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Densities, porosities and surface areas of
coal macerals as measured by their
interaction with gases, vapours and liquids
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Helium, Hg. methanol. water and CO, were used as probes at 298 K Lo characterize densities, porosities and
surfuce areas of coal macerals. Densities, measured by He and Hg displacement, permit the determination of
maximum open pore volumes in macerals in the absence of significant imbibing of the Quids within the coal
structure. Densitics measured in methano!, water and CO, are lrequently greater than those measured in He
both because of their penetration into pores closed to He and into the coal structure due to imbibing.
Imbibing into the coal structure results in the swelling of macerals, the extent of which is strongly rank
dependent. Uptake of CO, on macerals is large. It is concluded that it is due primarily to pore fitling
(coverage of micropores) and not to penetration within the coal structure. Coverage of micropores by water is
only a fraction of that found for CQ,. From this it is concluded that only a fraction of the surface of coal

macerals is composed of hydrophilic sites.

{Keywords: macerals in conl; density; coal structure)

Interaction of various gases, vapours and liquids with
coal continues to be of interest to the coal scientist and
engineer. On the one hand, measurement of such
interaction or uptake helps in our understanding of the
chemical and physical structure of coal. On the other
hand. information on such interaction enables the
engineer to betler understand such diverse processes as
coal liquefaction and coal transport in slurry form.
interaction of fluids with coal is made both fascinating
and complicated because coal is a microporous polymeric
material containing significant numbers of heteroatoms
in the form of diverse chemical functional grodps. lis
microporosity leads to the entrance of fluids into this
porosity via the process of activated diffusion'. Coals
behave as molecular sieve materials. Their polymeric
nature, accompanied by the presence of diverse functional
groups, leads to more or less chemical interactions of
fluids with the solid through hydrogen bonding and/or
clectron transfer. Such interactions can prompt Lhe
building blocks in coal to move apart, allowing the fluid
to enter, resulting in swelling?. Such change in structure
has profound implications on the behaviour of coal as to
its rate of liquefaction and its pumpability in slurry form,
This paper considers the interaction of a farge number
of coal macerals of varying rank with He, Hg, methanol,
water and CO,. From measurements of uptake of these
various fluids on macerals, densities, porosities and
surface areas are determined. Extents of swelling of
macerals in methanol and water are also estimaled.
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EXPERIMENTAL

Maceral samples

In this study. hand-picked macerals of varying rank
were used. The source of the macerals is given in Tuable 1.
Measuremenis were made on — 2{ mesh material which
had been stored under N, or Ar. Results for vilrinilic
macerals in this paper pertain only to telocollinite, the
predominant vitrinite sub-maceral in coal. In addition to
the 39 vitrinite concentrates (> 96%;), two concenlrates of
resinile, one of fusinite and one of semifusinite were also
obtained by hand picking. Fable 2 gives the analyses of the
macerals. Procedures used for delermining mineral
matter and, hence, dmmf values are described elsewhere?®.
The rank assigned to the maceral concentrates was that of
the whole coal from which they were taken.

Surfuce areq measurements

From carbon dioxide sorption. A volumetric apparatus
was used to measurc sorption of CO, at 298K, A
description of the procedure and apparatus is given
elsewheret. Prior to sorption, each sample was outgassed
at 378 K under pressure less than 107* Pafor at feast 15 h.
A time of 30min was allowed for each sorption point.
This time was sufficient for the attainment of equilibrium
for most coals. The Polanyi-Dubinin (P-D) equation®
was used to converi sorption data to specific surface
areas, with the molecular area of CO, taken as 0.253 nm?*
(Ref. 5). It has previously been shown that surface areas of
coals calculated using the P-D equation are in good
agreement  with those calculated wusing the BET
equation®. The P-I equation is used for sorption of CO,
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Table 1 Souree of macerals

Sumple

PSMC Sewm Stiale Ceunty

i3 Lower Kittanning PA Jellerson
17 Lower Kittanning PA Jefferson
19 Lower Kittanning PA Armstrang
1 Lower Kittanning PA Clearlicld
R Lower Kittanning PA Clearficid
23 Lower Kittanning PA Jefferson
25 Lower Kittunning PA Yenungo
26 Lower Kitianning PA Eawrence
a7 Lower Kittanning PA Lawrence
28 Lower Kittanning PA Clurion

KR} Lower Kittanning PA Butler

35 Lower Kittanning PA Clarion

42 Lower Kittanning PA Clearfield
43 Lower Kittanning PA Indiang

44 Lower Kittanning PA Cambri
46 Lower Kittanning PA Cumbria
31 Lower Kitlasning PA Indinna

33 Lower Kittanning PA Somerset
a2 Lower Kittanniag OH Muhoning
63 Lower Kittanning (Ohio No, 5)  OH Folmes

64 Lower Kittanning (Ohio No. 3)  OH Tuscariswas
63 Lower Kittanning {Ohie No. 53} OH Perry

{10 Lower Kittanning {Ohio No. 3} Ol Jackson
67 Lower Kittanning (Ohio No, 3)  OH Coshacton
68 Lower Kittenning (Ohio Ne. 3) OH Armstrong
6% Lower Kittanning (Ohio Na. 5)  OH Clearficeld
71 Lower Kittanming (Ohio No, 3)  OH Elk

73 Hlinois No. 6 L Knox

74 {liinois No, 6 iL Peoria

70 Htinois No. 6 1l. Christhsn
77 Hlinois No. 6 1L Vermillion
78 [llinois No. 7 IL Vermillion
104 Hlinois No. 6 1L Montgomery
163 Hlinois No. 6 L St. Clair
106 [H#inois No. 6 1L Randolph
607 {iinois No. 6 IL Jefferson
[08 Hlinois No. 6 1L Jackson
109 [flinois No. 6 I Saline
110 Yaltoure Aust, Vicloris
il Wyodak-Andersen WYy Cuampbel
12 Bevier-Wheeler MO Howard
14 Wyodak-Canyon WY Campbeli

Campbell

its Wyoduk-Ft. Wiliams Formation WY

at 298 K, since it permits the use of uptake data measured
below atmospheric pressure, despite the fact that the
vipour pressure of CO, is 6.4 M Pa,

From water sorption. A gravimetric apparatus was used
to measure sorption of water at 298 K. A description of
the procedure and apparatus is given clsewhere™.
Outgassing conditions prior to a sorption run were the
same as that used for CO, sorption. The attainment of
equilibrium during water sorption required a much
longer time than that required for CO, sorption. In most
cases 4 h was sufficient; for some coals a longer time was
required. The BET equation was used to convert sorption
data to specific surface areas, with the molecular area of
water taken as 0.106 am? (Rell 7). All surface areas could
be duplicated within 3%,

Density measurements

From Hy displacement. As discussed clsewhere?, Hg
displacement can be used to determine the density of coal
particles. Particle density is the weight of a unit volume of
solid including pores and cracks. As described*, a known
weight of coal particles is placed in a penctrometer of
known volume, which in furn is held in a porosimeter. In
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Table 2 Analysis of macerals

Chemical anubysis (wi®,. dmml}
Sample ¥

PSMC wit dmmfl € 13 O Sor
Ivb
5 2t 90.76 478 2.20 0,80
mvh
42 277 8076 5.38 2935 .88
44 X3 §9.92 324 342 (Lo6
33 18.7 89,33 4.67 390
hvAb
is 330 86,44 5,38 6.20
17 34.2 S50 3.33 6.92
19 415 8481 6.02 6.81
21 135 88.63 5.39 175
n 2935 87,14 548 547
) 323 86.31 302 6.31 :
25 6.4 85,53 517 7.26 043
Jo A58 84.29 518 816 0.63
17 173 84.21 EE 8.2 (.71
28 97 81N 3.8 .72 {156
3 350 8413 324 8.33 .81
35 413 83448 370 AR 1.34
43 347 87.21 3.66 4,89 0,93
46 30,0 84.57 332 418 (.78
62 36.7 #4.36 544 7.48 :
0} 41,2 83,10 525 937 136
o 42.5 §2.60 354 9,23 143
63 38.2 8177 5.28 (.75 0.63
67 41.8 8274 5.54 9.50
68 i85 86,30 549 5.66 .24
6y .2 85,18 523 7.32 0.75
71 318 83,38 3,59 7.1
77 A1.6 8191 5,01 9.71 193
78 S0.0 BE.76 546 k.22 .36
104 4201 81.77 S04 1007 149
A 426 82,47 520 9.0} 243
PO 4F.4 82,68 313 0.34 197
107 360 8304 346 hing| 0.67
108 343 84,22 4.90 7.70 0,57
109 340 83.68 3.0 8.36 1.62
ire - 80.84 324 174 tY3
v it
06 380 79.84 5.6 12.60 .83
73 423 74,00 343 [3.24 .89
74 39.1 7897 3.02 1393 .51
76 421 80,13 5.34 1145 242
1120 - 92,54 3.82 1060 1.06
sub
(e sr.10 HINES 834 B0
11 - 81,17 363 14,94 (.36
lig
" - 82,18 9.44 8,63 -
115 7185 458 2274 0.51

“77°,, fusinite maceral
PTOB®, resinite maceral
© 80% semilusinite maceral

order to obtain a meaningful particle density (prig) of coul
particles, it is essential to determine the minimum
pressure which needs to be applied to the Hg in order to
filt the interparticie void volume, In this study, a pressure
of =0.41 MPa was required to fill the interparticle void
volume between —20 mesh particles. From the
Washburn equation®, it is calcufated that this pressurc is
sufficient to force Hg into voids as small as 3500 nm.
Thercfore, Hg is displaced by the volume of the solid and
the volume of veids within the particles <3500am in
diameter. The precision of Hg density measurements is
approximately +0.003 gcm ™7,
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Table 3 Surface arcas of macerals

Surface area, m* g~ ' {dmmf)

Sample cO, Water

Fraction of total
PSMC [§334] (BET) arca covered by water
Ivh
Sl 240
mivh
42 189 8 0.04
44 202 16 0,08
53 256 26 .10
hvAb
15 167 344 0.21
17 [84 43 0,23
19 168 30 0.18
2 29 2 0.10
22 120 2 048
33 131 31 0.2:4
as | 58 0.0
26 220 40 018
27 248 30 0,20
23 (72 34 0.3t
4 199 42 .21
35 128 28 L22
43 173 135 0.09
46 186 - -
47 228 -
62 75
63 266 143 (43
64 189 1i0 .38
63 264 98 .37
67 361 76 0,29
68 - i3 -
68 179 36 0,15
71 171 30 0.34
77 167 75 0.3
78 170 116 0.68
104 196 54 (1L28
105 234 43 .19
HI] 307 39 0.i3
io7 234 24 0.10
108 234 39 017
109 - a8 -
113 201 42 0.21
hw 13
66 278 162 .37
73 {935 121 0.62
74 210 71 0.34
76 200 1906 0.53
12 135 36 .19
sub
111 02 4.7 0.08
1id REE 168 0.5:4
N
D] 03 .54 (.01

Hs 33 22 (.73

As will be seen later. it was necessary to determine the
mucropore volume {1} ol the coals and macerals, The
International Union of Pure and Applied Chemistry
defines macropores as those larger than 50nm in
diameter. Following determination of Hg densitics at a
pressure of =041 MPa, the pressure of the Hg was
increased to 28.8 MPa to force Hg into voids down to a
size of 50 nm. The volume of Hg forced into the particles
between a pressure of 041 and 28.8 MPa is the
macropors volume.

From He displacement. Since He is the smallest atom
and is sorbed and imbibed by solids (o a negligible extent
al 198 K, it is widely used to measure densities of coals.

Procedures and apparatus used to measure He
displacemenl (densities) have been fully described®. An
cquilibrium time of 30min was generally sufficient. The
precision of He density measurements is  about
+0.002gem 3,

From liquid displucement. Densitics were determined
from the displacement of methanol and water at 298 K,
using the pycnometric method as described elsewhere®*,
Because water wels many coals poorly, a mixture of
I wt %) wetting agent {Triton X-100) in 99 wi . waler was
used. Since these liquids are imbibed by coals to some
extent, depending upon rank, approach to equilibrium is
slow?. For most coals and macerals. equilibrium was
essentially reached within 24 h in the case of water uptake
and about 70 h in the case of methanol uptake. Densities
were reproducible to +£0.003 gem ™7,

Densities measured by fluid displacement are on a dry
mineral matter containing basis, Densities were corrected
to a dry mineral matter free (dmmf} basis, taking the
density of the mineral matter as 2.7 gem ™ (Rel, 9).

RESULTS

Surfuce areas

Surface areas of — 20 mesh macerals are presented in
Tuble 3. Arcas have been expressed on a dmmf basis,
assuming that the amount of sorbate taken up as a
menolayer on the mineral matter surface is negligible
compared with that taken up as a monolayer on the
organic matter surface'®.

Densities and pore volumes
Densitics (p) and pore volumes. as measured in
different fluids, are presented in Tuble 4 on a dmmf basis.
Specific pore volumes, ¥, as measured by the
displacement of He, water and methanol, are calculated
from
11
= e ()
Pag P
when py is the density measured in the appropriate {luid.
The pore volume in CO,; is calculated from the intercept
on the axis of volume of CO, sorbed for the P~D plot at
[log(P/Py)]* equalto zero''. The density of liquid sorbed
CO, was laken as 1.037 gem ™2 (Dubinin, M. M., private
communication).

Swelling of coal mucerals

When a fluid diffuses into the coal matrix. as distinct
from the pore system, the result is swelling of the particles.
This laboratory developed an approach recently to
determinc the amount of this swelling?. Swelling
expressed in per cenl, based on the specific volume of the
coal maceral prior to exposure to a fluid, can be
citleulated as follows:

S=100x pyy [(W,/p )= Vi+ ¥.] (2}

where W) is fluid uptake meusured gravimetrically at a
relative pressure of 0.95 and p, is density of the fluid. that
is 0.7866 and 0997t gem™* for methanol and water
(containing 1% wetting agent} at 298 K. In turn, ¥,
equals /. Swelling of macerals in methanol and water
are presented in Tables 5 and 6 along with values for V,
and I,. Values for Hand py, have been given previously.
All values are reported on a dmmf basis.
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Table 4 Densities and pore volumes of macerals

Open

Densities (g em ™, dmmf} 14, pore volume {em” g~'. dmmf}
Sample e e — — porosity
PS MC .”Hg .f’lh.' l”(‘l'l,‘ofl jl[;lo ”L’, CH 30“ H 30 CO;_ ("'(;}
ivb
51 1.230) 1.342 - 0.0744 0.0611
mvb
42 1.234 1.317 1.319 1.280 0.05t6 0.0527 0.0297 (L0481 6.3
A 1.250 1.339 1.333 1.295 0.0331 (L0497 (.0278 (L0515 6.6
33 1.372 1.346 1.364 1.335 0.0432 0.0530 0.0371 (1065 335
hvAb
15 1.244 1.318 1.351 1301 L0450 (0.0636 0.0351 0.0426 5.6
17 1,265 1.341 [.34 1310 0.0448 0.0492 (0.43271 0.0969 50
19 1.240 1.293 [.337 1.288 L0329 (.0384 (L0299 0.0429 4.0
21 1.227 £.391 1.320 1.276 (L0964 0.0607 (L0312 0.0534 (8
1 1.245 1.328 1.332 1.280 0.0301 00524 (.0219 (0.0305 0.3
23 1.264 1.294 1.346 1.302 {LOIR3 0.0481 (0.4230 (0,033 23
35 1.249 1.335 1.412 1.362 tLa5t6 0.0924 0,066+ 0.0741 6.5
26 1.260 1.353 1.378 1.315 (.0545 0.0679 0.0332 0.0361 6.9
27 1.277 1.301 1.395 1.327 0.0144 .0662 (0.0293 0.0632 [.8
28 1,243 1.304 £.351 £.291 0.0363 (L0630 0.0286 0.0439 4.5
34 1272 [.318 £.376 £.324 0.0274 (.0594 0.0309 0.0508 3.3
i3 1,253 t.300 1.3 1.288 0.0323 0.0484 0.02106 .0327 4.0
43 £.231 £.299 1.322 1,287 0.0424 0.0538 0.0332 00448 5.2
46 1.236 1.317 1.334 1.285 0.0497 (.,0393 0.0308 G.0473 6.2
47 1.276 1.351 - - 00433 - (.0581 -
hvAb
62 1.258 1.352 1.404 1.299 L0553 0.0827 (10251 0.0748 7.0
63 1.231 1.332 1,437 [.333 0.0616 {.1165 0.0738 - 7.6
iE) 1.224 1.298 1400 1.337 0.0465 0.1026 0.0633 0.0483 56
63 1.214 1.339 [.482 1301 0.0774 (11491 0.0895 0.0672 &4
67 1. 2:4] 1.288 F.406 £.324 0.0293 (L0945 0.0504 (.0GOG 3.6
68 1.230 1.270 i.3t6 1.261 0.0235 (L0530 0.0199 - 3.1
69 £.237 £.306 1335 1.392 (1L,0426 0.05392 (L0343 0.0457 5.3
71 t.244 E3ED 1.33% 1,325 0.0404 0.0570 0.0491 0.0:436 30
77 1,043 L3t 1.410 1.325 0.1943 0.2479 (2024 {.0426 204
78 1.075 1,417 1.428 1.-08 (0.2242 0.2207 (3.2197 (LO:E3S 24.2
104 1.866 1.324 1412 1.336 0.1829 0.2300 G, 1897 (0300 19.6
HIN A £.313 1.386 1.315 (01254 016335 0.1266 {LOST0 14.2
106 1.191 1.301 1417 1329 0.6708 0.1337 0.0870 (L0783 hit)
107 1.147 1.320 1.430 1.331 01142 01754 0.1204 {L03Y7 13.1
108 1.167 1.332 L4330 1.33% 01061 (L1375 0,100 (L0396 12,44
109 1.202 1.291 1.393 1.306 0.0579 L1156 0.0668 609
113 1125 1.348 [.<403 1303 0.1467 01768 01211 (L0514 [6.6
hv Bl
a6 1.241 t.405 {488 1.374 0.0940 01337 0.077¢ 0.0708 1.7
73 1.047 1,351 14935 1.399 {.2150 0.2804 (1,2403 0.0498 226
74 1.03d 1.372 1.449 1.343 0.2197 {2585 0.2040 0.05335 23
76 1.083 1.325 F.436 1.350 01681 0.2266 01821 (LOSED 15.2
112 1.160 1.525 1332 E3T 0.2067 (.2093 0.1667 (1.(43:43 20
sub
114 HEA 1.O7I( 1.129 1,080 0.0494 0.0973 0572 0.0157 5.0
114 1.067 {473 1.608 1.088 (L2582 0.3135 (L0178 {L0B0] 26
lig
LG 1033 1079 1160 [.087 0,0485 0.1063 (0483 (LOE60 4.3
1N L35 403 [.5399 4061 0.0750 0.1351 (G.076% (0.0774 10.3
DISCUSSION extent to which fluids are removed from the pore system.

It is to be emphasized that measurements of physical
properties of a molecular sicve, heteropolymeric
substance having acidic and basic functional groups on
part of its surface, like coal, are affected by many
variables. Therelore, there are no unique values for the
physical properties for a coal. Coals contain voids {pores)
of molecular dimensions that can be more or less blocked
by monolayers of sorbed organic species and water. Thus,
conditions used for sample preparation prior to a physical
measurement {extent of grinding, outgassing lemperature
and time. and quality of vacuum used) can affect the
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Water which is held tightly on carboxyl groups in the acid
or salt form in low rank coals is a particular problem.
Values for the physical properties presented in this study
should be considered in this light. Certainly, they should
be considered when comparing them to measurements
made by other workers who may have used somewhat
different preparation procedures.

Porosity in coal muacerals
As stated in the Introduction, cross-linking along with
poor packing of irregular building blocks which exist in
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Fable 5 Swelling of macerals in methanol

Table ¢  Swelling of macerals in water

Swelling

(1.0437 290

Sample I o Swelling Sample | o
PSMC {em? ¢, dmmf {em? g, dmmf) (%) PSMC fem® g~ ', dmmf fem® £ dmmf} ")
lvh mvh
51 1.0610 0.0259 1.53 42 10223 0.0223 184
- a4 1.0245 0.0284 314
s 60570 003 - 3 0.0337 0.0314 3.56
44 0.0433 0.0284 2,75 heAb
53 0.0626 0.0314 321 15 (L0356 0.016% 215
oAb 17 0.0416 0.0227 70
) ) 19 00434 20,0209 426
5 i P ‘7’1;’ 2 00236 0.0181 (.29
! b e et 22 0.0209 0.0258 .08
’ P gl e 2 0.0317 0.016% 3.0
2 s o 1 5 0.0687 0.0173 245
3 D050 b o 2% 0.0536 00270 5.97
-3 P oo o 27 0.0579 0.0313 7.62
- o1 oo e i 0.0385 0.0193 3.64
27 0.0880 0.0313 6.7 i f.012 0.0486 792
2% (L0790 0.0193 440 33 0.0388 0.0141 192
H o e ool 3 4 0.0286 0.0280 263
15 00560 0.0141 370 46 0.0231 0.0173 1.2l
£ 0.0495 0.0280 267 ba 0.0716 0.0158 7.8
o s poieet o 63 0.1242 0.0177 838
o o et P 6 0.0827 0.0180 438
p N o ore S 63 01215 00261 7.06
P o e 0 67 0.0745 0.0170 5,10
o s o olse e o8 0.0256 0.0210 3,29
o ook e 130 69 0.0234 0.0198 110
s 0.0662 0.0108 332 ’ 00456 0.0185 .87
71 0.07:40 0.0185 41 n 0.1939 0.023 1,53
" DT potse i 78 0.2149 0.0243 210
N 008! ppteos 0 104 01742 (3.0286 [ 40
104 03420 0.0786 15.0 103 0.1467 0.0229 484
o Pt ooty Y 106 01311 0.0215 7.81
29 0229 2 107 0.1373 (10222 448
106 0.2977 0.0215 22
2 {0215 22, 108 31279 0.0213 4,58
107 0.2311 0.0222 890 ;
0 S T Py 109 0061 0.0197 5.80
109 0.2064 0.0197 13.3 Ha b1127 f.0211 fatd
13 0.2469 0.0211 103 I Bb
LB 66 0.1457 0.0230 (1.3
. . 73 02603 0.0252 5.65
3 kLYl 97
n P oyt 3 74 0.1882 0.0309 0.96
3083 033 23 76 02220 0.0331 §.01
sitb 12 0.0436 0.1219 0.09
i 0.1134 0.0442 6.14 b
4 01837 0.2ty 8.60 114 0.1260 02119 34.2
lig .
1 0.3871 0.0297 249 lig
. SN 02 4. s 0.2224 0.0437 250

coul would be expected to result in porosity being present
within the coal structure. The presence of porosity within
a broad range of pore diameters including micropores
{ <2 nm), {ransitional pores (2-50nm}, and macropores
(>50nm) has been confirmed by electron micros-
copy'®'? and small angle X-ray scattering (SAXS)
studies™™'7. It was the purpose of this study to
characterize the porosily in coal by an independent
technique, that is, by exposure ol coal to various fluids at
room temperature. Let us now consider what results
obtained from this approach tell us about the nature of
coal-fluid interaction and porosily in coal,

As we have seen in the results, when coals are exposed
to some fluids, they swell and expand: thus their siructure
{and undeoubtedly their porosity) has been altered. As
useful as these results will be from both a practical and a
fundamental viewpoint in aiding in our understanding of
porosity in coal results on reference coal-fluid systems
4re needed where coal structure is aliered to a negligible

extent. Two [Tuids that are of particular use are Hg and
He. Since Hg has a contact angle with the surface of coals
of = t40°, it only penctrates into the porosity of coal if an
external pressure is applied - the higher the pressure, the
smaller the pore size into which Hg is forced. Thus Hg is
displaced by the combined volume of the solid siructure
of the coal and all pores below a certain size. In this study
for the determination of Fg densities {py,}, that is weight
of coal per unit volume of solid and pores, a pressure of
0.41 MPa was applied to the Hg. At this pressure, which
will produce negligible contraction of the coal particles®,
pores < 3500 nm in diameter will displace Hg.

The combination of He being an inert gas, the smallest
molecule, and sorbing to a negligible exient in coal at
room temperature’® makes it an ideal molecule to use to
probe the pore structure in coal. Exposure of coat to He at
298 K results in negligible volume change (swelling) of the
coal, even al pressures as high as 3.4MPa'® It is
estimated that He can penetrate rapidly into pores

FUEL, 1988, Vol 87, December 1619
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Figure 2 Macropore volume of macerals as 2 lunction of their carbon
contenl

>=042nm in diameter al room temperature’.
Therefore, in the determination of He densities (), He is
displaced by the combined volume of the solid structure
and all pores {or pores behind apertures) < (.42 nm in
diameter. Thus, the maximum, total open pore volume in
coals, in em” g 7!, is given by

] f

Yy oo — (3)

g Pue

It was reported carlier™'® that py,. poes through a
shallow minimum with increasing coal rank for coals high
in vitrinite and then rises very sharply for anthracites of
highest carbon content. The minimum has been
attributed'® to a change in the average number of
aromatic and hydroaromatic rings in coal per carbon
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atom present from = 0.27 in lignite, to a minimum of
x> 0.24 in coals of 83-84% carbon, followed by a sharp
vise for the anthracites. The end member is graphite
{1007, carbon) with a ring to carbon atom ratio of 0.3.
Despite this general trend of change in py,, with coal rank,
there is considerable variation in py, for vitrinitic coul
macerals of given rank, as seen in Tuble 4.

Figure I presents data for the gy, of macerals as a
function of their carbon content (rank). For vitrinitic
muacerals, there is a general decrease in py,, with increasing
carbon content from 72 to 90Y%,. Macerals high in resinite
(PSMC-110 and 111) have py, which fall considerably
below those for vitrinites of equivalent carbon content:
whereas macerals high in fusinite or semifusinite (PSMC-
1[2and 114) have py, which fall considerably above those
for vitrinites.

Neavel et al.*® previously measured p;,, on 66 coals of
varying rank and 16x 100 mesh particle size. Their
expression, accounting for 94.3% of the variance of the
densities of the samples, was

Pie=0.023(C)+0.0292(0) —0.026 1(H) +0.0225(S,,)
—0.765 )

4]

in which the elements are expressed as wt %, on a dmmf
basis. Equation (4) correlated our p,,. data on 32
macerals for which we had organic S data less well
(namely r*=0.749). Our best fit expression, Equation (5)

P11e=0.033(C)+0.036(0) —0.031(H) +0.009(S,,,)
—1.577 (5)

accounted for 83.3 % of the variance of the densities of the
maceral sampies,

The expression that best fits the py, data will depend
upon the precise procedures used to measure these
densities, as just discussed, and the particle size of the
samples on which measurements were made. Coals
contain some porosity which is effectively closed to He at
room temperature''. The smaller the particle size of the
coal on which measurements are made, the greater the
extent to which closed pore volume is opened up and thus
made accessible to He, This results in an increase in
measured py,.. Helium densities calculated by Equation
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{4). given by Neavel er al.*", were, on average, lower than
those measured experimentally in this study, This is
consistent with their using a somewhat larger particle size
consist in their study,

It has been peinted out by Mahajan®! that most coals
high in vitrinite have py, values falling in the range 1.17 to
1.27gem ™. As seen in Table 4. this is consistent with our
findings for coal macerals. Unlike py,. however, the
correlation of pyy, with elemental analysis {C, H. O. §,)
was poor. The best fit expression only accounted for
41.5% of the variance ol the densities of the maceral
samples.

Even though there is some trend of increasing pore
volume accessible to He with decreasing coal rank, large
variations exist within coal macerals of the same rank.
Poraosities, that is the per cent of particle volume which is
volume accessible to He, also show some trend Lo increase
with decreasing coal rank: but much scatter in values
within the same rank js seen. Porositics range from 1.8 to
21.6%;, for the macerals studied. Two of the largest values
are those shown by the [usinite concentrates. In view of
their open cellular structare, this is to be expected.

Figure 2 summarizes results for the macropore volumes
of macerals of varying rank. Some trend of increasing
macropere volume with decreasing rank is seen. The
semifusinite maceral {(PSMC-[14) is seen 1o have a very
high macropore volume compared to vitrinitic macerals
of all ranks.

Swelling of coal macerals in different fluids

Since He is the smallest molecule. if pore volumes
reported to be accessible to other fluids are larger than
those accessible to He, it is clear that their interaction
with coal has altered the coal structure resulting,
probably. in swelling. Higher pore volumes are seen to be
the case, frequenily but not always, when coals and
muacerals are exposed to methanol, waler and CQO, at
298 K. By using a combination of pyncometric and
gravimetric approaches, the extent of coal swelling in the
presence of liquid methanol and liquid water has been
determined.

Pycnometric densities of macerals as measured in
methanol and water are summarized as a function of rank

{carbon content) in Figures 3 and 4. For the vilrinites,
there is a general increase in density with decreasing rank.
Muaceral concentrates of fusinite, semifusinite and resinite
show densities which differ considerably from those for
the vitrinttes of equal carbon contents.

When a porous solid is exposed to a fluid. swelling can
be produced by at least two phenomena: (i}adsorption of
a liguid-like layer on the surface of the pores®® 2% and (i)
imbibition or inlercalation of the fluid into the solid
structure itself*". In the first instance, if the solid has a
high surface area (meaning an abundance of micropores),
adsorption results in the creation of pressure gradients
which are sufficiently large (= 10°gom™?) to cause
measurable deformation of the solid??. In the second
instance. chemical interaction of the fluid with the solid
through hydrogen bonding and/or electron transfer can
prompt the building blocks in the solid to move apart,
allowing the fluid 1o enter. Swelling due to adsorption.
even in solids of high surface area, is relatively small.
Swelling due to imbibition can range from negligible to
large, depending upon the extent of chemical or physical
interaction of the fluid with the solid.

Let us consider some extreme examples of the results
obtained when solids of different chemical and physical
structures are exposed to fluids®. First, consider a
macroporous, partiaily cross-linked polymer—a tri-
polymer of styrene (887), divinyl benzene (47} and
ethylene glycol dimethacrylate (87,). The molecular
weipht between cross-links is estimated at [240 (Ref, 2).
‘The polymer contains a negligible volume of pores closed
to He. For this polymer, py,, is 1.075gcm ™ compared
WIth 2ananet A Pyopsenes 05 measured pycnometrically,
of 1.078 and 1.101gem ™ *, respectively. The densities and
accessible pore volumes are essentially the same, even
though extensive swelling of the polymer occurred in the
fluids—65.5", in benzene. In this case, the large volume
of fluid which was imbibed into the polymer produced
essentially an equal volume displacement of fluid. The
result is a net volume displacement of fluid in the
pyncometer equal to the original volume of the solid and
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agreement of pg with py.

Second, consider a Saran char of high surface area®’,
derived from the copolymer divinylidene chloride and
divinyl chloride. It was prepared at 1173 K. Like all
carbons containing small amounts of heteroatoms and
well-formed trigonally bonded carbon crystallites, it will
imbibe fluids to a negligible extent. In addition to a large
microporosity, it will contain some porosily inaccessible
to He. That is, the pores arc irregular in size or of n cavity-
aperture type, with some apertures <0.42nm in
diameter. For this material, the py, (2.049gem™%) is
greater than o @04 Progese values of 1.961 and
1.930 gem ™ *, respectively®. Fluid densities are lower
than py). since imbibition, which would aliow the fluid to
permeate through the solid structure and also gain access
to the closed pores, is negligible. Swelling of the Saran,
due to adsorption of the fluid, is also not sufficient to
permit fluid penetration into a pore volume greater than
that which is accessible to He.

Now, we can consider coals, which exhibit & behaviour
intermediate between the two cases just discussed. Coals
combine the ability to imbibe some fluids, with the
existence of pores closed to He. Like Saran char, the pores
in coal are thought 1o contain numecrous fine
constrictions, some of which are not accessible to He® . If
the amount of ffuid imbibed is sufficient, the fluid will be
able to bypass the constrictions {apertures) and gain
access to significant volumes of pores {cavities) which
were closed to He. The result will be fluid densities which
exceed py.. H Lhe volume of fluid gaining access to the
closed pores does not result in equal volume swelling of
the coal. Unlike volume swelling being equal to volume
uptake in the case of imbibition, volume swelling is
expected Lo be considerably less than volume uptake in
closed pores. Like us, Franklin?® and Nelson et al.* have
also reported P 10 exceed py. for coals.

If the above reasoning is essentially correct, one can
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estimate {rom data in Tuble 4 the volume of pores closed
to He but open to a particular fluid as (Ve ¥ned
With few exceplions, ¥ menet ™ ¥opee In many cases
(M snetanolt — M 11e) 18 @ considerable fruction of 17, in some
cases it exceeds 1. For water and CO, (at the low
relative pressure of CO, used in this study), Fp. less
frequently exceeds I,

The main cause of swelling of most coals and macerals
in methanot and water is attributed to their hydrogen
bonding with phenolic hydroxy! and carboxyl groups in
the coals. Coals, runging in carbon content {rom 91 to
76% show essentially a linear increase in phenolic
hydroxyl content with decreasing carbon content??. For
couls of lower runk, phenolic hydroxyl content remains
essentially constant®”; but carboxyl groups are now
present, increasing in amount with decreasing rank.
Therelore, it would be cxpected that swelling of coal
macerals in methanol and water increases with decreasing
rank {decreasing carbon content). Such is the case, as seen
in Figures 3 und 6. 11 s noted, in Figure 6, that the maceral
concentrate high in semifusinite {(PSMC-114) swells to a
much greater extent than vitrinites of equivalent carbon
content. This is attributed to the combination of its
having o higher oxygen content as well as an unusuatly
large total pore volume,

Surfuce areas of coal

The interpretation of the surface areas of coals as
meuasured by CO, uplake has recently been considered at
some length'?. Despite the fact that CO, uptake on coals
frequently exceeds that of He uptake. we have shown,
through dilatometric studies, that volume swelling of
coals in CO, at pressures of CO, where surfuce area
measurements are made is much smaller than measured
uptake volume of CO,. Thus, as discussed previously,
most of the CO, taken up is not imbibing within the coal
struciure. Most CO, uptake at pressures at which surface
arcas are measured is going into open and closed pores
{primarily micropores). Thus, as seen in Tuble 3, coal
muacerals have a large surface accessible to CO,. Unlike
CO,, water only sorbs on hydrophilic surface sites”,
which in the case of coals would be predominantly those
covered by oxygen functional groups—hydroxyl and
carboxyl groups. Thus, despite the fact that the water
molecule has a slightly smaller minimum kinetic diameter
than does the CO, molecule (0.27 nm versus 3.3 nmy),
waler coverage on maceral surfaces is less than CO,
coverage. That is, only a fraction of coal maceral surfaces
is covered by hydrophilic sites. Within a given rank of
vitrinitic macerals {(hvAb, for example), the fraction of the
CO, surfuce area which is covered by water, varies
widely, as is seen in Table 3. Generally, however, the
fraction covered by water ranges from 0.15 to 0.25 for the
vitrinitic macerals. The fractional coverage by water is
particularly dependent upon maceral composition, Low
rank coal macerals high in resinite (PSMC-110and 111}
or fusinite {(PSMC-112) have much smaller fractions of
their CO, areas covered by water than do vitrinitic
macerals of equivalent rank. This clearly indicates that
most of the surfaces in resinitic and fusinitic macerals are
composed of hydrophobic sites.
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The occurrence of chlorine in two high volatile bituminous coals from the Asturian Central coalfield, with a

.

chlorine content about 0.1 wi % has been discussed. The methodology used is bused on obiaining the chlorine
distribution in different densimetric fractions in gravimetric solutions frec of chlorides. 1t aHows the
separation of elements that could be bonded to chlorine to study their likely association. Additional
information has been obtained by carrying out studies on the solubility in water, and the relation of chlorine
with alkaline and alkaline-earth clements. Direct evidence of the presence of chlorine and its chemical
association has been gained by scanning electron microscopy (SEM) and cnergy dispersive X-ray analysis
{EDX). From the results it may be concluded that in the coals studicd chlorine is nttinly localized in the coal

matrix associited 1o organic matter.

{Keywords: scanning clectron microscopy; bituminons coal; density)

The presence of chlorine in coal causes corrosion and
fouling problems in combustion and conversion
processes, The severity depends not only on the chlorine
content but on its chemical state. The chlorine
concentration ranges from 0wt in some coals from
Ilinois basin' to about 1 wt®; in certain samples from the
UK? The Asturian coals have an intermediate
concentration, lower than 0.3 wi%,? and experience has
shown that serious problems may occur if this level is
exceeded.

it is expected that in future the chlorine content will
increase because the chlorine concentration increases as
the seam depth increases. A plausible explanation is that
the coal is in apparent equilibrium with the composition
of the ground water associated with it, and the salinity of
waler {mainly due to alkali chlorides) increases with
depth™3,

It is still not possible to give a clear account of the mode
of combination of ¢clilorine in coal for two main reasons.
The first is the Fargely different characteristics of the coals
cxamined, in fact, some authors have reported different
chiorine compounds in different samples®™’, The second is
the imability to achieve direct identification of these rare
compounds in material as heterogencous as coal.
Therefore investigation of chlorine in coal has usually
involved indirect methodologies, such as leaching or
heating.

Early works, generally based on the study of the
solubility of chlorine present in coal, foliowed by the
characterization of the aqueous extracts obtained,
suggested that chlorine is mostly present as alkali
chlorides, mainly sodium chloride® ™%, Nevertheless., the
presence of halite or sylvite has not been revesfed. In the
most receit works, it has been proposed that chlorine
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could be present us NaCl trapped in pores and fissures, or
assoclated with the organic matter, either as chloride ions
linked to coal by an ton exchange or covalently bonded to
organic matter!H 2,

In spite of numerous published works, the mode of
occurrence of chlorine in coals remains obscure. The aim
of this paper is to reveul the presence of chlorine, its
concentration and its chemical assoctation in two high
volatile bituminous coals from the Asturian basin.

EXPERIMENTAL

The samples used were representative high volatile
bituminous coals from the "Mosquitera” and *El Entrego’
mines in the Asturian Central coalfield, They are raw
coals with =30wt?, ash vield {Tuble I). For the
densimetric separations, 1kg of sumple, ground 1o a
particle stze <5mm, was used. The separation was
carried outl with four mixtures of xilol (commercial grade)
and bromoform (Merck 989, purity). Gas chromatog-
raphy analysis revealed no chlorine was present in the
liquids used. The specific gravities of mixtures were
between 1.30 and 2.40kg ™', and the ash vield in the
separated coal fractions ranged from 3 to 90 wt %, (Table
). These fractions were then ground down to (.212 mm.

The low lemperature ash was obtained in a LTA-504
equipment for LFE Co. The sample (I g} was oxidized
using a radiofrequency power of 150 W and an oxygen
flow of 5 ml min ™! for four 6 h periods, with intermitient
stirring. The proximate and ultimate analysis was carried
out according to IS0 standard methods.

For leaching, 5g of sample, previous ground to
<20pm in a Retsch mill was used. Extractions were
made by refluxing with 100 m] of boiling water for 48 h.



