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Abstract Pore filling by non-polar and polar molecules is
investigated by small-angle X-ray scattering in activated
carbons that had been surface-functionalised to different
degrees by oxidation. A pseudo-binary model for the
scattering response is used to trace the filling characteristics
of water and n-hexane in the pore structure. While the pores
are uniformly filled by n-hexane, pore filling by water is
only partial. In the latter case, a significant contribution
from liquid–vapour interfaces appears and the system
becomes fully ternary. This feature is direct evidence of
the development of water droplets, which form even in the
most oxidised carbon. The appreciable differences between
the carbons illustrate the influence on the small-angle X-ray
scattering response of surface chemistry and of the polarity
of the adsorbed molecules.
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Introduction

Carbon has been used for millenia as a multi-purpose
adsorbent by virtue of its high affinity towards a wide
diversity of chemical species. Recognition of the role of

surface area and pore hierarchy in the performance of
porous carbon has stimulated the commercialisation of
carbon adsorbents with tailor-made porosity [1–3]. Their
design at the nanoscale level has revealed the importance of
an additional basic parameter, namely, the surface chemis-
try, by which the adsorption capacity of the complex pore
network can be further enhanced. In adsorption processes,
the affinity between the carbon surface and the fluid phase
plays a major role, as their generally non-specific interac-
tion significantly affects the distribution of the adsorbed
molecules within the pores. Introduction of heteroatoms
into the turbostratic layers renders the carbon surface more
attractive to polar molecules. The most frequent heteroatom
in the carbon matrix is oxygen, which is generally bonded
along the edges of the graphene layers.

In this paper we investigate the influence of the chemical
character of both the adsorbent and the adsorbate on the
wetting by systematically varying the surface chemistry of
the sample and the nature of the interacting fluid. The
interaction of carbon samples of increasing oxygen content,
i.e., increasing polarity, is studied with two different probe
molecules. The non-polar molecule n-hexane is attracted to
carbon through a strong dispersion interaction, which favours
significant adsorption already at low relative pressures p/p0.
Water molecules, which interact only weakly with graphitic
carbon surfaces, adsorb on the carbon surface by a different
mechanism [4, 5]. Hydrogen bonding, however, gives rise to
strong fluid–fluid interaction among the water molecules.
Surface oxygen functionalities offer the possibility of hydro-
gen bonding with the surface and, by this mechanism,
facilitate the adsorption of water molecules. The surface
functional groups thus act as nucleation centres that, upon
further accretion, ripen into clusters at p/p0 as low as 0.1 [6].
While pore filling occurs already at low p/p0 in the case of
non-polar adsorbates, for water it does not begin until about
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p/p0=0.5. For higher relative pressures, however, the Dubi-
nin–Astakhov equation yields excellent fits to the isotherm
[7]. At very low surface coverage, water adsorption is
governed both by the surface chemistry and by the porosity
of the carbons. Water uptake in the carbon may be enhanced
at low p/p0 by introducing oxygen functionalities because
surface sites can, through a cooperative bonding mechanism,
have the same effect as pre-adsorbed water [8].

Under real operating conditions, the relative humidity
(RH) of the environment often places water in competition
with other target molecules for adsorption sites. Water,
which is of particular relevance in activated carbon–vapour
phase interactions, is therefore used as the polar probe.

Small-angle X-ray scattering (SAXS) or neutron scatter-
ing furnishes structural information about the adsorbent–
adsorbate system in the nanometre scale range. Because
molecules adsorbed inside the pores modify the electronic
contrast of their immediate surroundings, the small-angle
scattering signal of the local carbon matrix is sensitive to
the adsorbed layer [9–13]. Contrast variation scattering
techniques make use of this phenomenon.

The present article describes SAXS measurements on
activated carbon samples of well-characterised surface
morphology and chemistry. As the SAXS response is related
to spatial distances through the transfer wave vector q, the
pore-filling by the adsorbed molecules can be conveniently
translated into the pore size w as 2π/q. Such observations
yield model-independent information about pore filling by
any adsorbed molecule.

Experimental

Preparation and characterisation of the carbon samples

To avoid inorganic impurities from the raw materials, the
samples described in this paper were prepared from a
polymer precursor and were chemically modified to varying
degrees by oxidation with nitric acid. Granular activated
carbon was prepared from poly(ethylene terephthalate)
pellets (APET) [14]. Steam-activated carbon, obtained at
900 °C, was treated for 3 h with concentrated nitric acid at
room temperature (APETA) and at the boiling point of the
carbon–acid suspension (APETB) to achieve different
degrees of surface functionalisation. Before use, these
acidic samples were washed with distilled water and
extracted in a Soxhlet apparatus until neutral pH was
attained. The surface chemistry and morphology of these
carbons have been characterised elsewhere [15, 16].

Nitrogen adsorption/desorption isotherms, measured at
77 K with a Quantachrome Autosorb-1 instrument, were
also discussed previously [16]. The surface areas obtained
from the Brunauer–Emmett–Teller and the Dubinin–

Radushkevich models for APETA lie in the range 1,100–
1,300 m2/g. For APETB, however, the hot nitric acid
treatment reduced the surface area by 75% to less than
350 m2/g, but the pore size distribution in the micropore
range nevertheless remained practically unaffected. Average
pore widths, derived from the ratio of the total pore volume
to the surface area assuming slit-shaped geometry, were 8.6
and 9.2 Å for APETA and APETB, respectively. The true
densities dHe of the same samples, determined by helium
pycnometry with the AUTOSORB-1 instrument, were 1.82
and 1.50 g/cm3.

Water vapour adsorption isotherms were measured on a
Hydrosorb apparatus (Quantachrome) at 20 °C. Hexane
uptake at p/p0=0.4 was determined at 20 °C by gravimetry,
using an n-hexane/n-dodecane mixture to set the desired
relative pressure.

X-ray photoemission spectroscopy analysis of the sur-
face chemistry in the powdered samples [17, 18] showed a
strong increase in the O/C atomic ratio, from 10 to 27%, for
APETA and APETB, respectively. The close similarity
found between the populations of the different functional
groups in the granular and the powdered samples was proof
that the chemical treatment acted uniformly throughout the
internal surfaces.

Small-angle X-ray scattering

X-ray scattering measurements on the BM2 beam line at the
European Synchrotron Radiation Facility, Grenoble,
France, were made at two different wavelengths, 10=
1.57 Å and 0.69 Å, with sample-detector distances 158,
27, and 6 cm. An indirect illumination CCD detector
(Princeton Instruments) with 50-μm effective pixel size was
used. Intensity curves I(q), obtained by azimuthal averag-
ing, were corrected for grid distortion, dark current, sample
transmission and variations of the incident beam intensity,
as well as for background scattering.

The powdered samples, ground in a ball mill to about
0.3 mm particle size, were inserted into 1.5-mm-diameter
Lindemann glass capillaries and heated to 110 °C for 24 h
to remove trapped or adsorbed water. The capillaries were
equilibrated in air containing water vapour at various
degrees of RH and then sealed. Other samples were
exposed either to liquid hexane or to hexane vapour at
40% partial vapour pressure at 20 °C for 2 weeks before
sealing. Intensities were normalised with respect to a
standard (lupolen), assuming an effective sample thickness
of 1 mm to account for the filling factor of the powder in
the capillary tubes. The SAXS measurements were per-
formed at the same temperature as the sample preparation
(20 °C).

The intensity of X-rays of wavelength 1 scattered
through an angle θ by a carbon sample in dry air is
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governed by the structure factor of the carbon, S1(q), and
the difference between the electron density of the carbon,
ρC, and that of air. Thus,

I1 qð Þ ¼ r 2
0 ρ

2
C S1 qð Þ ð1Þ

In Eq. 1, r0 = e2μ0/4πm is the classical radius of the
electron, e and m being the electron charge and mass,
respectively, and μ0 being the magnetic permittivity of
space. The magnitude of the transfer wave vector for X-rays
is q = (4π/λ)sin(θ/2). The electron density of the carbon is

ρC ¼ ZdHeNA=M ð2Þ
where Z is the atomic number, M the atomic mass, dHe

the helium density of the sample, and NA Avogadro’s
number. The presence of light heteroatoms such as oxygen
does not alter the above definition of the electron density of
the carbon, as their ratio Z/M is identical. Only the helium
density dHe is affected by their presence. Although the same
argument does not apply to hydrogen owing to its larger
value of Z/M, its contribution is negligible because it
contains few electrons. The value of ρC is therefore
determined essentially by the mass density of the carbon.
In Eq. 1, the electron density of the surrounding air does
not appear as it is much smaller than ρC.

If the same sample is impregnated with a fluid that does
not completely fill all the unoccupied space in the carbon,
then in general, the scattered intensity becomes that of a
ternary system, namely,

Itern qð Þ ¼ r20 ρC � ρlð Þ2Scl qð Þ þ ρ2CScv qð Þ þ 2ρC ρC � ρlð ÞSlv qð Þ
n o

ð3Þ
where Scl(q) is the partial structure factor describing the

relative positions of carbon and liquid, Scv(q) is that
between carbon and vapour phase, and Slv(q) is that
between liquid and vapour phase. For the present purposes,
it may be assumed that the electronic density of the vapour
phase is negligible with respect to that of the liquid and,
therefore, is equivalent to a vacuum. Owing to the
dispersed nature of micropores in carbons, however, in
many cases, the effective liquid–vapour interface is very
small and the regions in the carbon in which the fluid is
condensed are physically separated from those in which
only the vapour phase is present. In such a situation, the last
term in Eq. 3 is negligible and the first two terms can be
represented by a pseudo-binary expression of the form

I2 qð Þ ¼ r 2
0 ρC � ρSð Þ2S2 qð Þ: ð4Þ

in which it is understood that the (ρC−ρS)2S2(q) is an
average over the regions in the sample where the fluid is
condensed and where it is not. Because these two regions
generally have different characteristic sizes and therefore

contribute to different parts of q space, it becomes
reasonable to attribute a q dependence to ρS, i.e., ρS(q) =
p(q)ρl, where ρl is the density of the condensed fluid and p(q)
is the relative electronic (or mass) density of the fluid with
respect to its bulk value. Provided the fluid does not alter
the structure of the carbon, S1(q) and S2(q) both describe
the same total structure factor of the carbon, and hence,
S1(q) = S2(q). If the pores are uniformly filled, then the two
signals I1(q) and I2(q) are everywhere proportional to each
other, i.e., ρS and p(q) are independent of q. If, however, the
fluid is not uniformly distributed, e.g., molecules condense
only in the finest pores while remaining in the vapour state
elsewhere, then the deviations from uniform filling may be
expressed in terms of the intensity ratio

u qð Þ ¼ I2 qð Þ=I1 qð Þ ¼ ρC � p qð Þρl½ �2
.
ρ2C ð5Þ

and hence,

p qð Þ ¼ ρC 1� u qð Þ1=2
h i.

ρ1 ð6Þ

In principle, 0≤p(q) < 1 when the pores are incom-
pletely filled, but p(q) can exceed unity due to strong
interaction between the surface and the adsorbed layer.
Experimentally, the samples exposed to air or vapour
should be strictly equivalent, i.e., the effective thickness of
the two samples must be the same. In this model-
independent approach, the two basic requirements are that
the carbon structure should not be altered by the adsorbed
molecules and that the test sample and the dry reference
should be equivalent. Apparently, negative values of p(q)
may occur due to structural change in the presence of the

Fig. 1 Water vapour adsorption isotherms for APETA (triangles) and
APETB (circles), measured at 20 °C
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adsorbent [S1(q) ≠ S2(q)] or to surface contamination of
the reference sample. Strongly negative values of p(q),
however, have to do with the source of extra scattering
that is neglected in the above pseudo-binary model of
independent scattering regions. Thus, in a fully ternary
system, extra scattering is generated when extended
regions of contact exist between the condensed solvent
and its vapour, e.g., in the form of separate clusters or
droplets.

Results and discussion

Non-polar molecules like hexane yield an isotherm on carbons
that is initially convex. At 20 °C with p/p0=0.4, hexane
uptake is 0.29 and 0.08 g/g in APETA and APETB,
respectively. The shape of the water isotherm, however, is
sensitive to the extent of oxidation of the carbon. The water
vapour isotherms in Fig. 1 reveal that the type V isotherm of
APETA transforms to type IV due to the acidic treatment.

Figure 2 illustrates the SAXS spectrum from the dry
APETA sample, measured over the extended range of q
available on beam line BM2. The equivalent spectrum of
the APETB is not shown, as it is almost indistinguishable

at this scale. For clarity, the figure is divided into five
regions: In region i, at low q, the spectrum is dominated
by surface scattering from grain boundaries within the
powder particles. The size of the constituent grains is
approximately 1 μm [16] and the power-law behaviour
visible here, I(q)∝ q−4, conforms with the predictions of
scattering from smooth interfaces [19]. Because of the
intense scattering power of these samples at low q,
however, region i is prone to multiple scattering effects,
the importance of which depends on the precise position
where the beam enters the powdered sample. Owing to
this uncertainty, comparisons of intensity can be unreli-
able in this region. In region ii, the scattering is generated
by the microporous structure, and the slope to the right of
the shoulder can be identified with surface scattering
from the high internal surface area of the carbon [16, 18].
The features labelled iii, iv and v are in the approximate
vicinity of the main diffraction peaks of graphite [20]. In
the zoomed view of this highest-q region (Fig. 2b), the
absence of sharp diffraction peaks is proof that the
sample is entirely amorphous. The broad peaks show that
the atoms are arranged in a liquid-like order.

The principle of the SAXS observations is illustrated
by the example of APETA-n-hexane. Figure 3a compares
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three SAXS spectra from APETA: the dry sample, that
exposed to hexane vapour at p/p0=40%, and that
containing liquid hexane. In the higher-q regions, the
intensities scattered by the vapour and liquid samples
coincide and are lower than the dry sample, demonstrat-
ing that hexane is condensed in the finer pores. At low q,
the opposite is true because the curves of the hexane
vapour and the dry sample coincide. In the larger pores
and in the grain boundaries, therefore, no condensation
occurs. The values of p(q) derived from Fig. 3a and Eq. 6
show that micropore filling is complete at p/p0=40% in the
high q range, i.e., in the spatial scale range 80 Å<2π/q
<4.5 Å (Fig. 3b). At larger characteristic distances (smaller
q), filling decreases gradually to zero. In the sample in
contact with liquid hexane, on the other hand, filling is
complete at all distance scales.

It has been recently shown that the pseudo-binary model
gives a consistent qualitative description of pore filling in
carbons of different surface chemistry both for n-hexane
and for water [18]. A more systematic study was accord-
ingly undertaken, in which SAXS measurements were
performed on a set of samples in contact with water vapour
over a range of values of RH.

Figure 4 shows scattering results from the lightly
oxidised sample APETA in the dry state and with water
vapour. Several features are notable. Firstly, in the range
0.2<q<2.1 Å−1, the curves from the humid samples lie
below that of the dry curve. This means that some
condensation occurs. The decrease in intensity is not
uniform, however, as a much larger change in intensity
occurs between 33 and 43% RH than between 0 and 33%
RH. Secondly, at high q, the curves meet at q≈2.1 Å−1,

Fig. 4 a Scattering curves for
APETA in the dry state and in
water vapour at three degrees of
RH; b SAXS from the same
sample showing, in addition,
spectrum at 76% RH. Open
circles are an estimate for the
third term in Eq. 3 (based on a
lognormal function and divided
by 10 for clarity), chosen to
yield a plateau in the difference
curve at q≈0.1 Å−1. Crosses are
the resulting difference curve
between the full 43% curve and
the lognormal function. To al-
low the larger symbols to be
distinguished, only 10% of the
data are displayed
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implying that the smallest size of the water molecule that
can penetrate the carbon structure is dcrit=2π/2.1≈3.0 Å, in
reasonable agreement with the known critical size of the
water molecule, 2.92 Å [21]. This result, however, should
be treated with caution because corrections for scattering
from the condensed water become significant in this region.
Thirdly, at q<0.2 Å−1, the scattering intensity from the
humid samples is greater than in the dry system, in
contradiction with Eqs. 5 and 6. The source of the extra
scattering is the neglected third term in Eq. 3, which
describes correlation between condensed water and its
vapour. As mentioned earlier, such extra scattering will
appear as a negative region in the density function p(q).
The variation of p(q) displayed in Fig. 5 shows that, at low
RH, small amounts of water condense initially in the
micropores, while cluster formation develops in the more
open surfaces. Between 33 and 43% RH, the amount of
condensed water in the micropores starts to increase
significantly, while at low q, cluster formation becomes
more pronounced. The shape of the density functions in
the higher q range suggests a bimodal distribution of the
populated pores. A simple-minded attempt to estimate the
contribution due to the clusters can be made by means of a
lognormal distribution function. This yields the broad bell-
shaped curve represented by open circles in Fig. 4b. This
choice of function, centred at q=0.036 Å−1, leaves the flat
plateau region shown after subtraction from the experi-
mental spectrum. As can be seen in Fig. 5, however, the
approximation underestimates the broad q range of the
scattering from clusters because negative values of p(q)
clearly persist at low q. The cluster size distribution is
therefore much wider than that of a simple lognormal
distribution.

The distribution of water molecules in the more oxidised
sample equilibrated with various RH atmospheres is shown
in Fig. 6. In the smallest pores (q≈1 Å−1), adsorption has
already started at the lowest RH, but even at RH=76%,
complete filling is not achieved. The occupation of pores of
this size range is limited to less than ∼60%. This is
considerably less than the p(q) values in the same q range
for APETA. Access to the pores can be blocked by water
molecules adsorbed on functional groups located at the
entrance of the pores, thus hindering the passage of further
adsorbates.

From 23% RH on, the relatively high occupation in the
wider pores is enhanced by a cooperative mechanism, the an-
chorage of the water molecules being nucleated by the surface
polar groups. The shape of all the curves reflects a complex
distribution that is at least bimodal.

After 43%, an apparent reduction in the occupation
appears above 0.6 Å−1, which is probably due to the
interference effect of the cross term in Eq. 3. Even in this
sample, cluster formation is clearly visible in the low q

range already at low RH, but it is more limited than in
APETA. The positive p(q) values at low q in the 76%
sample indicate the disappearance of the cross term in Eq. 3
due to the coalescence of water clusters.

A detailed comparison with the water vapour adsorption
isotherms and the ageing of the loaded carbon is expected
to reveal further insights.

Conclusions

The presence of adsorbed molecules changes the intensity
of the SAXS in a way that depends on how the pores are
filled. Filling of the pores from the vapour or the liquid
phase depends both on the surface treatment and on the
nature of the liquid. Two carbon samples of different
surface polarity were investigated. For n-hexane vapour, the
dispersion interaction ensures progressive filling. The
pseudo-binary model gives a consistent description of pore
filling in both carbons. For water vapour, the degree of
filling in the smaller pores and the cluster formation in the
wider pores depend on the extent of oxidation. In the highly
oxidised sample, a cooperative mechanism enhances the
filling of even larger pores.
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