. It wa3 found that VPO gi.ves 

r.1 more pr·t:H . .:iSf' and c:011venient measuremcnt of molecular weights than GPC. 

Molecular· w<:!ights of asphaltenes and preasphaltenes were obtained 

by Gl'C and VPO ( 3) in a ~Ludy related to the viscosi ty of CDL. Coal liquids 

frorn ,tiffert::nL ::1ources Wt!re :.ieparat.ec' by CPC using THF' and toluenl:! as eluenL 

(63). îht:: ::1epar-aUon was pcrformed on a styragel column and the fracLions 

ana 1 yzed Ly GC-M.S. Doo1 ey et·. al. ( 37) used GPC for tùrther separation prier 

to MS anal ,vsis of thi:: arüma Lie frac t.ion !'rom hydrocarbon-type se para tion on 

dual pack•~tl eolw1ms . 

Quantitativ(~ correléltion analyses of the degree of assoc1ation of 

GUA was dt!s<.:rlbed for the rirst time by Lee and others (611) u:üng VPO. The 

analyses 1.>r n ve CDJ\ by this method was reporLed. 

High Perfot'mance Llquid Chromatography 

HPt..G •1as bt:en applled Lo liquid hydrocarbons mostly for 2eparation 

of t.1\1.:: poly.u·omatic compuunds. HPLC is a highly effecLlve method for sep

c1rating lndividuul cC>inpound ~pecies in coal liquefactlon products according 

Lo t!l~Lr pulê:tl'lty or type o.r func.:tional group . 

Pr·;,•tlwr et aL ( 65) used IIPLC to characterize products du ring 

hyd1·ogenatinn/hydrocfo:3ult"ur·izati.on of th,? creosote oil used as hydrogen 

donor in conl li qut;!fat: l.i,:m. Twelve rnnjor· c.:omponents were separated on a 

prepa,•ativ~ s11ëtle ar1,:J 1dt.:nt.i1'~ed by IR spectroscopy . Hurtubise et al. (66) 

<leveJoped <1n HPLC method to detcrm.ine naphthah:ne und teLralin in 

coal-dm·tv~ct solven~s. 
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They aJ.so lde11t ifled sevei·al polyaromntic hydrocarbons by comparing HPLC and 

fluort->s --encè spec Lro::h.:opy data wit.h the ra ::.es of flow ( Rf) on TLC. 

üther d1JLho1·s (o7) uscd HPLC t.o Bt'parate component peaks from CPC frac

tJ.ons. D,œk eL iÜ. (ll4,68) rractionatt!ù CDL lnLo saturate, aromatic , and 

polar fruction:3 by mt:an~ of llPLC and nnalyzeJ Lht: fractions with an j nter

t'acl.:!d quadrupolt! ll!é!f3!.i spectrorneter. ~eparatlot1 of alkylphenols from CDL by 

llPU.: has u,?en invc::st1gated using sever·al bondcd µha.se colwnns (ll2, 69). 

Pt'1enoll<.: <.:01upom1ds wer•è identifect in HPLC fr-acLions by compari:rnn ut' their 

r·etcnLion volurue:J, ••1 Lraviolet (UV) and fluo1 ·t::3eènCt: ::1pel.!t!'oscoµy déita with 

Til in Layer C!womatography 

TLC ha!i nut büen WJed extensi.vt?ly in the hydrocarbon j_ndu:.1try 

becaut!e or tilt:! increasing popular-il:.y of HPLC. The acLivity in TLC quan-

t..l tat lon la malnly of· t'luort.:scent colc>l'ed or quenched spota . Sehweighardt 

eL ,11.. (3G) r1.=portt::!d t.hu use nt' dirferent TLC sprays t'or CDL. Ouanlitation 

i::i marie by compé:trh1un .::if' spot intensi..ties with reference samples. 

Farc;:isil1 (i3) r•~por·ted nf of nl;..r•oge11ous and phenollc model 

compounds. Scllweighardt é\tJJ co-workers ( lJ, 36) ~malyzed fractions obtained 

from CUL by !31:pa1•;.1tion on sil lca gel co:'..umn I by TL<.: and thin layer i::lectro

phore:,ds on ::il li Ca gr)l, al11mi na and c~llu::.ose 1).la tes. Chroma togra.r.os were 

developed wit.tl !3[)fO:C!ific spray r·eagenr:..s f')r active runctlo11al grQUPS e.g. OH, 

C=O, -N=, Nit, Nil?. The distribution of fun<•tional gr-oups in different ... 
fr•acl:.lon::, of CDL ls t.JeserilJed. Analy~is of' alkylphenols by TLC wa::i invea-

tigal:1:ltJ l>y Swhabr•o11 et al. (~2,6y). Pheno.ls w~t•i, ùet:ect..ed uslng rerri<:y-

,mille-ferr·ic chloride !:!pray rcageut. Othei• 1•~.3earcher•s (2, 70) hav1;: de

~cd,I.l~Jd t.ltf-: analysi;-j uf 11sph.:i Lt..t:ne~ and thel r· ba.~.lc, ,11.:.ldic fractions by TLC, 

t.o •!011!'lrt11 th~ info1•mat:.iot1 oh1.airwd frum Hl onalysei,;. Six sµr·ay rëagent.s 

wer1~ ll:Jed for the dctection of functi.onal groups observed by IR spectroscopy . 

.•. 
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Gas Lt qui<l Chroma Lography 

~;eµar,lLl.,111 l.ly m.c is possible only for volatile components , which 

JiruiLs iL::i f.!fr1,:acy for thf' separ,1tion of heavy fractions of CDL. 

ULilizatlon of CLC ! nLèr'faced with a mtts!.l spectr<Jtr1eL1::r should provide a 

powet'f"ul me;thml ol' d1aracterization. (~;E:e Mnss SpecLrometry section under 

C_l1é:.11'8Cter:1_?.HLion Met.hods). 

(river:Je-phase cl11·omatography lnvol •1ing the use of asphal t.enes as 

<·olumn pae;dng whs 111vestig..1ted by Funk ('71). A ~onc:lusion of hls sl.udy 

sug~t::sts t.hal, 11cH1voiutil.-~ hydrocarbor1s such as CDL can be separated by 

i nverse-pl1as1} ell1•c..1CJ1it Log1',apl1y. 

Jin ,)v,..:rvit.:w or' the ripplication or GC-MS in GJJL analys1s is pres

{JnLed i11 Lhe 1111s~:. .c1pect1·01nc.:try section. 

CHARACTERIZATION METHODS 

r'luon~scetice and Ul travlolet Spectroscopy 

f.'1uorescen0t:; spectroscopy has the potential ta be used as a pow

e r• ful analyLfoal technique for the charac1..er12Rtion of CDL wbi.ch are mainly 

eo11!'!L l LtJtf'd of polyar·omatic hydrocarbc,ns. All<yl substi tuent:=i have a small 

efft::t:.:L on th..: nuori.:!scence specti-a whld1 imp.litJs that the results of anal

y~Ji.~1 are 1::Y.prc~st::d ln terms of th•~ nu1nbe1• of aromatic ring system ra ther· 

1.llan J naivltluc.!l compound indentirlcat..on. Very liLtle has bt::en publishetl on 

IJ1e u::Je of t'l uore.scence spec tros<.:opy to identify aromaLic compounds or ring 

numb~rs in CDL. 

Ke1·::ihaw ( 72) repor-ted the lùentifical.:ion of twelve µolyaromallc 

1•ing syst1.•m3 in cual liquids by comparing their tluorescence excitation and 

fluort::sctm ·•~ tJnùss ion ~pec trn wit.h those of !.ltandard hydrocarbons. He used 

arJsor•ptiou cl1romatogré•phy cm sillca ge' to separ·at.e oll lnto fracttons prior 

to :3p0<!t1·oscop1l' measurements. 

r'luor·t!::JCc:rH:t:: spc:c t.ra of GPC rract ions have been 1nvestlgated by 

Ha.Lhaway et a l. (67). Othe,· rcsearch.-'t'S (!Q) ulllized UV and fluorescence 

spec t.1•mJcopies for t.he identification ,:,r· phenols f1•om liquid chromatographie 

fracl,i 011s. r'luuct::scence e:{citaL.ion ai, l f.luores,.;ence emission as \,ell as 

nb::-l<ir•ption <.laLa of alkylph,,nols wer~ r·P.po1·tec!. 
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Fluorescence spec~troscopy cornbined with GPC or HPLC appears to be 

very promwing ro,· obtaini11g spectroscopie infor-mation on isolated unknown 

COlnJJOllt.:!IIL!:1. 

Infra1·ed .Spectroscopy 

rn !.lpeclro:.Jcopy ol'fcr:i considi::rable promise for the identification 

or fl!ncti.1,Kd 1-~1·oups, L!!IPF.:Gi;'llly in polar mHtcrial. I-'ourier-Lransform 

in l'mred ( FTIH) SfJt.:!c troscopy has openeû new pos:übil l t ies for 

charr,ct,1r.1zrtl,i..ùn 1Jf' eoal liqui.d products becr1us1: or t.ht? gr~ater sensiLivity 

compari-::d wi. t 1l co11 vent i c,na 1 IR. 

11athaw:1y eL .il. (o'l) examined GPC frar.:Lions by FTIR. IR spectra of 

Lht! tr'lmeU1yl::1ityl derivaLivcs of CD/\ and coal liquefaction bottoms were 

examined by Scln,11.:ighardt eL al. (6) nnd Gould et éil . . (73) respectively. 

Pent;m(:-anll tiem:e11e-sol ublc: f1·actLofü: of CDJ\ obtained by sol vent t .. xt1•acLion 

wt!t'<! ,u1r.1 ly:!.ed by I H ( l O, 11 , 5r,) . The spec tré! indica ted the p1•ese1we of 

phi?.nolle ,md niLrogr::nous material. Nea,· IR and PMH techniques have been 

used Lo :1L11,jy Lllf• inl:.r;:raclions (hyr1rL1ge11-b')rtding) of two a.spllalter1,'!S I a'ld 

t.heir aci<lie: and basir..: eornpon,mts, witl1 t.he model compound o-ph~nylphenol 

( 1 ·r). Schw<tir.e1· a11d other.s ( 41 ) ;ina lyzcd si li ca gel chromatographie: frêle-

!.. ions ror hydroxyl o:xygen and pyr·rol.:.c nL 1.,-on:=in by IR. Farcasiu ,1t al. (22) 

an<l l'aint.i::r et. al. (7:1) fz•ar.: üonatcd SRC by t.he method dt!S(!ribed by Farcasiu 

(23) and anr'l.lyzed th,! fracL.lons by I•'TIR. Phenol::i , pyrrollc nitrogc;:n 

compounds, ketont::s w1d ether·s have b,wn found. 

'l'o Luen~-and pentam;-soluble oils from upgraded coal liquids were 

studJed by IR ( 75) for pher101.ic and p:,•rrollc groups. 

Llél:,dc ami ë1<.;i1J1c fractions of asphal Le111::s sepa!"ated by HCl 

precipital:.1011 wcre i11ve~tir,nted t,y Pl SfH.:•.:troscopy ('/0,76). Phenols , furans 

and pyrrolic cc.,mpoun•1s hav~ been detect.ed. Tbt: chromatographie fract.ions 

st:pa1·at1.!d fr·om CDL by ion-exchan,!e, coordinat.ion and adsorption ct1roma

tog1·aphy have l>1~,~11 <i!létl.yzect by lR sppc•,roscoµy (31). The CDA acidic and 

bas1<.: rraet.i,)ns as Wt.•11 ns Lt1t'Ï.r t!'imethyl!.li lyl derivativcs were alr,o 

invest.igatcù using rn sµccl.r-oscopy by Brown et. al. ( 16). Malcabe a!1d others 

{7'/) do.;se;ribed the LH an.1 ly~i:;, of' tti~~ acid1c components obtained by 

aJk;i l.i-alcohol tr~atrnent of C•>al. Aroma 1,ic ring number was nlso t>xamined by 

PMlL 
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Nuclear Magnetic Resonance 

NMfl flpectroscopy provide9 a convenient method for the determination 

of the aromatic cont,?nL of cornplex hydrocarbon ml>eture.s (78, 79). The 

tochtdque ,1owdsts essentially of int""grating the peak areas of the aromat.ic 

pt·ot.uns and hi.: sicle ûhain protons. Céti•bon-13 magne tic resonance ( CMR) is 

éJt1otl!cr Lechniqulèl lhat h,L:C: b0,.m applied to CDL to obtain information about 

t. l 1ê rnolenuli'i.r· s trLJt•tu re and composition . Sa tur•al.e , motioar-oma tic , dlaromatic 

and pol.varomadc polar f1·a•:!Ll.ons obtained from dual packe<l 3llir.:a 

g1:::l-alu11Liri:1 eb1·om~1togri.J.Dhv WL!r'l.! ë>Caminûd by Pugmir-e et al. (38,80) using 

CMR. Retcl..lf!Jky et <1J. (81-84) and Cantor (8~) have used CMR to ol>tain 

struct.ur<.1.l inrorrnat lon and 'ltudy the aromat.iclty of COL . Fourler-transrorm 

CMH ha9 been appli ed for l.he first timc to coal liqui·Js by Bartle et al. 

(86 , 87) .1rn.l M,iel,étwa et~ al. <HB) . A comblnat.io11 of' PMH and CMR ltave been 

u::ied for .-:it..r·uet;ur ·ctl charact.l='rization of heavy 0119 rrom coal by Yokoyama et 

al . ( ~ 1-53) and Maekawa el. a 1 . ( 19) . Ot.her· researchers ( 89) showed ttia t 

coruputür-as~dsted molecular structu1·e construc tion provides a general and 

::iysternaLic mea11s or elucidnting st.rw::tures of coal-der i ved product.s. This 

Li;chn ique utllizes t!leme11tul analysi<J , ~JMH spectra and molecular weight data 

to d~LL~rml ne the allowable combi,1ations of f'unctional groups constituting 

the ~,tructur·e. 

Mc,del hydi·oar-ornatic hydrocarbons were studied using CMR by Seshadrl 

et al. (90) and .Jœ;eph ,~t al. (9") . Carbon-13 <'hemical shift.s of t he.se 

hydr·oca t·bon.s are l'r;pc,r!;ed. Similarly, other groups (92) examined mode! 

compound mi.xLur·e.s dttel co:11 l lquid cxt.:·act by CMR . 

A.11 ot•lgtnal PMR metilod wa~ us~Ll by Schweighardt et:: al. (5,b) and 

Schwager t:t al. (14,41) t'ût' the cha1•a<.:terlzatlon and quantltation of 

hyur·ox.vl gi·oup~ in GUL, w1d asphalteuee, Lly forrna\.ion of t lle ii

~•imethylsilyl derlvativùs (93,94). The accuracy of the method is %5%. 

A mPLhod for· carbon-hyd.rogi.:n at·o111atic/aliphatic distribution 

analys 1.s "'" s Lli c.:a gel cllNma tographic fraction~ by NMR has been described 

(36,')5) . for l'J'atti tmd Coworl-::ere (10) r;x~rnined CDA fractions obt::ained by 

~wlvr;nt i:x•~cèll:t.ion hy NMR. Wooto•1 (W/-119) dnd Dor·n (96) have sepnrated SRC 

by UPC ancl •~he fr-actlons wer<• analyz,~r:t ,-.y NMH. 
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Ruberto et al . (97,98) examined structural aspects of sub-

bitUUÙnou::i ,;oal from sol vat.ion studies with hydrogen donor sol vents. In 

their· sLuuy they utllized PMR, IR nnd other analytical techniques. 

l!~avy product::J or conl pyro 1ysi3 have been separated by GPC into 

THF solublP fi-actlons rrnd cxamined by NMR ( 91.J). Coal liquids from five 

major p1•ù,;e!l3~!.1 have bèen fi·actio•aat(.;d into five fractions by solvent 

tlXLract l on and m1c1 ly'l,ed by f>MR ror l.hî:l pE:!~ceritage or aromatic protons by 

Sct1w::ig1..w et, c1l. (1~!-111). Tite rcsults werè cornp,u·ed to tho$e obta.ined by 

x-ray d UTracL i 011 rn~Lhod. f'r·ac L iun3 îrom gr•fad ! eriL elution chrornal;ography on 

alumirm ha•1,.: bt;;•J!1 t1xami11ed by NMf! (llO} Lo gnin in:'JJgllt lnto the chemical 

ne.tture of 1,he various frnct1on3. IH :c:pcctroscopy was used to identify the 

f'unctlonaJ group~; p,·e.:H!n L the rein. ?.ilm et al. ( 100) described a study on a 

compêu•lson of c-rn Spçct,r•a of so id r~oals arid ~heir liquid hydrog1::natio11 

pr·oduct..s. Ghenti cal shirts of r·epre~~entative samples were reported. Three 

distillat,,: fracti.ons f'roru high volatile bitumnous coal liquefact.ion have 

been stutlit"<i by NMR (101 ), aud the numh~,· of rings deterrnlned for each 

frnctiùn. TL, l11t::ne-i11soluhle, asphal tene and hea vy oil fractions from CDL 

were analyzèd by l:'Mll 1"01• pi•oton distr-1.butlou ( i02). Comparative 3olubi li ty 

studies of solvent. refïned liquids (SHL) and SHC in organic ::.1olvent~ has 

bet:!n inve::,t.i.gatetl by PMH and othe:r an<üytica.l techniques (103,104). Sa.Ho 

et al. ( 101i) reported sym-triazine t,o 1,e t!xcellent sol vent for CMR measure

ru~nt.::i. Thü1 compo1.1ud w;.,s as efl'ectiv<>. .t::i pyr.tdlne for solvat:ion of SRL and 

.'.3RC buL die.! not ab!wrb in the regio11s of iuter-e~t (5-60 and 90-160 ppm). 

Syrn-tria:t.11te would appeéH' to be au adequate solvenl:. ror tht: study of 

pri;;.wpllal tt:11~ by CMR. 

&,.sic a11J <lèiük fractions or asr.,llal t~11t.s separated by IICl 

precipitatiuu l1ëtv~ beer, wwlyzed by nrn (70). ft<.;id gr·oup;:i in CDL have been 

quan!.itat~<.t l>y 111<::!..rnS or NMII spectro:3copy as Lh1::ir acetyl derlvat..tves ( 106). 
'19 ... _ Rc!cently, t!hal'acterizat:ion of organic runet.iona group.s in SRC using ~ 

NMH spc:ictro.scopy was repocted ( !07). ï.'his method does not give .information 

abc.,ut the .structure.: a~i PMR and C!'-i!R but it pu1·mi ts to obta ln info1·mation 

about. the func'Ji.onal groups bonded to U1,~ hyùrocarbon backbone. 
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Mas~1 SpecLromeLry_ 

Mas3 :-;pec Li•ornetry (MS) off ers a unique capabi 1 i ty to characterize 

Cl>L.. Coa.~ li.r1u 1 ds wou ld be too comp lex t.o be anal yzed by e lec tron-lmpac t. 

lo11izaL1ort mn,te (El) of' MS bccausc of •~xces~3i ve fragmentation of Lhe 

rnult!cul,Js. This dl(fî{!ult.y can be eu'c!1Jmve11ted by u3lng cliemical lonlzation 

(Cr) r1.11<l low iorii~ation voltage ruode. Low vol,1tilit.y pr•esent.s é.mother 

probli.:ru ir1 MS a11nly;3i!:I. This pr-0blëm can b\.! alleviuted by utilizlng field 

ionizc1tiu11 (FI) 01· t'ield d•;:!-lt)rption (FDJ 111ode~1 whlch glve information on the 

moli.::cu Lar Lon~ or mo:tl organlc rn<Jl,-,.culcs ( 108). Thuse technique~ have been 

u!-!eLl for the chüraetcrizaf;ion of low volatile compound:; in complex mixtures 

~uch as asi•!,alL<'!nes anr! hcxane-nolul)le 011.:01 f'rorn ...:or1.l liquefaction ( 109). 

llaLhaway et. al. (67) a11alyze•J GPC fractions by El-MS. Similarly arr, 

fr-acLiotis wt~l't! exnrnirwd by Philip et al. (63) using GC-MS. Nwnerous 

ph..:nnlie: and nt·omatil.! compo1.lrld:=i werc idenLi1'1.ed. Bodzek et "ll. (70) and 

/\uba,. 1-!L al. ( 110 ) examined coal ligue•,acUon products by FI-MS and 

conc luded l..lia t ,nolecular weir:,_h t pr·ofi.lC!S obtained by this t..echnique are more 

Jnfor·maLi.vc: tha11 thoSl: ubt:üned by GPC. 

I;o.__,1H·Lt:en st.n1cLur1:d t:,ypr:s wert.: found r111,112) in coal llquefaction products 

usi11g rli1~ll-1·esolutio11, low to•11z.1 ng vol tagl:! ma::is sp13otrotnet.ry. 

S,:pa1•atio11 into compound type:;i by aùsoi·ption chromatography on 

i'!Jum.lnèl columri Wét::! pt.!r!'01·w~d by SchiUt:r· et al. (24-28) and the aromatic 

f'ract:.ion <111a.lyiet1 by UC-MS. Aklltar ot. a1. ( 113) anJ Sharkey and oLhers 

( 11J1, 115) exwuincd lteavy oil and usphaltt.!11+.:l f'rorn sulvent Si:!pal'ation by 

rwmbi11,;:rl gil:1 chrornatogr;iphy mass sp<;:e:trometry . /\romatic ...t.r,d t,lliophenic 

,Jompound!-1 W•H·•= Jd;;ntifled. Lumpkin ,et. al (li)) described the analysis of 

cbromat1·op,raphic !'r-dctions or' CDL for üompound type by MS. White et al. 

( 116) de:::i!.!dbi::d the 1.1nalysis of volat:.i 1 e p0lar ocganies in untreated 

by-pr(><iucl.. ~.ra•.er!:I from coal conversi.·:>n pr·occsses. Identification of 

ind i vidual l!ompounds was r-~porced uslng GC-MS and con firmeù by spi!c.ing wlth 

pur·€! t!ompounds. Ot.her' res~,:i.rchers (11'i) dt:!veloped <.1 GC-MS method of 

analysLng indoles and q11inollnes in CDL. llaz.h:tt et; al. (118) sl:udied the 

111,.:chanism of' co,11 liqt1cr'actic.>n by rueam.J of GC-MS. 'l'he analysis of basic 

ni t 1·o~en cor,1pouod::1 ( pyrldinP., anil iw:-type compound::i) ::1epara ted by !IC1 

p1·,.:cipiLaL1011 frorn r>,xtl liquefaction pr•odu~ts ha.s l1een invE:stigat.,·d b_y White 

1=1, al. ( 119) and Schw .... igha1·ctt et al. ('3) and ? 3 1.:ompounlls wt:'!re idt:ntl i'ièd 

tJSi 11g GC-Mfi. 

1 ..... 



-12-

Electron Spin Resonnnce Spectroocopy 

Electi·on 3pin resonancc :ipt.:ctroscopy (ESR) is a useful technique to 

sLudy rree radlcals in coal. The latter appea1· to play a prominent role in 

the mect1ani.s111 ,)r coal liquefaction. There ls limited information in the 

Li teratur·,= on f're,:.: r·adicals of CDL. Tt1e structure or free radicals has been 

exu,nint:!d in SRC and CD/\ by ESR spectrosc,,py (41,120 ,121,1 22). Mea1:1urements 

•.ir' t.h•= g-va lue.:'! in SHL and SRC samp les 11ave been repor·ted by Wool-iey et al . 

( 103 ) . 

Atomiè /\bsorpLiün Sp,~ctroscopy 1 X-r<tY l'iffraction ami X-ray Fluorescence 

_!111aly.9i~ 

Atornic absorption (AA) spcctroscopy Ls a popular technique for the 

analysis m•!tal element3 in coal liquefnction product::1. Coleman P.t al. 

(54, 1~3) 1JX~·unined t.wf:lve metallic elt:.:rnE>J1ts from SRC via flamcless atoruic 

absorotion ~1pec t.t·os~opy. An x-ray diffraction method was employ~d ( 15, lJ 1) 

to düterm.l ne the:: cr.vsta 11.i.ne paramett:!1'3 of CDA and its chromatographically 

separated components. 

Prath,~r eL al. (1210 analyzerJ quantit:.atively 17 elements in SRC by 

x-cay fluor•~scence. Thi!l rut!tho,:1 provides a sample analysis wi thin an hour. 

Pr~vious rnethods rc4uired over two hout·s per !:!ample. 
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CONCLUSIONS 

T!le d..:veloprnent of separat.ion r-mù chemical characterizat,i.on methods 

has allowt:.:d slg11lf.Lcant pi•ogress in und~r·stunding conversion mechanism.s of 

coal to llquid::1. The crit:ical compilation o!' Lhe::ie methods would also help 

t:t1e analy:it.. to have ru, ov~rview necct~:;ary foi· lmproving existing methods oc 

clevelopj_r11✓• new ones. 

Futur·e developrnents in this field wi.11 involve a combinatlon of 

different applieat1ons or techniqur•s e.g. fr·acti.onat.ion and analy:ns by llPLC 

or· eoupl l ni-,: Cluon~!i<.:t~nce !lpcctroscopy wi th HPLr. for tht! separatiot1 and 

char·a•:!L.~'ri7ati~m of a1·oma1.:.lc compounds. Imµrovernent;. in the st:?paration or 

the h I gh ly cornplex1:d co1t1pound mixtures in CDL t.,y liquid chromatography will 

depand on t.!11~ dt!Vt!lupmer1t of new ~orbent;s wlth higher" selectivity i'or 

va riou!'I curupolmd Lype:.i. 

The use or NMfl ror the analysl:3 or CDL has been tltoroltghl.Y 

lnvestlgatod. Thi~1 tt!chnlque will have extensivP application in the study 

of compound-typt.: or d~t· i va ti zed tùnc t lonttl groups . The sear"ch for rnor-e 

erf'cct.ive solvt:nt:-i wiU irnprove the applicab.ility of NMR ln l;his field. 

Th~ combina tion of !:ll3paration and analyLical methods used ln coa.l, 

petrol.,:mm c111d polymer ehernisti•y wlll play an important t'olf:, ln Lhe devel

opmenL or coal J.iquefact..ion te<.:hnc.,logy. 



T11ble 1 Key for :,:ieparation and characterizat,ion 

of coal - der-ived liqulds based on 

comµound types 

Compound vpe 3'-;paration Chal', c t;er.i'l.a ion References 

mt:thod meLhod 

Snt.u,•;:!Lt:! 1\,B,E lj 

fl,B,E PMR )b 

i\,C PMR,CMH 19 

n 31 

u CMR 313 

H PMH 23 
B,C PMB,cMH 51 , 52 , 59 

B,C .'IS,l'MR 3'( 

13,F MS 28 J 311 , 35 1 4 3 

B,F .-1:3 , IR , P!·fR 33 
l, CMH,PMR 48,49 

r;' F' CMFi',PMH ~3 

C,F . " 63 ' 

At·ornatic J\ MS 109 

A PMR 111 

A rn, CMH 83 
P,, B, E lt 

A,B,E PMR 36 

A,C PMH,CM.P. 1<) 

B 31 

B FS 72 

8 CMR 38 

n PMN 23 

!3 PM~, UV 97 

B PMI ,ws 1;18 

n,c MS,FMft 3'/ 

B,C p R ~· 
13,C P!· R, CMR 51 ,59 
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Table 1 (Cont'd.) 

Compound type Ser,aration Characterization References 

method rnethod 

H,F MS 28 . 29, 1.13 

B,F t-S, PMR, VPO 34 
B,F NS,P~R, IR 33 

C CMn,PMR /48 , 49, 53 

C,D IR,UV ,MS,F'S 6? 

C, F' MS 63 
D IR 65 

D MS 41.t , 68 

D,E M.S 109 

CMR 90,91 , 92 

CMH,PMR 80,85,89 

Ni tr•ogen /\ rn 10, 75 

A,B IR 11 , 41 

A,B,E J.t 

A,B,E ?MR 36 
A,B,F MS 5 

Il. .. ~ , ... IR,MS '(0 

Jl.,E !R,PMR 76 

il, F MS 119 

H IR 31, 7l.l 

B rR, CMR, PMR 40 

B,D,E 42 
B,& ?'-1R ~3 
Br;· .. MS 26,29 , 32 

R,F IR,MS,PMR 33 

F' MS 116,117 

fHH 107 

CMR,PMR 106 



.. 
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Table 1 (Cont 'd.) 

Compound type Separation Characterization References 

method method 

Oxygen A In,PMR 6,14,17 

/\ rn 10, 75 

J\ ITI,CMR, PMR 

/\,B IR,CMR,PMR 22 

1\.' 8 IR, P:-11 11 , 41 

J\. 8 IR,MS 9 

A, 13 , E 4 

ti,B,E PMI! 36 
l\. 8, !-' MS,PMH 5 

J\' E IR, PMR 16 

l\.,E IR ,!-1.S 70 
A,E IR 2 

B IR 31,74,97 

D IR,CMR, PMR 40 
B,D,E UV, 1-'S 1{2 

. 
e,E PMH 23 

B,F IR,MS, PMR 33 

B,l· MS 26 ,29 

r.;' l• MS 63 

0 ~lS 44 

F' MS 116 

FMR 107 

rn, PMR 89, 106 

IR 73 , 77 

Sulfur A MS '(0 

A,F MS 113 ,115 

B EA 110 

B,F 1-"3 113 

r' 1S 116 
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Table 1 (Cent 'd.) 

Compound type Separfltion Char ac teriza ti on References 

method metbod 

Asphaltene /1. PMR,VPO 97 
/\ H,CMR, PMR 1 

A VPO 3it, 64 

A 7 , 20 , 2 l , 11 3 

/\ CMR 811 

/\ P.'1R 13, 14,102 

/\ I!1,PMR 6, 1'/ 1 '/5 

/\ .(-RAY, VPO 13 

A GPC,VPO 3 

A GPC, P "1R 10 

(\ S:""R 122 

/\ l"'~ 32,108,110 

A, B .. R,CMR, PMR 22 

A,B IR,MS 9 

A,B X-RAY,!:'MR 12 

A,B :R,UV 1~ 

A, !3 IR 74 
A,D I l, '!PO, PMR, X-RAY 41 

A,B CMR,PMR 40 

/1, B, C IR , VPO 11 

A,C CMR,PMR 51, 53 

/l., C CMR 59 

A,C IR 55 

J\, C l'!S 24 

/1.,C PMR 52 

/\,E rn,PMR,MS '{O 

f1,E IR,PMR r, 1 16 

A,E P-1R J6 

I':., E IR 2 

fi, E 4 

/1.,F -1S 115 
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Table 1 (Cont'd . ) 

Separation 

met.hod 

J\ 

1\' B 

A,C 

Characterization 

method 

MS 

fi.Il 

A./1 

X-RAY 

M 

References 

115 

12 

54 

124 

125 
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CAPTIONS 

Leg~nù ror Table l 

Separal:lon Methods 

(A): solvent extraction 

(H): llqui d chromatogra phy 

(C): ~e] pt:rm~atil111 clir·omntography 

(D): tiîgh rwe::.1~ur1" liquld chromatography 

(2): Utin layer chromutrogr·aphy 

(F'): ga~ Liquj d ch1·umatog1-aphy 

Cbaracterization MeLhods 

( AA ) : 

( CMR): 

(EJ\ ): 

( r.:::ifl) : 

( F:: ) : 

(FMH): 

(UPC): 

( IR ) : 

( M ) : 

(MS): 

(PMR); 

(UV): 

( IJPO) : 

atomi c! ab::'kwption 

<:arl>on magnetic resonance 

elemtmtal aualysls 

•?lt:c Lron .'.lpin re:3onance 

nucwescene,~ 3pectr·oscopy 

rluorlr,~ magnetic r,~sonance 

w~l permeatlon chromatography 

in!'rr;1red Sfh!CLroscupy 

Mo:;~bauer spec troscopy 

mass !-ipectrometry 

proton magn~tie f'esonance 

u.l L1-aviolt.::t 

vapour pressure osmometry 
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