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ABSTRACT

Tbe porosity, pore-size disEibutions, mettr-

ane sorption and carbon-dioxide sorption ca-

pacities of a suite of coals selected from tbe

southern Sydney and Bowen Basins were

studied. The total open pore rolumes "of
these coals range from 2'9 to 1'4 x 10'' cm'ig

with mineral matter causing a relative in-

crease in the macro-pore volume' Most of

the gas uptake in coals appears to uke place

in meso- and micro-pores wbich are tbe

dominant PorositY in the coals.

At a temperature of 250C and pressure of ap-

proximately 4000 kPa the volume of CHI and
^COz 

sorbea by the southern Sydney and

Bowen Basin coals studied ranges ftom 10'7

to 16.9 cm3/g and 22'6 to 29.7 wr'lg respec-

tively. Tbe sorotinn capacity sbows a oositire

correlation wit-b coal rank and surface area'

and a negative corre!4tion with the mnera'ls

content. Fixed carbon content of the coal is

Iinearly related to the sorption capacity and

can be used to model sorption isotherms at a

giren temperature. Variations in maceral

composition do not sbow any signilicant-ut-

l luence on ttre gas sorlt lon caDacity

INTRODUCTION

Coal bas a capacity for storixg large wlumes

of gas relative to conwntional clastic or car-

bonate reserroirs. .Permian coals along the

eastern coast of Ar'lcttalia. are nC) excepjron

dnd conur. up io Jrr m'lt methrne and car-b'

on-ulo^rue gas. 
'Ine- 

amount of gas retained

trr d vv.r seauiis controlled bv many leotqgi-

cal lactors urcluding coal rank. maceral and

ineral composltlon, porosltv. oressure' tegt-

perature, tecrenlc nLstorY and eeological

rou91g1". l irs aim ot this study was to deter-

rine t.he influence of coal ranh composition'

porosity, tYPe of gas and Pressure

on the gas storage capacity of a suite of coal

samples selected from the Southern Sydney
and Bowen Basins. Samples for tbis study
were obtained from the BuUi and Wongawilli

seams of the soutbern Sydney Basin and Cas-

tor, DFart, Garrick and German Creek

sea:ns of the Bowen Basin. Petrographic and

chemical properties of these samples are

summarised in Table 1.

GA.S RETENIION IN COAL

The three modes of gas retention in coals
(Rightmire, 1984) are as:

1. sorbed molecules on pore surfaces;

2. free gas held witbin the matrix porosrty
(macro-and micro-PorositY) ; and

3. gas dissolved in groundwater within the

coal seam.

The fust of these modes, sorption, accounts

for more than 90% of the gas held in coal'

It has been v,'ell established that the gas sorp-

linn can acltY-of-eoaf incre ase s-wiUl-inr^r P t \ rn I 
-

pressure irntr co:u rank' ano ggglenses w1!!

increasing temDerature (ftim, 1yro.t. ihe in-

uuence u, ue maccral composltlon of coal

on the sorptron*capacitn however, is poorlv

ubaef-StOoa.' Preu,.rr5 wilik carried out in

t6ts areas Dy vanous workers have indicated

contradictory results- Ettinger 91 6l' (1966)

concluded that at low and medium ranks, in-

ertinite-rich coals have a higber CHn sorption

capacity than vitrinite-rich coals, wbereas at

hig.ber ranks" both coal types sorb similar

amounts. In contrast works of Patteisky and

Coppens (1961; cited in Ettinger et al'' 1966)'

and Creedy (1979) concluded that CII+ sorp-

, tion capacity of vitrinite is greater than iner-

i tinite. To further complicate matters, the
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work of Swietoslawsicy (7942) and Schwarzer
and Byrer (1983) indicated that the quantity
of CH+ sorbed does not vary in any slstem-
atic manner relative to the maceral composi-
tion. It is wbrth noring all of these works
were concentrated on coals of the Northern
Ilemisphere. Such work on coals of the
Southern Henisphere, more importantly
Gondwala coals" is lacking and enrapolation
of Northern Hemisphere data to Gondwana
coals maybe erroneous.

POROSITY, ST'RFACE AREAS AND PORE
sI7,R DISTRIBUTIONS

Electron microscopic studies have hdicated
the presence of a widg range of pores in
coals and the size range categories as delined
by tbe IUPAC (L9'72) rue; macro-pores (> 50
nm), meso-pores (2-50 nm) and micro-pores
(< 2 nm). An estimation of ttre porosity and
pore .'olumes of coal is conveniently made
using fluid displacement methods (Mahajan
sn6 Wnlksl, 1978) and the total open pore
volume of coal is determined ftom the differ-
ence in the reciprocal rralues of tbe densities
between He (dsc) and Hg (dsd:

total open pore rolume,

\ /  ( 1  -
Y r  -  \ J

d,,

total porosity,

p  = l m d * o ( ] . - )
dr. drn

In these calculations it is assumed that the
He molecule does not react with tbe surface
of tbe coal and does penetrate the open
pores; that is, pores of geater than 0.42 nm.

Table 2 summarises He and Hg densities
and estimated porosities of the coals tested.

Pore size distributions in tbe coal samples
wero estimated by tbe intrusion of Hg at in-
creasilg pressures up to 41.3 MPa (6000 psi).
Two typical cur\rcs showing the pore size dis-
tributions of coals as determined by Hg intru-
sion are shown in Figure 1. AU the samples
tested show similar patterns of pore-size dis-
tributions. This pattern indicates: a very higb
frequency of pores with a size less tban 10
nm, a very low frequency of pores in the

range between 10 nm and 500 nm and a mod'
erate nurnber of pores witb a size greater
than 500 nm.

The use of Hg intrusion to estimate micro-
pores and the smaller range of meso-pores by
applyrng very higb Hg pressures is not reli-
able for two reasons (Deblek and Schrodt,
1979; Unswotth et al.,1989):

. opening up of closed pores due to bigh
pressures, and

. volume reduction due to coal com-
pressibiiity at higb pressures.

Micro- and meso-pore volumes in coals and
coal surface aJeas are more reliably esti-
mated by tbe gas adsorption-desorption tecb-
niques and in tbis study pore volumes of the
coal samples were determined by COz ad-
sorption at 0"C using the Dubinin-Radusb-
kevich equation. The surface area was then
determined by multipiying the pore volgme
by the COz cross-sectional area (0.253 nm-).

On the basis of the pore volume distributions
obtained ftom Hg intrusion and COz adsorp-
tion data, it is possible to di.fferentiate pore
volumes according to thet size ranges. A
summary of these ralues are sbown in Table

The volume of macro-pores (50 nm) of the
coals studied wries between 0.007 and 0.024
mVg. For the majority of tbe coals, percent-
age of macro-pores accounts for less tban
25Vo of. tbe total pore volume although some
samples gave mlues outside this range.
Macro-pore volume of tbe sa:nples CK'1 and
T-2 accounted for about 357o of the total
open pore rolume. In contrast, tbe lowest
macro-pore volumes were observed in sam-
ples TH-l and GK-1. It is interesting to note
tbat of the coals studied TH-1 and GK-1 had
the lowest mineral matter content and CK-l
and T-2 had the bigbest. Tbe relationship
between ttre mineral matter content and the
macro-pore volumes (Fig. 2a) indicates t-hat
tbe volume of macro-pores increases with in-
creasing mineral matter content. This rela-
tionship, therefore, clearly indicates that tie
occurrence of mineral matter contributes i3
the abundance of large pores in tbe suite u-
coals studied. However, porosity and pore
sizes in mineral-rich layers in coal could rary
signilicantly with the type of mineral matter
and this needs furtber study.

' l )
-:J
d
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Plots of the volumes of di'fferent pore sizes where'

(ttrat rs Vso, Vcr-so) and VG-ro)) against the

pore volume oetermilea ni ccjz adsorption 
P = Pressure'

tVcoz) are shown il Figures 2b, 2c and 2d. \,/ = volume of adsorbate adsorbed at pres-

Tbese plots indicate that V1cozl shows sure P,

suong positive correlations with meso- anC

finer sized pores (v1r-so; and vtr-rol) while vm = Irlorolayer saturation volune (quantity

it shows no significant correlation wrtb of gas afsolt-f-ler 8lam of coal to form a

macro-pores (v5s). Therefore, indications saturatedmonomolecularlayer)'

are that no significant COz uptake occurs in b = constant.
macro-pores and mos[ of it occurs in tbe

pores of much finer dimensions, that is, in The plot of PA/ against P for the experimen-

m e s o . a n d m i c r o - p o r e s . t ^ l l y . d e r i v e d d a t a f o r m a l e a s t s q u a l e s
straigbt line and the siope of tlis line gives

tbe riciprocai of tbe Langmuir volume (V-)'

\cno AND coz soRparroN cAPAcrrY According to the- Langmuir tieory the nalue

CH+ and CO2 sorption capacities of the coal of Vm' ideally' represents the maximum gas

samples were tested using a gravimeuic gas holding capacity of tbe coal' For tie coais

sorprion method as de-scriied Uy I.ama studied- tbe calculated Vrn ralues for CH+

(1982). The experiments wers carried out ai yot-l:* l^6-'7* 221 cm3/g and for Coz

250C using coal sa:nples of particle size z's ti''. from 2?'8 to 36'2 t-3/g'

4.5 mm. The volumes of sorbed CHc and \'t

COz ou a loown weigbt of coal were meas- \
ured at absolute prrriu... of 300, 600, 1100, 

'EtrT'EcT ol-ggAt CoMPoSruoN AND

2100, 3100 and 4100 kPa and sorption iso- RANK ON SORPTION CAPACITY

6erms were drawn for each coal sampie To investigate coherence patterns among gas
(Fig. 3). Fo. the suite of_ ̂ .^o?t 

,"tr:g^-H sorprion clapacity, porosity and coal proper-
a-ooot of C^^" sorr-r- 'u a-l.QL \!"134 2J:t ties, an R-mode ilurrct analysis tecbnique
raried-from l0.l-r.rit r" , i6.9 cm'ig, wher+ls was used. According to the dendrogram
COz raried ftom 22'6 cm-19 to 29'7 1m'/& sbown in Figure 4 it is evident tbat tbe Lang-
These data i:rdicatc tbat the amount of COz o'ui, "ofu*is are strongly positivelv related
sorbed by a coal is far greater than the to-uit idfelenecggnce E"rnor), fixed carbon
a.mount of CHI sorbed under similar tem- content,Ee%-), surface area and porosity of
perature and pressure conditions' At a pres- .ouf-,-ar sno# Figures 5a and 5b Langmuir
sure of approximately 40OO kPa tbe volume of volumes also show strong Degati\B correla-
COz sorbed by a coal is approximately 180_to tiqqs *ith_ ash content (Uq"i 2nd mineral
?-2.Q% greater tban tbe amount of CH+ ,*i"t \1,I./o). Tf,ese relartonships, tbere-
sorbed. At lower pressures this ratio is even iore, indicare._lbat !'in-eral m,*pr rloeq not
geapr. For e:<ample, at 1000 kPa this ratro coniribute simificantlv to the anrount oi sas
raries ftom approximately 220 ro I70Vo, In a;;;;; i; *;,. As norect preuousry tbe oc--
this study tests using gas mixtures of CH+ and .urirn." of-mineral mattJr in coal mainly
COz were not conducted. However, previous .on*iUu,* to its macro-pore (50 nm) volume
studies indicated tbat the amount of mixed una ,1" amount of gas itored in these pores
gases (CH+ and COz mixures) sorbed by a- is relatiwly smaU and mainly occurs as free
coal is intermediate between tbe amount ot 

eas. Therefore, it is postulated an inc.rease in
COz and CHI sorbed (Lama and Barto' ilio"raf matter in cinl .anses a relauve del
siewica 1982; Siahaan, 1990). &."o in gle mesu- ard macro-pore .rolflmds

Gas sorptiou isotherms are best described by and cousequently decreas6s trCgas-T6Tf-tio-n

the Langmuir equation (Ruppel et aI., Lg'14) capil(rttv ot de coal'

of which the cosrmonly written form is: Langmuir rotumes slow the suongest corre'

V = v-8- *i:;Jh:T:,ffiT: trJii'1"'.#';llf
(l+bP) 

terial (mainty c' tn"; is devoid of volati]e
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matter, minssal matter and moisture (i.e. FC
= 100-IM-A-VM) it is virtually a measure of
t.he combined effects of rank, moisture and
mineral natter content of coal. Thus, ttre
srong positire correlation between FCVo and
Langmuir volumes reflects the combined ef-
fects of rank, moisture and ash contents on
the gas sorption capacity.

As the inorganic phase of tle coal suggested
a negatirc effect on the sorption capacity, to
gain a better understanding of the effect of
maceral ccmposition and rank it is necessar:y
to compate these nriables on a basis inde-
pendent of inorganic matter. For tbis pur-
pose, Langmuir rolumes and volatile matter
were conrarted to a dry ash free basis
whereas coal maceral volumes were con-
verted to a minerals free basis. Bivarlate
plots showing the relationships between
Languuir volumes (daf, dry ash ftee basis),
Rvmat VMTo (da0 and inertinite (m0, mil-
erals free basis) are sbown.in Figures 5d - 5f.
Relationships indicated in these graphs
clearly show tbat the gas sorption capaclty
Iurez!:ry mcreases with mcreasing rank. The
^--..oos^!p oetwegn the languluu volumes
and inertinite contents shown in Figure 5f in-
dicates a \ague negatire correlalion, but, it is
not significant enough to suggest that iner-
tilite has a lower gas sorption capacity than
vitrinite. It is worth notilg, however, that
due to tbe stong dependence of the sorption
capacity on coal lnnh thc effect of the utac-
eral composition, if any could be masked.

As discussed previously, of all tbe coal prop-
eriies, fixed carbon is most strongly related to
the sorption capacity of taw coals. There-
fore, using least squares regression technique
sorption isotherms for CHI and COz are
modelled (Fig. O showing the sorption ca-
pacities of these coals at 25"C and varylng
pressures.

CONCLUSIONS

Approximately 75Vo of the pores in the suite
of coals studied fell lnjs the size range of
meso- and micro-pores (< 50 nm). The pres-
ence of minslxl matter in coal mainly con-
tributes to the'rolume of macro-poJes, hencQ
t-he macro-Dore volume increases witb in-

Micro- and meso-porosity accounts for most
of the gas reained in coal. The COz sorp-
tion capacity of the coals studied is approxi-
mately two times higXer than that of CH+ and
the quantity pf ors sorh"d bv coal rndreasss
mtir rncreasing ranr and clecreases wrth [n-
crs4s_gll mmeral matter content. 'fhe 

de-
crease rn tne volume of gas sorbed with in-
creasing mineral matter content could be at-
tributed to the relative decrease in the meso-
and micro-porosity.

For the suite of Austrrliqn coals studied, no
significant mrlations in the gas sorption ca-

.pacity of different coal types were obsened.
Due to tbe combined effects of rank and
mineral matter, the gas sorption capacity is
proportional to the fixed carbon content of
the coal and the volume of gas in the coal
can be modelled with a reasonable degree of
confidence using the fixed carbon content at
any nominated pressure and temperature
conditions.
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Australian coals

Sampie

nusber

I I

Vo Vo Vo

R"max

Vo

IM ASH VM FC

Vo Vo Vo Vo

T-2

CD-1

MP-1

MP.2

TH-1

w-1

CK-1

G-1

GK-1

NP-1

33.4 57.6 0.5

23j 70.8 tr.

2I.6 70.5 tr.

57.8 27.7

74.5 14.5

< ? n  ? 1 q

80.7 16.0 tI,

8.5 1.11 1.0 16'2 21. '7 60'8

5.3 |  2 '7 1.0 8.2 20'0 70'8

7.g 1.35 1.0 r2.2 18'4 68'4

40.2 54.4 t r .  5 .3 1 '38 1 '0 9 '6 19 6 69 '8

40.8 53.4 2. r  3 '7 1.04 1 '3 
'7  '3  26 ' , r  65 '3

14.5 1.21 1.0 24.4 18'9 52'7

g .3  1 .04  1 .6  10 .6  30 .0  57 '8

20.2 0.93 1.4 18.2 27.4 53 0

3.3 1.42 0.9 4.8 22.2 '72'1

82.8 11.1 tr .  6.1 1.6' ,1 1' l  10'1 16'6 
'72'2

tr

1 . 1

2.9

PD-1 55.1 37.1 o'2 7 '6 1'32 l '2 9'7 22',9 66'2

V -vitriorte I- inertiqite L- Liptin{e M -minerals

IM - ilherent moisnre A - ash content VM ' volatile matter FC - fixed carbon

tr. - mce amounts R"max - mean maximum reflectance of vitrinite

$@: Proximate analyses data on air dried basis'

es of the samPles tested'
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SAMPI^E d
uH.

(dcm')
A"Hr-

(9cm')
vr(10')
(cm3/g)

P
(vo)

T 1
L - L

CD.I
MP-1
MP.2
TH.1
w- l
CK-1
G-1
GK-1
NP-1
PD.1

1  A a

1 .41
t .44
l . J )

1 .34
1 .57
1 .39
l . )  /

1 .38
i . 3 6

l . J )

r.zs

r-.27

1.28
1.28

J  . 0 )

o.os
2 .89

1  l a

s.!+
5 .66
4.60

4.93

s.  rs
) ,  t J

6 .  O J

o. s+
7.24
5.88

d". - helium density, d"r - mercury density P - porosity
V. - open pore volume estimated from He and Hg densities

Table 2. Densities, pore volumes and porosities of selected coals.

SAMPLE
No.

s*,
mtlg

V"o, vr
(cm3/g)

vro
(cmYg)

Y,o
(cm'/g)

Va.""
(cm3/g) (cm7g)

L-,/,

MP.2
TH-i
cK-1
GK.1
r{P-l
PD-1

161 0.0408
187 0.M72
160 0.0405
183 0.0463
20r 0.0510
2r2 0.0536
201 0.0507

0.0365
0.0405
0.0289
0.0680
0.0554
0.0566
0.0521

0.012
0.011
0.007
0.024
0.0@
0.013
0.013

0.019
0.019
0.014
0.035
0,017
0.020
0.021

0.025
0.030
0.022
0.044
0.046
0.044
0.034

S^^. =

\ t -

' ( T - 5 0 )  -

surface area estimaEed from CO. adsorption
pore volune esEimated from Co, 

"adsorpEion

vo lume o f  EoEaL open pores  (a tcess ib le  to  He)  >  0 '42nm
volurne of pores > 50nm
volu.me of pores > 10nm
volume of pores beEween 0.42 and 50nm

Table 3. Pore volumes estimated from different methods.
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o
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o
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Figure 3. CH+ and sorption isotherms at C.

R-mode cluster anal i-Figure 4.
ables.
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d H .

uz
AZ
s7z

0 . 9 1 9

0 . 8 4 J

0 .053
o ,762

0 . 2 1 6
0 .231

t Y z  0 . 5 r  5
R  " m o x  0 . 6 1  7
v t  c H 4  0 . 9 5 9
v t  coz  0 .855
FCZ 0 .485

PZ
sc02
LZ
t M z

0.927
0.530
0 . 8 2 4
0.8,r5
o .221

v%

g l t "  .Hcdc8 i ry ,  Tv  .E lov ihn i r . ,
SF .sifusidu. F -fusrnitc.
L  -Upt iD i t r ,  M - rnmerds ,
A - ssh. VM - volarilc nutEr.
P.rnu - * oa Millunr rc{lccttrcc of vit ioic,
Y'O{. 

- lstmuU voluc for rncdqra
r . poagglly

DV - dclrovilrinitc.
lD . ilrenodcnioitc,
lM . iuhscnl ltoisturq
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