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Measurement of the Ultrafine Surface Area of Coals*

P. L. WaLker, Jr and K, A, Kinve

The surface areas of six coals (200 2 325 mesh) have been estimated from the sorption of
nitrogen at 777K, krspton ar 195°K, carbon dioxide at 195°K, xenon ar 275°K, and carbon
dinxide at 298K, The voals ranged in carbon comtent (dvy, ash free basivy from 7207 1o
953:2%, Swrfuce areas were caleulared from sorption isotherms, afloseing 30 minntes for each
sorption point, using the BET equation. The most promising sorption systent lo mensure most
completely the surfuce area in the microfine structire of coals appears to be carbon dioxide
at 29K, With this system, the surface areas ranged from 224 oy to a low of 1 nifg.
This mininnon i surface area is substantially greater than that veporred previowsly, even from
methatiol sorption at room temperatire,

INTEREST contintes in measuring as closely as possible the total surface
area of coual. [t is now well accepted that nitrogen at 77°K fails to reach most
of the surface area in coals, because of activated diffusion!, P. L. WALKER,
Jrand 1. Gerrer?, K. AL King®, and more recently R. B. Anperson, L. J. E.
Horer and J. Baver? have concluded that carbon dioxide at 195°K does
reach much of the surface area in coals. Recently, S. P. Nanpi and P. L.
WALKER, Jrd, on the basis ol unsteady state diffusion measurements of carbon
dioxide {rom coals, concluded that a substantial fraction of the pore volume
in coals should be available to carbon dioxide at [95°K, allowing an equilibra-
tion time of 30 minutes. However, the results did suggest that some of the
surface area in some coals will not be reached under these conditions.
K. A, Kunt, recognizing the importance of working at as high an adsorption
temperature as possible, studied the adsorption of krypton at 195°K and
xenon at 273°K on coals and cokes. At these temperatures, the vapour
pressures of krypton and xenon are 33 and 43 atm, respectively. To use the
BET equation? to calculate accurately surface areas from adsorption iso-
therms, it is necessary to measure adsorption up to a relative pressure of ca.
0-2. Thus, it was necessary for Kini to use an adsorption apparatus which
was capable of operating at pressures considerably above atmospheric so
that the required relative pressures could be obtained.

In this paper, adsorption studies have been made on a series of 200 = 325
mesh coals, ranging in rank from anthracite to high volatile bituminous.
Adsorption conditions employed were nitrogen (77°K), krypton {(195°K},
carbon dioxide {195°K), xenon (273°K). and carbon dioxide (298°K). To
the authors” knowledge, the latter system has never been used to measure the
strface area of coals.

EXPERIMENTAL
Adsorption apparatus and procedure
The adsorption apparatus{, made of stainless steel, was similar in design
to that previously described by K. A. Kma®, A distinct improvement was

# Based on 4 paper contributed to the Sixth International Conference on Coal Science, Ménster, [ 1o 3 Fune 1963,
T The apparidus is now manufactured commercinlly by Tem-Pres, Ine., Stade Colivge, Penusylvinia.
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made to the apparatus, as previously described, by substituting a transducer
for a Bourdon-tube gauge to measure pressures. A transducer has an ad-
vantage over a Bourdon-tube gauge, because of its small internal volume
and the accuracy with which its output can be read potentiometrically.
Adsorption measurements could be made conveniently at pressures between
ca. 10 torr and 40 atm.

Prior to dead space determinations and adsorption measurements, samples
were degassed at 150°C for four hours, down to a pressure of ca. 1079 torr.
The dead space was determined with helium at 473°K. At this temperature,
helium adsorption is negligible®. For adsorption measurements, 30 minutes
was allowed [or each adsorption point.

Semiples used

Coals—Tuble 1 presents analyses of the coals used, They varied in rank
from anthracite to high volatile bituminous,

Table 1. Analyses of caals

Proximate analysis { Ultimate analvsis
Mois- {Moisturesfiee) %, i (Mlaisture-fiee) ¥
Sarmple ture : | ! : Carbon,
Y Asit | VM ! FC iSulphurg C : H N Ndaf
Anthracite : i : !
Ne, 1 11 8-4 E 40 | Bed | 05 | 871 | 30D | Nl 95-2
Bituminous coals g ! i
No, 912 i1 46 {188 766 o7 839 45 1] 90-0
No, 450 16 63 {337 160000 06 B8 | 50 1-4 862
No. 848 i-6 38 13905721 06 | 804 52 1-4 83-6
No. 885 19 54 E 376 | 3701 08 I 750 1 32 §ed 792
G No, 6 " 1-9 76 [ 454 | — i 27 1672 55 rn 127

Carbons—Adsorption of the gases was studied on selected carbons (Gra-
phon, wear-dust, and Vulcan 3), which are known not to exhibit molecuiar
sieve properties, in order to estimate values for molecular areas of the
adsorbates.

Graphon is prepared by heating the carbon black Spheron 6 to about
2730°C. The surface of Graphon is highly homogencous, it being composed
of ea. 99 per cent basal plane (or 002) surface®, Its internal surface area is
negligible: its electron microscope area agrees closely with the surface area
calculated from gas adsorption. lIts volatile matter and ash content are
negligible.

Carbon wear-dust was prepared by grinding artificial graphite in nitrogen.
The particles of the wear-dust are highly flake-like!?. From electron micro-
graphs, the average particle diameter is ¢a. 0-4 . For flake-like particles of
negligible internal surface area, the particle thickness can be estimated from

== 2{pS§, where p is the particle density and S is the specific surface area
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measured by gas adsorption!l. The particle thickness is ca. 60 A. its volatile
matter content is ¢q. 4 per cent; its ash content is ¢a. O+1 per cent.

Vulcan 3 is an oil {furnace black, which has an arithmetic mean particle
diameter of 235 A. Its internal surface area is negligible!~. Its volatile matter
content is <C} per cent; its ash content <01 per cent.

RESULTS

Adsorption on carbon surfaces

Table 2 presents the results for the calibration of the different adsorption
systems used. The system, nitrogen at 77°K, was taken as the standard,
with the area of the nitrogen molecule taken as [6-2 A2, As suggested by

Table 2. Calibration of adsorprion systems

Adsorprion Melecular areas, A*
Advarbate | temperature, ! )
°K Graphon Wear-dist 1 Vulean 3 Average
Mo 71 162 [ 16-2 16-2 . 162
Kr 195 : 223 : 250 18-0 j 217
CO- 195 f 217 189 I 206 207
Xe 273 216 233 18-8 2240
CO» 298 : 25.8 29-0 : 212 253
I

P. H, EMmeTT'3, this value is calculated from the density of liquid nitrogen
assuming two-dimensional close packing on the adsorbent surface. Employ-
ing this adsorption system, the surface areas of Graphon. wear-dust, and
Vulean 3 were caleulated as 90, 157 and 74 mZ/g, respectively, using the
BET equation. The cross sectional areas of the other adsorbates were taken
so that the specific surface areas calculated from their adsorption isotherms
agreed with the nitrogen values,

Tuable 3. Monolayer volhinnes af gases on conls

Adsorption Volume, enitlg ar s.L.p.
Adsorbate | remperature, i ; :
K i T
Nz 77 B Nil | N L Nl 2:6 52
Kr 195 I 361 16:5 l 5-8 37 2.8 0 144
COa 195 io4d4 263 | 193 14-4 165 | 358
Xe 273 [ 384 239 | 184 104 i4-2 252
COa 298 b330 285 ! i84 | 154 195 203
i ! s !

1t is seen that the molecular areas of the adsorbates are not constant
for the different carbons. This is well known; the packing density of the
adsorbate can be dependent upon the crystallographic face upon which
adsorption occurs', the presence of non-carbon atoms in the surface, and
the size and shape of pores in the solid. Quite arbitrarily, the average values
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of the molecular areas, shown in Table 2, have been used to caleulate the
surface areas of coal. As discussed later, a much more sericus problem
exists in selecting molecular areas of adsorbates which are adsorbed in
molecular sieve materials.

Surfuce area of coals

Table 3 presents monolayer volumes of the gases adsorbed on the coals,
cafculated from the BET equation, Table + presents the surface area results
on the coals {or the different adsorption systems used.

Table 4. Surface area of coals

[

b

| .
U ddvorprion Surface areqa of coals, mjy
Advorbate  remperature, : :
! K 1 i 2 | 956 #E8 083 | fr
Na ‘ 77 ! L N \ Nil i Nil 1 22
Kr ; 193 [ 1 %6 M 20 17 84
Cos L 19s S 40 146 07 | 80 p 92 o 198
Xe i 273 236 P Y a2 | 84 E 149
O 298 S2x 46 % 125 i 104 I 132 ¢ 139
; ! i
DISCUSSION

In the measurement of the surface area of coal by gas adsorption, there
are two major problems of concern: (/) the problem of activated diffusion
which ecan restrict the fraction of the total surface aren available to the
sorbate and {2} the problem of what area {o {ake for the sorbuate molecule.
Certainly, until recently, the first problem has been the more severe. That is.
areas meastred from nitrogen adsorption at 77°K have often been low by an
order of magnitude. This fact is again seen in these results. It now appears
that the problem of activated diffusion has been to a great extent overcome,
particularky if the particle size of the coal is reasonably small. Carbon dioxide
sorption at 193°K and xenon adsorption at 273°K should usually measure,
essentiatly, the total surfice area of coal; carbon dioxide sorption at 298°K
should always measure essentially the tetal surface area of coal.

Recently, 8. P. Nanpi and P. L. Warker, Jr® measured the diffusion
parameters for carbon dioxide diffusion from four 200 = 325 mesh coals of
varying rank. To a first approximation, these results can be used in conjunc-
tion with the general solation of the unsteady-state diffusion equation!s
to calculate the fraction of the pore volume of the coals filied for particular
diffusion times. That is, the general solution gives the fraction of pore volume
fitled as a function of Dilfr. where 1 is the diffusion time and DYy is the
measured diffusion parameter. Taking an equilibration time ol 30 minutes
(per sorption point), it was estimated that 80 per cent of the pore volume of
anthracite No. | would be filled and 32 per cent of the pore volume of
a bituminous coal of 83 per cent carbon {d.a.f.) would be filed at [957K.
At 298°K, very close to 100 per cent ol the pore volume of all four coals
studied would be filled.
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Carbon dioxide appears to be the best selection for the sorbate to be
used to measure the surface area of coal. Kinetic diameters can be estimated
from viscosity data using the Lennard-fones (6-12) potential energy expres-
sion. T. KiHARAT® gencralized the Lennard-Jones model of spherical mole-
cules to non-spherical molecules. without sacrificing analytical integrability
of the second virial coeflicient. Assuming carbon dioxide to be a sphero-
eylindrical molecule, he estimated its dimensions Lo be: length, 5-8 A and
width. 37 A. Thus. carbon dioxide has a small minimum dimension. In
addition. carbon dioxide has a relatively high eritical temperature, 304K,
Thus, sorption can be carried out at relatively high temperatures, which
means that activated difTusion limitations due to temperature are at a
minimum. T. G. Lavono and H. Mars!? have shown that the adsorption of
carbon dioxide. in the temperature range 195° to 293°K, can be used (o
measure the total surface area of type 4A zeolite, which has an aperture
diameter of ea. 3-5 A.

Previously. S. . GrEGG and M. 1. Pope!8 showed that the surface areas of
coals go through a minimum area of about 2-5 m*/g, as measured by n-biiane
adsorption at 273°I. N. Berkowrrz'® reported that the surlace areas of
coals go through a minimum of about 20 m¥/g, as measured by heats of
wetting in methanol at room temperature. From Tahle 4, it is seen that the
minimum surface area of coals, as measured by carbon dioxide sorption at
298°K, is ce. 104 m¥/p. The minimum in specific surface arca versus rank is
very shallow, appearing to fall somewhere between coals containing 86-2
and 79-2 per cent carbon.

As confident as the authors are that the use of carbon dioxide is desirable
to estimale the total capacily ol coals, they appreciate that the surface
areas which they are reporting are very uncerfain on an absolute basis.
According to R, L. Bonp®0, surface areas of coals should not be reported;
he suggests reporting monolayer volumes or total volumes of sorbate uptake.
The position of Bond does, of course. not invalidate our conclusion regarding
the desirability of the above sorption system. The problem of absolute
surface area involves the question of what to take for the melecular area
of the sorbate species. In pores of molecular size, the appropriate molecular
area could be, in fact, up to four times that found from adsorption on a flat,
relatively free, surface like Graphon. Pores in molecular sieve carbons appear
1o be slit-shaped®!, so a molecular area from two (o three times that found
on i conventional surface is probably more reasonable.

It is noted that the surface area reported on coual No. 6, as measured by
carbon dioxide sorption at 195°K. is significantly greater than that measured
by carbon dioxide sorption at 298°K. Certainly. this cannot be explained on
the basis of activated diffusion but may be a result of differences in the packing
density of sorbed carbon dioxide, which are not allowed for hy calibrations
shown in Table 2. As discussed by P. H. EssmiETT™, the molecular area of the
adsorbate is approximately inversely proportional to the density of the adsor-
bate taken to the § power. The liquid densities® of carbon dioxide at [957 and

298°K are 1-14 and 0-71 g/em?, respectively, or the molecular area at 298K
should beca. 40 per cent greater than the area at 195°K. According to
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Table 2, the molecular area at 298°K is ca. 22 per cent greater than that at
195°K.

At 195°K, adsorbed carbon dioxide is usually assumed to be in the super-
cooled liquid state for surface area calculations. Possibly in very fine pores,
where the adsorbate has significant attractive interaction with more than one
side of the pore wall, carbon dioxide will have properties approximating
those of the solid. Since solid carbon dioxide has a density of 1-56 g/em® at
195°K, the molecular area at 298°K could be ca. 70 per cent greater than that
at 195°K. To check on this possibility further, adsorption of carbon dioxide
on the channel black, Carbolac 1, was studied, This black has a surface area
of ca. 700 m*/g!?, with essentially hall of its area in pores of ca. 18 A in
diameter and the other half in geometric surface area®. In adsorption of
carbon dioxide at 195" and 298°K. menolayer volumes (V) of 142:6 and
99-0 em¥/g (s.t.p.) were calculated. Thus, the ratio of molecular arens would
need to be 1'44 to obtain equal surface arcas from measurements at these
two temperatures.

In & coal where almost all of the area is in molecular size pores, the ratio of
molecular areas at 298° and 195°K could be still higher than in Carbolac
1. To obtain equal surface areas for bitumonous coal No. 6 from adsorp-
tion of carbon dioxide at 193° and 298°K, the molecular size ratio need be
1-74. Of course, if carbon dioxide adsorbed on coal at 195°K is a solid, the
monolayer volume is also wrong, because the vapour pressure of solid
carbon dioxide was not used in the BET caleulations. A recalculation of 1,
for coal No. 6. on the basis of the vapour pressure of solid carbon dioxide
at 1957K, gives a value of 25-6 em¥/g {(s.1.p.). Now to obtain equal surface
areas for coal No. 6 for adsorption of carbon dioxide, the molecular size
ratio at 2987 to 195°K need only be 125, This is a smailer ratio than that
which we estimate [rom density values {1-70) and suggests that the true
state of the carben dioxide is intermediate between a perfect bulk liquid and a
perfect bulk solid, when sorption occurs on coal at 195°K.

CONCLUSIONS

Uptake of carben dioxide at 298%I on coals should be less aflected by
diffusion control than any sorbate system yet used. Thus, a truer measure of
the total open pore volunte in coals can be obtained. From adsorption results,
monolayer volumes can be estimated using the BET equation. Uncertainty
in the value to use for molecular areas of sorbates held in molecular size
pores makes the conversion of ¥y, values to absolute surface areas unreliabie.

We thank Bituminous Coal Research, Inc. for supplying us with four of the
bituminous coals used in this programme, the Carbon Products Division of
Union Carbide Corporation for supplying us with the wear-dust, and Cabot
Corporation for supplying us with the carbon blacks.

Departinent of Fuel Science,
Peunsylvania Stare University,
University Park,
Pa 168062, U.S. A,
{ Received April 1905)
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