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A sample cell which facilitates adsorption in conjunction with small angle x-ray scattering under a
rotational field is presented. The device allows dynamic phenomena that take place within a pore system
to be investigated in situ by x-rays. As an example, a sample of Vycor porous glass was measured at
relative pressures p/po = 0 and p/po = 0.5. For the static measurements, the results were as expected.
Under rotation, an increase in the scattered intensity of the loaded sample, over the corresponding static
one, is observed. Fractal analysis has shown an increase in the fractal dimension even higher than that of
the dry sample. It was suggested that the increase in the scattered intensity was due to the rotation, while
the abnormality in the fractal dimension was due to asymmetric ripples of the adsorbed layers. The
limits of the technique are given too. Published by AIP Publishing. https://doi.org/10.1063/1.5053860

INTRODUCTION

Rotation can intensify a number of industrial processes
resulting in an increase in production efficiency and a decrease
in energy consumption and environmental footprint. Sev-
eral studies have focused on rotating packed beds;1–10 how-
ever, from the case of a single gas in a rotating cylin-
der to a more complex situation of liquid-gas interaction
in a porous interface, the involved mechanisms are poorly
understood.

In an early study, de Socio et al.11 had drawn an analyt-
ical solution for the molecular flow between two concentric
rotating cylinders, in a rarefied gas dynamics reference frame,
for the one-dimensional problem. In the same work, they
have also indicated the difficulties in approximating analytic
solutions for the general case. Later on, Geyko and Fisch12

discussed the behavior of an ideal spinning gas in a rotating
cylinder. They have concluded that under compression, par-
allel to the axis of rotation, the spinning gas exhibits reduced
compressibility and other unusual properties. Recently, Gao
et al.13 investigated gas flow characteristics in a rotating
packed bed, of rotating speed between 100 and 300 rpm,
by particle image velocimetry. They found that the turbulent
kinetic energy near the inner packing was higher than those in
the bulk zone, indicating the existence of the gas end-effect.
It was suggested that a further study on gas/solid or gas/liquid
interface is necessary.

Small angle x-ray scattering14 (SAXS) is an advanced
characterization method that may help to gain a deeper insight
into the aforementioned occurring processes, especially if it is
combined with appropriate in situ techniques. For an isotropic
porous medium, the spherically averaged intensity I(Q) is

a)Author to whom correspondence should be addressed: amitrop@teiemt.gr

given as

I(Q)= 4πρ2V

∞∫
0

r2γ(r)
sin Qr

r
dr, (1)

where V is the volume of the sample, ρ is the electron density,
γ(r) is the correlation function at point r, and Q is the scattering
vector; Q = 4π sin θ/λ, where λ is the wavelength and 2θ is the
scattering angle.

Within certain regions, Eq. (1) may be reduced to simpler
forms from which information on the pore size and surface area
may be obtained. For instance, the outer part of the spectrum
(i.e., at high Q) commonly decays by following a power law of
slope = −4, known as Porod’s law. When, however, the texture
of the surface is not smooth, there will be deviations from this
law which may be interpreted as a fractally rough surface with
a fractal dimension D = 6 − |slope|.15

Small angle x-ray scattering in conjunction with adsorp-
tion can provide information not only on the structural details
of the porous medium but also on the physical processes
involved within the pore matrix.16–18 In the case of a two phase
system, I(Q) is equal to

I(Q)= Ioo(ρ1 − ρ2)2, (2)

where Ioo is a constant and ρ1 and ρ2 are the electron den-
sities of the two phases. When those densities come equal,
the scattered intensity will be zero and contrast matching
will be reached. During adsorption, an adsorbed film is first
deposited on the pore walls and then capillary condensation
takes place within certain classes of pores which satisfies the
Kelvin equation19 at that relative pressure (p/po). The con-
densed class of pores will cease to act as a scatterer, and
only the remaining empty pores will produce a measurable
intensity; as a result, a drop in I(Q) will be observed. From
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FIG. 1. A perspective view of the rotating cell. The inset shows the speed of motor.

such multiple measurements, at various p/po during adsorp-
tion and desorption, the adsorption isotherm can be recovered
from the SAXS data, the existence of network effects can
be considered, and the size of internal surface rugosity (if
any) can be estimated from the thickness of the adsorbed film
(defractalization).20

However, adsorption in situ with SAXS remains a static
technique, where spectra are recorded in an equilibrium con-
dition. In this work, a new sample cell that allows adsorption
in conjunction with x-rays under a rotational field is presented
for the first time. This advancement will permit to examine
the dynamic behavior of the liquid/vapor interface within the
pore matrix at a given p/po. Four techniques will thus con-
verge simultaneously (in situ) to the spectrum: (a) SAXS,
(b) adsorption, (c) contrast matching, and (d) rotation. Rota-
tion is expected to squeeze the adsorbed film toward the pore
walls and consequently to increase I(Q). The behavior of the
liquid/vapor interface can be assessed too.

DESIGN

Figure 1 shows the rotating sample cell. The cell has a
light path difference of ∼1 mm in thickness. Apertures are
covered with Mylar sheets. A hole that ends to the internal
of the cell allows vapors from a distance reservoir to come,
through an interchangeable tube connected with a pressure
transducer, in contact with the sample under investigation at
a specific p/po each time. In this way, adsorption in conjunc-
tion with SAXS, at various p/po, may be attained as a batch
process.

The device consisted of a motor that rotates (up to
3000 rpm) the two gears in the back of the sample cell by
a driving belt. The inset in Fig. 1 shows the relation between
voltage and revolutions per minute (rpm). All mechanical parts
are precisely manufactured in order to avoid vibrations. How-
ever, above 3000 rpm, there are vibrations that will affect the
statistics of the spectrum.

FIG. 2. The cooling system of the device; left: front view, right: back view, and middle: real view.
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A cooling jacket with an internal flow system around
the sample chamber and the motor, connected to a temper-
ature controlled bath, is also constructed. When the isother-
mal temperature is established, a continuous flow ensures
an error of not more than ±0.2 ◦C. Figure 2 illustrates
the cooling system and the adsorption tube of the device.
Since the thickness of the beam line is 1 mm, the rotation
method can easily interchange from homocentric to eccen-
tric, by just moving the cell a few mm away from the beam
line.

Experimental details

Scattering experiments were conducted with a Rigaku
S-Max3000 pinhole SAXS camera with Osmic Confocal Max-
Flux optics.21 This 3-pinhole system, adjusted in size and
position, can shape the beam thickness to 1 mm. A 2D mul-
tiwire detector, of 120 mm diameter, was placed behind the
sample cell at a sample-to-detector distance of 2593 mm.
Measurements were carried out in a Q range of 0.004 < Q
< 0.1 Å−1. The x-rays were produced by a Cu (λ = 1.54 Å)
rotating anode operated at 40 kV and 40 mA. The centre of the
beam was calibrated with the diffraction peak of Ag-behenate

at d001 = 58.38 Å. The data were corrected for dark current
and empty tube scattering.

A disk of Vycor 7930 sample of 0,116 g weight, with 1 mm
thickness and 1 cm diameter, was used in the present study. The
sample was cleaned by immersion in 30% hydrogen peroxide
and exposed to oxygen at 350 ◦C for 24 h. Dibromomethane
(CH2Br2), which has a similar electron density as Vycor, was
adsorbed at an isothermal temperature of 20 ◦C. Three spectral
measurements were recorded with the aforementioned rotat-
ing cell as follows: (a) at p/po = 0 (i.e., dry sample) without
rotation, (b) at p/po = 0.5 (i.e., partially loaded sample) with-
out rotation, and (c) at p/po = 0.5 (i.e., same as previous) under
rotation at an angular velocityΩ = 2150 rpm. From adsorption
isotherm data, presented elsewhere,22 the amount adsorbed at
p/po = 0.5 was recorded equal to 60.7 mm3/g and is located at
the lower closed point of the hysteresis loop.

Small angle x-ray scattering data were recorded by a
homocentric operation of the cell, i.e., the beam line was coin-
cided with the axis of rotation. This operation is the best choice
for the given experiment because it provides an unchanged
situation that facilitates comparison between the static and
rotated spectra. That is, in all three cases, would be resulted
to record the scattered intensities of the same pore domains,

FIG. 3. Scattered intensity curves for three situations:
cyan (upper curve) at p/po = 0 without rotation; yellow
(lower curve) at p/po = 0.5 without rotation; and red (mid-
dle one) at p/po = 0.5 under rotation. Rotation recovers
about 7.5% of the condensed space in the statistic situa-
tion; percentages for each case are shown too. The inset
circular figures depict the possible mechanism for each
situation. For sample loaded at p/po = 0.5 (lower figure),
a two-layer adsorbed film of different heat of adsorption
is considered, depicted in cyan and red. For the rotating
sample (middle figure) at the same p/po, asymmetric rip-
ples are introduced to the drawing; more space and more
rugosity are assumed. The dry sample (upper figure) is
illustrated as a reference.
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whereas eccentric operation of the cell would be resulted to
record I(Q) of different pore domains and at different initial
and final positions.23

MEASUREMENTS

Figure 3 shows the scattering intensity curves for all three
cases, i.e., one with and two without rotation. The charac-
teristic spinodal peak24 of Vycor is located, as expected, at
Q = 0.023 Å−1, which corresponds to a Bragg spacing of 273 Å.
By calculating the area Ax under the scattering curves at a given
x = p/po,

Ax =

Q∫
I(Q)dQ, (3)

the following result is obtained: A0.5 <
ROTA0.5 < A0. At low

Q values, there is a drift in I(Q) due to rotation. In order to
avoid any systematic error, the evaluation of Ax is limited at
Q ≥ 0.008 Å−1. At high Q values, there is no substantial
difference beyond Q ≥ 0.0675 Å−1.

At p/po = 0.5 in a static condition, the spectrum loses
about 30% of its intensity relative to the dry sample (p/po = 0).
During rotation, at ROTp/po = 0.5, the adsorbed film is pushed
closer to pore walls. As a result, more space becomes available;
hence, I(Q) increases by about 7.5%. Figure 4 demonstrates
this course of events. In multilayer adsorption without rotation,
the adsorbed molecules acquire a regular packing of thick-
ness trp = 2R where R is the radius of the admolecule. Under
rotation, a closer packing arrangement, which is thermody-
namically more stable, may be obtained, tcp =

√
3R < trp.25

By assuming cylindrical pores of average radius26 of about
35 Å, a volume difference of 7.2% can be shown, which is
very close to the value obtained from SAXS data. Again, our
result is in accordance with the result of Yang et al.27 who
studied liquid holdup in a rotating packed bed using x-rays;
that is, high rotational speed improves the distribution of liquid
in the packing.

Figure 5 shows the decay of the scattered intensities
at the Porod region, in a log-log plot. For each case, the
following fractal dimensions were calculated: D0 = 2.6,
D0.5 = 2.5, and ROTD0.5 = 2.8. Although the decrease in D

FIG. 4. Schematic illustration of the effect of rotation on the adsorbed film.
Admolecules have a different packing arrangement before rotation and during
rotation of angular velocity Ω. The motion of the molecules is shown by the
solid arrows.

FIG. 5. Log-log plot for the three situations. The fractal dimensions were
calculated from the slopes of the lines equal to D0 = 2.6 for the dry sample
and D0.5 = 2.5 for the loaded one. Under rotation, the loaded sample shows
an abnormal fractal dimension of ROTD0.5 = 2.8. It was concluded that the
rotation creates asymmetric ripples on the liquid/vapor interface.

between p/po = 0 and p/po = 0.5 is related to a defractal-
ization process, the increase in D during rotation implies a
different mechanism. According to Brunauer-Emmet-Teller
(BET) theory28 for multilayer adsorption, in all layers, except
the first, the heat of adsorption is equal to the molar heat of
condensation. Based on previous experimental values22 of the
Halsey-type equation for CH2Br2, at p/po = 0.5, a statistical
film of about two layer thickness is inferred. During rotation,
the liquid/vapor interface develops asymmetric ripples that
influence the decay of I(Q) at high Q values. As a result, an
enhanced artificial roughness is measured by the instrument.
The insets in Fig. 3 depict this situation.

CONCLUSIONS

A rotating sample cell for studies of adsorption in
situ with SAXS is presented. The device allows dynamic
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phenomena that take place at nanoscale to be measured and
quantify. This option is very important in material’s character-
ization with SAXS which so far is limited to static examination
of the interfacial liquid. In general, rotation can provide infor-
mation on the behavior of a fluid within a porous system, e.g.,
pore and surface diffusion and capillary condensation flow.
Although transport phenomena are commonly related to a lin-
ear rather than to a radial direction, the resemblance of kinetic
to rotation energy provides a reliable framework for evaluating
them. As an example, in this work, the motion of admolecules
at the liquid-liquid and gas-liquid interfaces was examined and
quantified.
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