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Abstract. The detailed adsorption isotherms of nitrogen on carbon aerogels at 77 K were measured. The N2

adsorption isotherm had a marked hysteresis. The adsorption isotherms were analyzed by high resolutionαs-plots
to evaluate their porosity. Theαs-plots showed an explicit upward deviation from the linearity belowαs = 0.5,
suggesting the presence of micropores. The mesoporosity and microporosity were separately determined from the
αs-plot. The predominant pores in carbon aerogels were mesopores and the percentage of micropores was in the
range of 5 to 10% of the total pore volume. The N2 adsorption hysteresis was analyzed with the Saam-Cole theory
under the assumption of the cylindrical pore shape. The parameters determined from the Saam-Cole method were
associated with the carbon aerogel structure.
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1. Introduction

Oxide aerogels are highly porous materials, consist-
ing either of silica, alumina, titania or zirconia oxide,
or mixtures of these oxides (Fricke, 1986). Mechani-
cal properties of aerogels are directly associated with
their higher order structure of primary particles and
are a prerequisite to develop a new technology based
on these materials. The pore structure plays an essen-
tial role in their properties. The preparation of aerogels
starts with the controlled conversion of sol into gel,
such as the growth of clusters or polymer chains from
a chemical solution, the cross-linking of the primary

entities, and the formation of a network. A supercriti-
cal drying allows the liquid to drain from the delicate
gel structure without any collapse or shrinkage caused
by surface tension of the liquid at evaporation. The re-
sultant aerogels have a great possibility for new func-
tioned materials.

Recently carbon aerogels were prepared from the
pyrolysis of organic aerogels by Pekala and his co-
workers; their thermal properties, electronic conduc-
tivity, photoconductivity and gas permeability were
actively studied (Pekala and Kong, 1989; Pekala and
Alviso, 1992; Pekala et al., 1992; Fung et al., 1994).
Carbon aerogels have a three-dimensional network
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structure made of interconnected uniform carbon parti-
cles. The predominant pores are mesopores. However,
the presence of micropores has been suggested to have
relevance to their physical properties. As the microp-
ores should come from their particle connective parts
and/or inherent micropores in the primary carbon par-
ticles, a quantitative determination of microporosity
is quite important. Kaneko et al. have studied how to
evaluate the microporosity of porous carbons of poor
crystallinity using different approaches (Kaneko and
Ishii, 1992; Kaneko et al., 1992; Setoyama et al., 1993;
Ruike et al., 1994; Iiyama et al., 1995; Setoyama et al.,
1996). The subtracting pore effect (SPE) method using
high resolutionαs-plots for N2 adsorption isotherms at
77 K can evaluate correctly the micropore structure
(Kaneko et al., 1992; Gregg and Sing, 1982). Accord-
ingly, the application of high resolutionαs-analysis
should provide reliable information on the micro-
porosity of carbon aerogels. The high resolution
αs-analysis was recently applied to study the pore struc-
ture of activated carbon aerogels, giving a quantita-
tive determination of the microporosity and the meso-
porosity of these materials (Hanzawa et al., 1996). The
mesopore size distribution has also been determined by
the N2 adsorption isotherm using DH (Dollimore and
Heal, 1964; Dollimore and Heal, 1970) or BJH method
(Barrett et al., 1951). The traditional determination
method for the mesopore size distribution is derived
from capillary condensation theory which is based
mainly on the adsorbate-adsorbate interaction, because
the contact angle term is often neglected. Not only
the interadsorbate interaction, but also the adsorptive-
mesoporous surface interaction should be explicitly
taken into account. The Saam-Cole theory (Saam and
Cole, 1975; Bonnetain et al., 1988; Findenegg et al.,
1993; Findenegg et al., 1994), which includes both
interactions can provide important information on the
nature of the surface and molecule. Furthermore, the
Saam-Cole theory can be used to evaluate the meso-
porosity.

In the present work, we determined the pore struc-
tures of carbon aerogels from the high resolution
αs-plot analysis, the Dubinin-Radushkevich analysis
(Dubinin, 1960 and 1966) and the Saam-Cole analysis,
in addition to the DH analysis.

2. Experimental

The carbon aerogels used in this study are prepared
by Pekala’s method (Pekala and Alviso, 1992; Pekala

et al., 1992), derived from the sol-gel polymerization
of resorcinol and formaldehyde with sodium carbonate
as the base catalyst. The [resorcinol]/[catalyst] ratio
was 200 and the aerogel density was controlled by vary-
ing the reactant concentration of the starting solution.
The carbon aerogel was obtained by the supercritical
drying of resorcinol-formaldehyde gel, subsequently
followed by pyrolysis at 1323 K in a nitrogen atmo-
sphere. The apparent density was determined from the
weight and volume measurements of the bulk sample.
The carbon aerogel sample is denoted by CA-x in this
article, wherex is associated with the apparent density.

The adsorption isotherm of nitrogen was measured
gravimetrically at 77 K with the aid of a computer-aided
apparatus. The samples were evacuated at 383 K and
1 MPa for 2 h prior to the adsorption measurements.
The adsorption measurement was followed by desorp-
tion measurements under the same condition. It took
about 30 h to measure both branches of the adsorption
isotherm.

Transmission electron microscopy (TEM) measure-
ments on carbon aerogels were performed using a
Philips CM30 instrument operating at 100 kV. Speci-
mens for TEM were prepared by crushing small pieces
of carbon aerogels in the agate mortar and dispersing
the materials with distilled water.

3. Results and Discussion

3.1. Higher Order and Pore Structures

Carbon aerogel samples were obtained in bulk form.
Figure 1 shows pictures of the resorcinol-formaldehyde
aerogel before pyrolysis at 1323 K and the resulting
carbon aerogel after pyrolysis. Although this carbon
aerogel has a monolith form and a glittering appear-
ance, it has highly developed pores, as described later.

Transmission electron micrographs of CA-0.4 and
CA-0.6 are shown in Fig. 2. For the CA-0.4 sam-
ple, carbon particles of diameter of 4–9 nm form
an interconnecting network structure. The particles of
4–11 nm diameter for CA-0.6 are agglomerated with
each other to form a more dense structure than CA-0.4.

The apparent density is shown in Table 1. The ap-
parent density of the carbon aerogel used in this work
is in the range of 0.30–0.58 g· cm−3. The true density
of the carbon aerogels was 1.91 g· cm−3, as measured
by the benzene replacement method. These densities
indicated the highly porous structure of carbon aero-
gels.
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Table 1. Pore structures of carbon aerogels.

Micropore Mesopore

Sample
Density

(g · cm−3)

at

(m2 · g−1)
Vt

(ml · g−1) ami (m2 · g−1) Vmi (ml · g−1) ams (m2 · g−1) Vms (ml · g−1)

CA-0.6 0.58 653 1.04 309 0.11 344 0.93

CA-0.4 0.43 577 1.51 222 0.08 355 1.43

CA-0.3 0.30 424 [0.82]∗ 100 0.04 324 [0.78]∗

∗[ ] was estimated from the obtained value atP/P0 = 0.992.

Figure 1. A resorcinol-formaldehyde aerogel and a carbon aerogel.

The adsorption isotherms of nitrogen on carbon
aerogels are shown in Fig. 3. The adsorption isotherms
of CA-0.6 and CA-0.4 are of type-IV and have a clear
hysteresis. The hysteresis of CA-0.4 and CA-0.6 are
of type-H1 and type-H2, respectively. The shape of the
hysteresis loop is indicative of the type of pores present
(Gregg and Sing, 1982; Sing et al., 1985). In the type-
H1, the adsorption and desorption branches are almost
vertical and nearly parallel over an appreciable range of
gas uptake. This H1 type is often associated with the
porous material, consisting of agglomerates or com-
pacts of approximately uniform spheres in a fairly reg-
ular array and having a narrow distribution of pore size.
The type-H2 loop is shown by many porous systems,
but in this case the pore size and shape have a wider
distribution than those of H1. The shape of the hys-
teresis loop is consistent with the aerogel model pro-
posed from the TEM observations (Pekala and Kong,
1989; Pekala and Alviso, 1992). The TEM observa-
tion in this work also supports the previous model. The

pore structure of CA-0.6 becomes less ordered, and the
primary carbon spheres are packed closer together with
a less regular network between the pores compared with
CA- 0.4 (Hulsey et al., 1992). The adsorption isotherm
of CA-0.3 is of type-IV having only a slight hystere-
sis. The density of CA-0.3 is the smallest, indicating a
greater interparticle network than others; the pore size
is distributed from mesopore to macropore ranges.

Theαs-plot analysis which was originally proposed
by Sing (Gregg and Sing, 1982) is quite useful for mi-
cropore structure determination. Kaneko et al. ana-
lyzed theαs-plot in the lowαs-region and developed
the SPE-method (Kaneko et al., 1992). The SPE-
method was applied to evaluate the micropore size
distribution using the Grand Canonical Monte Carlo
simulation (Setoyama et al., in press). Theαs-plots of
the adsorption isotherms of nitrogen on carbon aero-
gels, based on a standardαs-curve for nonporous car-
bon, are shown in Fig. 4 (Kaneko and Ishii, 1992; Gregg
and Sing, 1982). The slopes of the straight line through
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Figure 2. Transmission electron micrographs of (a) CA-0.4 and (b) CA-0.6.
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Figure 3. Adsorption isotherms of nitrogen on carbon aerogels at
77 K. Solid symbols denote desorption. (a) CA-0.6; (b) CA-0.4; (c)
CA-0.3.

Figure 4. αs-plots for the adsorption isotherms of nitrogen at 77 K.
(a) CA-0.6; (b) CA-0.4; (c) CA-0.3. Points are experimental. The
slopes of solid line and broken line gives the total surface area and
mesoporous surface area.

the origin and the line in the highαs region give the total
surface area and mesoporous surface area, respectively.
The extrapolation of the line in the highαs region to
the longitudinal axis leads to the micropore volume. In
the very high relative pressure region, the adsorption
isotherms of carbon aerogels are almost horizontal ex-
cept for CA-0.3. This means that the pore filling is
complete at the upper end of the hysteresis loop. The
final amount of adsorption corresponds approximately
to the total pore volume, and if the external surface
area is negligible, the microporous surface area and
mesopore volume are obtained by the subtraction of
observable values of mesoporous surface area and mi-
cropore volume. These values of porosities are listed
in Table 1. The contribution of micropores becomes
greater as the apparent density increases. The microp-
ore volume is 5–10% of the total pore volume, while the
surface area of the micropores noticeably contributes
to the total surface area (24–47%). These carbon aero-
gels have almost similar specific surface area for their
mesopores. This is consistent with the dependence of

the density on the number of particles per unit weight.
The micropores in the primary particles themselves of
the carbon aerogels, which originate from the structure
of the precursor, shrink by pyrolysis, to cause a de-
crease in the micropore volume (Hulsey et al., 1992).
The apparent density indicates that CA-0.3 has a greater
pore volume than CA-0.4. As an accurate assessment
of the pore volume of wider pores is quite difficult to
make, the pore volume of CA-0.3 was estimated from
the observed value atP/P0 = 0.992.

Dubinin-Radushkevich (DR) analysis was used to
determine the micropore volume in carbon aerogels.
The DR equation is expressed as follows (Dubinin,
1960, 1966);

ln W = ln W0− (A/βE0)
2 (1)

whereW0 is the micropore volume,E0 is a character-
istic adsorption energy andA is Polanyi’s adsorption
potential defined asA = RT ln(P0/P). β is an affinity
coefficient related to the adsorbate-adsorbent interac-
tion (β for N2 = 0.33). The DR plots of carbon aero-
gels are shown in Fig. 5. The deviation from linearity
near the longitudinal axis arises from the adsorption on
the nonmicropore surfaces. The micropore volumeW0

andβE0 are listed in Table 2. The micropore volume
derived from DR analysis is larger than those fromαs-
analysis. This is because the micropore volume from
the DR plot includes the contribution of the adsorption
in mesopores.

Figure 5. DR plots of nitrogen adsorption isotherms on carbon
aerogels. (circle), CA-0.6; (square), CA-0.4; (triangle), CA-0.3.
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Table 2. Parameters derived from DR analysis.

Sample βE0 (kJ·mol−1) W0 (ml · g−1)

CA-0.6 5.1 0.26

CA-0.4 5.1 0.23

CA-0.3 4.4 0.19

Figure 6. Pore size distribution of carbon aerogels based on the
adsorption branch. Solid line, CA-0.6; broken line, CA-0.4; dash-
dotted line, CA-0.3.

The pore size distribution of carbon aerogels derived
from the adsorption branch of the isotherm was calcu-
lated using the Dollimore and Heal method (Dollimore
and Heal, 1964, 1970), as shown in Fig. 6. The pore
size distribution curve shifts to a large size as the appar-
ent density decreases. The pore size of carbon aerogels
is distributed in the wide region; 5–18 nm for CA-0.6
and 5–28 nm for CA-0.4. These values are larger than
the average pore radius, which is calculated geometri-
cally using the pore volume and surface area obtained
from theαs-analysis. The curve for CA-0.3 shows a
pore size distribution over a wider range. The TEM
observation in Fig. 2 indicates that the mesopore size
is comparable to the primary particles size (4–11 nm in
diameter). We must be cautious for evaluation of the
pore size by simple observation of the TEM image. The
two-dimensionally projected image tends to underesti-
mate the average pore size. However, the discrepancy
between the pore size from the Dollimore-Heal method
and that from the TEM is still too serious. We need to
search a new evaluation method of the pore size.

3.2. Pore Size Determination from the Saam-Cole
Analysis and Pore Structure

The state of the fluid in mesopores is described in
terms of macroscopic concepts such as surface ten-
sion, contact angle and the pressure difference across
the curved meniscus, which leads to the Kelvin equa-
tion. The Kelvin equation has been helpful in analyzing
the mesopore structure. The Kelvin approach can take
into account the multilayer adsorption on the meso-
pore surface before capillary condensation. In case of
a cylindrical mesopore of radiusR and an adsorbed
multilayer of the thicknessl , the effective radiusa can
be used instead of the pore radiusR. Herea = R− l .
The modified Kelvin equation usinga has been applied
to the determination of the mesopore size distribution.

The Saam-Cole (SC) theory takes into account the
effect of the multilayer adsorption more strictly (Saam
and Cole, 1975; Bonnetain et al., 1988; Findenegg
et al., 1993, 1994). The SC theory assumes the pres-
ence of the transition between the multilayer adsorbed
phase and the condensed phase, that is, the liquid film.
The stability of the liquid film in the pore is evaluated
from (1) the long-range van der Waals interaction be-
tween the wall and film and (2) the curvature energy
of the liquid/vapor interface. The curved film becomes
unstable when the film thickness reaches a critical value
lc and pore condensation occurs at the vapor pressure
corresponding to this film thickness. However, there
is a metastable region of the multilayer film in the film
width range oflm < l < lc. In this metastable re-
gion, the two-phase equilibrium of the pore fluid with
a film of thicknesslm is actually more stable than a
film of uniform thicknesslc. The SC theory gives a
diagram of the regions of stability, metastability, and
instability of the film in terms of the reduced variable
y = (R− l )/R= a/R as a function of the dimension-
less pore radiusR/R0, whereR0 = (3πα1ρ/γ )1/2 is
a scaling parameter depending on the strength of the
attractive adsorbate-wall interactionα (derived from a
Frenkel-Halsey-Hill (FHH) plot: ln(P0/P) = a/ l 3),
the difference in densities1ρ of liquid and coexistent
vapor, and the surface tensionγ of the liquid form-
ing the film. For largea (i.e., wide pores and/or rela-
tively thin films), the border lines separating the regions
of stability, metastability, and instability are approxi-
mately given by following equations:

(
R

R0

)
c

= yc√
π(1− yc)2

= 1− lc
R√

π
( lc

R

)2 (2)
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Figure 7. The Saam-Cole phase diagram of the thin adsorbed film
in a cylindrical pore. Open symbols denotelc and solid symbols
denotelm. (circle), CA-0.6; (square), CA-0.4.

(
R

R0

)
m

= ym√
3π(1− ym)3/2

= 1− lm
R√

3π
( lm

R

)3/2 (3)

For an isotherm of a certain system (constantRandR0),
a horizontal line ofy = R/R0 in the phase diagram of
Fig. 7 passes through the curves at two points, giv-
ing the values of the thickness at which the condensa-
tion and evaporation begin. In the adsorption process,
the adsorption isotherm starts in the region of stable
films at a smalll/R, extending into the region of the
thick metastable film up to the borderline of instability,
where a vertical ascending step appears in the adsorp-
tion isotherm due to pore filling. In the desorption, a
vertical descending step occurs at the border between
the metastable and stable regions.

The phase diagram of the SC theory gives informa-
tion on the pore structure. On testing whether the pore
condensation results on carbon aerogels conform to the
phase diagram of the SC theory, the valuelm (metasta-
bility limit) can be taken as the film thickness at the
lower closure point of the hysteresis loop. The valuelc
(instability limit) is derived from the adsorption branch
of the hysteresis loop as the point at which the ascend-
ing curve reaches a limiting constant slope. The van
der Waals interaction parameter is derived from the
FHH analysis of the film thicknessl as a function of
the relative pressureP/P0. The average pore radius

Table 3. Experimental limits of stability.

Rave αFHH R0 lc lm
Sample (nm)∗ (10−25 Jm3 ·mol−1) (nm)† (nm) (nm)

CA-0.6 5.42 0.716 1.44 1.18 0.65

CA-0.4 8.04 0.795 1.52 1.68 0.83

∗With cylindrical pore,Rave= 2Vms/ams.
†For nitrogen at 77 K,1(1/Vm) = 27.3 mmol· cm−1 and
γ = 8.85 mN·m−1.

Rave was derived from the geometrical calculation of
the pore volume and the surface area using the cylin-
drical model. These values are listed in Table 3. The
Saam-Cole plots with the resulting values oflm/R and
lc/R for CA-0.6 and CA-0.4 are shown in Fig. 7, with
the predicted limits of metastability and instability by
the Saam-Cole theory. Although the cylindrical model
seems to be unsuitable for representing the pore struc-
ture of carbon aerogels, bothlm/Randlc/Rvalues well
agree with predicted curves. The values oflc and lm
corresponding toR/R0 on the predicted curves are 1.73
and 0.94 nm for CA-0.6, and 2.23 and 1.13 nm for CA-
0.4, respectively. The disagreements should be caused
by an incorrect value for the average pore radius as
Rave.

We can calculate the best pore radiusRcalc satisfying
Eq. (2) or (3) using the observedR0, lc, andlm values.
As it is difficult to get a solution forRcalc analytically
from Eq. (2) or (3), we searched for an approximate so-
lution for Rc

calc andRm
calc from Eqs. (4) and (5), respec-

tively. ∣∣∣∣∣ R

R0
− 1− lc

R√
π
( lc

R

)2
∣∣∣∣∣→ 0 (4)

∣∣∣∣∣ R

R0
− 1− lm

R√
3π
( lc

R

)3/2
∣∣∣∣∣→ 0 (5)

However, to get an approximate solution from Eqs. (4)
and (5) is not easy. Then we use Eqs. (6) and (7) to
provide reliable approximate solutions for Eqs. (2)
and (3).

log

∣∣∣∣∣ R

R0
− 1− lc

R√
π
( lc

R

)2
∣∣∣∣∣→ −∞ (6)

log

∣∣∣∣∣ R

R0
− 1− lm

R√
3π
( lc

R

)3/2
∣∣∣∣∣→ −∞ (7)



P1: TPR

Adsorption KL650-01-HANZ October 26, 1998 10:34

194 Hanzawa et al.

Table 4. Comparison of pore radii obtained by different
methods.

Rave Rc
calc Rc

Kelvin Rm
calc Rm

Kelvin
Sample (nm) (nm) (nm) (nm) (nm)

CA-0.6 5.42 2.89 8.88 2.37 3.08

CA-0.4 8.04 4.97 15.9 3.81 5.27

The obtainedRcalc values are collected in Table 4 to-
gether with the pore radii calculated by the following
modified Kelvin equation (Dollimore and Heal, 1970)
for lc andlm:

RKelvin = r K + t (8)

t = 0.354

( −5

ln P/P0

)1/3

wherer K is the Kelvin radius at complete wetting andt
is the thickness of an adsorbed film at relative pressure
P/P0 in nanometers. The values ofRave, Rc

calc, and
Rc

Kelvin that are determined by different ways are dif-
ferent from each other (see Table 4). As the mesopore
shape of carbon aerogel cannot be geometrically de-
scribed, it is reasonable that the three values do not co-
incide with each other. However, bothRc

calc andRm
calc,

which were calculated by use of the observed quantities
of lc, lm and R0, are close to each other. This fact in-
dicates the goodness of the Saam-Cole analysis. Then
the thermodynamic approach to capillary condensation
is indispensable for describing the pore structure cor-
rectly. Moreover, we examined the agreement between
the observedlc and calculated one,lc,calc, using bothR0

and Rm
calc with the aid of Eq. (2). In the same way,lm

was compared withlm,calc calculated fromR0 andRc
calc

with Eq. (3). These values were listed in Table 5. The
secondary obtained valueslc,calc andlm,calc are consis-
tent with the experimental values oflc and lm, sug-
gesting the goodness of the Saam-Cole approach. The
average pore size geometrically calculated using the
adsorption data for the pore volume and surface area is
useful and has been widely used for the characterization
of many porous materials. However, the geometrically

Table 5. Comparison of film thickness.

lc lc,calc lm lm,calc

Sample (nm) (nm) (nm) (nm)

CA-0.6 1.18 1.04 0.65 0.71

CA-0.4 1.68 1.43 0.83 0.93

calculated average pore size does not express the true
pore structure in a three-dimensional network system
such as these carbon aerogels. This Saam-Cole analy-
sis can give the correct pore size.

Conclusions

The N2 adsorption isotherm of carbon aerogels having a
marked hysteresis was analyzed by high resolutionαs-
plots to evaluate their porosity. A remarkable upward
deviation from linearity belowαs = 0.5 in theαs- plots
showed the presence of micropores. The microporos-
ity was quantitatively determined from theαs-plot. The
predominant pores in carbon aerogels are mesopores
and the percentages of micropores are in the range of
5–10% of the total pore volume. The conventional pore
size distribution analysis from the adsorption branch
does not give a satisfactory picture of the pore struc-
ture. The self consistent analysis using Saam-Cole
theory leads to a reasonable average pore size deter-
mination for the three-dimensionally intersecting pore
system.

Nomenclature

A Polanyi’s adsorption potential defined
(= RT ln(P0/P))

a Effective radius of pore (= R− l )
ami Microporous surface area
ams Mesoporous surface area
at Total surface area
E0 Characteristic adsorption energy
l Thickness of adsorbed film
lc Film thickness of stability limit
lc,calc Calculated film thickness of stability limit
lm Film thickness of instability limit
lm,calc Calculated film thickness of instability limit
P/P0 Relative pressure
R Pore radius
Rave Average pore size derived from gerometrical

calculation (= 2vms/ams)
Rc

calc Calculated pore radius usingR0 andlc
Rc

Kelvin Calculated pore radius forlc using modified
Kelvin equation

Rm
calc Calculated pore radius usingR0 andlm

Rm
Kelvin Calculated pore radius forlm using modified

Kelvin equation
R0 Scaling parameter (=

√
3πα1ρ
γ

)



P1: TPR

Adsorption KL650-01-HANZ October 26, 1998 10:34

Carbon Aerogels 195

t Film thickness of an adsorbed layer
Vmi Micropore volume
Vms Mesopore volume
Vt Total pore volume
W0 Micropore volume in DR analysis
y Reduced variable (= (R−l )

R = a
R)

Greek Letters

α Attractive adsorbate-wall interaction derived
from FHH analysis

αs αs value
β Affinity coefficient (0.33 for N2)
1ρ Difference in densities of liquid and

coexistent vapor
γ Surface tension
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