
I♦ Energy, Mines and Énergie. Mines et 
Resources Canada Ressources Canada 

CANMET 
Canada Centre 
for Minerai 
and Energy 
Technology 

Centre canadien 
de la technologie 
des minéraux 
et de l'énergie 

THE IMPROVEMENT OF LIQUEFACTION PROPENSITIES OF LOW GRADE 
OXIDIZED COAL FROM WESTERN CANADA VIA THE WATER-GAS REACTION 

B. N. Nandi, J. A. MacPhee and L. A. Ciavaglia 
Combustion and Carbonization Research Laboratory 

JUNE 1982 

For presentation at the International Coal Conversion Conference, 
Pretoria, South Africa, August 16-20, 1982 

ENERGY RESEARCH PROGRAM 
ENERGY RESEARCH LABORATORIES 
DIVISION REPORT 82-31 (OP) (J) 

..!!!!!!1-

eburgoyn
Black



THE IMPROVEMENT OF LIQUEFACTION PROPENSITIES OF LOW GRADE OXIDIZED COAL 

FROM WESTERN CANADA VIA THE WATER-GAS SHIFT REACTION 

by 

B. N. N::indi , B.Sc. (Hon), M. Sc.(Calcutta), Dr.-Ing.(Karlsruhe), Head 
Coal & Coke Constitution; J. A. MacPhee, B.Sc . (Hon), (St. Francis 
Xavier), Ph.D. (British Columbia), Resea1·ch Scientist and L.A. Ciavaglia, 
B. Eng . (Carleton), Physical Scientist, CANMET /Energy Research Laboratories 
555 Booth Street, Ottawa, Canada KlA OGl 

S),'OPSIS 

In \'Cstern Canada many of the Cretaceous coa s suffered oxidation during 

metamorphosis subscquent to the Rocky Mountain upheaval. These coals are 

also rich in inert macerals due to the shearing stress and strain of the 

mountain movement. Large scale conversion of oxidized coal to liqui<l by 

hydrogenation proce_·ses is hampered by coke formation. Development of 

mcsophase in the early stages of hy<lrogenation reduces the oil yield. 

A new approach involving initial upgrading of this inert-rich oxidizcd 

Cret:icc:ous coal using the ¼'ater gas shift rcaction (CO+ 1120 ~ co2 + H2) 

to improvc the rheological propcrties and softening characteristics has 

bcen devtloped. The conversion to oil of the inert-rich oxidized coal 

by hydrogenation is increased co1siderably by pre-treatment of the coal 

using the water-gas shift process. Supporting evidence from micro­

scopy, rheology, chemical anulysis and nmr spectroscopy are discussed. 



<.c,,il Jcposit in Canada originatc fr üm th•O Ji rrL"rent rculogk,d ages: 

ii1 c:1. tcrn Canada the coals arv from thl' C:1rhü 111 t-L'ruus pc.:riod, whilc in 

\l'S1Llïl CanaJa they belong to the Cretnccous pcr.ioJ. llccausc of the 

infl 1cn,-t> ot ùiffcrcnt vegetatiùn, the eastcrn C111,!Jia11 co ils conta.in a 

h1~hcr portion of rca~tive macLrals (vitrinitc JnJ c.·in1 e) whereas 

in thL hCSt more inerts (sL·mi fosinitc anJ fusinitL') ,ind lc",s l1tpinic 

111 "L'rals ar found. During mctomorphosis, the Crcta--:c·ous coal s~'ams 

11L rc s ub_j e,:ted to tecton1c prcssur1...s of the Ro..:Ly >lou11ta i.ns gi v i ng 

risc to faults ::mJ cra•,-1s obse ved in the.se sc:11:ls. L1rgc a1r.ou11 s of 

tlws-.· L'O,llS ¼'...?rc O)l.ldtz. d or 1s·_, J hered "in-situ" in the J)TCSL'lll'C of 

1.:1tL'r L'Ot1tain1ng dissolvctl 0xygen and carbonatt::- Sl'Cping th::-ough thcsc 

crac\...s. 1-lorcvvcr, 01-.ing to the s hcaring s rc_-s ;nJ strarn of the 

11 Junt ain fl)rm:itlon, a l:nge quanttty of 1n~rt maccrals w:.is formc.:<l in 

tlwsc co,lls . 

Sum~ of thesc coa ls arc not only ricl1 i n incrt macerals but also the 

major part of the vi.trinltes are hig~ly oxiJizetl. 1~esc 1ncrt-rich 

o. id i ::l'd coa 1 s produce a high proportion of unhurnt car bon in the 

ïesidtn' and fly-ash fr01:i pulverjzed fuel boilers 1 . The direct con-

version of the. e o.·iJi.::ed roab to liquiJ products using hyJrogen, wi th 

or ~·ithout catalyst, 1s oftcn hampered by oke formati0n 2 . In gas-

·ification, 1,rge quan ities of inert maceral~ remain unalter d bccausc 

of ~raphitc-likc structures 3 . 

T'hc Carbo111 ferous coals o·f e~1stern Canada are pri.m~ cohng co,lls. 

'Ihcir on° dra.hback is the high ulphur content, matnly in the form of 

pyrite. 1hc-;c high-flu1d , hj!,h-volatile co;.ils possess large quant1ties 

c, · vitrinitL' :rnJ l'Xinitt.' and , ri.: also considcrt'J sui table for coul 

1.:011\l'rS ion proCL'SSCS. 

Our prl!\'lOUS publis!l<.:d \..-ork has sh01m the format iun of n,esophase 

-;pher1.·s, pn'cursor to coke 4 , :. , G, ·n the sol id residU(' t'rom hyJrogc.n­

ation of n"1turally oxi..iiz.ecl co;.il. The non-coking na ure of lw oxiclizeJ 

ll1al lias b'e11 prcv1ously as...:ribc.d t') ox}gL'n f1.11c ional grours (<'t!wr 

l :11k:q.::es , h.-·Jr-.,xyl and ...:aroonyl gr0ups) h) ,lontgo111L'ry 1
, et al . ·and i 



truncl i.iith hydrogcn, an i11cre.1se or ;il1ph:it.1c -C'l~, -CIi~ grl)lljiS and 

a <le,-re:isc in CH , Oil, C = C anJ C-0-C c her J; l' )Up;, <.1 l onu h' i th :111 

in rease in coking propcrtics (fluidity and 1,l.1.-;t~çity). Yan;;, Sethi 

anJ Steinberg 8 .::ilso reportc<l a <lccre::sc 1n cthcr l 1111-dge-; hhiLh woul<l 

explain thcir rcsults in the transformation or non -co!._i ng '--o~ll to 

coking coal: in othcr words, the rc!--tor.::ition <-'=-' tl1e rcacrivc nature of 

the oxidi7cd vitrinite. 

The use of hydrogen a lonc to upgrade oxi<li ::e<l coal h·ould be· ve:ry 

uneconom1c ,. Considerablc work ha-; been carriel ot ton this proccss 4 -G . 

,\lt--rnatively , t . '.! present .1pproach involvcs the gatcr-ea~, 'J -ll si ift 

rea ·t. io•1 (CO+ H20-- co2 + 11
2

) for initial upgr:iJ ing of th..! 101,-gra<lc 

,1xiJi::ed oals ta imp1·0 -c~ the rheological pt·opcrtiC''> suc h as fluiJi.ty 

,rnJ pLl!,tici y as well as solubility in liqui<l s or gascs. This process 

m:,) r,·prcsent a more economic alternati c to the us of hydn.>;,:en alone'j-IJ_ 

The J3bor.1torr sc:.:d1.~ batch process for the tr1:at 1nent of •:✓ cstern Canadian 

i ncrt -r ic h oxidized Cretac ~ous coal s wi th CO + 11/) has al ready bec·n 

ur previous puhlica ions 11 • 

f'rocessed coals obtaincd via the water-gas shifr reaction cxhibit un 

inprlw~mcnt in rheolog~·:rl prl1perties (plasticity anJ fluiJi y) and 

sho1s very little initial dcvclopment ()f rnesopha~c on lua ting to 

_:;:-ll
0 

: 11 . Lxtcnsive mcsoph-1sc format.ion redue<::, convL'rsior1 YH'lJs 

Jra~tically .1nd renJers the liquefactior1 of low-gradc oxiJi~c-J coal 

Jifficul die to the formation of Luge ar1ounts of c:ckl.: in the reactor ;, _ 

In viLw of this problcm the cffect of liquefact1on h1th hyJrogen 1:ithout 

catalyst on both original and processc<l coals '.,:is invcst11;at-.•d. 

\\ ,\l'rn-CAS SIII FT REDLILT ION PfWCESS 

·11ie dcL1i.ls of this proccss have lic'n publisllvd L1Se\dwn•11 t,ur a short 

!t•~l·ription of the CO+ H
2

0 trcatmcnt of oxidi::cd coal~ j,; !~ivcn hcre . 

\fter ct1,1rgin& the rock:ng autoclave (0.1.f pan·) \,ith lüfJ-1:-iO g coal , ' 

lpartic le . i:c <2S·1 .. un d ·icd ovl'rnight at 1ol\·i h;,tc: · t;1d.1usteJ to 
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0 heating rate was 9 C/ in; op rating pressure and temp rature varied from 

24 to•35 MPa and 350 to 465°c respecti ly. Rapid quenching followed 

the prescribed reaction time, compris d between 0.3 and 60 min. The 

reaction products were cooled to 200°c in 2 min. and from 200°c to 25°c 

in 12 minutes. Once at room temperature, the autoclave as rock d to 

homogenize the cooled gat ~ixture which was vented off and measur d 

with a et test meter . 

. Subs quen to withdrawal from the autoclave the processed coal was put 

in o a small glass container, flushed with argon and stored prior to 

physical and chemical analysis and rel vent testing. The processed 

coal was then subjected to hydrogenation under the conditions described 

below. 

COAL LIQUEFACTION PROCESS 

O.ll stainless steel batch reactor, mounted on a shaking mechanism at 

a 45° 1 h f d ange to te axis o motion was u e . The rea tor was charged 

with pproximately 25 g of feed and after clo ure was te ted for pressure 

at 13.8 MP and flush d 1th hydrogen. It wa then pressurized with 

hydrogen to 6.9 a, heated at a rate of 3°C/min to the desired temper-

ature and maintalncd at this t ature for 2 hours; the heating 

was then discontinued and the reactor as allowed to cool to room 

temperature 2 • 

PRODUCT A ALYSIS 

On completlon of each experiment, as ple of g s was collected for 

analysis and the reactor cont nts were removed nd weighed. The 

reacted coal (re idue in autoclave) was th n extract d with toluene in 

a soxhlet extraction apparatus for at least 20 hours. 

Th toluene-solubl e product was recovered by removing th toluen at 

low pressure in a rot ry evaporator . The conversion wa calculated 

from the weight of the toluene insolubles. 
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MICROSCOPIC EXAMINATION OF UNREACTED RESIDUE 

• 
The toluene-soluble portion of the hydrogenated coal from cach experiment 

was subjected to microscopie cxamination. The rcsidues were mounted in 

epoxy resin and polished by standard methods. Microscopie examination 

was carried out using a Leitz reflected light microscope. All micro­

graphs were taken at 600 x magnification using an oil i.m.~ersion lens. 

Jhe proximate, ultin:ate and petrogrdphic analyses were carried ouL 

according to the ASTII specification. Dilatation test was conducted 

according to DIN No . 51739 . 

RESULTS 'D DISCUSSION 

At the beginning of this work, fresh and naturally oxidized coal 

(exposed for 30 years in mine) from the same eastern Canadian seam 

(sample no. PH-1 and PH-2) were selected for hydrogenation in order to 

st the conversion to liquid and the nature of hydrogenation residues . 

The petrographic, physical and chemical analyses and dilatation tests 

are given in Table 1. 

The conversion to liquid of the oxidized coal (PH-1) and fresh coal 
. 0 

(PH-2) was carried out at 13.8 MPa, and 400 C for 2 hours. The 

conversion yield of toluene solubles for non-oxidized and oxidized coals 

was 40.9% and 12.8% respectively. 

Microscopie examination of the residue after hydrogenation of the 

oxidized coal (PH-1) shows a large proportion of mesophase and formation 

of coke (Figure 1) h reas neither mesophase spheres or coke were 

detected in the hydrogenation residue of the fresh coal (PH-2)(see 

Figure 2). Conversion was bout 8% high r for fresh coal than for 

oxidized coal even though both samples w re trea ted with hydrogen under 

identical conditions. Indications are that naturally oxidiz d coal 

(or oxidized in-situ) on hydrogenation produces more coke than oil. 

In view of the above observation, two inert-rich oxidized (in-situ) 

Cretac ous coals from western Canada wer selected in order to investi­

Patr behaviour durinP h ~ro~enation undPr similar conditions. The 
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properties of t hese t wo coal s , given in Table 2, are very similar to 

each bther except that sample BR-1 has higher oxygen content (7.7%) and 

more inert macera ls (59%) than sample CR-1 . 

On hydrogenation under the same conditions as above (except for a pressure 

of 13.0 MPa for BR-1) the conversion of CR-1 and »R-1 to liquida was 12.5% 

0.8% respectively. Microscop ie examination of hydrogenation residues 

of both original samples of coal BR- 1 and CR-1 show mesophase and coke 

formation shown in Figures 3 and 4 respect ively. 

The high oxygen content in these oxidized coals is partly due to ether 

linkages (C-0-C), hydroxyl groups (-0-H) and carboxyl groups (COOH). 

These may either be removed or broken down by the water-g s shift 

reaction in the following manner. 

1. A direct role of CO acting upon the surface oxides and yielding 

co
2

• 

2. A d i.rec t role of CO + H 
2 

0 on the opening of C-O-C 1 ink.ages 12 • 

H C CH 2 H2C CH 2 2 

Je 1 + 2co + tt2o - )c 1 
CH

2 
CH

2 2 2 

/ 1 1 / 

0 HOOC COOH 

3. An indirect react ion of CO which, in the presence of H
2
o, under­

goes the shift reaction generating "active hydr.ogen". This active 

hydrogen acts as a scavenging agent for free radicals and is 

respons ible for the extensive dealkylation. Dealkylation not 

only increases the aromatics but also helps formation of mesophase. 

It has also been reported by the authors tha t the rheological properties 

of the oxidized coals wer e improv d and the aromaticity increased by 

the process 1 l. 
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The coals CR-2 and BR-2 processed using the water-gas shift reaction 

showeli significan t increase in rheological propertles and aromaticity 

( 13c~m.), (Table 2) and a concomitant decrease in softening temperature. 

These phenomena correlate with the restoration of the reactive nature of 

vitrinite and semi-fu inite and subsequent increase in conversion to 

oil during hydrogenation using the laboratory batch method described in 

the experimcntal part. Both processed coals showed improved conversion 

to oil compared ith the original coals. The yield of oil for CR-2 

increas d from 12.5 to 17.6% and for B -2 from 0.8 to 10.2% respectively 

(see Table 2). Figure 5 and 6 sho the micrographs of the hydrogenation 

residues of BR-2 and CR-2 . Very iittle mesophase or coke formation was 
observed. 

CONCLUSIO S 

From the limit d experimental data the following trends are noted : 

1. During hydrogenation, the oxidized coal generally produced spher­

ical mesophase and coke and very little oil compared with non­

oxidized coal, which gave more oil and less coke . 

2 • The oxidized vitrinite and inert rich macerals (specifically 

fusinite) play a negative role in hydrogenation. This type of 

coal (high inert-rich) ruay not be suitable for liquefaction 

processes because of the presence of ether linkages and other 

oxygen functional groups. 

3. The ater-gas shift reaction (CO+ H
2

0 ~ co
2 

+ H
2

) plays a 

positive role in the opening of C-0-C linkages and also in re­

moving alkyl groups. This proce s is able to restor the reactive 

nature of inert vitrinite (oxidized) and semi-fusinite. 

4. Clear evidence of ignificant increase in oil yield on hydrogen­

ation of oxidized coal, pretre ted by the at r- as shift pro­

ces, was observ in this work. 
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EASTERN CANADIAN COAL 

Table 1 

Prox 

Moistur· 
Ash 

lysis 

Volatile Matter 
Ftxed Carbon 

Fluidity dd/min 
Oxygen (detd) 
f' 

a (Caro ticity) 

Dilatometric Tet 

Softening point QS( 0
c) 

Co raction C 
0 

Temperature of Max.Contraction(QC) C 
Dilatation 
Temp. of max. dilatation 
Plasticity Index= C/QC-8~) 
Conversion to liquid af ~ 

13.8 MPa & 400°C for 2 hours (%) 

Petrographic Analysis (vol%) 

Vitrinite 
E. inite 
Mictinite 
Fusinite 
Seoifusinite 
Pyrite 

PH-1 
Naturally Oxidized 

2.6 
2.0 

32.4 
63.0 

100.0 
0.9 
8.4 

0.64 

362 
25 

447 
nil 

0.29 

12.8 

86.4 
5.2 
2.0 
3.2 
3.2 

100.0 

PH-2 
Fresh 

1. 7 
3.9 

35.2 
59.2 

100.0 
11,700. 

6.2 

0.71 

350 
24 

401 
185 
449 

0.47 

40.9 

80.4 
8.0 
2.4 
4.0 
3.2 
2.0 

100.0 

/ 



• WESTERN CANADIAN COALS 

TABLE 2 

• Proxima te Analisis 

CR-1 CR-2 BR-1 BR-2 
Original Processed Original Processed 

Moisture 1. 7 1. 7 1.9 0.5 
Ash 8.6 9.5 16.1 15.2 
Volatile :t-fatter 22.4 25.8 24.9 25.2 
.Fixed Carbon 67.3 63.1 57.1 59.1 

Ul timate Analisis 

Carbon 79.3 78.0 72.2 74.1 
Hydrogen 4.4 4.2 4.2 4.6 
Sulphur o. 7 0.7 0.6 0.6 
Nitrogen 1.2 0.8 1.0 0.8 
Ash 8.8 9.7 16 .4 15.3 
Oxygen (diff) 5.6 6.6 5.6 4.6 

100.0 100.0 100.0 100.0 
Oxygen (detd) 5.2 5.8 7.7 6.7 
f 1 (C aromaticity) 0.63 o. 77 

Dila tometr ic Test 
~ 0 411 337 411 280 Softening Point e5 ( C) 

Contraction C(%) 5 19 7 18 
Temp of Max. 

0 486 435 500 451 Contraction 9c ( C) 
Dilatation (%) nil -18 nil nil 
Temp. of Max. 
Dilatation (0 c) 464 

Plasticity Index• 
c/(Gc -Qs) 0.07 0.19 0.08 0.15 

Conversion after 12.5 17.6 0.8 10.2 
Hydrogen ation % 

Petrographic Analysis (vol%) 

CR 1 BR 1 

Vitrinite 51.8 40. 6 
Exinite 

' . 0.2 0.0 
Micrinite 2.6 6.4 
Fusinite 11.2 35.2 . , S emif us in it e 34.2 17.8 

100.0 100.0 
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Fig. 1 Hydrogenation residue of 
oxidized coal PH-1 showing 
formation of mesophase spheres . 

Fig. 2 Hydrogenation residue of 
non-oxidized coal PH-2 showing 
deterioration effect of H

2 
on 

vitrinite. No evidence ot 
mesophase formation. 

Fig. 3 Hydrogenation residue of 
oxidized coal BR-1 showing coke (C) 
formation and small mesophase (m). 

Fig . 4 Hydrogenation residue of 
oxidized coal CR-1 showing mesophase 
formation similar to Fig. 1. 

Fig. 5 Hydrog nation residue of 
oxidized coal BR-2 (processed) 
showing attack of hydrogen on 
vitrinite (A) and very little 
meso hase formation . 

Fig. 6 Hydrogenation residue of 
CR-2 (processed). Hydrogen altered 
vitrinite (A) - Low reflectance. No 
mesophase or coke formation . 


