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Abstract. The adsorption isotherms of water at 303 K and N2 at 77 K on various kinds of porous carbons were
compared with each other. The saturated amounts of water adsorbed on carbons almost coincided with amounts
of N2 adsorption in micropores. Although carbon aerogel samples have mesopores of the great pore volume, the
saturated amount of adsorbed water was close to the micropore volume which is much small than the mesopore
volume. These adsorption data on carbon aerogels indicated that the water molecules are not adsorbed in mesopores,
but in micropores only. The adsorption isotherms of water on activated carbon having micropores of smaller than
0.7 nm in width had no clear adsorption hysteresis, while the water adsorption isotherms on micropores of greater
than 0.7 nm had a remarkable adsorption hysteresis aboveP/P0=0.5. The disappearance of the clear hysteresis
for smaller micropores suggested that the cluster of water molecules of about 0.7 nm in size gives rise to the
water adsorption on the hydrophobic micropores; the formation and the structure of clusters of water molecules
were associated with the adsorption mechanism. The cluster-mediated pore filling mechanism was proposed with a
special relevance to the evidence on the formation of the ordered water molecular assembly in the carbon micropores
by in situ X-ray diffraction.
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1. Introduction

The structure of water in a confined space has gath-
ered much attention from chemistry, biology, and
earth science. In particular, water adsorbed in carbon
nanopores, which is a model of water confined in hy-
drophobic nanoenviroments, should have a general im-
portance. However, even water adsorption on activated
carbon having nanopores is not sufficiently elucidated.
Here, we use the term of nanopores for both micro-
pores and smaller mesopores. The adsorption isotherm
of water on activated carbon has a sharp adsorption
uptake accompanying a clear adsorption hysteresis at
a medium or higher relative pressure range. McBain
et al. associated this noticeable uptake with the capil-
lary condensation (McBain et al., 1933). Dubinin
et al. introduced the hydrophilic site concept in order
to understand water adsorption isotherms on carbona-
ceous materials and put the question for the capillary

condensation mechanism for the steep adsorption jump
(Dubinin et al., 1955). We have used the Dubinin-
Serpinsky analysis for the water adsorption isotherm on
activated carbon, which presumes the cluster growth of
water on the hydrophilic site and their merge with the
rise of the relative pressure (Dacey and Evans, 1971;
Kaneko et al., 1989). Both of the McBain’s capillary
condensation mechanism and Dubinin’s hydrophilic
site-associated mechanism have the picture based on
liquid state of water adsorbed in the carbon nanopore
without sufficient structural study. Furthermore, both
mechanisms have ambiguous points and thereby we
must study this old adsorption problem of water ad-
sorption on activated carbon.

The preceding X-ray diffraction and small angle
X-ray scattering studies suggested that the micro-
graphitic structure of cellulose-based activated carbon
fiber (ACF) varies with water adsorption in micropores
(Kaneko et al., 1991; Fujiwara et al., 1991; Suzuki and
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Kaneko, 1992). Recently Iiyama et al. applied in situ
X-ray diffraction technique to water confined in car-
bon micropores, showing that water molecular assem-
bly has a solid like structure even at 303 K with the aid
of electron radial distribution function (ERDF) analy-
sis (Iiyama et al., 1995; Iiyama et al., 1996a, 1996b).
French group also reported the diffraction study on
water-wetted carbon recently (Bellissent-Funel et al.,
1996). This ERDF analysis was applied to CCl4 in the
carbon micropore, showing the validity of the approach
and presence of a special structure in the appropriate
pore system (Iiyama et al., 1996a, 1996b; Iiyama et al.,
1997a, 1997b). The structure analysis of CCl4 in the
graphite slit pore was also examined by GCMC simu-
lation (Suzuki et al., 1997). On the other hand, adsorp-
tion and desorption experiments of NO and water on
ACF gave an evidence for formation of nanoclathrate
compound of NO and water at 303 K and subatmo-
spheric pressure, although formation of the bulk NO
hydrate is estimated to need the high pressure of more
than 100 MPa at 303 K (Fujie et al., 1995).

As the contribution of the dispersion force to the
whole intermolecular interaction of water is only 24%
and the intermolecular interaction cannot be described
by the Lennard-Jones potential (Rigby et al., 1986),
it is not easy to simulate the water molecular state in
the nanopore. M¨uller et al. proposed a simple simu-
lation model using a Lennard-Jones sphere for a water
molecule to get a qualitative agreement with the ex-
perimental adsorption isotherm (M¨uller et al., 1996).
Accordingly, it is necessary to rewrite the picture on
water confined in the carbon nanopore. The new con-
cept of the structural water in the hydrophobic nanopore
should develop new adsorption-related processes in the
different fields.

This paper describes the adsorption mechanism of
water on activated carbon with the relevance to struc-
tural information on water molecular assembly in car-
bon nanopores (Iiyama et al., 1997a, 1997b).

2. Experimental Section

The following various kinds of activated carbons of
considerably uniform pore structures were used. Four
kinds of pitch-based activated carbon fiber (ACF)
(PIT-5, PIT-10, PIT-20, and PIT-25), carbon aerogels
(CA), and activated carbon aerogels (a-CA) (Hanzawa
et al., 1996). PIT-10 was heated in air at 373–1173 K
for 1 h; the PIT-10 heated atT K is denoted by PIT-
10-T in this article. The weight losses in percent due

to the heat-treatment atT K were zero at 373 K, 7 at
573 K, 16 at 773 K, 22 at 873 K, 23 at 973 K, and 30
at 1173 K. The micropore structures were determined
gravimetrically by N2 adsorption at 77 K. The water
adsorption and desorption isotherms were determined
gravimetrically at 303 K. When the amount of adsorp-
tion is expressed by the volume per unit weight of
the adsorbent, the bulk liquid density was used (N2:
0.807 g·ml−1 at 77 K and water: 0.996 g·ml−1 at
303 K). The X-ray diffraction of water adsorbed in mi-
cropores of carbon samples at 303 K was measured at
143–303 K by the transmission method using an angle-
dispersive diffractometer (MAC science) in the scatter-
ing parameters range of 0.7–12̊A−1. The temperature
of the sample was kept constant within±0.1 K for
303 K and within±5 K at 143–255 K. The differential
adsorption energy of water on PIT-20 was measured at
303 K using a twin-type calorimeter (Tokyo Riko Co.)
as described earlier (Wang and Kaneko, 1995).

3. Results and Discussion

3.1. Comparison of Water and N2

Adsorption Isotherms

N2 adsorption isotherms of all ACFs were of Type I,
although the N2 adsorption isotherms of PIT-20 and
PIT-25 had a linear increase untilP/P0=0.4 after a
marked uptake in the low pressure region. All PIT-10
samples heated at different temperatures had the repre-
sentative Type I isotherm. Of course the N2 adsorption
isotherm of ACF had no hysteresis. Figure 1 shows the
αs-plots for N2 adsorption isotherms of PIT-10 sam-
ples. All αs-plots have a clear upward swing below
αs=0.5, indicating the uniform small micropores. We
determined the micropore volume, the surface area, and
the average pore width with the aid of SPE-method us-
ing high resolutionαs-plot (Kaneko and Ishii, 1992;
Setoyama et al., 1998). The N2 adsorption isotherms
of CA and a-CA are different from Type I, as shown in
Fig. 3 later. The N2 adsorption isotherms have a chara-
cteristic adsorption hysteresis. Their hysteresis-loops
are of Type H1, coinciding with the network structure
of agglomerates of uniform spherical particles. The
adsorption uptake of a-CA at the low pressure is quite
great due to development of micropores. Hence, CA
has mainly mesopores, whereas a-CA has both of mi-
cropores and mesopores. The SPE-method is quite
effective for the accurate determination of the micropo-
rosity and mesoporosity. The structures of micropores
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Figure 1. αs-plots for adsorption isotherms of nitrogen at 77 K based on the standard adsorption isotherm for nonporous carbon. (a) PIT-10-373,
(b) PIT-10-573, (c) PIT-10-773, (d) PIT-10-973, and (e) PIT-10-1173.

and mesopores of carbon aerogel samples were sepa-
rately determined. Table 1 lists the pore structures of
all samples determined by the SPE method. All ACFs
have only micropores, whereas CA and a-CA have both
of uniform micropores and mesopores.

Figure 2 shows the water adsorption isotherms of
PIT-10 heated at different temperatures. As PIT-10 was
heated in air, basically the surface functional groups
are produced by the heat-treatment. All water adsorp-
tion isotherms have a hysteresis, which varies from
one sample to another. For all samples, the adsorption
branch rises nearP/P0=0.5 as a usual case. On the

Table 1. Micropore structures from N2 adsorption at 77 K and
saturated adsorption of water,VH2O, at 303 K.

Surface area Pore volume Pore widthVH2O

Sample (m2 g−1) (ml g−1) (nm) (ml g−1)

PIT-10-373 1310 0.50 0.69 0.42

PIT-10-573 1230 0.50 0.78 0.43

PIT-10-773 1300 0.56 0.87 0.52

PIT-10-973 1280 0.52 0.81 0.43

PIT-10-1173 1510 0.62 0.83 0.52

PIT-5 900 0.34 0.75 0.28

PIT-20 1770 0.97 1.13 0.88

PIT-25 1940 1.34 1.45 1.2

CA

Micropores 370 0.12 0.63 0.13

Mesopores 350 1.19 14

a-CA

Micropores 1260 0.46 0.73 0.54

Mesopores 680 2.15 13

contrary, the shape of the desorption branch is differ-
ent from each other. The strong interaction of surface
functional groups with adsorbed water should occur
for PIT-10 samples heated at 573–973 K. A consi-
derable adsorption uptake belowP/P0=0.4 supports
the presence of the surface functional groups in these
samples. The previous study (Kaneko et al., 1992)
indicated that PIT-10-773 has the highest adsorption
activity for NH3 due to the greatest amount of sur-
face carboxyl groups and the transformation of strong
acidic functional groups to weak ones, e.g.,COOH to

OH occurs above 973 K. The change of the water
adsorption hysteresis-shape reflects the variation of
the surface composition of the carbon pores. Hence, the
hydrophilic sites are essentially important in the
adsorption hysteresis of water on activated carbon, as
suggested by Dubinin et al. (1955). The saturated ad-
sorption of water does not precisely agree with the
micropore volume determined by N2 adsorption (see
Table 1). However, the ratio of the saturated water
adsorption to the micropore volume is in the range
of 0.82–1.17. Therefore, we can conclude that water
molecules are adsorbed in micropores, considering the
difficult determination of the saturated water adsorp-
tion and the ambiguous density of the adsorbed water
in micropores.

Figure 3 shows the water adsorption isotherm of
PIT-5 and PIT-20 at 303 K. The adsorption isotherm
of PIT-20 has the steep rise atP/P0=0.7 with a
marked hysteresis, while the isotherm of PIT-5 rises
nearP/P0=0.5 and it has a slight hysteresis. The up-
take pressure of PIT-20 is higher than that of PIT-10
samples. The saturated adsorption of water for both
samples is slightly smaller than the micropore volume,
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Figure 2. The adsorption isotherms of water on oxidized PIT-10 at 303 K. (a) PIT-10-373, (b) PIT-10-573, (c) PIT-10-773, (d) PIT-10-973,
and (e) PIT-10-1173. Open and solid symbols denote adsorption and desorption branches, respectively.

Figure 3. The adsorption isotherms of water on PIT-5 and PIT-20
at 303 K. (circle) PIT-5; (square) PIT-20. Open and solid symbols
denote adsorption and desorption branches, respectively.

but water should be adsorbed in micropores regardless
of the difference in the adsorption hysteresis. It is note-
worthy that the water adsorption isotherm has almost
no hysteresis in case of PIT-5. Although there is no suf-
ficient surface functional groups on the micropore sur-
face from the very slight adsorption belowP/P0=0.4
and the micropore surface is hydrophobic, the marked
water adsorption begins atP/P0=0.4 without the
marked adsorption hysteresis. The Dubinin’s hydro-
philic site-associated mechanism is not enough for

Figure 4. The adsorption isotherms of water at 303 K and N2 at
77 K. (circle) CA; (square) a-CA. Open and solid symbols denote
adsorption and desorption branches, respectively.

description of this result. The similar results were ob-
tained in carbon aerogel samples.

As CA has uniform mesopores, water must condense
in the mesopores if the capillary condensation mech-
anism is held. Figure 4 shows the water adsorption
isotherms of CA and a-CA at 303 K. Their adsorption
isotherms of N2 are also shown in Fig. 4 for comparison.
Both N2 adsorption isotherms have a distinct hystere-
sis of Type H1, as described above. The condensation
pressures predicted by the Kelvin equation for CA and
a-CA using the cylinder model areP/P0=0.86 and
0.85, respectively, agreeing with the observed value
for both samples. Thus, N2 molecules are adsorbed
on mesoporous carbons mainly by capillary condensa-
tion mechanism, although a part of N2 molecules are
adsorbed in micropores. On the other hand, the wa-
ter adsorption behavior is completely different from
the N2 adsorption. The adsorption isotherm of wa-
ter on CA has a noticeable uptake nearP/P0=0.5
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with a small hysteresis as well as PIT-5, whereas a-
CA has a clear adsorption hysteresis. This difference
in the adsorption hysteresis is similar to that of PIT-5
and PIT-20 in Fig. 3. The condensation pressures for
water on mesopores of CA and a-CA calculated from
the Kelvin equation areP/P0=0.85 and 0.78, respec-
tively, which are far from the observed values. Further-
more, the saturated water adsorptions of PIT-5 and
PIT-20 are much smaller than those of total pore vol-
umes. Approximately both saturated water adsorptions
correspond to those of the micropore volume. Thus,
water cannot be adsorbed on mesopores with the capil-
lary condensation mechanism. Although apparent ad-
sorption behaviors of water on activated carbons
resemble capillary condensation of vapors on meso-
pores, water is not adsorbed on activated carbons with
the capillary condensation.

3.2. The Structure and State of Water
in Carbonaceous Micropores

Physical adsorption of vapors occurs on the flat or
macropore surfaces with the multi-layer adsorption,
on adsorbed multilayer-coated mesopores with the
capillary condensation, and on micropores with mi-
cropore filling according to the IUPAC classification
(Rouquerol et al., 1994). The classification was based
on the N2 adsorption. The molecular size of H2O is es-
timated to be 0.31 nm (M¨uller et al., 1996) or 0.36 nm
(MacClellan and Harnsberger, 1967), which is close to
that of N2 (Lennard-Jones parameter: 0.363 nm, aver-
age thickness: 0.354 nm). Therefore, the classification
of pores can be applied to water without any modifi-
cation. We can conclude that water molecules are not
adsorbed on mesopores by the capillary condensation
mechanism, but adsorbed on only micropores by an-
other mechanism.

Is water confined in micropores liquid? We have
believed that not only water, but also other vapors
are condensed in pores in the liquid state because of
the goodness of the well-known Gurvitsch rule (Gregg
and Sing, 1982). Figure 5 shows the electron radial
distribution function (ERDF) of water adsorbed in mi-
cropores of PIT-5 and PIT-20 together with that of the
bulk liquid water at 303 K. Figure 5 shows the explicit
difference in the features of (A) at 0.35 nm, (B) at
0.42 nm, and (C) at 0.7 nm for three water systems. The
(A) (shoulder in case of adsorbed water), (B), and (C)
peaks are assigned to the nearest-neighbor, the second
nearest-neighbor, and the third nearest neighbor water

Figure 5. The electron radial distribution functions of water con-
fined in micropores of PIT-5 and -10 and bulk liquid water at 303 K.
Fine solid line: PIT-5, bold solid line: PIT-20, and dotted line: liquid
water.

molecules, respectively. Hence, these peaks provide
the detailed information on the short range structure of
water molecular assembly in the micropore. As bulk
liquid water has an interstitial molecule at the nearest-
neighbor position, and thereby the peak (A) is higher
than peak (B) in case of bulk liquid water. The com-
parison of the peaks (A) and (B) indicates the ordered
state of water molecules. The ERDF of adsorbed water
has only a shoulder at 0.35 nm, indicating the ordered
structure of water in the micropores. Further, the higher
peak of (B) is ascribed to the immobile state of water
molecules. Hence, water adsorbed in micropores of
PIT-5 has a more ordered and rigid structure than that
of PIT-20. The ERDF changed as lowering the measur-
ing temperature to 143 K for both samples. However,
the change of the ERDF of water in the micropores of
PIT-5 was only slight, whereas the ERDF of water in
the micropores of PIT-20 at 143 K was close to that of
PIT-5. The water molecular assembly has an ordered
structure different from the bulk liquid. In particular,
the narrower the pore width, the more ordered the water
molecular assembly structure. Then, we must take into
account this important ordering of water molecules in
micropores.

The differential adsorption energy of water on PIT-
20 at 303 K was 44 kJ·mol−1, which is almost equal to
the enthalpy of liquefaction of water (43.6 kJ·mol−1).
This result coincides with the earlier studies (McBain
et al., 1933; Dubinin et al., 1955). Iiyama et al. re-
ported that the molecular structure of adsorbed water
of the fractional filling=0.3 or 0.6 in the carbon micro-
pore is more ordered than that of the fractional filling
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= 1 (Iiyama et al., 1995). Accordingly the microscopic
structure of the water molecular assembly is different
from the bulk liquid, but the macroscopic state of wa-
ter adsorbed in the micropore from the calorimetric
study is quite similar to the bulk liquid. The enthalpy
of fusion of bulk ice is only 6 kJ·mol−1, being much
smaller than the enthalpy of liquefaction. We need the
more careful determination of the differential adsorp-
tion energy of water in order to get an explicit difference
between the confined water and bulk liquid one from
the calorimetric study.

3.3. Cluster-Mediated Water Adsorption
and the New Potential for Application

It is well-known that water molecules form the dimer
(Curtiss et al., 1979; Eisenberg and Kauzman, 1969).
When the thermodynamic relation for the bulk gas
phase is applied formally to liquid water at 303 K and
0.1 MPa and at 303 K and 10 MPa (regardless of unre-
alistic conditions), about 3 and 60% of molecules are
dimerized, respectively. In the hydrophobic microp-
ore, water molecules are expected to be more dimerized
due to the compressed conditions. In the micropore the
dimers grow to a greater cluster such as the pentamer
(H2O)5, which has been used for the model of the ele-
mental structure of water. The size of the pentamer is
about 0.5 nm. Adachi calculated the electronic struc-
ture of the pentamer with the Discrete Variational Xα

method, showing that the effective charges of the oxy-
gen and hydrogen atoms in the water molecule increase
in the pentamer compared with the monomer (Adachi,
1991). Therefore, the electrostatic charges should be
more compensated in the pentamer than the monomer;
the pentamer can be approximated by the neutral sphere
upon interaction with the pore-wall. The more neu-
tral pentamer may interact with the carbon micropore
through the Lennard-Jones type interaction to be ad-
sorbed, although we could not measure precisely the
interaction yet. It is presumed that such pentamers
are formed through the dimer in the micropore near
P/P0=0.5.

The water adsorption isotherms of PIT-5 and AC
whose pore widths are less than 0.7 nm should be
caused by the presence of the small micropore size.
Recently Freeman et al. also reported that water ad-
sorption isotherm low burn-off carbon shows a slight
hysteresis (Freeman et al., 1995). Their results also in-
dicate that the small pore is associated with the disap-
pearance of the clear adsorption hysteresis. In case of

the narrow micropore of the pore width<0.7 nm, water
molecules form the clusters of the size of the pentamer
which is roughly fit for the pore size. Both adsorption
and desorption are based on the same cluster formation
equilibrium and thereby the adsorption isotherm has no
distinct hysteresis. On the other hand, water molecules
form the structure having a longer range order in the
micropore greater than about 1 nm in width through
the cluster formation of such as the pentamer. Then
the elementary equilibria of adsorption and desorption
are different from each other, giving rise to the marked
adsorption hysteresis. Although we have evidences in
some aspects, we need the structural and energetic in-
formation on the fine structure of the cluster.

The question why water vapor is not adsorbed in
mesopores by the capillary condensation is not ex-
plained by the above mechanism yet. In case of water
adsorption on carbon mesopores, we must treat an ad-
sorbed water as a continuos media and the contact angle
of water to the carbon pore-wall should be taken into
account. The contact angle of water on graphite is 86◦

(Adamson, 1990), and thereby the condensation pres-
sure remarkably shifts to the higher value correspond-
ing to the macropore size, that is, near toP/P0=1.
It is quite difficult to measure directly the capillary
condensation of water on carbon mesopores near the
saturated vapor pressure. Also the Saam-Cole analysis
(De Keizer et al., 1991; Hanzawa et al., 1998), about
adsorption on mesopores can give a useful information
on adsorption of water on carbon mesopores.
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