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ABSTRACT

Small angle X-ray scattering data have been obtained for a series of charcoal samples produced by
heating in a laboratory furnace under conditions chosen to simulate those encountered in commercial
kilns. The scattering curves suggest that the samples contain three types of pores: (1) relatively large
pores, with dimensions of the order of a few microns, which are similar to the pores in the lignin-
cellulosic skeleton of the wood from which the charcoal was made; (2) platelet-like pores, with one
dimension that does not exceed 2 or 3 nm and with the other two average dimensions being consid-
erably larger; and (3) small pores, which have no dimensions greater than about 1 or 2 nm. For
charcoals heated to 400 C, only the large pores are present in appreciable numbers. As the maximum
heating temperature is increased, the platelet and small pores make an increasing contribution to the
scattering. Estimates have been made of the fraction of the volume of the porous charcoal occupied
by each of the three types of pores.
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INTRODUCTION

Small angle X-ray scattering provides information about the submicroscopic
structure of materials (Guinier et al. 1955; Schmidt 1971). Dimensions from about
| through 500 nm can be conveniently studied. The resolution thus is higher than
is possible with an optical microscope or with most scanning electron micro-
scopes. A few years ago we described a small angle X-ray scattering study of
some oak charcoals produced in Missouri-type kilns (Von Bastian et al. 1972).
The information that we obtained about the submicroscopic pore structure of
these charcoals would have been difficult to find by electron microscopy.

We have now completed some additional measurements of the small angle
X-ray scattering from oak and hickory charcoals. Unlike the charcoals studied
in our earlier work, which were obtained from regular runs of commerical char-
coal kilns, the samples discussed below were produced in a laboratory furnace
under conditions chosen to resemble those occurring in commercial production.
Because of the closely controlled heating possible with the laboratory furnace,
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the conditions under which the samples were prepared were much better known
than is possible with commercial charcoals. The information obtained about the
effect of the conditions of preparation on submicroscopic pore structure can
therefore be expected to be more reliable than in our earlier work. In addition,
we now have developed new techniques for analysis of the scattering data. With
these new methods we have been able to obtain more guantitative information
from the data than was possible previously.

As we explain below, the scattering data suggest that there are three different
kinds of pores in the charcoals heated at temperatures of 400 C and above. First,
there are relatively large pores that have dimensions of the order of microns and
that are similar to the pores in the lignin skeleton of the wood from which the
charcoal was produced. In addition, the scattering curves provide evidence for
two other kinds of pores, which will be called platelet pores and small pores. One
dimension of the platelet pores does not exceed 2 or 3 nm, while the other two
dimensions are considerably larger. None of the dimensions of the small pores
are greater than 1 or 2 nm.

For charcoal heated at 400 C, most scattering comes from the large pores.
When the charcoals are heated at higher temperatures, a greater fraction of the
total scattering is due to the platelet pores and the small pores, while there is only
a relatively small increase in scattering from the large pores.

Although the existence of these three kinds of pores must be considered some-
what tentative until the presence of platelet pores and small pores is confirmed
by other techniques besides small angle X-ray scattering, with this pore structure
we have been able to provide a reasonable explanation of the scattering curves
from the charcoal samples.

Summary of small angle X-ray scattering techniques

A schematic diagram of an apparatus for X-ray scattering studies is shown in
Fig. 1. The beam from the X-ray tube T is defined by the slits S, and S, and
strikes the sample S. Although most of the X-rays either pass through the sample
without being affected or are absorbed in the sample by the process of photo-
electric absorption, a small fraction of the beam is re-emitted in other directions
besides that of the incident beam. These rays are called the scattered rays. The
diagram shows a ray scattered at an angle 6, called the scattering angle, with
respect to the incident beam. The intensity of the X-rays scattered at different
angles 0 is determined by the structure of the sample. In scattering studies, the
scattered radiation is measured as a function of the scattering angle 6. Then, by
analysis of the scattering data, information is obtained about the structure of the
sample.

In the apparatus shown in Fig. 1, the two slits S; and S, and the counter C are
mounted on an arm that rotates about an axis through the sample S and perpen-
dicular to the plane of the drawing. By rotation of this arm, the scattered intensity
can be measured at different scattering angles.

X-rays are scattered primarily by electrons, and the observed X-ray scattering
intensity is the result of differences in electron density in different regions of the
sample. When regions with different electron density have dimensions of the
same magnitude as the X-ray wavelength, the scattering is most intense at angles
of 10 degrees or more. The atomic structure in solids and liquids ordinarily is of
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Fi1G. 1. A schematic diagram of a typical scattering system. X-Rays from the tube T are defined

into a beam by slits S, and S, and strike the sample S. Slits S; and S, and the proportional counter
C permit measurement of the scattered intensity as a function of the scattering angle 6.

the same magnitude as the wavelengths normally employed for X-ray scattering
and diffraction. The angies of interest for X-ray diffraction and scattering for the
usual liquids and solids thus are usually greater than 10 degrees.

On the other hand, if the inhomogeneities in the electron density are larger
than the X-ray wavelength, the scattered intensity is appreciable only at scattering
angles of a few degrees or less. Small angle X-ray scattering, unlike ordinary X-
ray diffraction, thus provides information about inhomogeneities in electron den-
sity that are appreciably larger than the normal interatomic distances in dense
materials.

At these small scattering angles, the scattering is not affected by structure with
dimensions of only a few tenths of a nanometer (Guinier et al. 1955, pp. 3-4),
and therefore, in the analysis of small angle X-ray scattering data, the atomic
structure can be neglected, and the sample can be assumed to consist of two
phases, each of which has a constant electron density. For analysis of the scat-
tering data from the charcoal samples, one phase will be assumed to be carbon,
with a constant electron density (i.e., with a constant number of electrons per
unit volume), and the other phase will be considered to be pores containing air.
Since scattering from the air is very weak, the electron density in the pores can
be set equal to zero.

Methods for analyzing scattering curves

Some properties of the scattering from porous systems like charcoals will now
be reviewed. Since the methods used for interpreting our recent scattering mea-
surements are considerably different from the techniques employed in our earlier
work (Von Bastian et al. 1972), the procedures used below will be discussed in
some detail. Readers interested only in the results of our scattering studies can
skip most of this section.

The scattering angle 6 can be conveniently expressed by the quantity h =
4w~ 'sin(6/2), where A is the X-ray wavelength. In the small-angle region, sin(6/
2) = 6/2, and thus in the analysis of the small angle scattering curves, h can be
considered proportional to 6. (In the equation defining h, the scattering angle 6
must be expressed in radians.)
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The form and size of the pores can be characterized by three average pore
dimensions—a length, a width, and a height. For scattering angles at which Dy,
the smallest of these three average dimensions, satisfies the condition

hDpin > 3.5, (H
(Bragg et al. 1963), the scattered intensity I(h) can be approximated by
I(h) = 2mp?l Sh* 2

where p is the electron density in the carbon phase, 1, is the intensity scattered
by a single electron, and S is the total surface area separating the pores and the
carbon in the sample. (Guinier et al. 1955, p. 80 and p. 17).

When a pore has the form of a platelet, the two dimensions D, and D,, which
define the platelet face, will both be much larger than the platelet thickness a =
Dpin- Thus, for platelets there will be an interval of scattering angles for which
hD,; > 1 and hD, > 1, even though (1) is not satisfied. If the platelet pores have
different thicknesses, it is convenient to introduce the platelet thickness distri-
bution p(a), which is defined to have the property that p(a)da is the probability
that a pore will have a thickness in the interval between a and a + da. For
scattering angles for which hD, > 1 and hD, > 1 but for which (1) may or may
not be fulfilled, the average scattering from a sample of N randomly oriented
platelet pores can be expressed (Pringle and Schmidt 1977) in the form

. (a2)
Ith) = 277Npl<Vp1>@>—h 21.G(h) 3)
where 3
(a") = [Ta"p(a) da, 4

(V,) = a(a) is the average volume of a platelet, a is the average surface area
of one face of the platelet, and

1 in%(ha/2
Gib) = 7zay fu aZp(a)Sl(r;I—;/;)zl da. (5)

(In these equations, the average over platelet areas is assumed to be indepen-
dent of the average over thicknesses.) The thickness distribution p(a) is assumed
to satisfy the condition

["pla) da =1.

When h{a) < 1, G(h) = |, while if h{a) > [, (3) can be shown to reduce to (2).

Thus, when h(a) is small, the scattered intensity from a platelet pore will be
proportional to h~2, while for h values large enough that h{a) > 1, the scattering
is proportional to h™*, as specified by (2).

When D, the largest of the three dimensions characterizing a pore, is so
small that for the observed scattering angles hD,., is not large, the scattering
I«h) from a single pore can be approximated by the expression (Guinier et al.
1955, p. 7, p- 16, p. 25):

I(h) = (Vy)*p*Le s (6)

where Vy is the volume of the pore, and R, the radius of gyration of the pore, is
a length that characterizes the size of the pore. Since R < Dy, (Guinier et al.
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1955, pp. 24-28), when hDy., <€ 1, the scattering from the small pores is nearly
independent of h. For hD,,, > 1, (6) may no longer be a good approximation.
When hD,,.« > 3.5, I(h) approaches the h™* dependence given by (2).

As has been mentioned previously, these properties of the scattered intensity
assume that the pores are so large that the scattered intensity occurs at scattering
angles for which the carbon in the charcoal can be considered to have a constant
electron density. At scattering angles greater than about 10 degrees, the scattered
intensity begins to be affected by the atomic structure of the sample, and the
assumption of constant electron density is no longer valid.

The platelet pores and the small pores will be assumed to scatter independently.
Then the total scattered intensity from N pores of a given type will be N times
the scattering from a single pore.

For the analysis of the charcoal scattering curves, the scattered intensity will
be assumed to be the superposition of the scattering from large pores, platelet
pores, and the small pores, and the thickness of the platelet pores will be assumed
to be small enough that the observed intensity from these pores is proportional
to h™2 The scattered intensity from the charcoal sample then can be expressed

I(h) = ah™* + Bh~2 + ye (MR @)

where «, B8, and y represent the contributions from the large pores, the platelet
pores, and the small pores, respectively. In the development of (7), the assump-
tion was made that

e~ (IR — <e»»(l/3)(hR)2> .

This assumption is satisfied when hR is small enough that (6) is a good approxi-
mation for the scattering from the small pores.

In (7). and in the rest of this section, brackets denote averages over the charcoal
sample.

If there are n, large pores per unit volume, and if (S,) and (V)), respectively,
are the average surface area and volume for a large pore, S = n,{S,)V, and ¢, =
n{V)). where V is the total sample volume, and ¢, is the fraction of the volume

occupied by the large pores. With these results, from (2)

a = 2mp* 1. Ve ((S))/{Vy)). &

Let N, be the number of platelet pores per unit volume. Then ¢, = ny(Vy),
where ¢, is the fraction of the sample volume occupied by the platelet pores.
Similarly, if ¢, is the fraction of the sample volume occupied by the small pores,
¢, = n(Vy), where n, is the number of small pores per unit volume. Then if the
platelet pores and the small pores scatter independently, and if h(a) < 1, from
(3) and (6),

. (a%)
B8 = ZWpZI(.chlm (9)
and
‘ (V&)
=1.p*Vc — . 10
Y eP A (10)
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TaBLE 1. Heating conditions for the charcoal samples.
Time to reach Time at
Maximum Heating maximum maximum Total heating
temperature rate temperature temperature time
Sample °C “C/Hr Hr Hr Hr
250S Oak 250 1.5 167 0 167
2508 Hickory 250 1.5 167 0 167
400S Oak 400 5 80 0 80
400S Hickory 400 5 80 0 80
600S Qak 600 30 20 0 20
600S Hickory 600 30 20 0 20
600L Oak 600 30 20 100 120
600L. Hickory 600 30 20 100 120
800S Oak 800 130 6 0 6
800S Hickory 800 130 6 0 6
800L Oak 800 130 6 114 120
800L Hickory 800 130 6 114 120
METHODS

Sample preparation and scattering measurements

The charcoals were prepared from heartwood samples of white oak (Quercus
alba L.) and hickory [Carya ovata (Mill.) K. Koch] in a laboratory furnace at
The Pennsylvania State University. The heating conditions were selected to ap-
proximate those likely to be encountered in commercial charcoal kilns.

The samples were inserted in the furnace when it was at room temperature.
The furnace temperature was then raised at a uniform rate. Some samples were
removed from the furnace as soon as the temperature reached a desired value,
while others were held in the furnace at the maximum temperature for about 100
hours. The code letters S and L, respectively (for ‘*short’” and *‘long’’ heating
times), specify the two types of heat treatment. The numbers used in the desig-
nations of the samples indicate the maximum temperature of heating (in degrees
O). For example, the 600L sample was raised to 600 C and held at this temper-
ature, while the 600S sample was removed from the furnace as soon as the tem-
perature reached 600 C. Heating conditions are shown in Table 1.

Since our earlier study of charcoal suggested that, at least to a first approxi-
mation, the small angle scattering was isotropic—i.e., independent of whether
the sample was a radial, longitudinal, or tangential section, all of the charcoal
samples were ground in a mortar and pestle. The powders were ground fine
enough to pass through a 40-mesh screen.

Results of our small angle X-ray scattering study of unheated samples of the
woods used to make the charcoals are reported in another paper (Casteel et al.
1977).

X-ray scattering measurements

The scattering curves were obtained with a copper-target X-ray tube, a pro-
portional counter, and a Kratky collimation system (Kratky and Skala 1958) with
a slit arrangement equivalent to that used in our earlier investigation of charcoal.
(Although the slits in the Kratky camera are arranged differently from those in
Fig. 1, the results obtained from the two systems are equivalent.) A linear am-
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plifier and pulse height analyzer were used with the proportional counter to select
only the counts produced by the copper K-a X-rays, which have a wavelength
0.154 nm.

After the background scattering had been subtracted, the scattering curves
were corrected for the effects of the length and width of the collimating slits, and
the uncertainties in the corrected data were calculated (Lin et al. 1974; Taylor
and Schmidt 1967). The incident intensity was monitored in the same way as in
our earlier studies of charcoal.

The equations discussed in the previous section neglect the weakening of the
X-ray beam which results from photoelectric absorption in the sample. This at-
tenuation can conveniently be described (Compton and Allison 1935) by the trans-
mission 7,

7 =1/, = e W=MA) (11)

where I is the intensity of the undeviated X-ray beam after it has passed through
the sample; I, is the intensity of the X-ray beam incident on the sample; pu,y, is the
mass absorption coefficient of the material of which the sample is composed; A,
is the area of the sample illuminated by the incident beam; and M is the mass of
the illuminated portion of the sample.

To find the transmission 7, the collimation system was set at zero scattering
angle and the intensity was measured with the sample in the beam and also when
it was removed.

Because of photoelectric absorption, the intensity of all measured scattering
curves is reduced by the factor 7. To correct for this absorption in the samples,
we divided each scattering curve by the transmission measured for the sample.
The resulting corrected curves give the scattering that would have been obtained
for the nonabsorbing sample that was assumed in the development of Equations
(D—(10).

Since, as shown by (8)—(10), the scattered intensity is proportional to the sample
volume, allowance must be made for differences in sample volume when the
scattering curves from different samples are compared. Although all scattering
curves were obtained with the same setting of the collimating slits, so that the
illuminated area A, of the sample was the same for all scattering curves, the
sample volumes differed because the thickness of the sample in a direction parallel
to the incident beam varied from sample to sample. To allow for this effect, we
expressed the sample volume in terms of the mass per unit area by use of the
relation

where d is the density of the powdered sample. With (11) and the tabulated value
of the mass absorption coefficient u,, for carbon, M/A, can be calculated from
measured values of the transmission 7. Measurements showed that for the oak
and hickory charcoals, d is approximately 0.60 and 0.75 gm/cm?, respectively. To
allow for the differences in sample volume, we therefore divided all intensities
by the values of log,l/7). Then if all samples of a given wood can be assumed
to have the same density d, as our measurements suggest is at least approximately
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F1G. 2. Corrected scattering curves for the 400S (squares), 600S (circles), 800S (triangles) and
800L (crosses) oak charcoals. The curves are least-squares fits of Eq. (7) to the data points.

FiG. 3. Corrected scattering curves for the 400S (squares), 600S (circles), 800S (triangles), and
800L (crosses) hickory charcoals. The curves are least-squares fits of Eq. (7) to the data points.

the case, the corrected scattering curves will correspond to samples with equal
volume. (The area A, is the same for all samples.)

Measurements of the scattering from the same charcoal for samples with dif-
ferent thicknesses suggested that the effects of multiple scattering were not ap-
preciable.

RESULTS
Analysis of the scattering curves

Scattering curves for the 400S, 600S, 800S, and 800L samples are shown in
Figs. 2 and 3 for the oak and hickory charcoals, respectively. The curves have
been corrected for background scattering, length and width collimation effects,
absorption, and variation in sample thickness. The symbols show intensities ob-
tained from the scattering measurements, and the lines are curves obtained by
making a least-squares fit of (7) to the corrected experimental scattering curves.

The scattering curves for the 250S oak and hickory samples are not shown,
since they were essentially the same as the curves for the corresponding oak and
hickory powdered wood samples which have been discussed elsewhere (Casteel
et al. 1977).

The scattering curves for the 600L. oak and hickory samples have been dis-
cussed previously (Pringle and Schmidt 1977). For these curves, a distribution of
platelet thicknesses could be calculated. The fact that this distribution can be
obtained implies that the thickness of the platelet pores is not negligible.
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TABLE 2. Values of o, 8, v, R, and S/M.

R S/IM

Sample @ B y nm m¥gm
400S Oak 0.44 x 107¢ 0.54 0.066 x 10° 0.0001 0.37
400S Hickory 0.39 0.63 0.080 0.0002 0.33
600S Oak 0.64 1.57 0.24 0.25 0.54
600S Hickory 0.52 2.1 0.26 0.30 0.44
600L. Oak 0.58 — — — 0.49
600L. Hickory 0.49 — — — 0.41
800S Oak 0.79 3.0 0.31 0.39 0.66
800S Hickory 0.57 6.7 0.53 0.48 0.48
800L. Oak 1.31 13.83 1.33 0.59 1.10
800L Hickory 1.55 34. 0.31 0.45 1.30

When h is expressed in nm with y = 0,154 nm, and the above values of a, 8, and y are used in Eq. (7). the intensities given by
the curves in Figs. 2 and 3 are obtained. The angle 6 in h must be expressed in radians.

Although the intensities of the curves in Figs. 2 and 3 are given in arbitrary
units, the same units are used for all the curves, so that intensities scattered by
different samples can be compared. Intensity ratios are accurate within about
+5%.

Values of a, 8, v, and R obtained from the least-squares fits are listed in Ta-
ble 2.

Values of « are also shown in Table 2 for the 600L. oak and hickory samples.
As has been mentioned previously, the thickness of the platelet pores in these
samples cannot be considered negligible, and so 8 and o, which are meaningful
only when the thickness of the platelet pores is not appreciable, cannot be cal-
culated. However, the constant a, which specifies the specific surface of the large
pores, still can be evaluated.

The specific surface S/M for the samples can be obtained from the values of
a. From (2) and (8)

o = 2mp L A(M/A)(S/M). (12)

The quantity [,A, was evaluated from the measured scattering curve for a con-
centrated silica suspension (Patel and Schmidt 1971), and M/A, was calculated
from the measured transmission by use of (11). The calculated specific surface
values in m%¥gm are given in Table 2. The uncertainty in these results is estimated
to be +10%.

Estimates of the fraction of the volume
occupied by different types of pores

To test the consistency of our analysis of the scattering curves, we estimated
the fraction of the volumes occupied by the large and small pores and by the
platelet pores. The fact that these volume fractions are not unreasonable shows
that the model we suggest for the charcoal pore structure is not inconsistent with
the scattering data for these samples.

First, we develop expressions for the fraction of the pore volume for each type
of pore. From (8),
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S
o= 27rp21eVMd , (13)

where d = M/V is the density of the porous charcoal.
If, as mentioned in Section 2, the charcoal is considered to be a two-phase
system consisting of pores in a carbon skeleton with density d,,

d=dJ(l — ¢ — ¢y — ¢y (14)

By use of (13), (9), and (10), the fractions ¢, and ¢, of the charcoal volume that
are occupied respectively by the platelet and small pores can be shown to be

given by
_B_S [
| o= | ()
an
_ Yy S [(VEH !
CS—27Td;—M—‘[ <Vs> } (16)

Measurements of the densities of the porous charcoals showed that within a few
percent, d was equal to 0.60 gm/cm? for all oak charcoals and 0.75 gm/cm? for all
hickory charcoals in Table 2.

We used these densities and the information in Table 2 for estimating c,; and
¢,. For these calculations, we assumed that d, was 2 gm/cm? and that all the small
pores were spheres with radii equal to the radius V5/3 R, corresponding to a
uniform sphere with radius of gyration R. (Guinier et al. 1955, p. 26). Then

(V,3) 4 .
A :—3~(5/3)3‘1R5.

Since (a?)/(a) is about 2.8 nm for the 600L charcoals (Pringle and Schmidt
1977), we used this value for (a?)/(a) in the 800L oak and hickory charcoals. For
all other samples we set (a%)/(a) equal to 1 nm.

While these estimates of (V) (V) and (a?)/(a) are quite crude, we feel that
they are adequate for our rough calculations of ¢, and c,. In particular, they are
sufficient to show that ¢, is always very small.

Since, as we mentioned previously, we believe that the outer part of the scat-
tering curves of the 400S charcoals may be governed by density fluctuations in
the carbon and not by small pores, we did not calculate c; for these charcoals.

We found that ¢, was 0.05 = 0.02 for the 600S charcoals, while for the 800S
and 800L samples, it varied between 0.03 and 0.01. The volume fraction ¢, for
the platelet pores did not appreciably exceed 0.01 in any of the samples. After
¢, and ¢, have been calculated, ¢, can be obtained from (14).

DISCUSSION

The scattering data have been interpreted by considering that charcoals contain
three types of pores: (1) large pores, which have dimensions of the order of
microns and which are similar to the pores in the lignin skeleton of the wood
from which the charcoal was made; (2) platelet-shaped pores, with thicknesses
no greater than 2 or 3 nm; and (3) small pores, with no dimensions larger than
about 1 or 2 nm.

While this pore structure provides a reasonable explanation for the observed
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scattering, we emphasize that evidence for the existence of the platelet pores and
the small pores has been obtained only from the scattering measurements. Until
independent techniques can demonstrate that the charcoals contain these two
types of pores, their presence must be considered tentative.

Nevertheless, this pore structure provides a reasonable explanation for the
observed scattering. Our suggestion that there are platelet pores in charcoal is
supported by the fact that thin planar pores have been reported in highly graph-
itized carbons (Pons and Tchoubar 1973).

The term *‘platelet’” should not be understood to mean only a pore with walls
that are parallel planes. The same type of scattering would be expected from any
pore in which two of the average dimensions were much greater than the third.
For example, the pores could be wedges instead of having parallel walls.

The values of the small-pore radius of gyration R shown in Table 2 for the 400S
oak and hickory samples are too small to be meaningful. Results from the two
400S samples thus should be interpreted to mean that there are almost no small
pores in these samples. The nearly constant scattering observed in the outer parts
of the scattering curves for these samples thus must be attributed to some other
source, such as density fluctuations within the carbon (Ruland 1971). This con-
stant scattering is also expected to be present in the other charcoals, but it is so
weak that it is masked by scattering from the small pores.

Since the values of 8 are so small for the 400S oak and hickory samples, in
these charcoals only the large pores make an appreciable contribution to the
scattering. (As was mentioned above, the nearly constant scattering in the outer
part of the scattering curve is not due to small pores but to some other effect,
such as density fluctuations in the carbon.)

Because the thickness of the platelet pores in the 600L oak and hickory samples
was large enough that the observed scattering from the platelet pores was not
proportional to h™2 for all angles at which the scattering from these pores was
appreciable, a least-squares fit of (7) could not be made to the scattering curves
for these samples. Only « could be found from the least squares fits, and therefore
in Table 2 8 and vy are not listed for the 6001. oak and hickory charcoals.

While the ratio of the scattering from the platelet pores probably is at least as
large in the 800L oak and hickory charcoals as in the corresponding 600L. samples,
in the 800L charcoals scattering from the small pores is large enough to mask
most scattering from the platelet pores at scattering angles where the angular
distribution of the scattering is affected by the platelet thickness. The constants
B and vy thus could be evaluated for the 800L charcoals. However, because of
the possible effects of platelet thickness, the uncertainty in the values of 8 and
v is somewhat greater for the 800L samples than for the other charcoals. We
cannot explain why vy is so small for the 800L hickory charcoal.

Although our estimates of ¢, ¢, and ¢, are only approximate, we feel that with
the measured values of the density d, the volume fractions can provide some
useful information about the pore structure of the charcoals.

First, since d, within the experimental uncertainty of a few percent, is the same
for all samples of a given wood in Table 2, in all these charcoals the same fraction
of the total volume is occupied by pores. The different conditions of preparation
thus affect only the relative proportions of the different types of pores. In all
cases, however, only a small fraction of the volume is occupied by platelet pores.



SMALL ANGLE X-RAY SCATTERING OF CHARCOAL 17

While the density d is essentially independent of the time and temperature of
heating, the specific surface S/M increases with higher temperature and longer
heating time. The average dimensions of the large pores must therefore decrease
as the temperature and time of heating increase, since for a fixed volume of large
pores, when the specific surface becomes larger, the average dimensions of the
individual pores must decrease.

Since ¢, becomes somewhat smaller as the heating time and heating temperature
increase, the effect of these increases appears to be to cause the small pores to
grow in size, possibly by coalescence, with no appreciable production of new
small pores. Even though we have no direct evidence, we suggest that the de-
crease in ¢, and associated rise in S/M may be caused at least in part by the
growth of some of the small pores, which may become so large that they scatter
like large pores, thus leading to a decrease in ¢, and an increase in S/M. (Since
in the analysis of the scattering curves the intensity from the small pores is not
considered to be proportional to h™*, the surface area of the small pores is not
included in S/M, which is obtained only from the intensity scattered by pores
large enough that their scattering is proportional to h™*.)

The specific surfaces shown in the right-hand column of Table 2 are of the
order of 0.3 to 2.0 m%*gm and thus may seem quite small for a porous material
like charcoal. We wish to point out that when the values of S in Table 1 of our
first study of charcoal (Von Bastian et al. 1972) are converted to m?%gm, the
specific surface values from the earlier study are of the same magnitude as those
reported in Table 2 of our recent investigation. These relatively low specific
surface values therefore appear to be characteristic of the charcoals which we
have investigated.

While specific surface determinations by BET adsorption would certainly be
of interest for these charcoals, the surface calculated from the adsorption data
may not be directly comparable to the values from the scattering curves, since
specific surface results shown in Table 2 refer only to the surface associated with
the large pores.

Although evidence for the small and platelet pores might be obtained from
electron micrographs, these pores are so small that they might not be easily
observable by transmission electron microscopy.

Our scattering data suggest that while the large pores in the charcoals are
related to the pore structure of the wood from which the charcoals are produced,
the platelet pores and small pores are observed primarily in charcoals that have
been heated appreciably. This result suggests that very possibly the origin and
properties of the small and platelet pores are connected with the behavior of
carbon under heat treatment, rather than with the structure of the wood from
which the charcoal was made.
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