A STUDY OF THE FINE STRUCTURE
OF CARBONACEOUS SOLIDS BY
MEASUREMENTS OF TRUE
AND APPARENT
DENSITIES

PART II..—CARBONIZED COALS

By Rosavinp E. FRANKLIN
Recejved 15th Febrvuary, 1949

Measurements of the true and apparent densities and adsorptive propérties
of coals carbonized ut 600-1,650° C have been uscd to study the variation of
the colloidal structure with the temperature of carbonization. It is shown tbat
the true density increases with increasing carbonization temperature, reaching
about 2-1 g./em.® at 1,100-1,200° C.

The porosity of particles small enough to pass a 240 B.S. sieve is large (from
7 % to 23 9%) andincreases with increasing carbonization temperature in the 1ange
600° to 1,000° C. The specific surface increases with increasing carbonization
temperature between 600° and 800 C.  The accessibility of the pores and inner
surfaces to liquids and gases decreases with increasing carbonization temperd-
ture in the range 600° to 1,600° C and is governed by the width of fine Constrl'ctwn
in the pore system rather than by the mean diameter of pores which are umfomﬂ
along their length. As a result of this pore structure, the solids fanction 35
molecular sieves, the width of the constrictions in the pore system being of ?he
same order as the diameters of the simple molecules used for the density
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wrements (ie. 2 to 6 A). This molecular sieve structure must be of im-
nce in determining both the chemical behaviour of the solid and the
‘position of the gas evolved during carbonization.

The industrial behaviour of coke prepared from any given coal is
dependent on the maximum carbonization temperature. In
cular, there is loss of reactivity when the temperature of carbon-
on rises above 650° C (the exact temperature varies {rom coal to
. and the change is reflected in many of the physical and chemical
pérties of the material. For example, the adsorption of carbon
gide, the reactivity to sulphuric acid, the dispersibility in sulphuric
he ignition temperature and the “ combustibility 7’ of a number
wirbonized coals all decrease rapidly with increasing carbonization
erature above 700° C.1 In an attempt to investigate the underlying
tnral changes, Cannon, Grifith and Hirst 2 made an extensive
‘} of the internal surface arcas of carbonized coals, as measured by
it heat of wetting in methanol. They found that there was apparently
rked loss of inner surface above 550°-650° C. This change in struc-
fas further investigated by Maggs,® who studied the adsorption of
¥l ethyl and propyl alcohol vapours and showed that the apparent
in surface area resulted from a decrease in the accessibility of
t surfaces. This is in accord with the earlier work of Macpherson,
nd Sinnatt,* who found that the moisture content of laboratory-
ized coals after exposure to the atmosphere for 48 hr. was greatest
mples carbonized at about 700° C and that the rate of adsorption
desorption of moisture decreased rapidly with further increase in
Fhonization temperature.
measurements of the true and apparent densitics of carbonized
ven in this paper make clearer the nature of the structural changes
ccur between 600° and 1,000° C and which result in the changes
erties mentioned above. In particular, it will be shown that
zed coals contain a large volume of very fine pores and a large
ssurface area, evew aiter heating to temperatures above 1,000° C,
orosity of the solid, due to these fine pores alone, increases with
smg carbonization temperature at least up to r1,000° C. The loss
activity and the apparent decrease in porosity and in internal surface
se from the diminished accessibility of the pores.
¢ fine-structure porosity of a carbonized coal may be as high as
It must be emphasized, however, that it is in no way related to
ble-structure developed by coking coals in what is called the
-’ range. It is, in fact, much smaller in the products obtained
®od coking coals than in those from anthracite and low-rank,
caking coals which give no bubble-structure. Moreover, the
part of the porosity is developed at temperatures above the
ange, when the carbonized coal has already acquired a rigid
and no further bubble-formation can occur.
siderable number of measurements of the apparent densities of
zed coals have been previously reported.® Although the influence
“carbonization temperature and method of density measurement
Mo case systematically investigated, the results all appear to be

o]

Metropolitan Gas Co., The Solid Products of Cavbonisation of Coal
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» Griffith and Hirst, Proc. Conf. on Uliva-fine Structure of Coals
BCUR.A, 1944), p. 131. S Maggs, ibid., p. 147.
erson, Slater and Sinnatt, Fuel, 1928, 7, 444.

Ind. Eng. Chem., 1922, 14, 1047; Drakeley and Wilkins, J. Soc.
1931, 50, 3311 ; Hiles and Mott, Fuel, 1937, 16, 64; Smith and
nd. Eng. Chem., 1942, 34, 43; Milner, Spivey and Coff, J. Chem. Soc.,
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consistent with those of the present wotrk. This suggests that structury
changes similar to those described below occur during the carbonizatigy
of all coals, and are not peculiar to the specimens studied here.

Experimental

Materials.—CarBoNIZED CoaLs. Samples were prepared from the following
four coals. >

AnTHRACITE C: 5. Wales anthracite, Group A1, 942 % carbon (dry,
mincral-free). o

CoarL F: S. Wales coking coal, Meta-bituminous, 89-7 % carboy
{(dry, mineral-free).

Coarn H : Yorkshire caking coal, Meta-lignitous, 83-5 % carbop
(dry, mineral-free).

Coar K: Northumberland ~ weakly caking coal, - Meta-lignitous,

82-4 9, (dry, mineral-free).

For carbonization at temperatures up to 1020° C samples ground to pass g
72 B.S. sieve were heated 1 nitrogen in Nichrome-wound furnaces at 5° C/migy
and held for 2 hr. at the maximum temperature.

For carbonization at temperatures higher than 1020° C a molvybdenum.
wound tube furnace was used. The sample was first carbonized at 1000° G
as above, and, if coherent, re-ground to pass a 72 B.S. sieve. It was then
packed into a } in.-bore carbon tube through which nitrogen was passed. The
molybdenum farnace was brought to the desired maximum temperature, and
the tube containing the sample was then advanced through the furnace in steps
so that each part of the sample remained for z hr. in the zone of maximum
temperature. During the initial stages, and again at the completion of th¢
process, the closed end of a carbon sighting-tube was situated in the zone of
maximum temperature, and the temperature was measured with an optical
pyrometer.

Analyses.—-Proximate and ultimate analyses of the carbonized samples
are given in Tables I to IV.

TABLE T.—Awnarysis oF CarBoNIZED COAL C

Proximate Analysis Ultimate Analysis (Parr's basls)
Carboniza- | 77T T T —
tion Temp., Volatile
°C Volatile . e | . Oxygen
Moisture Jess I‘,l‘“,d Ash Matfen Carbon Hy(\lro- Nitrogen +
Mojsture | Carbon (dry, gen Errors
R STUr ?L\‘h'f[@(‘) WTTOT!
25 477 906 21 4°9 | 942 29 12 17
305 16 49 Q14 21 5T | Q4°1 28 10 21
410 20 4°5 912 23 47 | 946 27 09 18
510 22 13 ar-3 22 45 | 947 2-6 09 T8
603 29 379 g1-1 2-1 41 | 947 24 o8 2°1
700 14 3¢ 905 21 32 | 955 17 09 I
803 50 25 [sTeT:1 2-0 2-7 96-3 10 03 19
910 49 15 QI-5 2T 16 [e1eRe] o0 06 1'9;
1,015 (o2 03 973 23 03 | 986 05 o6 0°3
|

Liquids.—MeTHANOL, BENZENE, ACETONE, ETHER, CHLOROFORM, CARBON
TETRACHLORIDE : Analar reagents were used.

n-HexaN® boiling at 67-69° was supplied by B.D.I.

CaRBON DISULPHIDE was purified by treatment with potassium pcrmang&mafg)
mercury and mercuric sulphate according to the method of Hammick and
Howard ¢ and was subsequently dried and distilled.

Gases.—IHyproGcEN was prepared by electrolysis of 10 9}, caustic pot.aS}}
solution saturated with baryta, and was purified by diffusion through a palladium
tube.

OxvGEN, METHANE,—Cylinder gases were used without purification.

8 Hammick and Howard, J. Chem. Soc., 1932, 2915.
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TABLE II.—AwNArvsis oF CarBONIZED COAL ¥

Proximate Analysis Ultimate Aunalysis (Patr's basis)
: Velatile 1 ‘ ]
Volatile - : Oxygen
. Fixed R Matter . Hydro e
less Ash Carbon Nitrogen
Moisture | C2rbon asg-‘géc) gen Errors
T { 1
2.4°0 71X 41 | 252 8g-7 50 [ 1-8 3'5
19°6 753 4'5 207 1 897 47 18 38
12°0 814 51 128 | gr1°2 32 1-8 3-8
6-0 852 53 66 | 939 24 1-8 19
40 | 871 55 4'4 | 953 17 19 I
19 91°1 6-3 2°0 97-5 o6 16 03
|
e -
TABLE TII.—AnaLvsis oF CARBONIZED COAL H
‘ Proximate Analysis VUltimate Analysis (Parr’s basis)
2 I R B
[y Volatile o I O‘(y;;en
ki C Moisture less é‘,‘l:’fgn Ash !\23;;6( Carbon Hydxo h!t!‘“hkﬂ .
Moisture l ash —fr(-;e) ) Errors
59 | 349 \ 57'3 i 19 [ 370 | 835 | 54 | =22 ~ 89
16 | 3470 | 625 19 353 1 878 | 5% 19 ) 1072
13 21°9 74°5 23 227 | 848 | 45 23 1 84
244 113 833 30 1170 | 889 3T ] 22 | 58
3°3 — —— 22 — ‘ Qo7 i 22 — . —
56 42 876 2:0 46 1 936 15 \ 20 1 29
61 28 88-6 25 31 947 12 | 20 | oz
62 - - 30 955 68 [
6-0 — l o 2+9 -— | abs o8 ‘ \ e
28 ] —- I — 20g - - J 968 J oG Py
2-2 ( —- ! — 34 - ‘ 0(>~7 o0y ‘ - -
13 I 09 ’ [YRR¥A \ 34 J o9 | gby J 04 13 \\ 04
\ j
I \
TABLE IV.-—AwnaLysis oF CARBONIZED COAL K
Proximate Analysis ’ Ultimate Analysis (Parr’s basis)
l—b“"”’“vi’* BT T I
. Volatile }
Volatile N | N N f Oxygen
Moisture | lIess 5?1&10 Ash ‘\(I(?Itt,"r Carbon Hy(%ro- iNitrogen +
Moisture arbo ash- f;!cle) gen | Errors
A D DU ) I |
N | |
338 547 1°0 382 | 824 ‘ 51 19 j 106
335 634 1 346 | 822 51 20 | 107
249 720 09 26r0 | 832 45 22 ] 10°1
137 ‘ 83-0 T4 142 | 884 | 33 | 23 60
§-g ‘ 860 15 94 .| 9oy 29 24 ’ 40
72 883 19 75| 92 25 273 | 31
— — ) 19 921 22 — —
50 873 17 6-0 953 1 10 2-0 ‘ I
41 830 17 4'5 | 971 o7 5 | 07
\ 2-1 8¢-0 22 2:3 | 97°5 04 18 ‘ 03
i J :
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Measurement of Density.—The apparatus and methods used for thg
measurements of densities in helium and in liquids have been described ip a
preceding paper.?

Density ‘¢ Drift ''.——The * density driit,” or increasc of apparent densit
with time, was investigated by making measurements 2 hr. and 24 hr. afg,
immersing the solid in the liquid. In helium, measurements were normally
continued until no further drift occurred in 24 hr.; in a few cases the densit
drift in helium continued for many days and was not followed to completiog

Correction for Mineral Matter.——The density values recorded have iy
all cases been corrected for the mineral content of the samples by use of tyg
correction formula of Wandless and Macrae.® Although the mineral conteng
of carbonized coals is somewhat greater than that of raw coals, the uncertaint
in the density correction is less since the composition of the mineral mattey
differs less from that of the ash whose density was determined. The correctiog
did not exceed 3 9, for any of the carbonized coals used.

Results

APPARENT DENsITIES OF Coars CARBONIZED AT TEMPERATURES UP tg
1650° C.-——Measurements of the densities of coals ¢, ¥, ¥ and K carbonized at
temperatures from 300-1650° C were made with helium, methanol, water and
n-hexane. With coal u, carbon disulphide was also used and with coal K
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¥ic., r.—Anthracite c.
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benzene. In Fig. T to 4, densities are plotted against carbonization temper:
ature for temperatures up to 1020° C. The f{ull-line curves in the Iigufgs
represent density values after 24 hir. immersion in the liquids and the final Va'h%,,,}
obtained with helium, and the broken line curves represent apparent densities

7 Franklin, Tvans Farvaday Soc., 1949, 45, 274.
8 Wandless and Macrae, ff'uel, 1934, 13, 4.
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after 2-hr. immersion in liquids and the first recorded values in helium, The
height of the shaded arcas is a measure of the density drifts. (The initial valueg
recorded here and elsewhere for samples which show a large drift in heliyy
refer to measurenients made as quickly as possible after admitting the gas to h,
sample ; they have only qualitative significance.*)

T I I ]
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Joo 1300 500 700 900

e 4 ——Coal ¥
X Helium. O Methanol, ] Water A n-Hexane. A Benzene,

TEMPERATURES BELOW 500° C.—Below 500° C the variation of apparent:
density with carbonization temperature is different for each of the four coals:
investigated. For the anthracite ¢ there is no appreciable change. The ap:
parent densities of coal ¥ in water, of coal u in water, n-hexane and heliums,
and of coal ¥ in water and in n-hexane are slightly decreased by heating to 300%6;
and apparent densities in methanol in all cases increase continuously with:int
creasing carbonization temperature.

TEMPERATURE RANGE 500° C 10 600° C.—Between 500° C and 600° c an
increase in the apparent densities of the anthracite ¢ sets in and the densitiss
of the other coals all increase.

TEMPERATURE RANGE 600° C 10 1020° C. )

(i) Coals ¢, H and XK.—Fig. 1 to 4 show clearly that large and significany
structural changes occur in all four coals between 600° C and 1000°C.  Theres
sults for coals ¢, H and x may be summarized as follows. )

n-Hexane gives a low density value which increases continuously with
creasing carbonization temperature and shows no appreciable drift. The re
obtained with benzene for coal ¥ are similar. Helium gives a density Whlq S
from 7 9, to 23 9 in excess of the n-hexane value and which increases DivEe
rapidly with increasing carbonization temperature. When the temperat; S
of treatment rises above about goo® C the density in helium begins to show s0i®
drift, and at 1000° C the drift is large and the initial density is only slightly i
excess of the density in n-hexane.

U . SR ETE
*In all cases sufficient time elapsed to ensure that thermal equilibfl

between the sample and the thermostat was established before the heli i,
was admitted.
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he density in methanul exceeds that in hdlum for all carbonization tem-
res up to 700° C. Between 600° C and 750° C a density drift in methanol
is to appear and increases with 1ncrc’tsln0‘ carbonization temperature,
bout 800° C the density in methanol (mc"mured after 24-hr. immersion)
s through a maximum, and between 80o° and goo® C it nlgcroases sharply to
e approximately equal to the n-hexane value. At 1,000° C the densities
meth anol and in #-hexane are equal and show no drift.
he variation of the apparent density in water is similar to that obsgrvcd
mcthinol except that the (or1c§pondmg changes occur about 100° C
Up to 800° C the density in water shows no drift and is only slightly
Lhan that in helium. DBetween 800° and goo C a density drift dcv(‘lops
d.the density after 24 -hr. immersion is at a maximum at about goo® C. After
honization at 1,000° C the densities of the coals ¢ and k in water are equal
* the low, n-hexane values and show no drift, while with coal 1 the density
nly slightly higher than the n-hexane value and the drift is small.
‘Carbon disulphide gives apparcnt densities for the carbonized coal # which
1dcntlcal with the methanol values for carbonization temperatures up to
50°.C. Between 600° and goo® C the apparent densitics in carbon disulphide
ather higher than in methanol, although a density drift is observed in
roximately the same temperature range for the two liquids. After carbon-
ation at 1,000° C the apparent density in carbon disulphide is cqual to the
{ow;. n-hexane value and shows no drift,
2 (i) Coal F. The dermty changes which occur in the coal ¥ in the temper-
fire range 600-1,000° C are fundamentally similar to those described above
for ‘coals ¢, H, and X, but differ significantly in two respects.
E Firstly, the dengxty of this coal in w-hexane increases more rapldly with
satbonization temperature, and the difference between the densities in helium
and n-hexane for any one carbonization temperature is less ; in methanol and
iater the maxima which appear in the curves for the other three coals are
f‘at med into strong inflexions. Sccondly, all the changes occur about 100° C
T for the coal F than for the coals ¢, H and x. ‘The drift in density in methanol
gits in below 600° C and at 800° C the density in methanol has fallen to the
phexane value. At 9oo® C the density in water is equal to that in n-hexane.
#idensity drift in helium begins below 800° C and at 1,000° C the density in
hehum too has fallen to the n-hexane level and shows no drift.
7 The results described above show clearly that after heating to 600° there is,
Ul four coals, a large pore volume which is accessible to helium but maccgsslblc

[ T T I T

j e 2
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i 1 t . 1
500 750 1000 1250 1500
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Fic. 5.—Coal ¥,
% Helium /£y n-Hexane

exane. As the carbonization temperature is increased above 600° this
glume is increased ; at the same time, however, it becomes less accessible
,1(18 _Methanol, carbon dlsulphlde and water are successively excluded,

ter carbonization at 1 ,000°, helium too is excluded from the pores of
rand penetrates only slowlv in the other coals.
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The low values obtained with n-hexane for the coals carbonized above bog®
are sharply defined and the apparent density in this liquid appears to repregeyy
a real characteristic of the solid material.  There is no appreciable drift, 55
when apparent densities in water, methanol and carbon disulphide fall to the
n-hexane level, these too show no drift.  On the other hand, apparent densitjeg
intermediate between the n-hexane and helium values are associated with Ja; s
drifts, showing that penetration of the pores by the liquids is slow and incomplefy

RANGE 1,000° C to 1,650° C.—The general pattern of the results outliney
above is further clarified by measurements made on samples carbonized gy
temperatures above 1,000° C.  Results for coals ¥ and H are shown in Fig 5
and 6. For cach of the three coals ¢, ¥ and H carbonized at 1,000°, the densitiag

T T T T
200 .
Siet 4
2
o v U e R
N¢
[
%
z
o
[ -
Jas
) _/A/ b
o
L 1 L 1 1
500 750 {000 1250 1500
CARBONIZATION TEMPERATURE °c
Fiec 6.—Coal 1.
¥ Helium, A m-Hexane.

given by methanol, water and n-hexane are equal and show no drift, and this
is true also of higher carbonization temperatures. For the coal ¥, the density
in helium, too, continues cqual to the vaolue obtained with the liquids. With
increasing carbonizalion temperature from 71,000° C to 1,650° C the apparent
density of the carbonized coal ¥ in helium and in liquids increases from 1:.87
g./em 3 to 2004 g fem 8.

The density of the carbonized coal u, measured in methanol, water or #-
hexane, incrcases only slowly above 1,000° rcaching 1-75 g./cm.? at 1,600°C
The density in helium at first increases, and then decreases to the low value
given by the liquids.* The highest densities in helium are associated with large
and prolonged drifts. The maximum value recorded was 2-03 g.fem.?® for a
carbonization temperature of 1,100-1,130° but since the drift was not followed
to completion, this figure is lower than the true density of the sample ; a higher
valuc was obtained when the sample was more finely ground (see below).

The Influence of Particle Size on Apparent Density.—All the re_sulis
described above were obtained with samples ground to pass a 72 B.S. sieve.
Measurements were also made on samples of coal 11 carbonized at temperatures
above 600° C and ground to pass a 240 B.S. sieve. The results are shown 10
Table V. The density in methanol of the sample carbonized at 805° C and the
densities in helium of those carbonized at 1,100° and 1,250° C were considerably

* The density in helium of the anthracite ¢ carbonized at 1,450° C shows no
drift and is equal to the n-hexane value {obtained by interpolation) 'for coal_ H
carbonized at the same temperature. Since the apparent densities of the
anthracite ¢ and of the coal H carbonized between 700° and 1,000° C and_m'easuf?d
in helium, water and n-hexane are almost identical (see Tig. 1 and 3), it 1s prob-
able that the density of coal 1 in helium after carbonization at 1,450° C Woui®
be equal to the low n-hexane value and would have no drift. This r_esult)*h;S.
taken into account in drawing the broken part of the helium curve 1 Fig o
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ed by reducing the particle size. On the other hand, the results obtained
hexane for samples carbonized above 800° C and with helium for those
d below 1,000° C were not altered. Thus, where no density drift was
peerved the depsity was not increased by grinding to the lower size limit.
‘rophe density drift in helium of the saynple. carbonized at I,OOO(.) C was completed
in considerably less than 24 hir,, and in this case, too, the density measured after

2

4ricr eas
.wi‘ﬁh -
repar €

r. was independent of the particle size. Tor samples which showed large
and prolonged density drifts, the apparent density after a given time was highly

d‘ependent on the particle size of the material.

TABLE V.—INFLURNCE OF PARTICLE SiZE ON APPARENT DENSITY OF
CarpoNizep CoAL H

1
Helium Methanol ’ #n-Hexaue
qubonimotigﬂ Size Density | ¢ Density Dg/iit’ D};ft’ Density le/i“’
Temp., after fpo Sy Drift, after ° IR after o
" hr ensity, % 24 hr. (zhr.| (2 hr 24 hr. {2 hr.
24 2 | g fomls ° ol toz24| to 72 41 tazyg
g.fem, g.fem.? hr.) hr.) g.jem. hr.)
e T e R e A | T T T
600 72 B.S. | 1-542 | 1-542 00 1600 | 02 | — | 1364 | 03
240 B.S. [ 1°543 | I'543 00 — — | - 1-384 | 06
805 72 B.S. | 1848 | 1-848 o0 1761 | 7°9 | 104 1°558 | 00
240 3.5, ] 1-861 | 1-8361 00 1-816 | 74 | 90| 1558 | o1
1,000 72 LS | 2:001 | 2:00% 1007 1:635 |00 | — | 1-663 | 00
240 B.S. 1 20035 | 2-003 76 —— — | —-— | 1'665 | 00
1,100-1,130 72 B.S. ) 1982 | 2:029 134 — — | — . -
240 3.5, | 2-028 | 2:087 158 — — | — -— —
1,245-1,250 | 72 B.S. | 1-875 — 8-0 1723 |00 — | I'724 | o0
[ (to 24 hr) [
240 B.S. l 1979 | 2:056 119 — ‘ - — ’ — | =

The maximum density value recorded was 2-09 g./cm.® for coal H carbonized
it 1,100° C. The true density of the material exceeds this value, since a slight
drift was still observable after g days.

Influence of Molecular Size.—The order in which n-hexane, methanol,
sgater and helium are excluded from the pores as the carbonization temperature
Is raised is the same for each of the four widely different coals ¢, ¥, ® and k.
I is; in fact, the order of decreasing molecular size. Further measurements
were made on the carbonized coal 1 with acctone, cther, chloroform and carbon
tettachloride ; thesc, together with the results obtained with carbon disulphide
{orcoal © and with benzene for coal X confirm that molecular size is the principal
factor’ determining the power of organic liquids to penetrate into the pores of
carbonized coals.  The results obtained with 8 liquids and with helium for coal
Ewcarbonized at temperatures between 700° and 1,000° C are given in Table VI,
fogether. with the molecular volumes of the liquids at 25° C. The 4 liquids
which:have the largest molecular volumes give apparent densities approximately
equal to the low, n-hexane values. No apparent densities appreciably lower
than the n-hexane values have been observed,

Adsorption of Gases on Carbonized Goal.—The density of fine-structured
carbonaceous solids cannot be measured in gases other than helium since all
Of'i'er: gases are to some extent adsorbed at room temperature. However, since
Physical-adsorption is a very rapid process, measurements of the apparent rate
of adsorption may serve to study qualitatively the rate of penctration of gases
inte the fine pores in carbonized coals. With this object, the room-temperature
Bﬂdb‘grptlon of hydrogen, methane and oxygen on coal ¥ carbonized at 6o0°,
809° and 1,000° C was briefly investigated. The apparatus and method were
?fhe same as those used for the measurements of densities with helium. The
trne velume of the sample was first determined with helium, which was then
bumped off, and the measurements repeated with one of the other gases. The

Herence between the apparent volumes of the sample in this gas and in helium
B&ve the volume of the gas adsorbed.
24 %
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‘ to 24 hl )

TABLE VI
T |
// ' r “OIECU]:Q
Materi Temp. 700° C | 750°C | Boo® C | 950° C | 1,005° C ofolljlqrﬁfd
| at 250 ¢
cm.8
. — [ P ———
Helum . . | Density, g./em3| 1-64*| 1831} 1-861| 1-96* 1-998 _—
Drift, 9 — 00 00 - 106
Water . .| Density after 24
hr., g./cm.? -62% | 1v75% | 1-808) 1'710| 1:695 18
Drift, 9, (2 bhr. ! ]
to 24 hr.) - — j o1 2-8 09
Methanol . | Density after 24
hr., g./cm.? 1-70* | 1-80* | 1-759 | 1-64% 1-660 41
Drift, 9 (2 hr.
to 24 hr) — — 79 — 02
Carbon di- Density after 24
sulphide . hr,, g.fem.? 17571 1-828) 1-8535| 1663 | 1-656 61
Drift, 9, (2 hr. | ‘
to 24 hr.) 07 ’ 43 |42 14 00
Acetone . | Density after 24 | i
hr., g./cm.? — | 1-810¢ — 1-62¢ — 74
Drift, 9, (2 hr. i
to 24 hr.) [ 1o — Jo1 | —
Chloroform . | Density after 24
hr g /un 3 17480 | —- i-552 | - 1650 81
Dr1ft 9% (2 hr. |
to 24 hr) 00 -- 100 —- 00
Carbon tetra- Density after 24
chloride . hr. g./cm.® - — 1-560 | - 1660 g9
Drift, % 2 hr. !
to 24 br.) — —- 00 — 00 !
Ether ‘ Density after 2 |
hr, g./em.® — 1533 —— —- = 1 103
‘ I‘rlft 0/0 2 hr, I |
| to 24 hr.) — 03 | \ -
n-1lexane . ! Density after 24 \ \
‘ br., g./cm.? | 47| 153t 55 50| 1°65% | 1-663| 128
Drift, %, {2 hr. | i | i
! “ R ‘ 02 1 = 00
|

* Obtained by interpolation.

Hvyprocun : The guantities of hydrogen adsorbed on the three samples
are shown graphically in Fig. 7. The heat of adsorption, calculated from
measurements made at 15° and 25° C, was about 1,800 val./g.-mol. Since the
isotherms shown in Fig. 7 are approximately linear, and the heat of adsorption
is the same for cach sample, the slopes of the isotherms give a rclative measuts
of the specific surfaces. Between 600° and 800° C the specific surface increases
by about 40 9,

Adsorptlon gthbrxum was established immediately (i.e. in less than 4 min
the time required for making the first measurement) on the samples carbon
ized at 600° and §00° C.  On the 1,000° C sample, a rapid initial adsorption was
followed by a large adsorption drift, and equilibrium was established within
24 hr. Tetween 800° and 1,000° there is a small decrease in specific surface
and the good agreement between the results obtained with the 72 mesh and
the 240 mesh sample suggests that this decreasc is real.

MeTHANE : The results obtained with methane are given in “lable VI
The heat of adsorption on the sarnple carbonized at 610°, calculated freit
measurcments made between 12° and 30°, was 5,800 cal./g. -mol, »

Much larger quantities of methane were adsorbed than of hydrogen, bUP
the process was considerably slower. \With the sample carbonized at 619

there was a large initial adsorption, &1 ¢} of the total occurring in the fizst
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. equilibrium was established within 5 hr. On the 810° C sample less
‘1’% of the total adsorption occurred in the first 2 min., and 5 days were

[x COAL H CARBONISED AT 100% ($2a5s

O COAL H CARBONISED AT 805%C <72 BSS
A COAL H CARBONISED AT I000°C (72 B 5SS
[) COAL H CARBONISED AT 1000 %C (240 858 /

1

3

«*

alt N.T.P

,__._1 ——
|

*lg
m, .
>

Q|
X
VOLUME ADSORBED c
ore
!
l
|

[0-05

| PRESSURE, (cm.Hg.)

| _

ROCRR
raguited for the establishment of equilibrium. Adsorption on the 1,010° C

sumple was very slow ; a measurement made immediately after admitting the
%43 gavean apparent density little different from that in z-hexane.

TABLE VII-—Ansorprion oF MeTaanNt oN CaRBONIZED COAL jI

Carbonization Fquili‘)rium |
) e - o Volume Adsorbed
16!“2“5“““’ Prtz;;urz , \ em.t/g. at ¥.T.p,
!
118 | 05
610 S e
636 \ 2033
R

. Q)X’YGENZ Oxygen was adsorbed in lurger quantity than methane, and
g ?}dso’rptimn proceeded, on the whole, more rapidly. lor example, on the
smsle sarbonized at 810° C, 55 % of the gas admitted was adsorbed in the
5k 2 min., as compared witlh 1 9% for a similar quantity of methane. The
;;gﬁrﬁd‘sorpfaon was, hpwevcr, always followed by a long slow drift which is
- VI;}}Addue, at 10;% m part, to slow chemical adsorption. On the sample
I&Ei’hmié.ﬁ at r1,0ro° C the initial measurement with oxygen gave, as with

o€ &N apparent density approximately equal to the n-hexane value.
woal é‘*{ELbQVe results show that the accessibility of the pores of the carbonized
trene.. 2 fach of the four gases (helium, hydrogen, methane and oxygen) de-
€S with Increasing carbonization temperature, and, as was found with
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liquids, the larger the molecule of the gas, the lower the carbonization tempe.

ature for which it is first excluded from the pores.

in Table VIII.

TABLE VIII

The results are summarized

Coal 1 Carbonized at
Molecular
Gas Diam. — ; —
600° C 8S00° C i 1,000 "
Helium . 19 No drift, pene- No drift, pene- | Large drift, pene.
tration complete | tration complete | tration complets
within 24 hr,

Hydrogen 24 No drift, pene- No drift, pene- | Large drift, pene.

tration complete | tration complete | tration and ad-
and adsorption and adsorption sorption com-
rapid rapid plete  within
24 hr.
Oxygen 30 Large rapid ad- As for 600° C Penectration and
sorption followed ; but rather adsorption very
by long slow slower. 535 9% slow
drift. 82 9 of total ad-
of total ad- sorption oc- |
sorption oc- curred in first |
curred in first 2 1min. ‘
2 min. !

Methane 40 Adsorption equi- | Adsorption equi- ( Penetration and
librium estab- Librium practic- | adsorption very
tished in 5 hr. ally established ! slow
81 Y%, of total in 5 days. l
adsorption oc- 1 9, of total |
curred in first adsorption oc- ‘

2 min. curred in first
2 min, |
| i

It may be noted that the ease with which different fluids penetrate into the
pores of carbonized coal increases with decreasing molecular size for both
liquids and gases taken in a single series.  Although strictly comparable values
of the molecular diameters of all the fluids are not available, the general relation-
ship is clear, and provid: striking confirmation that the penetrating power
does in fact depend prisarily on molecular dinmeter and not on any other
property of the liquids.

Specific Surface. —~The specific surface of carbonized coals and its vari-
ation with the temperature of carbonization has been studied for a wide range
of coals by Cannon, Griffith and Hirst,2 who measured the hceat of wetting of
the materials i methanol. Further measurements on the carbonized coals
¢, ¥, B and ¥ have been made by Grittith, and the results are shown in Fig..8
The curves conform to the types previously described by Cannpon, Griffith and
flirst, who have discussed their interpretation.  In all cases the heat of wetting
decreases with increasing carbonization temperature above 550-650° C.  Maggs ®
has shown that this does not necessarily indicate a decrease in the true specific
surface, since the accessibility of the pores also decrcases—a result which is amply
confirmed by the present work. Adsorption of hydrogen has shown that the
increase in specific surface which occurs between 450° and 600° C and which 1s
detected by metihanol continues, also, at higher termperatures. The hcatlor
wetling in methanol of coal B carbonized at 600° Cis 12 cal./g.; on increasing
the carbonization temperature to 800° C the heat of wetting is reduced to 2 cal,/g
but adsorption of hydrogen is increased by about 4o 9.

Cannon, Grifith and Hirst 2 have emphasized that the internal surface of
coals is mever entirely lost during carbonization and that coals which have
large inner surfaces yield, in general, carbonized products with large inner suf-
faces. The present work provides further evidence that the fine-pore structure
of a carbonized coal is directly related to that of the raw coal. Of the four
coals investigated, coal K has the greatest porosity 7 and yields the most highly
porous carbonized products. The raw coal F has a lower porosity and smlauﬂf
specific surface than the coals ¢, H and X, and also a more highly constricted
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..system ; 7 after carbonization, the fine-structure porosity, surface area
‘accessibility of the pores are all less than for the other coals carbonized
Hgihe same temperature.

l COAL C

e

'[__..

COAL H O/faz\ CoAL K

i B

|

200 400 600 8Q0 1000 200 4000 600 8O0 GO0
CARBONIZATION  TEMPERATURE, C

Fic. 8.

Fine-Structure Porosity of Coals Carbonized above 600° C,—Tt
jears. from the results described above that the low apparent density ob-
T, carbonized coals with n-hexane or with other liquids of large mole-
¥'size is substantially independent of the experimental conditions, and is
f@eﬁned and significant property of the solids. There is considerable
nce that it is approximately equal to the lump density of the individual
- Not only 1s it constant for a wide range of liquids, but it was also
1 when samples of coal B pro-heated to 600” and 800 were exposed
ir'at room temperature for 1 hr. after evacuation and before admitting
d. The presence of air would obviously impede the diffusion of a liquid
. pores, and the same treatment did, in fact, reduce considerably the
' density of the same samples in metbanol. Moreover, Maggs has
d'the adsorption of #-hexanc on coal ¥ carbonized at 600°. The amount
at saturation pressure at 25° C corresponds approximately to that
to form a monolayer on the external surface of the powder.

m may be considered to measure the true density of carbonized coals
¢, carbonization temperature is not so high that the gas is excluded from
le or a part of the pore space. This condition is fulfilled for coals c,
arbonized at temperatures up to goo® C and for coal ¥ at temperatures
202 Co It follows that the fine-structure porosity of these materials is

P = (dye — dnex)/qite,

.and dpey are the densities in helium and %-hcxane respectively.
1§79, P is plotted against carbonization temperature. It is scen that
ighout- the range of carbonization temperature for which the true density
rable (by helium) the fine-structure porosity increases with increasing
rature for all four coals.

the fine-structure porosity increases while the accessibility of the
eases.  ‘This leads to the conclusion that the accessibility of the pores
ed by the size and frequency of fine constrictions or  bottle-nccks
hore ISYStem, and not by the mean diameter of pores which are uniform

Friton ength. The alternative assumption of uniform pores would require
HENL

nereasing temperature, the diameter of the pores steadily decreased
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while their number increased rapidly, new pores formed at any one temperatyure
being narrower than those formed at a lower temperature. In such a system
the increase in porosity would be accompanied by a still larger increase in specific
surface. It has been shown, however, that between 800° and 1,000° C the specific
surface decreases while the porosity increases.

The structural changes which accompany increasing carbonization temper.
ature between 600° and 1,000° arc associated with the loss of volatile decom.
position products from a rigid solid. The existence of the decomposition products
(mainly CO, CH, and H,) implies that there is a re-arrangement of surface atoms
or small groups of atoms within the solid. - This may be sufficient to account

for the creation of a more highly
T I 1 T I constricted pore system resulting
- -] from increased intermicellar con.
tacts. A similar effect may per-
i haps account for the slight de.
50 crease in surface area between
800° and 1,000° by elimination of
) surface roughness. The increase
5 in fine-structure porosity, on the
N
)
a.

other hand, shows that the rigid.
- ity of the structure is too great
o o (or the carbonization temperature
< too low) to permit such large-
% / ° scale re-arrangement as would be
3 / necessary to compensate for the
% / o o | loss of volatile matter aund the
Z X increase in true density.

R Molecular Sieve Properties

'y ° - of Carbonized Coals.—-The
volume of fine pores in coals
| X /E] carbonized at 1,000° C or at
P / ﬁ higher temperatures may amount
% g to more than 20 9, of the volume

- -] of the solid. For carbonization
temperatures between 600° and

© 1,000° C the solids behave as
3 —1  molecular sieves; in any given
i sample all molecules larger than

) a certain size are completely
Carbonizalion femperafure. 7| excluded {rom the pores. Car-

5 bonized coals may be compared

1999 500 700 1800 1990 9% in this respect Wi}{h the y,e%h‘ces
I o. studied by Barrer,® although their

. . AT By o . ~adsorption capacity is much less
O Coalc. [ Coalr. ®Coalur,  x Coal x. The slie,vc " mi,esh * depends both
on the starting material and on the temperature of carbonization, and in the
materials studicd here it is never large enough to permit appreciable penetration
of liquids with molecules as large as those of n-hexane and benzene.

The molecular sieve properties of carbonized coals mnust obviously be of
considerable importance in determining the chemical behaviour of the materials,
and probably also in determining the course of the later stages of the carboniz-
ation process. The principal volatile products of carbonization above 600°C
are methane, hydrogen and carbon monoxide, and, above 700° C, hydrogen and
methane, the proportion of hydrogen increasing with increasing temperature.
It has been shown that methane penctrates the pore structure only slowly gfter
carbonization at 600” C and still more slowly after carbonization at h1gheg
temperaturcs, whereas hydrogen penetrates freely after carbonization at 600
and 800° C. The very different rates of diffusion of the gascous products may
well have an important influence on the final composition of the gas evolved.

This work was carried out at the DBritish Coal Utilization Researo_h
Association, and the author is grateful to Dr. D. I Bangham for his
interest and advice.
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