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Coals are composed of aromatic and hydroaromatic building blocks
containing variable amounts of cross-links between the building blocks
and herercatom functional groups at their periphery. Hirsch (1954),
from an exhaustive x-ray study, has described a model that distin-
guishes between the three types of structures present in a wide range of
coals (Fig. 1). These structures may be described as follows:
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Fig. 1 Schematic model of coal structure. (From Hirsch, 1954.)

(i) Open structure. This structure is characteristic of low rank
coals in the range up to about 85% carbon. Coals in this range are
highly porous; the lamellae are connected by cross-links and are more or
less randomly oriented in all directions.

(i1) Liquid structure. This structure is typical of bituminous coals
in the range from about 85 to 91% carbon. In this range, the number of
cross-links has decreased considerably and the lamellae show some
orientation with the formation of crystallites consisting of two or more
of these lamellae. Almost no pores are present.

(iii) Anthracitic structure.  This structure is common in higher rank
coals with a carbon content of over 91%. In this structure the degree of
orientation of the lamellae with regard to each other has increased
greatly and the cross-links have disappeared. As a result, high porosity
is observed.

The pores in coals and chars vary in size from large cracks of microme-
ter dimensions to apertures which are even closed to helium at room
temperature. It is the empty volume, known as pore volume, within the
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pores of any porous material that enables large volumes of gas or liquid
to be adsorbed. A large pore volume need not always imply a large pore
surface area because the latter is dependent on the pore size distribu-
tion. In the case of porous adsorbents, Dubinin (1966) has suggested the
use of the following classification, which is generally accepted for coals
and chars as well, for distinguishing between pores of different sizes: (i)
micropores—pores that have diameters less than 20 A; (ii) transitional
pores—pores that have diameters in the 20-200 A range; and (iii)
macropores—pores that have diameters greater than 200 A.

The porosity in coals has a large influence on behavior during the
mining, preparation, and utilization of coals. Unless coals are near out-
crops or under light cover, they contain significant quantities of ad-
sorbed methane in their natural state in the seam. A knowledge of the
pore volume and pore size distribution of coals determines the extent
and ease of diffusion of methane out of the pore structure during min-
ing. Coal preparation for the market by the removal of mineral matter
depends on the specific gravities of the coal and minerals; the specific
gravity of the organic phase of coals is partly dependent on porosity.
The porosity of coals has its greatest sighificance in utilization pro-
cesses. In the liquefaction and gasification conversion processes and in
the use of metallurgical coke, chemical reactions occur between gases (or
liquids) and coal surfaces, much of which is lacated in pores. Product
molecules must be able to escape rapidly enough from the pores to
permit access of fresh reactants. Since the conversion processes involve
application of heat, a char is always an intermediate product of the
process. Again, the rank of the coal precursor and nature of its pore
structure permit a prediction of the type of porosity that will be
developed during processing and, hence, an assessment of the suitabil-
ity of the coal for a particular conversion process. Furthermore, a
number of commercial activated carbons used for gas and water purifi-
cation are produced by carbonizing coals in the absence of air and
subsequently activating the char in an oxidizing atmosphere. Knowl-
edge of the porosity of the coal precursor can be helpful in predicting
whether a suitable char and, hence, an activated carbon can be pro-
duced from the coal.

For the quantitative characterization of internal pere structure of coals
and chars, one needs to estimate the pore volume, surface area, and
pore size distribution. Owing to the physical and chemical complexity
of coals, the techniques for characterizing their pore structure are
numerous, and sometimes it is difficult to select the most suitable
method(s) for this purpose. Since in this chapter it is not possible to
discuss all the methods {techniques) available for pore size characteriza-
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tion, emphasis is laid on methods which are most commonly used for
such characterization. This chapter reproduces much of the material
found in a DOE report (Mahajan and Walker, 1978),

II. DENSITIES OF COALS AND CHARS

For porous solids, such as coals and chars, three different densities,
i.e., true density, particle density, and apparent density, can be consid-
ered.

A. True Density

True density of a porous solid is the weight of a unit volume of the
pore-free solid. To determine the true density of a porous solid, the pore
structure must be completely filled with a fluid medium which does not
interact with the porous material. As we will see, no fluid completely
fills the pore volume of coals and chars so the term “"true density” should
be understood in this light. In this regard, see Chapter 3, Section V, A,

1. Helium Density

Since helium is the smallest atom available, it has the best chance of
penetrating all of the porosity in coals and chars. It was earlier believed
{Franklin, 1949) that coals have no closed-off pores which are inaccessi-
bie to helium atoms. However, x-ray studies on anthracites have shown
the presence of some porosity which is closed to helium (Kotlensky and
Walker, 1960), Therefore, the helium density of a coal will be lower than
its true density.

a. Experimental Measurement of Helium Density For measuring
helium density, different apparatus designs can be considered. All of
them are based on measurement of volume of helium occupying a sam-
ple holder in the presence and absence of a known weight of sample.

One apparatus was described by Spencer (1967). He found that the
error in the measured density was dependent on the weight of the
sample used; for a sample weight of 6.5 g and a helium density of about
2 glem?, the error was about 20.005 glem?®.

A second apparatus was deseribed by Greenhalgh et al. (1966). They
found that for a sample having a density of 2 glem®, the error in helium
density, using a 1-g sample, was within 42%.

In the third type of apparatus {(Howard and Hulett, 1924) the
evacuated sample holder is separated from the measuring system by a
stopcock. The system incorporates an arrangement for varying its vol-
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ume by adding or removing a weighed quantity of mercury. For helium
density measurements, the evacuated sample holder is isolated and the
measuring system is filled with helium at a known pressure p. The gas is
then expanded into the sample holder by opening the stopcock. Follow-
ing expansion, the pressure in the system falls. The pressure in the
apparatus is restored to the initial pressure p by adding the required
quantity of mercury. If the temperature in the apparatus is constant,
then the volume of mercury added represents the dead veolume of the
sample holder.

Walker and his school have used a modified version of the Howard
and Hulett apparatus for measuring helium densities. Since they have
found it to be quite satisfactory, it is described in some detail. The
apparatus is mounted in a double-wailed box constructed from 0.5-in.-
thick plywood. The space between the two walls is filled with about
2-in.-thick fiberglass insulation. The front side of the box is a hinged
door in which a fs-in.-thick pane of Plexiglas is mounted, The door can
be closed to form a tight seal. This construction is necessary to achieve
minimum heat transfer between the inside and outside of the box. A
thermoregulator and an electronic relay in conjunction with two electric
light bulbs (40 and 60 W), which serve as a source of heat, are utilized
and maintain the box temperature at 30.50  0.02°C. A fan is utilized to
circulate air in the box.

The helium density apparatus, shown in Fig. 2, is constructed from
Pyrex glass. Two 1-liter helium bulbs are connected to both sides of the
manifold. These reservoirs are isolated from the rest of the system by
high vacuum stopcocks through which helium is admitted into the sys-
tem. Stopcocks S, and 5. are manipulated from outsicde the box by
control rods extending through its side. The section of glass tubing
between B and F is of precision bore of 0.25 in. diameter.

For helium density determinations, generally 7 g of oven-dried
{110°C) sample is placed in the sample holder. The volume of the empty
sample holder is calibrated with mercury. The sample is again out-
gassed at 110°C for 12 hr under a vacuum of 107 torr, obtained by the
combination of a rotary vacuum pump and a mercury diffusion pump.
The sample is then cooled to the measurement temperature (30.5°C). The
level of mercury in the gas burette is raised to coincide with a given etch
mark on the capillary tube connecting bulbs of known volume. The level
of mercury in the precision bore tubing is noted using a cathetometer.
With stopcock S, closed, helium is introduced into the apparatus at a
known pressure in the range 200—450 torr {helium density is essentially
independent of pressure in this range). The pressure is measured by a
Barocell electronic manometer having a precision of 0.001 torr. Helium
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Fig. 2 Helium density apparatus. Lettered items are identified in text,

is then expanded into the sample holder by opening stopcock 54, Aftera
constant pressure within the system is attainedt, mercury levels in the
gas burette and precision bore tubing are appropriately raised until the
pressure is restored to the starting value. The helium density of the
sample is calculated from the ratio of its weight to the dead volume
obtained from this experiment.

+ For measuring helium densities of 40 x 70 mesh fractions of coals, Nelson (1977}
arbitrarily allowed 45 min for pressure equilibration. Equilibrium was attained well
within this period; longer periods had no noticeable effect on pressure and, hence,
helium density.
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Nelson (1977) checked the precision of helium density; for five runs on
a high volatile A (HVA) bituminous coal, the helium density was found
to be 1.320 * 0.002 glem?®. He also checked the accuracy of helium den-
sity for a nonporous specirographic grade natural graphite, He deter-
mined its density to be 2.267 glem®, which is in excellent agreement
with the theoretical value of 2.269 glem® for graphite.

b.  Helium Adsorption  When determining densities of carbonaceous
solids by helium displacernent, it is assumed that the gas is not ad-
sorbed at room temperature. However, this is not always true (Maggs et
al., 1960; Kini and Stacy, 1963; Kipling ef af., 1966}. Kini and Stacy
(1963} showed that at 25°C adsorption of helium varied with the nature
of the carbon and increased, in general, with increasing surface area and
“true” density of the sample. However, Maggs ef al. {(1960) have re-
ported that at room temperature helium is not adsorbed on ceals appre-
ciably encugh to cause significant errors in the densities. As is discussed
presently, helium, water, and methanol densities of chars measured at
room temperature are in close agreement with one another (Youssef,
1976). This agreement suggests the absence of significant helium adsorp-
tion on chars.

Because of the possibility of adsorption of helium at room temper-
ature, it has been recommended (Kipling et al., 1966) that measurement
of helium density, particularly for the highly adsorptive carbons, be
made at 300°C. However, this cannot be done for raw coals because they
may undergo structural changes at this temperature.

c.  Density Correction for Mineral Matter Coals of all ranks invariably
contain different amounts and types of mineral impurities which usu-
ally have high densities. The densities (true, particle, and apparent) are
corrected for the mineral matter by the equation

Xipn + (1 = X)lp. = lip (1)

where py, is the density of mineral matter, p. the corrected density of the
organic phase of coal (or char), p the original uncorrected density, and X
the fractional mineral matter content by weight. The density of mineral
matter present in coals has been reported to differ little from that of the
ash itself (Tschamler and de Ruiter, 1963). When the ash density is not
determined experimentally, average ash densities of 2.7 or 3 glcm® have
been used {van Krevelen, 1961).

2. Water Density in the Presence of a Wetting Agent

Determination of helium density involves an elaborate vacuum sys-
tem and a reasonably cumbersome and time-consuming procedure, At-
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tempts have been made in the past (Tschamler and de Ruiter, 1963) to
determine densities of coals by the pycnometric method (described pres-
ently) using liquids of small molecular dimensions such as methanol
and water. Methanol densities of coals are generally higher than the
helium densities due to specific interactions, as is discussed later in this
chapter. For the lower rank coals the water densities, like methanol
densities, are higher than the corresponding helium densities, whereas
for higher rank coals the water densities are lower (Tschamler and de
Ruiter, 1963). The lower values have been attributed to the hydrophobic
character of higher rank coals, as a result of which water cannot com-
pletely displace air present in the pores.

Ettinger and Zhupakhina (1960) suggested that water penetration into
the coal structure can be increased with the help of a wetting agent.
They used a wetting agent composed of a mixture of polyethylene glycol
and monoalkylphenyl ethers. The molecules of the wetting agent, which
have hydrophobic hydrocarbon radicals attached to hydrophilic polar
surface groups, undergo orientation in water. Ettinger and Zhupakhina
suggested that in the case of hydrophobic coals, the polar groups of the
wetting agent are turned into the water and the nonpolar groups toward
the coal surface. Therefore, subject to penetration by the wetting agent
itself, water molecules can penetrate into the coal structure quickly and
more completely.

The experimental technique of Ettinger and Zhupakhina involves the
following steps. Three-gram coal samples (—60 mesh) are transferred
into a 100-cm® measuring flask with the help of a funnel. A very thin coal
film which is difficult to wash down with water is left on the funnel. To
remove it, 20 drops of a 1:1 solution of the wetting agent in water are
poured directly on the funnel. Care should be taken that no foam forma-
tion occurs on addition of the wetting agent. The flask is then half-filled
with distilled water after which it is placed in a boiling water bath for 30
min and later filled with water up to a graduated mark. The flask is then
cooled for 30 min in a thermostated water bath maintained at 20°C after
which it is weighed. A blank run, without any sample, is also made by
weighing the flask filled at 20°C with water containing the same amount
of wetting agent as used with coal. Ettinger and Zhupakhina deter-
minted the helium and water densities of 14 coals having volatile matter
contents {daf) in the 1.7—44.5% range. With three exceptions, the differ-
ence between the two methods was less than 1%.

Nelson (1977) has recently determined densities of eight 40 X 70-mesh
coals varying in carbon contents (daf) from 70.9 to 89.5% by helium
displacement, as well as by the Ettinger and Zhupakhina technique. He
used Triton X-100 (isooctylphenoxypolyethoxyethanol) as the wetting
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agent. This wetting agent is similar in structure to that used by Ettinger
and Zhupakhina. The results listed in Table I show that with the excep-
tion of one sample, PSOC-318, the helium and water densities for the
remainder of the samples differ significantly from each other.

3. Water and Methano! Densities of Coals and Chars

Also listed in Table I are the pycnometric water densities (25°C) of the
eight coals determined in the absence of any wetting agent (Youssefef al.,
1976}, Densities of coals in liquids normally show “drifts”” with time.
The water densities listed in Table I are the “equilibrium” values ob-
tained after 5 days. That is, after 5 days the densities did not show any
further drift or variation with time. The water densities of all the coals
investigated, irrespective of the rank, are invariably higher than the
corresponding helium densities. The higher water densities are indica-
tive of specific interactions between water and oxygen-containing sur-
face complexes present on coal surfaces andlor imbibition of water by
coals,

Youssef et al. (1976} also determined the helium, water, and methanot
densities of 13 char samples prepared from two lignite chars by (i) depos-
iting different amounts of carbon by the cracking of methane, and (ii)
activation of the raw and carbon-deposited {CD) samples to different
levels of carbon burn-off.The two lignite chars were prepared by car-
bonizing a North Dakota lignite (40 X 100 mesh) at 855 and 1000°C.
Carbon deposition and activation were carried out in the manner de-
scribed elsewhere (Kamishita ef al., 1977).

TABLE 1 Densitivs of Coals"

Density (glem™) (dmme)

C (%) Water—

PSOC No, (daf} Felium welting agent Water
318 89.5 1.326 1.326 1.526
254W 87.2 1.301 1.288 1.465
268 85.9 1.285 1.316 1.371
223 81.3 1.297 1,363 1.400
212 79.0 1.326 1.380 1.432
248 75.2 1.343 1.418 1.556
242 73.9 1.340 1.373 1.648
246 70.9 1.373 1.510 1.563

“ From Nelson (1977).
* Dry, mineral matter free.
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The helium and equilibrium water and methanol densities (deter-
mined at 25°C after 5 days of contact time) of various char samples are
given in Table II. The water and methanol densities represent the aver-
age of two determinations for each sample. It is seen that the three
densities for each sample are in close agreement with one another.

Youssef et al. (1976} found that for nine determinations, 95% confi-
dence intervals on the mean methanol and water densities of a given char
were 1.667  0.015 and 1.663 * 0.015 g/cm?, respectively.

It is concluded that although the true densities of chars can be deter-
mined by using the displacement of helium, methanol, or water, the
true densities of coals can be determined only by helium displacement.
For the determination of the density of coke by the displacement of
water, see Chapter 6, Section IX.

TABLE I1 Densities of Chars®

Density (giem®) (dmmf)

Sample Helium Methanot Water
CD (%)
(daf)” CD series
855°C char 1] 2.07 2.06 2.00
1.0 1.86 2.05 1.95
1.7 1.97 2.04 1.99
2.6 1.83 1.86 1.88
1000°C char 0 2.08 2.08 2,05
3.6 2.00 2.m 1.98
Burn-off
%} {daf) Burn-off series
855°C char 0 2.07 2.06 2.00
1.1 2.03 2.07 .01
2.3 2.03 2.07 2.03
10.2 2.13 2.10 2.08
33.6 2.14 2,14 2.06
855°C char- 0 1.83 1.83 1.90
2.6% CD 1.7 2.00 2.00 1.99
3.7 1.96 2.02 2.01
29.1 2.02 1.99 2.02

¢ From Youssef ¢t al. (1976).
* Dry, ash free.
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B. Particle Density

Particle density is the weight of a unit volume of the solid inciud-
ing pores and cracks. Particle density can be determined by three tech-
niques: (1) mercury displacement, (2) gas flow, and (3} silanization.

1. Mercury Displacement

The maximum pressure p required to force mercury into a cylindrical
pore of radius r is given by the Washburn equation (Washburn, 1921);

p = —{2v cos §)r 2)

where y is the surface tension of mercury and # is the contact angle
between mercury and the pore wall. If it is assumed that 0 is 140° (which
is close to the value for a wide variety of solids) and y is 480 dyn/cm,
Eq. (2} simplifies to

r = 106jp (3)

where p is in pounds per square inch.and r is in micrometers. Thus,
when an outgassed solid is immersed in mercury at atmospheric
pressure, according to Eq. (3) mercury cannot enter into pores smaller in
radius than 7 pum.

Various commercial porosimeters are available for determining parti-
cle density and pore size distribution of porous solids. For measuring
mercury density, the following procedure is utilized.t About 1.0 gof a
sample is oven-dried at 110°C for 2 hr and placed in a penetrometer of
known weight. The capillary stem of the penetrometer is graduated. The
penetrometer is inserted into a glass filling device and evacuated for 90
min. Mercury is then introduced by tilting the glass filling device until
the tip of the penetrometer is about 0.5 cm within the mercury pool. By
carefully opening the stopcock to the atmosphere, air is admitted until
atmospheric pressure is reached, at which point the penetrometer is
completely filled with mercury. The mercury-filled penetrometer is re-
moved from the glass filling device, weighed, and transferred to the
high pressure vessel, The mercury density of the sample is determined
from the volume of mercury displaced at a given pressure (the exact
pressure depends on the particle size used, as is discussed shortly). The
volume of mercury displaced is calculated from

- (wp + W:«‘ +wliu) - (W;l + Ws) AV
Prx e (4)

V.=V,

t An alternate procedure, suitable for brown coals, is described in Chapter 3, Section
V,B,2 and Fig, 8.
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where V, is the displacement volume (cm®), V,, the internal volume of the
empty penetrometer {(cm®), W, the weight of the empty penetrometer
{g), W, the weight of sample (g), W, the weight of mercury (g), puy the
density of mercury (glcm®), and AV, the deviation from complete filling
{cm").

In order to get meaningful mercury densities of coals and chars, it is
essential to determine the minimum pressure needed to fill the interpar-
ticle void volume, Gan ef al. {1972} used the following approach for this
purpose. They used the 40 x 70-mesh fraction of coals for mercury
density determinations, and determined the filling pressure for a
40 x 70-mesh fraction of nonporous glass spheres. Significant amounts
of mercury were forced into the voids between glass particles at
pressures below 20 psi, followed by much less penetration between 20
and 60 psi. Above 60 psi, negligible further penetration occurred. To
establish this point further, a similar run was made with an anthracite
sample (40 X 70 mesh). Mercury penetration occurred up to 60 psi; be-
tween 60 and 500 psi, penetration was negligible. Since anthracites are
essentially devoid of transitional and macropores and contain only mic-
ropores (Gan ef al., 1972), it was concluded that at 60 psi the interparticle
voids would be filled with mercury and any further mercury penetration
at higher pressures would be due to the presence of pores.

The size of the voids between the particles will vary as a function of
coal particle size. The smaller the particle size, the smaller will be the
void size and, hence, according to the Eq. (3), the larger will be the
pressure needed to fill the interparticle void volume. Thus, the interpar-
ticle void volume for a given size fraction of coal should be estimated at
a pressure at which the void volume between glass particles of the same
size fraction as the coal sample used is filled with mercury. Caution
should be exercised in using anthracites instead of glass spheres for such
studies. Even though anthracites possess little or no macroporosity,
macrocracks or macrofissures may develop upon grinding to finer sizes.
Since the cracks act as macropores it is difficult to distinguish these
“macropores’’ from the interparticle voids. Thus, it will be virtually im-
possible to estimate the pressure needed to fill only the interparticle
void volume.

The precision of mercury density for 10 runs made on a HVA
bituminous coal was found to be 1.250 = 0.003 g/lem® (Nelson, 1977),

2. Gas Flow Method

Ergun (1951) determined particle densities of a series of coal cokes
using the principle of gas flow through beds of particles packed to
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different bulk densities. From measurements of pressure drop through
the beds as a function of gas flow rate, Ergun determined the coefficients
a and b of the linear form of the pressure drop equation (Ergun and
Orning, 1949):

AplLUL,, = a +bG (5)

where Ap is the pressure drop, L the height of the bed, U, the average
linear gas velocity based on the cross section of the empty column, G the
mass flow rate of the gas, and a and b are represented by

a = [2apS.2(1 — €)*)e* (6)
h=[B85.(1 — €))i8e 7)

where p is the absolute viscosity of the gas, 5, the specific surface of the
particle, € the fractional void volume of the bed, and o« and 8 are the
statistical constants.

The particle density was obtained by the method of least squares as
the intercept of either of the following linear relationships derived by
Ergun and Orning (1949):

pr = p - Ci(pgta)ts {8)
ps = p — Colpulb)™ 9

where pp and p are bulk density and particle density, respectively, C, a
constant for the gas employed and the particle used, and C. a constant
for the particles involved.

Ergun (1951) determined particle densities of sieve fractions varying
from 8-16 to 100-140 mesh. The particle density increased monotoni-
cally with a decrease in particle size, since progressively smaller voids
were removed from the particles as a result of continuing communition.

The apparatus used by Ergun consisted of a glass tube, two flow
meters, and three manometers. The glass tube had an inside cross-
sectional area of 7.24 em® and was 80 cm long; its ends were gradually
reduced. The tube was fitted with a coarse porous glass disk at a dis-
tance of 20 ¢m from the bottom. It had two pressure taps—one about 4
cm below the disk and the other 40 cm above. The cross-sectional area of
the tube was calibrated gravimetrically using distilled water. The
pressure drop through the porous disk was determined as a function of
gas tlow rate to be applied later as a small correction to the total pressure
drop.

The experimental procedure involved the introduction of a known
weight of pulverized material of a narrow size fraction into the tube,
packing it to different bulk densities, and measuring pressure drop for
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each packing as a function of N, flow rate. After packing the bed, N,
was introduced below the disk at a rate sufficient to expand the bed. The
bulk density was varied by varying the rate of upward flow of N,. Each
sample was packed to 6 to 12 different bulk densities.

3. Silanization Method

Ettinger and Zhupakhina (1960) determined the particle densities of
coals by the silanization method, i.e., by covering the coal surface with
a thin film of an organosilicon compound. The thin film is impervious to
water and has practically no influence on the coal volume.

Ettinger and Zhupakhina used the following experimental procedure,
Three grams of a —60-mesh fraction of coal was put into a glass dish
which was placed in a desiccator containing water. The dish was then put
into another desiccator containing dimethyl dichlorosilane. After 10 min
the dish was removed and the contents dried in an oven at 110°C for 2-3
hr. The sample was then cooled to room temperature. The “silanized”
coal was transferred into a measuring flask (50 em® capacity) and was
covered with a very dilute solution of pyridine in water—this solution
was prepared by adding 1 drop of pyridine/100 cm® of water. The flask was
then filled with the pyridine solution and the contents were weighed at
20°C. Since the weight of the pyridine solution filling the measuring
flask was known, the particle density of coal could be calculated. Et-
tinger and Zhupakhina found that for 14 coals having volatile matter
contents (daf) in the 2.1-48.6% range, the difference in particle density
by the silanization technique and by geometric measurement on cubes
of coals was less than 1%.

Nelson (1977) determined the particle densities of 40 x 70-mesh frac-
tions of eight coals varying in carbon contents (daf} from 75.3 to 91.3%
by the mercury displacement and silanization methods. He found that
for one sample (a HVC bituminous coal) the difference in the two densi-
ties was 1.2%, whereas for the remainder of the seven samples the
difference showed a random variation of 1.6-7.3%.

C. Apparent Densities in Liquids

Apparent densities are normally determined by the pycnometric
method. In the simplest case, weight of the liquid filling a pycnometer at
a constant temperature is determined. A known amount of the oven-
dried coal or char sample is weighed into the dry pycnometer which is
then filled with the liquid. The pycnometer with its contents is again
weighed. The pycnometer densities show “drifts” with time. This be-
havior is characteristic of microporous adsorbents. In such solids, air
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present in micropores may not be completely displaced by the liquid. In
order to circumvent this difficulty, the solid is outgassed. Without expos-
ing the outgassed sample to air, it is contacted with the liquid in which
the apparent density is to be determined. A schematic diagram of the
apparatus used by Toda (1972) for apparent density determinations is
given in Fig. 3. A sample bottle (1), about 4 cm® in volume and contain-
ing about 1.5 g sample (28 x 60 mesh), is connected with the vacuum
system through a capillary tube (3). After outgassing for about 1 hr at
100-110°C, the sample bottle is taken off the vacuum system at a glass
joint (4} and weighed precisely. The bottle is again connected to the
vacuummn system at 100-110°C until a pressure of 107 torr is obtained.
The greaseless vacuum stopcock (5) is closed and the vacuum stopcock
(6} is opened to admit the organic liquid into the sample bottle. The
sample bottle (1) and capillary tube (3), which connects the sample
holder to the vacuum system, are detached from the apparatus and
placed in a thermostated bath maintained at 25  0.2°C. The liquid level
is adjusted to a fixed mark (10) with an injector. Following this, the
weight of the sample bottle and capillary tube assembly is determined.
Since the weight and the free space of the sample bottle and of the
capillary tube and the density of the dilatometric liquids are known, the
apparent densities of coals can be calculated. Toda (1972) found that the
densities were reproducible to 0.005 gicm®.
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Fig. 3 Apparatus for measuring apparent densities. 1, Sample bottle; 2, glass joint; 3,
capillary tube; 4, glass joint; 5, 6 greaseless vacuum stopcock; 7, vacuum stopeock; 8, cork
sealed with paraffin wax; 9, bottle for dilatometric liquid; 10, line for level adjustment,
{From Toda, Fuel 51, 108 (1972) by permission of the publisher, IPC Business Press, Ltd.|
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A porous material may have several apparent densities depending on
its particle size, range of pore diameters in the material, molecular di-
mension of the fluid, its degree of interaction with the material (i.e.,
surface effects and swelling), and time allowed for penetration of the
fluid. Coal particles that are too small are undesirable for density mea-
surements because of the possibility of their floating on the measuring
liquid. It has been suggested (Tschamler and de Ruiter, 1963) that
particles 0.1-0.3 mm in diameter are best for measuring apparent
densities.

D. Open Pore Volume and Porosity

Total open pore volume (V) of the organic phase of coal (or char) is
calculated from the relationship

Vo = Upyye — Hope (10)
where py, and py. are the mercury and helium densities (daf),
respectively.

Porosity (P} of a coal is calculated from the relationship

P =100p;. (Upn, — Upye) (11)

By determining the apparent density of coal in fluids of different, but
known, dimensions it should be possible to find the pore size~pore
volume distribution. Open pore volume (V) accessible to a given fluid is
calculated from

V = Upy — lp, (12)

where p, is the apparent density in the given fluid. For the porosity of
brown coals, see Chapter 3, Section V,C.

L. SURFACE AREA

A. Heat of Wetting

When an outgassed sample is immersed in a liquid which wets its
surface, a rise in temperature of the system results. The temperature
increase is proportional to the total area of surface wetted by the liquid
and the heat (/1) released on wetting a unit area of the adsorbent.

A good wetting agent should have the following propertes: (i) Its
molecular size should be small so that it is accessible to even the smallest
pores in the system, (ii) it should have good wetting properties, and (iii)
its volatility should be a minimum at room temperature. The three
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properties are characteristic of a polar organic liquid. Because of the size
considerations, heat of wetting in methanol has been used extensively
in the past for determining surface areas of coals. However, adsorption
of methanol on coals involves specific interactions between the hydroxyl
group of methanol and oxygen functional groups present on coal sur-
faces (Marsh, 1965; Spencer, 1967). It has been shown that in the case of
coals, i in methanol is a function of the concentration of oxygen func-
tional groups and, hence, of coal rank (Robert and Brusset, 1965; Robert
and Pregermain, 1963).

Several calorimeters have been described in the literature for deter-
mining heats of immersion. However, because of inherent limitations
associated with the use of methanol as a wetting agent, the heat of
wetting method is now only of historical importance and, therefore, is
not discussed further.

B. Adsorption of Gases

1. General

For determining surface area by gast adsorption, one needs to find the
monolayer capacity, i.e., the number of molecules necessary to cover the
surface of the adsorbent with a complete monolayer. This quantity when
multiplied by the area occupied by a single adsorbed molecule gives the
surface area. The monolayer capacity is conventionally determined by
the Brunauer-Emmett-Teller (BET) equation. Derivation of this equa-
tion is described elsewhere (Brunauer ef al., 1938). For surface area mea-
surements the equation is used in the following form:

p -1 -1 p
V(pu_]]) Vi€ VinC Fa

where V is the volume adsorbed at equilibrium pressure p, p, the
saturation vapor pressure of the adsorbate at the adsorption tempera-
ture, V,, the monolayer capacity, and C = exp[(E, ~ E,)JRT], where E, is.
the heat of adsorption in the first layer and E, is the heat of liquefaction
of the adsorbate. Thus, C represents the “net” heat of adsorption. A
plot of p/V(p, —p) versus plp, should yield a straight line of slope
(C - DIV,C and intercept 1V,,C.

The BET surface areas of porous and nonporous adsorbents are con-
ventionally determined from N, adserption isotherms measured at
77°K. For N, adsorption on most adsorbents, the value of constant C in

{13}

t For the sake of canvenience, the terms gas and vapor have been used interchangeably
in the text.
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Eq. (13} is high. Therefore, {(C — 1}C = 1 and 1/V,,C = 0 so that Eq. (13)
can be approximated as

_p__1.p 1
Vira=p) Va po (14

In other words, when C is high, the BET plot passes through the origin
and its slope is inversely proportional to Vy,. Thus, for evaluation of V,,,
only one adsorption point is needed.

The main advantage of the single-point method is that it permits
rapid determination of surface areas. It should be used for making only
routine surface area measurements, where one is primarily interested in
comparative rather than absolute surface areas. However, caution
should be used in selecting a reasonable relative vapor pressure at
which adsorption is measured. Although Brunauer et al. (1938) used a
relative pressure of 0.3, the BET plots for many microporous adsorbents,
including coals and chars, are not linear up to plp, = 0.3. I, on the other
hand, too low a relative pressure Is used, the results may be erroneous.
it is known {Lamond and Marsh, 1964; Mahajan and Walker, 1969) that
for microporous adsorbents, adsorption at low relative pressures is gov-
erned primarily by pore size of the adsorbent rather than by the mag-
nitude of its surface.

Having determined V,,, the next step is to assign a correct value for
the cross-sectional area of the adsorbed molecule. Emmett and Brunauer
(1937) calculated the molecular area {oy,) from the following equation,
assuming that the adsorbed molecules were hexagonally close-packed
spheres:

T ™ 3.464 X 10"’(1\/“4 ‘\/E N:\ pﬁ)zm (15)

where M is the molecular weight of the adsorbate, N, Avogadro’s
number, and p, the density of the adsorbed phase, which was assumed
to be the same as that of the bulk liquid or solid at adsorption
temperature.

There is a definite uncertainty as to the area an adsorbed molecule
occupies in pores of molecular dimensions such as those present in coals
and chars. In such pores, the appropriate molecular area could be up to
four times that found from adsorption on a flat surface. Since pores in
coals are slit-shaped (Franklin, 1949; Walker ef al., 1966), a molecular
area from two to three times that found on a conventional flat surface is
probably more reasonable.

The N, surface areas of coals are considerably lower than those ex-
pected. It has been suggested (Anderson ef al., 1965; Walker and Geller,
1956) that at —196°C the micropore system in coals is not completely
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accessible to N, molecules owing to an activated diffusion process
and/or shrinkage of pores. Adsorption of N, at —196°C is considered to
measure the area of the macropores, transitional pores, and the larger
micropores in coals and chars (Walker and Geller, 1956; Anderson ef al.,
1965).

There is another drawback associated with N, adsorption at —196°C.
Lamond and Marsh (1964) have suggested that when the pores are sev-
eral times the diameter of a N, molecule, then N, at —-196°C fills these
pores at very low relative vapor pressures resulting in reversible capil-
lary condensation before the apparent monolayer capacity is reached.
Therefore, the areas in such cases are unrealistically high.

Owing to inherent limitations associated with the use of N, adsorp-
tion at —196°C, it was realized that in order to obtain surface areas of
microporous coals, it was essential to measure adsorption of gases at as
high a temperature as possible. Attempts were made to determine sur-
face areas of coals from adsorption of neon at room temperature (Bond
and Spencer, 1957), hydrocarbon gases at or near room temperature
{Vander Sommen et al., 1955; Gregg and Pope, 1959}, and Kr and Xe at
~78 andlor 0°C (Ahuja et al., 1961; Kini, 1963, 1964). However, none of
these methods gave the total surface area of coals. Walker and Kini
(1965) measured surface area of coals from adsorption of N, (—196°C), Kr
(—~78°Cy, CO, (—78 and 25°C), and Xe {0°C).* Since the saturation vapor
pressures of CO, at 25°C and of Kr and Xe at the selected adsorption
temperatures were considerably in excess of atmospheric, their
isotherms were determined in a high pressure adsorption system.
Walker and Kini concluded that adsorption of Xe at 0°C and of CO, at
—78°C should usually measure essentially the total surface area of coals,
whereas CO. adsorption at 25°C should always measure essentially the
total surface area of coals.

The Polanyi-Dubinin (P-D) equation has been used by Marsh and
Siemieniewska (1965) to calculate surface areas of coals from CO. ad-
sorption measured at 0 and 20°C:

tog V = log V,, — (0.434 BTH8%log (p.lp)T? (16)

where V is the amount adsorbed at equilibrium pressure p, V, the micro-
pore capacity, p. the saturation vapor pressure of the adsorbate, 8 the
affinity coefficient of the adsorbate relative to N, or benzene, and B a
constant which is a measure of the micropore size. The intercept of the
plot between log V and [log (p./p)]* gives the micropore capacity V,

1 Walker and Kini used the following values for the cross-sectional areas (A% N,
(=196°C) 16.2, Kr (~78°C) 21.7, CO, (~78°C) 20.7, Xe (0°C) 22.0, and CO, (25°C) 25.3.
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which, when multiplied. by the cross-sectional area of an adsorbed
molecule, gives the micropore surface area. The P-D equation is usually
applicable over the relative vapor pressure range of 1 X 107 to 0.2, The
unique feature of the P-D equation is that it permits the evaluation of
micropore capacity and, hence, surface area from adsorption data ob-
tained below 1 atm pressure in a conventional volumetric apparatus.
Walker and Patel (1970) found excellent agreement between surface
areas of a number of coals calculated by the BET and P-D equations
from adsorption of CO, measured at 25°C in two different pressure
ranges. The micropore surface area {from the P-D equation) approxi-
mates closely the total surface area (from BET equation) in coals because
of the large percentage of microporosity existing in coals (Gan ef al.,
1972}, For application to brown coals, see Chapter 3, Section V1,C.

The use of CO. for surface area measurements has been objected to on
the grounds that its adsorption may be influenced by the quadrupole
moment of the CO, molecule. It has been reported that the amount of
CO, adsorbed per unit of surface area (as measured from N, adsorption)
increases with increase in the concentration of hydroxyl groups present
on the carbon surface (Deitz ef al., 1964). However, Ramsey (1965) ir-
radiated an anthracite in air with y-rays and found that although the
irradiation increased the oxygen content by about 40%, the CO, area
increased by only 5%. He concluded that CO, adsorption can be used
for surface area measurements of not only anthracites but also oxygen-
ated coals. The fact that surface areas measured by Xe at 0°C are in
reasonably good agreement with those measured by CO, at —78 and
25°C (Walker and Kini, 1965} strongly suggests the absence of any
significant chemical interaction of the CO, molecule with oxygen func-
tional groups present on coal surfaces.

Walker ef al. (1968) have suggested that when reporting surface areas
of coals, the adsorbate, adsorption temperature, equilibrium time, coal
particle size, and cross-sectional area of the adsorbate used should be
reported.

The concept of surface area of microporous adsorbents has often been
criticized. For one thing, one cannot assign a definite value for the
cross-sectional area of the adsorbate molecule, as discussed earlier in
this chapter. Further, in the case of microporous adsorbents Dubinin
(1966) disagrees with the concept of layer-by-layer filling of pores, as is
envisaged in the BET equation (Brunauer et al., 1938). Dubinin has
suggested that due to an adsorption force field in the entire volume of
micropores, adsorption results in volume filling of the pores. According
to Spencer and Bond (1966} surface areas of coals should not be reported.
Instead, they have suggested reporting monolayer volumnes or total vol-
umes of sorbate uptake,
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2. Experimental Methods for Adsorption Measurements

There are three general methods used for adsorption measurements:
(a) volumetric, (b) gravimetric, and (c) thermal conductivity methods.

a. Volumetric Method This is the most commonly used method for
adsorption measurements and is most suited for adsorbates having boil-
ing points below room temperature. In this method, the pressure, vol-
ume, and temperature of a givert quantity of an adsorbate are measured
and the number of moles present is calculated. The adsorbate is then
brought into contact with the adsorbent. After equilibrium is attained
with respect to pressure, the number of moles in the gas phase is again
calculated. The difference between the number of moles present ini-
tally and the amount remaining after contact with the adsorbent repre-
sents the amount adsorbed,

Although many types of volumetric apparatus have been described in
the literature, they all have essentially the same basic features. A typical
volumetric apparatus is shown in Fig. 4. An adsorbent bulb is con-
nected by capillary tubing to a mercury manometer and a gas burette,
which consists of five bulbs of progressively decreasing volumes. The
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Fig. 4 Volumetric apparatus for measuring gas adsorption. Lettered items are iden-
tified in text.
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bulbs are separated from each other by short capillary sections which
have reference marks etched on them. The volume of each bulb be-
tween successive reference marks is calibrated with mercury. The gas
burette is surrounded by a constant-temperature water jacket. The
lefi-hand limb of the manometer, with the exception of the bottom
10-cm length and the connecting tubes, is composed of capillary tub-
ings. Before taking a pressure reading, the mercury meniscus in the
left-hand Emb is brought to a fixed mark, X. A meter scale attached to
the manometer is used to record the pressure.

A known weight of the sample is taken into the sample holder. The
weight of the sample to be used varies with the nature of the adsorbate
gas and the adsorption temperature employed. For adsorption of N, at
—196°C, the weight of the sample should be enough to represent a total
surface area of 2 m® (Emmett, 1941). When the surface area of the adsor-
bent is low, a large sample holder must be used. This increases the dead
space. As a result, there is a loss of precision.

There is some controversy about the temperature at which a coal
sample should be dried before adsorption measurements. The situation
is more complex with lignites and brown coals, as discussed in Chapter
7, Section I11,B. In our laboratory, the practice is to outgas a coal sampie
at 110°C overnight (about 16 hr) under a vacuum of 107° torr. It has been
reported (Franklin, 1949; Malherbe, 1951} that under these conditions
the coal surfaces are freed from adsorbed water and other gases,

Surface areas of chars can be markedly affected by the heat
treatment/outgassing conditions used prior to adsorption mea-
surements. Kamishita ef al. (1977) have reported that if the chars pre-
pared at high temperatures are stored in an air atmosphere for an ex-
tended period of time before measuring their surface areas, then the
heat treatment/outgassing conditions prior to adsorption measurements
have a marked effect on monoelayer capacity. Kamishita (1976) found
that the N, surface areas of a 1000°C lignite char measured following
outgassing for 8 hr at 105, 500, and 950°C were 59, 179, and 553 m¥g,
respectively. Kamishita ef al. (1977) have suggested that freshly pre-
pared chars can chemisorb oxygen on exposure {0 air at room temper-
ature. The chars, like coals, are aperture-cavity type materials. The
chemisorption of oxygen can reduce the aperture size to an extent that
N, molecules will not enter through them into the cavities in which a
large surface area is located. Kamishita and co-workers suggested that
in order to get the “true” surface area of a char either the area be
measured soon after its preparation or the char, prior to adsorption
measurements, be heated in an inert atmosphere (or outgassed) at a
temperature close to but lower than the temperature used for the char
during its preparation,
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Following outgassingfheat treatment at the desired temperature, the
sample is cooled to room temperature in the absence of oxygen. The
sample holder is then surrounded by a constant-temperature jacket
maintained at the desired adsorption temperature. Before adsorption
measurements can be made, it is essential to calibrate the volume of the
system enclosed by stopcocks 5, and 5,, the uppermost etch on the
burette, and mercury manometer up to mark X. It is done in the follow-
ing manner. With stopcocks 5, and 5, closed and the mercury level in
the gas burette adjusted to coincide with the uppermost etch, helium is
introduced into the system. After adjusting the mercury level in the left
limb of the manometer to mark X, the gas pressure is noted. Sub-
sequently for the same helium dosage, gas pressures are measured with
mercury levels adjusted to each burette etch mark. Since the volumes of
the burette bulbs are known, it is easy to calculate the “unknown”
volume by the application of simple gas laws. This volume is referred to
as V, in the text. The next step involves the measurement of the free
volume (known as dead space) of the sample bulb containing the sam-
ple up to stopecock Sy. This is determined by expanding the same dose of
helium, which is previously used for determining V,, into the sample
holder. After equilibrium is established, the pressure is noted.
Additional pressure readings are taken after successively filling or emp-
tying each burette bulb to the appropriate etch mark. Dead space is
determined from the equation

where V is the sum of the volumes of the burette bulbs which
are not filled with mercury at pressure p, V, the dead space, and k a
constant.

After the dead space determination, the constant-temperature jacket
surrounding the sample bulb is removed. Helium is then pumped out
of the system, stopcock S, is closed, and the constant-temperature jacket
replaced. The mercury level is brought to the lowest etch mark in the
gas burette. After admitting a quantity of the adsorbate, stopcock G, is
closed and gas pressure is measured. The gas is then brought into
contact with the sample by opening stopcock S,. When equilibrium is
attained, pressure is noted. As discussed earlier, approach to true equi-
librium during adsorption on coals at lower temperatures is very slow
(due to activated diffusion). Therefore, the so-called equilibrium
pressure is noted after an arbitrary fixed time. The amount of gas ad-
sorbed is calculated from the pressure and volume values before and
after the occurrence of adsorption. Additional points on the isotherm
{up to a maximurm of five points) can be obtained by raising the mer-
cury level in the gas burette to the successively higher etch marks. More
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data points, if needed, can be obtained by introducing more adsorbate
gas to the system,

The volumetric apparatus just described can be used for adsorbates
for which a relative pressure of 0.35 (which represents the upper limit of
relative pressure up to which the BET equation is usually applicable)
represents an absolute pressure less than 1 atm. If, however, the abso-
lute pressure is greater than 1 atm, a high pressure adsorption system
must be used. A high pressure volumetric apparatus used by Nandi
and Walker (1970, 1975) is described in Chapter 5, Section I, A,Z,

b, Gravimetric Method This method involves measurements of
weight changes during adsorption as a function of the adsorbate
pressure, The method is useful when the adsorbate has a low saturation
vapor pressure, such as water and many organics, and when adsorption
measurements are made near room temperature. Perusal of the litera-
ture shows that not much work has been reported on determining sur-
face areas of coals from adsorption of water or organics. There are sev-
eral reasons for this. First, adsorbates with polar groups, such as water
and methanol, interact chemically with the oxygen functional groups
present on carbon surfaces (Puri, 1970). Second, coals behave as
molecular sieve materials (Walker ¢t al., 1966). As a result, surface area
is a function of the molecular size of the adsorbate. Third, coals swell on
adsorption of organics. Therefore, unless the adsorbate molecules are
excluded from some of the ultrafine pores due to molecular sieving, the
areas obtained will be higher than the true areas of coals.

Since water adsorption on coals can be useful in elaborating certain
aspects of coal structure (Mahajan and Walker, 1971), we will describe
the gravimetric technique for measuring water adsorption isotherms.
However, this technique can be used in the case of organics as well.
Mahajan and Walker measured the extent of water adsorption with a
helical quartz spring having a capacity of 500 mg. The spring was cali-
brated by adding increasing amounts of weights to a bucket suspended
from the spring and measuring the spring extension with a cathetome-
ter. About 0,25 g coal was held in a quartz bucket (an aluminum bucket
can also be used). The bucket was suspended from a 15-cm-long Pyrex
hook, which in turn was suspended from the quartz spring hook. Before
making an adsorption run, the coal sample was outgassed to 107 torr at
110°C for 8 hr. The sample was then surrounded by a jacket through
which water at the desired adsorption temperature was continuously
circulated. The desired vapor pressure of water was generated by im-
mersing a bulb of water in a Forma temperature bath containing a
water-antifreeze mixture. The bath temperature could be controlled to
+0.1°C. Since the Forma unit did not cool below —20°C, lower temper-
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atures, down to —40°C, were obtained by using suitable mixtures of
ethanol and water, cooled by liquid N,. An arbitrary adsorption time of
90 min was allowed for each point on the isotherm.

c.  Thermal Conductivity Method This method, developed by Nelsen
and Eggertsen (1958), involves measurement of changes in thermal con-
ductivity of a He~N, mixture due to adsorption or desorption. The main
advantages of this method over the conventional volumetric and
gravimetric methods are speed and simplicity and avoidance of a high
vacuum system. The sample is taken in a U-tube. It is first degassed by
heating in a flowing stream of helium and is then cooled to room tem-
perature. A mixture of known composition of helium and N, is passed
through the “reference” arm of the thermal conductivity cell. The mix-
ture is then passed through the sample and subsequently through the
“measuring’”” arm of the thermal conductivity cell. When a steady state
condition is attained, i.e., when the gas composition is the same
throughout the system (as indicated by a constant baseline on the strip
chart), the sample tube is surrounded by a liquid N, bath, Adsorption
accurs and as a result the composition and hence the thermal conductiv-
ity of the gaseous mixture change. Adsorption is indicated on a strip
chart by a peak. The recorder pen returns to the baseline when a steady
state condition is again established. The liquid N, bath is then remaoved.
As the sample tube warms up, desorption of N, occurs and a peak equal
in area but on the opposite side to the adsorption peak is obtained.
Either the adsorption or desorption peak may be used to calculate the
amount of N, adsorbed.t Calibration of the system, i.e., of peak area, is
carried out by injecting a known amount of N, to the He—N, mixture or
by comparing the peak area obtained with a sample of known surface
area.

Nelsen and Eggertsen (1958) measured N, adsorption in the partial
pressure range of 0.05-0.3. The adsorbents investigated by these au-
thors had surface areas in the range 3-500 m*g. The areas obtained by
the thermal conductivity method agreed within a few percent with those
calculated from the isotherms obtained volumetrically. Haley (1963),
who measured surface areas by the thermal conductivity method, found
a variation of about +2.5% in the surface area range of 40-1250 m*g.

Commercial versions of the thermal conductivity apparatus have been
produced. Although the method has been used for measurement of N,

t Nelsen and Eggertsen (1958) preferred to use the desorption peaks because they were
relatively free of “tailing” effects. Unless the areas of the adsorption and desorption peaks
are equal, Kantro ef al. (1967) caution that the use of the desorption peak may lead to
incorrect results owing to the occurrence of hysteresis in the BET range.
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areas (—196°C), other adsorbate—diluent mixtures and adsorption tem-
peratures may also be used. For instance, Thomas ef al. {1966) have
measured surface areas of coals from the adsorption of CO, at —78°C
from a He~CO. mixture.

Cahen and Marechal (1963) have drawn attention to the fact that when
the apparatus is connected to the gas reservoir by polyvinyl or rubber
tubing, water present in the atmosphere diffuses through these tubes
into the gas stream. As a result, when the sample is cooled following the
degassing step, water is readsorbed on the adsorbent surface. Therefore,
Cahen and Marechal have suggested the use of copper tubing.

IV. TORE SIZE DISTRIBUTION

A. Mercury Porosimetry

In principle, pore size distributions can be determined by forcing
mercury into coals and chars at increasing pressures and measuring the
volume of mercury penetration as a function of applied pressure p. The
value of the radius r of the pore is calculated from Eg. (3). The pore
volume—distribution curve is obtained by plotting the incremental vol-
ume over the incremental diameter (AV/Ad) versus d, the average
diameter.

Commercial mercury porosimeters capable of operation up to 60,000
psi are available. At this pressure, pores of 18 A radius should be filled
with mercury. However, pore size distributions calculated from mer-
cury porosimetry data obtained at higher pressures may be faulty be-
cause of the possibility of particle breakdown and/or the opening up of
closed pores. Whether these possibilities occur can be ascertained by
making successive mercury penetration measurements on the sample
and/or measuring helium density on the sample before and after the
mercury penetration measurement. After a mercury penetration mea-
surement, all mercury should be removed from the sample by distilla-
tion under reduced pressure.

It should be emphasized that the physical significance of mercury
porosimetry data needs some clarification. For calculating r from £q. (3),
it is tacitly assumed that the pores are cylindrically shaped. However,
coals and chars are aperture—cavity type materials (Walker et al., 1966).
When mercury is forced into such pores, the effective pressure p and the
pore radius r for each stage of mercury penetration are determined by
the aperture size, whereas the volume of mercury forced in the pores is
determined by the volume of the cavity.

Other uncertainties in this method are the values of surface tension
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and angle of contact of mercury in small pores. Guggenheim (1940) has
reported that surface tension becomes independent of pore capillary
radius only when the latter exceeds 500 A. Scholten {1967) has suggested
that for carbons small amounts of adsorbed water or other contaminants
may influence the value of contact angle considerably. He has recom-
mended a thorough degassing of samples at temperatures of 100°C and
above.

B. Capillary Condensation of Nitrogen

Gan et al. (1972) found that up to a relative pressure of 0.93, N,
adsorption isotherms on coals varying in rank from anthracite to lignite
were of type Il or IV, according to the classification of Brunauer ef al.
(1940). Such curves are amenable to the calculation of pore size distri-
butions. The value of radius r corresponding to a given point on the
isotherm, i.e., a given value of relative pressure, can be calculated from
the Kelvin equation:

In (plpy) = —(2Vy cos O)RT (18)

where p, is the saturation vapor pressure, y the surface tension, p the
equilibrium pressure, V the molar volume of the liquid adsorbate, and 9
the contact angle between the liquid and the pore wall. It is generally
assumed that # is zero, i.e., the liquid wets the pore walls.

Before capillary condensation occurs in a given pore, one or more
adsorbed layers are formed on the pore walls. The thickness of this layer
is taken into account in the calculation of pore size distribution. The
Kelvin radius of capillary condensation is assumed to be the pore radius
minus the thickness of the adsorbed film. The thickness of the adsorbed
film is evaluated from the adsorption isotherm of N, on a nonporous
adsorbent. It is assumed that at a given relative pressure, the thickness
of the multilayer formed on the nonporous solid is the same as that on
the walls of the porous solid. Monolayer capacity V,, for the nonporous
solid is calculated from the BET equation. The extent of adsorption V at
any relative pressure is converted into thickness of the film (t) by the
relationship t = (VIV,,)o ort = no, where o is the average thickness of a
single layer of adsorbed molecules and 1 is the number of molecular
layers formed; o is usually taken as 3.5 A (Gregg and Sing, 1967). Know-
ing the value of ¢, the volume of pores and surface area of the pore walls
can be evaluated for radii between r and r + Ar.

There is a controversy regarding the use of the adsorption or desorp-
tion branch of the N, isotherms for calculating pore size distribution.
Most workers have used the desorption branch for their analyses. A



152 0. P. Mahajan and P. L, Walker, [r.

good agreement between the calculated cumulative pore wall area and
the BET area and also between the calculated and experimental cumula-
tive pore volumes should be the deciding factor in choosing the adsorp-
tion or desorption branch. Cranston and Inkley (1957) analyzed both the
adsorption and desorption branches for a wide variety of materials. In
the majority of cases, they found good agreement when using the ad-
sorption branch. Gan ef al. (1972) calculated pore size distributions of
coals in the diameter range 12-300 A from the adsorption branch using
the Cranston and Inkley method.

Cranston and Inkley (1957} derived the following equation for cal-
culating pore size distribution:

u,.ar=%,_,t"f V, 8r + 8t f LLW:iJZ?Ld, (19)

- Br f

where v, 8r is the total volume of nitrogen adsorbed (as liquid) and
V, 8r is the total volume of pores in the range 8r considered. The first
term on the right-hand side of Eq. (19) represents the volume of nitro-
gen which has filled the pores whose critical pressures have been
reached, while the second term represents the volume which has con-
tributed to the increasing thickness of the adsorbed layer on the walls
of larger pores.

Integrating Eq. (19) with limits r; and r, (corresponding to p, and p.,
respectively) and solving for V., assuming V, to be constant over the
range r, and r., the working equation becomes

S

Via = Ry (Uzz — ki o2

v, dr) (20)
where V, is the volume of pores having radii between r; and ry, v, is
the total volume of nitrogen adsorbed during this step, and

r'l

Ry = _ y Py
[t =ty dr

k|2=4(fg"’t|), f'w'"-—“i(fl"'tg}

For computational purposes, the integral term is replaced by a sum-
mation term for all increments of diameters instead of radii. Thus, Eq.
(20} becomes

L~

d -2k,
P

Vie=Rp (Uv_’ Ky VrIAd) (21)

i {12 A
where Ad is an increment of pore diameter, V,; Ad represents the volume
of pores having diameters between (d — 1 Ad) and (d + 4% Ad), and d. is
the cdiameter of the largest pore. The established values for Ry, k., and
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the function {d — 2t)/d* in each standard increment of the pore diameter
are reported elsewhere (Cranston and Inkley, 1957).

V. SELECTED EXPERIMENTAIL RESULTS

A. Helium and Mercury Densities of Coals

Gan et al. (1972) measured helium and mercury densities of coals
(40 X 70 mesh) varying in rank from anthracite to lignite. The variation
of helium density (dry mineral matter free, dmmf) with carbon content
(daf) is shown in Fig. 5. The curve has a shallow minimum at about 81%
carbon and rises sharply as 90% carbon is approached. Franklin (1949)
and Fujii and Tsuboi (1967) observed similar trends for British and
Japanese coals, respectively, although the minimum in each case oc-
curred at somewhat higher carbon contents than that observed for
American coals.

A plot of the variation of mercury density with carbon content of coals
has a shape similar to that for helium density (Gan ¢} al., 1972).

B. Surface Areas of Coals

1. Nsand CO, Areas

Gan et al. (1972) determined N. (—196°C) and CQ, (25°C) areas of
40 x 70-mesh fractions of a number of coals of different rank. A plot of

1.6 | i T
1.5 = —

14— o o

1.3 ee.a_____h @/ -]

b2 -
| | |

60 70 [:14] g0
Carbon Content (% daf)

Helium Density (a'cm?) (mmf Bosis)

Fig. 3 Variation of helium density of coals with carbon content. [From Gan ¢f al.,
Fuel 51, 272 (1972) by permission of the publisher, IPC Business Press, Ltd.]
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Fig. 6 Variation of N, and COy surface areas of coals with carbon content {from Gan ¢t
al., 1972). O, N.; B,CO.; @,N, (from Nandi and Walker, 1971).

these areas, expressed on a dry-mineral-matter-containing basis, ver-
sus carbon content {daf) is given in Fig. 6. Also included in this plot are
the N, areas of four samples taken from the data of Nandi and Walker
(1971}. In general, coals with N, areas greater than 10 m*/g fall in the
carbon content range of about 76-82%. In this range also fall some coals
(2 out of a total of 14} with negligible N, area (<1 m*¥g). Surface areas of
most coals on both sides of this carbon content range, i.e., 76-82%, are
less than T m¥/g, exceptions being the anthracites, which have surface
areas of 5-8 m¥/g.

The CO, areas of the anthracites are high. There is a general decrease
in area with decrease in carbon content to about 83%. The area remains
more or less constant down to about 76% carbon and increases thereaf-
ter. The CO. areas fall within a band rather than on a line, the differ-
ences in the areas of coals with essentially the same carbon content
being as great as 80 m¥g. In general, coals with higher N, areas have
lower CO., areas.

Surface areas of lignites may be in significant error. Gan ef al. (1972)
heated the samples under vacuum at about 130°C prior to surface area
measurements. It has been reported that lignites once dried very thor-
oughly do not adsorb as much water as freshly mined samples (Gauger,
1945). The gellike structure of lignites may be irreversibly altered upon
drying, and as a result the area is expected to change. For the surface
area of brown coals, see Chapter 3, Section VI,C.

Nitrogen surface areas of mineral matter obtained from the low tem-
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perature ashing of coals can be as high as 10 m%g (O'Gorman, 1971).
Since the surface area of whole coals in some cases is less than 1 m¥/g, it
has been suggested (Gan ef al., 1972} that the finely divided mineral
particles distributed in the coal organic matrix are not accessible to N. at
-196°C. Clearly the reported CO, areas would not be too greatly af-
fected by the surface area contributed by mineral matter, since total area
in each case is greater than 100 m*g (Fig. 6).

2. Surface Area from Water Adsorption Isotherins

Mahajan and Walker (1971} determined surface areas of six
200 X 325-mesh coals [varying in carbon contents (daf) from 72.7 to
95.2%!] from water adsorption isotherms measured at 20°C. It was found
that in each case the water area was lower than the CQ, area. The
disparity in the areas was attributed to the difference in the nature of
adsorptive forces involved during adsorption of water and CO,
molecules. A carbon surface devoid of volatile matter and inorganic
immpurities is essentially hydrophobic in nature (Walker and Janov,
1968), indicating that the role of dispersive forces involved in the ad-
sorption of water molecules is minimal. Therefore, the magnitude of the
carbon surface plays a secondary role in water adsorption. However,
adsorption of CO, on a clean carbon surface is determined by dispersive
forces alone.

Mahajan and Walker (1971} suggested that besides adsorption on in-
organic impurities, sorption of water on coals, which always contain
different amounts and types of oxygen functional groups {van Krevelen,
1961), involves adsorption at the “primary” specific oxygen sites. Ad-
sorbed water molecutles then act as “secondary’” sites for the adsorption
of additional water, thus leading to cluster formation, the growth of
clusters increasing with increasing surface coverage. lyenger and Lahiri
{1957} have suggested that the application of the BET equation to
moisture sorption isotherms on coals gives a measure of the specific
adsorption sites on the coal surface, as determined by oxygen functional
groups, rather than the amount of the adsorbate needed for monolayer
formation.

C. Distribution of Total Open Pore Volume in Coals

Gan ef al. (1972) estimated the pore volumes contained in the follow-
ing pore diameter ranges for a number of coals (40 X 70 mesh) varying
widely in rank:

{i) total open pore volume V), for pores accessible to helium, as
estimated from the helium and mercury densities;
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(ii) pore volume V, contained in pores greater than 300 A in di-
ameter, as estimated from mercury porosimetry;

(iii) pore volume V, contained in pores in the diameter range 12—
300 A, as estimated from the adsorption branch of the N, isotherms;

{iv) pore volume V, contained in pores smaller in diameter than
12 A, as estimated from V, =V — (V, + V,).

The pore volumes in different diameter ranges for the various coals
are given in Table IlI. The proportion of V; is significant for all coals.
Its value is a maximum for the anthracite sample (PSOC-80) and is a
minimum for the lignite sample (PSOC-89). These results show that
essentially all coals, irrespective of their rank, show molecular sieve
properties. From the results given in Table III, it may be concluded
that (i) in coals with carbon contents less than about 75%, porosity is
primarily due to the presence of macropores; (ii) in coals with carbon
contents in the range 75-84%, porosity is predominantly due to the
presence of macropores and transitional pores; and (iii) in coals varying
in carbon content from 85 to 91%, microporosity predominates.

D. Effect of Heat Treatment of Coal on Properties

When coals are thermally heated, volatile matter is released from the
coal skeleton framework to create additional porosity and surface area.
Some of the additional porosity is due to the opening up of previously
closed porosity and the remainder is due to the enlargement of pores
which were previously open. Some cross-links are broken concurrent
with the loss of volatile matter; this permits the aromatic regions to
align better and results in a loss of open porosity and surface area. At
lower temperatures, the loss of volatile matter predominates. As a re-
sult, there is an overall opening up of the structure. But as the temper-
ature is further raised and volatile release becomes small, breakage of
cross-links and crystallite alignment become significant. Thus, it is to
be expected that over a certain temperature range the surface area and
open pore volume will go through a maximum.

Toda (1973) has studied changes in the helium, methanol, and
n-hexane densities of 12 coals (28 x 60 mesh) upon heat treatment (HT)
to a series of temperatures up to 1200°C. The coals investigated had
carbon contents (daf} in the 77.8-89.7% range. The densities were
found to change slightly upon HT up to 350°C. Toda concluded that
apart from dehydration no significant structural changes occurred up to
350°C. The densities increased sharply for coals heated above 350°C,
indicating opening up of porosity. For the lower rank coals, the helium
and methanol densities showed maxima at about 800 and 900°C, re-
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spectively. No such maxima were observed for the higher rank coals,
i.e., for such coals the helium and methane] densities continued to
increase up to the maximum heat treatment temperature (HTT) of
1200°C. These results reflect differences in the thermal stability of open
porosity in coals of different rank when they are heated to higher tem-
peratures because a decrease in density can be taken to indicate the
conversion of open porosity to closed porosity.

Toda also found that for all the coals heated up to about 700-800°C,
the densities varied in the order methanol > helium > -hexane. The
difference between methanol and n-hexane densities invariably
showed a maximum corresponding to a HTT of about 600°C, The differ-
ence between the two densities became essentially zero for all the coals
heat-treated up to 1200°C. Since the apparent density of a microporous
solid in a given fluid is dependent on the accessibility of the fluid to the
internal pore structure, the results of Toda (1973) show that coals can be
converted into molecular sieve materials by heat treatment, the charac-
ter and extent of molecular sieving depending on the rank of the start-
ing coal and its HTT.

Changes in surface areas of coals occurring during heat treatment
have been studied extensively. In general, surface area increases with
increasing HTT, passes through a maximum, and decreases thereafter.
The temperature at which the maximum occurs depends on the nature
of the starting coal. For instance, the N, and CO, areas of anthracites
reach maxima at about 700°C and decrease sharply at 900°C (Nandi ef
al., 1964). For a HVA bituminous coal, the N, area remains essentially
constant {<1 m%g) up to 900°C, whereas the CO. area reaches a
maximum at about 600°C {Jenkins ef al., 1973). The N. surface areas of
HVB bituminous and lignite coals increase by factors of about 15 and 30,
respectively, upon HT to 600°C; at higher temperatures the N, areas
decrease sharply (Jenkins et al., 1973). In both cases, the CO, areas
increase by a factor of about 3 upon heating to 600°C before starting to
decrease, although the areas for the 900°C heat-treated samples in each
case are almost twice the areas of the starting coals. For brown coals
carbonized up to 400°C, surface area accessible to N, is negligible
(Siemieniewska, 1968). Above 500°C and especially in the 700-500°C
range, the CO, and N, areas are almost equal.

E. Effect of Oxidation and Carbon Deposition on
Properties of Chars

In addition to open porosity, chars also contain some closed porosity,
i.e., some of the pores are inaccessible to helium. Upon gasification, two
important phenomena occur: (i) enlarging of pores that were open in
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the unreacted char, and (ii} opening of closed porosity. Since the total
number of pores is increased as well as their average radius, specific
pore volume and specific surface area increase with increase in the
extent of gasification. However, at some point depending on the pore
structure of the char, walls between existing pores are gasified away. As
a result, the total number of open pores commences to decrease. This
leads to a continuous increase in specific pore volume, whereas specific
surface goes through a maximum as gasification proceeds.

Recently, Kamishita et 4l. (1977) have shown that the process oppo-
site to gasification, i.e., carbon deposition (CD), decreases the specific
surface area and specific pore volume of a char (Table 1V). Carbon
deposition was carried out by cracking of methane at 855°C on two char
samples prepared by the heat treatment in N, of a lignite coal (40 x 100
mesh) at 855 and 1000°C. The results listed in Table IV show unmistak-
ably that the chars are aperture—cavity type materials. It is seen that
deposition of 2.6%, by weight, of carbon leads to a reduction in open
porosity from 35.6 to 23.8%. It is obvious that some apertures are being
reduced in size by CD to the extent that helium no longer can pass
through at room temperature. Thus, the accessibility of helium to the
larger cavities existing behind the apertures has been removed. This
leads to a reduction in porosity considerably in excess of the total vol-
ume of carbon which has been deposited, if it is assumed that depo-
sited carbon has the same density as the char itself,
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