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Mercury porosimetry has been used to characterize the mac-
roporosity of several carbon materials activated by steam or car-
bon dioxide and their surface fractal dimension is determined.
The first part is devoted to the analysis of the differential volume
VErSus pressure curves in order to distinguish between mechanical
effects resulting from the mercary pressure and true pore filling.
[t is shown, in the second part, that the macropore volume is
not strongly affected by the activation process, but it depends
miainly on the initial texture of the carbon. On the other hand,
the fractal dimencion varies largely with the aetivation conditions
and burn-off. The experimental results suggest that the fracial
dimension tends to increase with the degree of burn-off in steam,
whereas the opposite occurs during activation by carbon diexide.
These observations are discussed in relation to the mechanisms
of activation,

INTRODUCTION

Active carbons [ 1) are mostly used as adsorbents, catalysts,
or catalyst supports, which means that they are concerned
with phenomena occurring on the molecular scale. Therefore,
active carbons are genecally characterized by their mor-
phology on the molecular scale, such as the surface area,
volume, and width of the micropores {width < Z nm) (2).
The microporosity refiects the capacity to adsorb small mol-
ecules, such as common gases or solvent vapors. The ad-
sorption of larger molecules will occur in larger pores, me-
sopores { 2), of radii ranging between 1 and 25 nm and con-
tributing mostly to the extent of the external surface area,
The rale of volume of macropores { pore radius = 25 nim)
{ 2} seems to be imited to the transport of the gas molecules
to be trapped in the micro- or mesopores. However, macro-
pores are of great importance for some applications (3}, as
in nuclear industry or with respect to bactenal colomization,
which may be requested in waste water cleaning or unac-
cepiable in the purification of drinking water.

The classical method for the study of macropore size dis-
tribution 15 mercury porosimetry (4). The pore radius R is
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related to the mercury pressure P through the Whashburn
equation
R o P, [ia]
in which the prefactor is a function of the pore shape, the
contact angle # between the mercury and the surface of the
solid, and the surface tension <. The necessity to postulate
a pore shape, the lack of reproducibility of the value of 8,
and the fact that v depends on the physical and chemical
states of the solid surface (4) lead to an uncertainty on the
value of the prefactor and, therefrom, on the value of R. In
the following, we will show how the characterization of meso-
and macropore geometry by means of the surface fractal
dimension will overcome the above problems. However, as
a first approximation, a cylindrical pore shape may be as-
sumed. Thus,
R = —(2v cos 8)/P. [1b]
With ¥ = 0,48 N/m and § = 141_3°, the usual equation is
obtained,
R = T50/P, [1c]
in which R is cxpressed in nanometers and Pin megapascals.
The second problem ansing In mercury porosimetry is the
effect of the pressure, which may lead 1o antifacts in the pore
size distribution { PSD) curve {4) evaluated by means of Eq.
[1c]. In the low-pressure range, compaction of the powder
particles and for filling of the interparticle voids may be in-
terpreted as pores within the particles. At high pressures,
mechanical breaking may occur, depending on the strength
of the sample. Moreover, as shown by Kadlee (5), an inverse
filling of supermicropores {i.c., supcrmicropores are filled at
pressure lower than that required to fill mesopores) occurs
when supermicropores are directly connected to macropores
{ for example, if they start on the walls of the macropores).
This effect, however, 18 not possible when supermicropores



are connected to macropores through mesopores, Therefore,
it will be necessary to select the range of pressure corre-
sponding tothe filling of the macropores of the samples under
investigation.

The benefit of using fractal geometry to evaluate the space-
filling character (i.e., the pore size distribution ) of solid sur-
faces was pointed out about 10 years ago by Pfeifer and Avnir
(6) and it is widely used in the field of surface physics and
chemistry (7). These authors have shown that the pore size
distribution, dF/d R, is related to the surface fractal dimen-
sion 2 by means of the scaling law

—dV}dR o« R¥ D, [2]
Asg mentioned above, mercury porosimetry data resuft from
the measurement of the intruded volume as a function of
the applied pressure. From Egs. [1a] and [2], it follows that
avidP oc P74, [3}]
Friesen and Mikula { 8 ) have peinted out the benefit of using
Eg. [3] 1o determine the fractal dimension from the mercury
intrusion data. Formally, Eq. [ 3] is similar to Eq. [2), but
in this case no assumption of the value of the prefactor in
an R versus P relation is nceded. Moreover, since by def-
nition 2 < I < 3, the scaling exponent in Eq. [ 3] lies between
=2 and —~1 in the case of fractal surfaces. Thus, iIf the ex-
perimental data fit with a power law with an cxponent rang-
ing between —1 and 0, the volume versus pressure data cor-
respond no longer to volume filhng of pores but describe the
mechanical behavior of the sample {8, 9}. A steeper slope
would suggest the cxistence of a nonfractal, monodispersed
porosity. Therefore, the study of the scaling exponent n dif-
ferent pressure domains will lead to the determination of
the true domain of filling of the intraparticulate pores to be
investigated as well as the actual macropore volume. This
analysis will be presented in the first part of the paper.

The method proposed by Friesen and Mikula (8) has been
applied to the chamcterization of coals (8, 9), chars {8), and
coke particles (10) and to the investigation of the effect of
oxidation by O of a glassy carbon mairix in Coat-Mix ma-
terials | 11) or of the combustion rate of coal chars { 12) on
the fractal dimension.

Mercury porosimetry has been widely vsed to determine
the volume of pores ranging between 7500 and 3.75 nm {i.e.,
in the classical range of pore sizes expected with pressure
ranging from 0.1 to 200 MPa}, in the study of the overall
porosity of active carbons (3, 13-16). However, the likeli-
hood of the artifacts discussed above has never been exam-
ined. To our knowledge, the use of mercury porosimetry to
determine the surface fractal dimension of active carbons,
in the range of a few tens and a few hundreds of nanomciers,
has not yet been atiempted.

The aim of the present paper is the investigation of the
effect of the origin of the carbon material and the mode of
activation (by steam or by carbon dioxide) on the value of
the surface fractal dimension. The results will be correlated
with the peometrical properties of the material, at the mo-
lecular scate, and with the mechanism involved in the oxi-
dation process.

EXPERIMENTAL

Samples

With the exception of sample U-03, a steam-activated coal
of industrial origin (Chemviron, Belgium}, all solids were
prepared from different precursors. These were subjected to
similar treatments, described in detail elsewhere (17). The
carbons resulted from Irish peat {TIM )}, coffec-bean skins
{CAF), and a barbecue charcoal (CEP) obtained from soft
wood,

The dry precursors TIM and CAF were first pyrolyzed for
2 h at 600°C under nitrogen and the light fractions were
distilled off. Typical vields were around 35 and 20'%, re-
spectively. Subsequently, the solids were crushed and sieved
(0.6 1o 1.7 mm) and carbonized for 1 h at 850°C under
nitrogen, At this stage, the weight losses were 20% (TIM )
and 10% {CAF), but sample CEP, also subjected to this
treatrent, lost only a small percentage of its weight. Thes:
samples are referred as TIM-0, CAF-0, and CEP-0, respec-
tively.

Tao produce the active carbons, the solids TIM-0, CAF-0,
and CEP-0} were treated in batches of 10 g, with either steam
or CO;, at 850-900°C, as described earlier {17). These gases
were carried by nitrogen and activation lasted usually be-
twean 60 and 240 mir. The degree of activation {burn-off)
is expressed by the relative weight loss of the carbonized
material. It varied from 12 to 64%.

The structural properties of the carbons were determined
by using standard adsorption and calorimetric techniques.
On the basis of Dubinin’s theory and its extensions (1, 17-
19}, it is possible to obtain information on the micropore
volume V.., the so-called characteristic energy Fy, which
is related to the average micropore width L., and the surface
area S, located outside the micropores (it correspond to
the walls of pores wider than 2 nm, approximately). The
surface of the walls of the micropores, Swic. can be estimated
by assuming that micropores are slit shaped (Smio = 2 X
10? ¥ ico/ L}, This information is summarized in Table 1.

Mercury Porosimetry

The mercury porosimelry measurements were carried out
with a Porosimeter 2000 ( Carlo Erba ). The mercury pressure
P and intruded volume F{ P} were automatically increased,
at a low speed, and the data were recorded. The maximum
pressure is 194 MPa. The amount of sample ranged between



TABLE 1
Microporous Characteristics and External Surface Area of the
Active Carbon Samples
FTIIIFN E;\ L Sm-m- Sfll
Sample fem’fg) tklfmal;  (nm}  (miE)  (mife)
03 519 17.2 1.8 550 [
TIMMW 12% 0.144 266 0.7 410 Th
TIM,W 48% 176 24.9 0. A} 25}
CAF/W 14% 0,174 3315 0.5 0 30
CAF/W 64% 455 0.7 1.2 150 3
CEP-} 0.L57 i 04 Ta0 9
CEP/W |B%: 0251 34 0.5 860 1]
CEP'W 4% 585 245 0.8 1460 43
CEP/CDI 18% 0,250 EX N 5 R0 54
CEFCDI 57T% 0.38}) 252 4.6 1270 13
CEP/CDZ |8% 0400 260 0.7 1140 [
CERCD2 41% (A6 2335 0% 1470 [[1]

(.15 and 0,35 g. The samples were outgassed at temperatures
between 120 and 140°C under vacuum { P < 500 Pa} for 12
h before the measurements,

The radius R of the pores is calculated by means of Eq.
[le]. The volume F{ P) was corrected in order to take into
account the compressibility of mercury in the high-pressure
range. The resolution of the pressurc value is 1077 MPa and
that of the intruded volume of mercury is 0.01 mm?/g. It
follows that the number of experimental points is large, par-
ticularly in the low-pressurc region (small pressure inere-
ments) and in the upper-pressure range (small volume in-
crements}, leading to a large scattering of the d V/dPor d VY
dR data. The effect of the mimimum values of dP and 4V
on the precision of the regression lines was investigated and
the values (@ Pl = 0.05 MPa and {dF )i = 0.5 mm?/g
were selected.

ANALYSIS OF THE DATA

Principle of the Determination of the Fractal Bimension

For an object of fractal dimension I, the mimamal aumber
N(R) of spheres of size R, needed to cover the whole object,
varies as B ™7 when R tends to zero (20). Then, if one equates
the total volume of voids of sizes larger than B 1o the re-
maining volume of space when the object has been covered
with these N{R) spheres, one obtains

V[ R} o constant — N{RYR? o« constant — B,

[4]

from which the relation obwained by Pfeifer and Avnir (6)
follows;

—dV/dR «c R™2, [2]
Therefore, Eq. [ 2] is directly related to the usual fractal scal-
ing and D may be a mass ora surface fractal dimension (21 ).
If I characterizes a mass fracial object with I < 2 {for ex-
ampile, cluster—clusier brownian aggregates), the slope of the
PSC curve, plotted in loganthmic coordinates, i positive
between the two cutoffs Ry, and R, (Fig. 1a). In the case
of surface fractals, [ is always larger than 2 and the slope of
the PSD curve is negative, within the range of pore sizes
{ Rin: Bmaa) of the porous object (Fig. 1b). IF D = 2, the
slope is egual 10 zero and JF/dR is constant within the
range R omins Roax . 85 expected for a nonfractal surface, In the
limiting case Ry, == R, the shape of the curve becomes
that of a narrow distribution of pore sizes, as shown in Fig.
1 ¢, which is obviously not characteristic of a fractal surface.
However, in some cascs, one may obscrve a superposition
of the curves in Figs. 1b and ¢, shown by the slope of the
baseline, suggesting, for example, that the walls of such
monodispersed pores are surface fractals or that the solid is
heterogeneous.

1t follows that a fractal surface will be characterized by an
increasing volume of smaller and smaller pores. For a solid
with a nonfracial surface (D = 2), although exhibiting a
broad PSD curve, the volume of pores of decreasing sizes
remains constant. On the other hand, mass fractals, such as
aggregates with D < 2, are characterized by an increasing
volume of larger and larger pores.

Analysis af the Different Domains of Pressure

In order to analyze the physical phenomena occurring
over the whole range of pressures, three samples of carbon
U-03 with different granulometries were investigated:

—The normal granulemetry { U-03N } with grain sizes be-
tween 006 and 1.7 mm (12 X 30 mesh)

—A medium granulometry (sizes < 0.49 mm) (U-03M)
obtained by a careful crushing of the normal grains and pass-
ing through a sicve of 0.49 mm opening { the small amount
of dust inevitably formed during the crushing was not re-
moved )

—A fine powder { U-03P) obtained after a stronger crush-
ing and contained in the fraction passing through a sieve of
75 pm opcning.

Figure 2a shows that, for all three samples, the dV/d P curves
can be divided into three pressure domains;

—low-pressure range: <01 < P =< Fy
—intermediate-pressure range: Fn < P < F,
—high-pressure range: P> P,

Py is close to 2 MPa and F. is close to 30 MPa for normal
(U-03N) and medium {U-03M ) granulometry, whereas F.
= 30 MPa for the powder (U-03P).
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FIG. 1. Shape of a pore sizg distribution (PSDY) curve expected for (a} a fracial apgregate with I = 2, {b) a fractal sggregate with D = 2 or a fractal

surface, and {¢) a nonfracial, narmow distribution.

Laow-pressure range (P < Py).  The first step of the in-
trusion of a porous solid by mercury is the filling of the
intergrain voids, which largely depends on the granulometry
as also shown in Fig. 2a. If a random packing of uniform
spheres of radius R, is assumed, the solid volume fraction
is close to 0.6 and the mean radius of the sphere inscribed
in cavities is close to 0.53 R, (22). Therefore, the radius of
the intergrain cavities would be found between 0.2 and 0.5
mm, below 130 gm, and below 20 um, respectively, for the
U-03N, U-03M, and U-03IP samples. Obwviously, this is a
rough approximation giving an order of magnitude only, as
we are dealing with mixtures of grain sizes and with random
shapes, leading t0 more compact assemblies and/ or smaller
intergrain voids. In most cases, the peak of the d¥/dP {or
d¥/dR)intergrain porosity curve is located below 0.1 MPa
(i.¢., above 7.5 um) and the part of the curve measurcd in
the low-pressure range corresponds to the decreasing lefi-
hand side of the size distribution curve or to the right-hand

dvidP

tmn Y eMPa)

side of the & 1/ d P versus P plots, tending to zero at complete
flling of the intergrain voids (before the beginning of the
filling of the pores within the praing). Az there are no reasons
for a fractal intergrain void size distribution ( VSD), the slope
of the curve is intuitively expected to be steep {Fig. ic). In
the case of the fine grains (sample P), the slope is larger than
2 (Fig. 2a), leading to a value of D smaller than 2. On the
other hand, for coarse prains as in sample N, the slope is
smaller than 1 and a value of D larger than 3 is oblained
(Table 2). These results are also in agreement with those of
Friesen and Mikula {#) for coal chars. While the results ob-
tained for fine grains can be explained easily on the basis of
the foregoing discussion, this is not the case for the coarse
grains, for which the slope of the dF/dP curve is smaller
than 1. A possible cxplanation could be proposed, if onc
assumes that a slope smaller than 1 reflects the mechanical
behavior of the sample (similar to what occurs in the high-
pressure range ), In these circumstances, the increase in mer-

dVAP (mm¥g/MPa)

1000
U3 N
100 l
a i
Ll\. Hm X =
0 F e | RERSIE
E ] £ S
T,
Pl
1F l 2 i
i ] & \.1“
01 -
) :Fn Pn:
(X1 ] el | L
0.1 1 10 100 1000
P (MPa)

FIG. 1. 4¥/dP versus P corves obtained for U-03 samphes: (a) Curves oblained for & normal granulometry (M), @ misture of grains of sizes <0.49
min and powder (M}, and a sample crushed inio a Ane powder { P). For the sake of clarity, the curves ( M) and (P) have been shified by a factor 10 and
102, respectively. {b) Curve o I/ d P obtained for U103 (normal granulometry ) displaying the three different domains of presure. The slopes of the tting

limes are indicated in Table 2.



TABLE 2
Valwes of the Slopes Obrained in the Different Pressure (or
Corresponding Radius) Domains for U-03N {(Normal Granu-
lometry)

Range
(P =2 MPa, D=4+ dope} D=2 —(shope)
F. = 50 MPa) Slope (curve dV{dP) {curve dVjdR)
P<1MPa —.29 "3
R=375um —1.60 “3.60™
e P SO MPa -1.32 268
15 < R =375 nm —{.68 268
P = 50 MFa =063 “337
R<15%nmm =135 “R35"

cury pressure, once the intergrain voids are completely filled,
could lead to the breaking of the largest and /or most irreg-
ularly shaped grains, by a mechanism similar to the one
occurming in the dry powder, by attrition dering shaking.
Further developments and verification of this hypothesis
would be interesting for a simple characterization of the me-
chanical strength of active carbons but are beyond the scope
of the present paper.

Intermediate-pressure range (Fy < P < P.). The fractal
dimension and the volume of macropores measured for
samples U-03N with normal and U-03M with mediom
granulometry are very similar 1o each other but differ from
those obtained for the powder sample U-03P (Table 3). It
miay be assumed that, in this case, there is a crossover helween
intrusion of mercury in the interparticle voids and macropore
filling up to pressures larger than 2 MPa, lcading 10 a larger
slope and, therzfore, to an apparently smaller fractal dimen-
sion. It is likely that the range of length corresponding 1o the
macropores in these small particles is more narrow and can
be hardly seen in the & V/dF curve. It is also possiblc that
crushing leads to a smoothing of the surface due to the col-
lapse of the averall macroporosity.

High-pressure range {P> P.}. Inthe high-pressure range,
the behavior of the three samples is almost similar. Most
anthors (B=10) have assumed that the & F/dP curves mea-
sured above P, reflect the compression or the breaking of
the sample. One may also assume that the critical pressure
P, can be considered as the limit for mercury to fill pores,
i.e., that the entrance of pores of sizes just below those hilted
at £ = £, would be more narrow (constrictions ). Obviously,
in these circumstances, an increase in pressure will only lead
1 the deformation of the solid. It follows that £. would de-
termine the smallest pore size, R, directly accessible from
the outside. Smaller pores, with radii R <€ R, may exist
inside the material. This is suggestad in some examples de-
scribed below, by a peak in the dV/dP curve at P » P..
However, at these pressures the mechanical deformation of

the solid may also affect the remaining empty pores. It follows
that the PSD curve obtained from the data measured above
P, may not correspond to the actual PSD in the initial ma-
teral. Moreover, the pore size obtained in this pressure range
may correspond to constrictions at the entrance of larger
pores belonging to an internal mesoporous volume, [t follows
that the pressure range above P, cannot be considered for
the determination of a true pore size distribution.

From these observations, it may be concluded that only
the intermediate-pressure range limited by Fy and P, can be
used to investigate unambiguously the macropore region.
These pressures are characteristics of the sample. Figures 3a
and 3b show that the same results are obtained if the curves
dV/dR versus R are congidered, as expected from Eq. [2].
However, in this case, the quality of the fit is poorer. There-
fore the true macropore region will be determined only from
the location of the slope changes in the dV/dP versus P
curves (i.e., Py and P.) and the fractal dimension will be
obtained from the slope of the fitting line in this pressure
domain (in all cases, the values of r? are better than 0.90).
However, in order to show the more familiar PSD corves,
the results will also be shown in & V/dR versus R plots, by
using the transformation of the data by means of Eq. [1¢].

RESULTS

Evohation af Macroporosity and Surface Fractal
Dimension during the Different Steps of Preparation
of an Active Carbon [ TIAMf Series)

The macroporosity of the pyrolyzed matenal { TIM pyrol.)
extends over a large range of pore sizes {25-1500 nm) { Fig.

TABLE 3
Volume of Pores (in em'/g) Determined in the Different
Pressure Domains for U-03 and Surface Fractal Dimension

Medium (M)
Normal {N) (<049 mm Powder {P)
U3 ({0.6-01.7 mm) =+ powder) (<75 pym)
Py (MPa) 2 2 2
Rines (MM} 373 3735 It
P, (MPa) S0 S0 30
R, {nm) 15 15 15
Vs f0m /) 0.293 0.313 0.946
(700 < B < Ras)
Fioner (P < P 0,001 0121 0,775
(B> R
ViP= P) 0054 0.052 (0.056
(R < R}
Foae (Fo < P ) 0148 0 140 ouns
{len < R = R-al:"
Fractal dimension £ + 0.0 268 273 244
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FIG. 3. (. b) PSD curves obtained for U-03 samplet, cormesponding to the curves plotted in Figs. 2a and 2b, respectively.

4} and is characterized by a fractal dimension I = 2.50.
The small volume (Table 4) measured for pressures below
the change of slope at 0.5 MPa indicates that the intergrain
porosity is filled by mercury at pressures smaller than 0.1
MPa. It follows that the interparticle voids and, therefore,
the size of the grains are large. After carbonization at 850*°C
and before activation ( TIM-0}, the macropore volume ( Ta-
ble 4} is greatly reduced, owing to the disappearance of the
largest pores (250 to 1500 nm} indicated by the higher value
of Py. The contribution of the smallest pores is less important
(Fig. 4). Therefore the fractal dimension becomes much
smaller (P = 2.17). Activation by steam leads to an increase
in the fractal dimension, within the same range of pore sizes.

The value of P, is the same for all samples. If P, were
related to the mechanical sirength of the grains, one might
expect a decrease in F. with increasing burn-off as the result
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FIG. 4. PSD curves obtained for TIM samiples.

of a larger internal microporosity { Table 1), Since P. remains
constant, it can be assumed either that the mechanical
strength remains constant up to 48% burn-off or that the
radius Ryin of the smallest accessible pore is unchanged.
However, the increase of the nonmicroporous surface area,
S {Table 1), suggests an increase of the mesopore volume,
i.e., the existence of smaller pores. This is confirmed by the
peak located well below B, Therefore, it may be assumed
that after steam activation of TIM to a 48% burn-off, the
size of the mesopores remains either below 25 nm or acces-
sible only through constrictions smaller than this value.

CAF /W Series

The PSD curves obtained for CAF activated by steam to
14 and 64% are shown in Fig. 5. The surface fractal dimen-
sion { Table 4) increases with burn-off, whereas the range of
macropore sizes becomes more narrow. For CAF/W 64%,
the &/ dP curve shows a peak which can be attributed to
macropores of sizes between 750 and 107 nm (Fig. 5). As
the fractal dimension of this sample is still very high, it is
likely that above a limiting burn-off { probably close to 50%),
the oxidation leads to a partial collapse of pores, giving rise
to larger macropares. As in the case of series TIM, the limiting
pressure P, remains constant. Therefore, the same concluy-
sions are valid for this series,

CEP Series

Tahble 4 shows that the fractal dimension of the initial and
unactivated solid is very high and it remains almost constant
during activation by steam. The range of pore sizes is much
larger than that for the previous samples { except the pyro-
lyzed, but not carbonized, sample TIM ). Similarly to CAF/
W 64%, CEP /W 64% exhibits a broad peak located between
200 and 2000 nm { Fig. 6). However, its origin may be dif-



TABLE 4
Experimental Results Obtained by Mercury Porosimetry on Active Carbons
Fimer P Fe R f ¥ macrg 4
Samples {em?/g) (MFa) (MPa) {mm) (nmj {em’/g) {=0.03)

TIM pyroi, 0194 0.5 L 1 500 25 0,297 2,50
TIM-0 0.192 3 £ &5p 25 0063 e )
TIM/W | 2% 0204 3 30 250 25 0.073 .29
TIM/W 48% 0241 3 30 250 25 0110 249
CAF/W 14% 0z 3 0 250 305 0.066 214
CAFW 64% 0149 T 20 107 3.5 0.025 185
750 107 0240 Peak

CEP-O 0,205 0.5 10 1 500 75 0.294 254
CEP/W 13% 0.319 0.3 10 1500 73 0.427 287
CEP/W 64% 0.670 0.5 T 150 11 0.283 2.86
Eu 2 0.753 Peak

CEFfCDN 18% 0470 0.3 10 1500 15 (346 2,50
CERACDI 57% LOET 5 ) 1500 75 444 2.10
CEP/CD? 158% 0.24%5 0.5 10 1 500 15 0321 .70
CEFfCDI 42% 0308 04 10 1500 15 03N 2.64

Note. The uncertamity, sttrnated from the reprodecibality of the data, 15 £5%.

ferent. This question will be discussed below. Furthermore,
for this series, F. is much higher (F, = 70 MPa) than that
for all other samples. This suggests that down to 11 nm, the
mesoporss are accessible from the outside through larger
pores, i.e., that there aré no constrictions. In other words,
the porosity ranging from 1350 to 11 nm can be considered
a surface porosity (and no longer an intermal volume po-
rosity ). In contrast with the steam-activated CEP samples,
the fractal dimension of the samples activated by carbon
dioxide decreases with increasing burn-off { Table 4). The
limit pressure, F,, remains constant (P, = 10 MPa). There-
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F1G. 5. P50 curves obtained for CAF samples.

fore, as shown in Figs. 72 and 7b, the smallest pore size,
Roin. temains relatively large (K, = 75 nm). The com-
parison between the two series of CEP activated by CO; at
18% burn-off, for which the morphalogy at the molecular
scale is different, as shown in Table 1, indicates that, also at
the scale of the macropores, the texture is different. This
question will be discussed below in more detail.

DISCUSSION
The experimental results given above have revealed con-

siderable differences in the macroporosity of samples of dif-
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FHG. 6. PSD curves obtained for steam-activated CEP samples.
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fercnt origins, activation procedures, and burn-offs. In order
to correlate these differences with the physical properties of
the samples and the mechanism of activation, 1t 1s necessary
to compare the pore volumes {micro, macro, and intergrain)
of the samples by relating them to the initial weight, before
oxidation of the carbon materials. The initial weight (in
g[imt]) is simply obtained by (1 + {burn-off)/ 100). More-
over, it might be interesting to compare the evolution of the
pore volume, measured at different scales, with the theoretical
volume of voids resulting from the loss of solid material by
gasification, i.e., to convert the weight loss into a volume of
voids. The density, , of the solid material was determined
by toluene pycnometry. A more or less constant value (o =
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P3D curves obtained for CEP samples activated by carbon dioxide: (a) series CD1 and (b) seres CD2.

2.07 g/cm’) was obtained for all samples investigated. Ob-
viously, the real density could be slightly larger, as a possible
sealed-off microporoesity is not taken into account. The values
of the burn-off, expressed in volume of voids by g[init] and
the different measured pore volumes, normalized to the ini-
tial mass of the sample, are collected in Table 5.

Evolution of the Size of the Grains with Activation

It was shown in the first part of this paper ( Table 3) that
the decrease of the size of U-D3 grains leads to the increase
of the measured intergrain volume. This apparently contra-
dictory result is explained as follows. The initial size of the
grains ranges between 0.6 and 1.7 mm. Therefore, the largest

TABLE 5
Summary of the Morphological Characteristics of the Different Active Carbons, Expressed by Unit Weight of Starting Carbon
["mnd ' Vinur "'rnq:m V-::m Sﬁw S:u
Samples tom?/g[imit}) temfglindt]) {cm?fglinit]) D {em®fglinit]y {mfgfinit]) fmgfinil])
TIMD 0 0,192 .063 17
TIM/MW | 2% 0058 0. 182 00635 219 0129 370 68
TIM/W 48% 0.230 0163 0.074 2.49 0119 0 169
CAF/W 14% 0067 0.103 0.058 2.28 0.153 610 %
CAF/W 4% 0.307 0.0%1 0.015 285 0.277 460 130
746 Peak
CEP-) 0 0.205 0.294 284 0.157 790 29
CEP/W 8% 0086 0,440 0.362 287 0.213 850 74
CEP/W ¢d% 0.307 0,409 o173 286 0357 B9 26
0459 FPeak
CERCDN 18% 0.0%6 0.398 0293 2.60 {212 RS0 26
CEPMCIM 57% 0.274 (.692 02583 2.10 (1243 BRI 9
CER/CD? 8% 0086 0.208 0272 2.70 (.33 9
CEP/CD2 42% 0.202 0217 0,261 2.64 0.465 1030 7




part of the intérgrain void volume results from voids larger
than the upper limit (7.5 wm) of the experimental method
and, thuos, cannot be measured. When the size of the grains
decreases, the mean size of the voids decreases and a larger
part of the void volume, located in voids smaller than 7.5
#m, can now be revealed by mercury porosimetry,

Similarly, an increase of the intergrain void volume in the
active carbons investigated here will indicate a decrease of
the grain size due to the activation process and/or to attrition
effects resulting from a decrease of the mechanical sirength.
Table S indicates that, for TIM and CAF series, the intergrain
void volume, i.e, the grain size, remains almaost unchanged.
Conversely, if one excepts CEP/CD2 samples, all samples
of the CEP series exhibit a large increase of the intergrain
void volume.,

More information can be obtained from the comparison
of the slopes of the  V'/dF versus Plines in the low-pressure
range (0.1 < P < F4). In Fig. 8a we have plotted the curves
obtained for two weakly steam-activated samples, CAF (a
hard material) and CEP (a soft material }. These plois can
be compared with the ones {Fig. 2a) obtained for U-03N
(normal granulometry ) and U-03P (powder), respectively.
For CAF/W 14%, the slope of the fitting line is also smaller
than 1. This suggests, as already discussed in the case of U-
03N, that this step corresponds to the breaking of grains
already immersed in mercury, as the intergrain voids are
filled a1 much lower pressures. Conversely, as in the case of
LI-03P, the slope obtained for CEP/W 18% is larger than 1.
It follows that the grains of this softer material become
smaller after breaking at a small mercury pressure, below
0.1 MPa, and that this step corresponds 1o the filling of the
smallest intergrain voids,

After a stronger activation (64% burn-off}, the PSD curves
of both samples exhibit a peak located approximately be-
tween 200 and 1000 om (Figs. 5and 6). The d V/d P versus
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P curves {Fig. 8b) suggest that in the case of CAF, the peak
corresponds 1o the Glling of macropores resulting probably
frorm the collapse of smaller pores during the activation pro-
cess. Dbviously this family of pores, exhibiting a symmetric
distribution (Fig. 1¢), does not correspond to a fractal sur-
face. 1t is likely that such macropores also exist in CEP/W -
64%. However, the extension of the process, characterized
by a slope smaller than 1, up to 2 MPa, suggests the me-
chanical collapse and not the filling of such pores. It follows
that, in this case, the corresponding PSD is meaningless,
This example also enhances the importance of the study of
the 4 V{dP versus P plots leading to the analysis of the dif-
ferent mechanisms involved during the mercury intrusion,
in order to determine the range of pressure corresponding
to a true macropore-filling process.

Evolution of the Macropore Volume with Activation

The volumes of macropores, measured between £y and
P. and normalized to the initial weight of sample, are col-
lected in Table 5. This volume is systematically much larger
in CEP samples than in TIM or CAF ones. This results
mainly from the extent of the macroporosity up to macro-
pores much larger (up to 1500 nm) in CEP samples than in
the two other series {up to 200 nm), as shown in Figs, 9a
and 9h.

If one excepts the case of CEP/W 18% characterized by
a significant increase of the macropore volume and the two
strongly activaled samples (CEP/'W 64% and CAF /W 64%),
it may be concluded that the macropore volume is not
strongly affected by the activation process. It can be consid-
ered, as a first approximation, as a characteristic of the initial
texture of the carbon. Such a conclusion seems to be in con-
tradiction with results obtained for active carbons prepared
with almond shells or olive stones as precursors (23) but
agrees with those reported for some other active carbons
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(24}, However, it has to be noted that in all former papers,
the value of the macropore volume was determined over the
whole range of pore sizes, without taking into account some
mechanical effects due 10 the mercury pressure,

Relation between the Evolution of the Fractal Dintension
during Steam Activation and the Initial Texture of the
Carbon Material

As indicated in Table 5, the fractal dimension of the non-
activated TIM carbon (and likely also the CAF carbon) 15
small and increases with burn-off, whereas that of the CEP
carbon is very high and remains similar at a low { 13% ) and
high {64% ) burn-off,

TIM and CAF carbons. Figure 9a shows that, for the
TIM series, the increase of the fractal dimension during ac-
tivation by stcam at 12 and 48% burn-off results from an
increasing contribution of pores of decreasing sizes. The mi-
cropores are slightly enlarged { Table 1), theiwr volume slightly
decreases {Table 5), and the surface of the walls decreases.
Therefore, a part of the former micropores reaches the size
of mesopores and contributes to the increase of S, This
result confirms that steam activation leads 10 an enlarging
of mieropores and to the shift to meso- and macropores (23 ).

It is likely that the same mechanism would be pertinent
to CAF samples. However, in the case of the strongly acti-
vated CAF sample (CAF/W 64%), another effect ococurs
simultaneously, The high value of the fractal dimension re-
sults from the disparition of the largest pores as shown in
Fig. 9a. This could result from the ablation of the external
part of an increasingly corrugated surface, leading finally to
the formation of large holes within the sample, as shown in
Fig. 5.

CEP carbons.  Figure 9b shows that the PSD curves ob-
tained for CEP-0 and CEP/W 18% arc similar but that the

corresponding pore velume is increased ( Table 5). Since the
porosity ranging between 1500 and 75 nm is similar in the
two samples, it is probably not involved in a reaction with
steam. Since the corresponding volume is increased, it sug-
gests that, in CEP-{, a fraction of this macroporosity is not
accessible for mercury in the Py, P, pressure range. This
could be antributed either to an initial sealing off by solid
walls or to constrictions smaller than 75 nm. Actually, the
reduction of the mechanical strength would support the first
hypothesis.

The V5D curve obtained for CEP /W 64% is chamactenzed
by the disparition of the largest pores within the fractal strue-
ture, which is likely to proceed from the same mechanism
as that already assumed for CAF/W 64% and by the extent
ofthe same VSD curve as that obtained for the initial sample
up to much smaller pores (11 am). [1 follows that the surface
of CEP samples is probably fractal over a very broad range
of pore sizes (11 to 1500 nm) but that constrictions could
be induced during the carbonization step. .

In contrast with the two other series, the surface of the
micropore walls increases. This could result either from a
micropore deepening mechanism ( which would be expected
at a higher activation temperaturss only {24 )Y occurring si-
multaneously with the micropore dntling or from the open-
ing of a sealed-off microporosity. In such circumstances the
increase of 5, is probably not due to a shift of spme enlarged
micropores in the .mesopore range. The opening of con-
stricted mesopores would probably be a more realistic ex-
planation.

Influence of the Activarion Agent (Steam or Carbon
Dipxide) on the Fractal Dimension of CEP Samples

Figure 9b shows that for both series of CO-activated sam-
ples, the contribution of the smaller pores decreases and that
of the largest ones increases, leading to the diminution of



the fractal dimension (Table 5). It is interesting to note that
CEP/W 18% and CEP/CD| 18% have the same micropo-
rous characteristics. This 15 in agreement with the peneral
observation that, at low burn-offs, the reaction of carbon
dioxide and steam in micropores is similar. However, as ex-
pected, the mechanism of oxidation of the external surface
is very different. The lowering of D, corresponding to a
smaothening of the surface, agrees with the expected effect
of ablation of the external surface by CO;, leading to a de-
crease of the grain sizes as suggested by the large valuc of
the intergrain volume obtained for CEP/CD1 57%,

In the case of CEP/CD?2 series, the fractal dimension re-
mains larger than that for the former. Moreover, the increase
of the micropore volume (0.18 and 0.31 ¢m? /g after 18 and
42% burn-off, respectively) is much larger than the volume
of carbon gasified, indicated in Table 5. It follows that, for
this particular series, the increase of the micropore volume
results matnly from the opening of constricted micropores.
Simultaneously, the ablation of the external surface is re-
duced, himiting the decrease of the fractal dimension and
that of the grain size. However, the drastic decrease of Sy
is difficult to explain.

Therefore, from the comparison between the evolution of
the fractal dimension during steam or carbon dioxide acti-
vation, one may conclude, as intuitively expected, that the
first process leads to an increase whereas the latter leads 1o
a decrease of D, However, our experimental results suggest
that the mechanism of oxidation by steam of a carbon char-
acterized by a high D value could be different from that of
carbon maierials characterized by a low D value. Therefore,
the above conclusion must be taken with some caution and
more experimental work is necessary before it can be gen-
eralized to all systems,

CONCLUSION

The investigation of the porous texture of active carbons
by mercury porosimetry leads to significant information
concerning the morphology of the samples over a broad range
of length scale. Particularly, this method reveals the impor-
tant role of the initial texture of the carbon material, char-
actenzed by its surface fractal dimension, on the development
of the porosity due to a given activation process. This could
also induce further theoretical studies concemning the kinetics
(7, 25) of the reactions of carbon dioxide or steam with a
fractal surface of carbon.

Obwviously, mercury porosimetry alone is not able to com-
pletely characterize the 1exture of the material, and classical
adsorption methods and for immersion calorimetry (1) must
be used in order to investigate the surface of the solid at a
molecular scale, Meanwhile, mercury porosimetry appears
to be indispensable for a better approach of the mechanisms

11

of activation, provided that the tru¢ macropore-filling pro-
cess, leading 10 the PSD curve, is clearly separated from me-
chanical effects of the mercury pressure on the carbon ma-
terial. [n these circomstances, the determination of the two
limiting pressures Fp and P from the differential volume
versus pressure plots {1e., also the pore size range) and the
fractal dimension D could be considered as “fngerprinis™
of a given type of active carbon and could be used to check
the specifications of different batches of active carbons used
for practical applications.
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