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Spatially resolved in situ measurements of the transport of organic
molecules in a polycrystalline nanoporous membrane
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We report spatially resolved, quantitative, in situ, nondestructive measurements of the transport of
organic molecules through a polycrystalline, anisotropic, nanoporous molecular sieve membrane,
with micron-scale resolution. A method based on photoacoustic spectroscopy experiments during
permeation through a nanoporous membrane, combined with a physical model of photoacoustic
signal generation from a heterogeneous membrane, allows extraction of concentration profiles in
situ. In particular, we demonstrate the steady-state concentration profiling of the organic molecules
p-xylene and n-hexane during their transport through a nanoporous zeolite silicalite membrane. The
implications for elucidating structure-property relationships in membrane materials for separations,
catalytic, or nanotechnology applications are discussed. © 2005 American Institute of Physics.
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Nanoporous polycrystalline membranes, made from materials such as zeolites or mixed oxides are being investigated extensively1–4 for technological applications in separations, catalysis, and as ordered hosts for arrays of
nanomaterials such as nanowires, nanoclusters, and nanotubes. Their attractiveness is due to the existence of a well
defined, periodic nanopore structure.2,3 Unambiguous measurements and theoretical descriptions of molecular transport
in these tightly confined nanoporous environments, remain
critical issues in advancing the application of these
membranes.5–12 The main experimental difficulty6 has been
to obtain in situ, quantitative, nondestructive, spatially resolved measurements of guest species concentrations with
micron or submicron resolution over length scales of several
tens of microns. This capability would constitute a powerful
way of studying membrane transport, providing a completely
transport-model-independent characterization that can be
used to directly test detailed transport models.6,9–12 In this
letter, we present spatially resolved, in situ measurements of
diffusing molecule concentration profiles through a nanoporous zeolite membrane. This is accomplished via: 共1兲 design of an in situ photoacoustic sample cell that allows simultaneous membrane permeation and spectroscopic
experiments, and 共2兲 an experimentally validated physical
model to analyze the data and extract the concentration
profiles.
In step scan photoacoustic spectroscopy 共SSPAS兲,13–17
an IR beam modulated at a chosen frequency 共5–1000 Hz兲 is
absorbed by the sample and converted into a thermoacoustic
signal originating from a cumulative region of the sample
down to a certain depth  共called the sampling depth兲. The
acoustic signal is detected by a sensitive microphone and
transformed to an IR spectrum as shown in Fig. 1. The use of
a step scan interferometer provides the same sampling depth
over the entire spectral range. Like conventional Fouriera兲
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transform IR 共FTIR兲, SSPAS is very sensitive to the vibrational properties of the sample. However, it is applicable for
highly absorbing samples, since the acoustic signal strength
increases with the optical absorption strength of the material.
In this letter we also present a simple physical model for
obtaining concentration profiles from films containing a continuously varying concentration of guest molecules. To provide an initial validation of the model, a two-layer membrane
was constructed by growing a zeolite membrane layer on
alumina, calcining it to remove the organic structure directing agent 共SDA兲, and then growing a second layer on the
first. The resulting step-function SDA concentration
profile17,18 is well reproduced 共Fig. 2兲 using the measurement
model described later. The situation of physical interest is
then described, namely demonstration of in situ concentration profiling of organic molecules transported across the
membrane at steady state.

FIG. 1. Schematic of SSPAS experiment: 共a兲 frequency-modulated incident
IR signal, 共b兲 generated acoustic signal. Region 共I兲 feed side: a guest species
vapor mixed with He carrier gas, 共II兲 calcined silicalite membrane, 共III兲
macroporous ␣-alumina substrate, and 共IV兲 sweep side: pure He gas enters
and sweeps out the guest species permeant. For mathematical analysis, the
membrane was divided into N sublayers, wherein C共i兲 is the guest concentration in sublayer i, and  is the sampling depth.
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FIG. 2. Step-function concentration profile of tetrapropylammonium ions in
a double-layered silicalite membrane 共the cross-sectioned SEM image is
shown in the right side兲 determined by SSPAS using Eq. 共4兲. The membrane
is composed of an upper layer 共I兲 with uniformly-distributed TPA and a
lower layer 共II兲 without TPA on a substrate 共III兲.

A 100 m, highly oriented 共along the crystal c direction兲
silicalite zeolite membrane was hydrothermally grown on a
macroporous ␣-alumina substrate16 and was calcined to remove the tetrapropylammonium SDA. This nanoporous film
is used for single-component permeation of p-xylene or
n-hexane, employing the apparatus in Fig. 1. A sample cell
that allows simultaneous permeation and photoacoustic spectroscopy experiments has been developed. The membrane is
sealed between two small chambers through which a gas or
vapor can be circulated. Helium 共He, 99.9995%兲 is used as a
carrier for the organic guest molecules. An organic/ He
stream is circulated in the upper chamber, whereas pure He is
circulated in the lower chamber to sweep away the permeating organic molecules. The partial pressure 共P / Psat兲 of a
guest molecule vapor was adjusted by combination of a saturated organic/ He stream with the pure He diluent. SSPAS
experiments were carried out on an IFS-55 FTIR spectrometer 共Bruker兲 with an MTEC 300 photoacoustic detection
module. The reference spectra 共using carbon black as reference兲 were collected at the same vapor partial pressures in
which sample spectrum was obtained. The spectra were collected over 4000–400 cm−1 with a resolution of 8 cm−1 and
double-sided interferograms. Modulation frequencies were
chosen in the range 16–488 Hz and with an amplitude of
4HeNe. After the SSPAS experiments, the membrane was
cross sectioned and imaged by field-emission scanning electron microscopy 共SEM兲 共Hitachi S800, 10 kV兲.
When the permeant is heterogeneously distributed at
steady state in the film, the photoacoustic signal intensity
Q共兲 for a particular sampling depth  is expressed as

Q共兲 = K

冕



关␤0 + ␤1C共x兲兴

0

⫻exp兵− 关␤0 + ␤1C共x兲 + −1兴x其dx,

共1兲

where K is a system-dependent constant, ␤0 is the optical
absorption coefficient of the host membrane, ␤1 is the optical
absorption coefficient per unit concentration of the guest species for a guest-templated zeolite membrane, and  the thermal diffusion length,13 which is given byg modulation frequency, f of the step scan interferometer. Since the
membrane is optically transparent and thermally thick 共i.e.,
the sampling depth is much smaller than the optical absorption length of the material兲,13,14 Eq. 共1兲 reduces to

FIG. 3. SSPAS spectra measured in situ during steady-state permeation of
p-xylene through the silicalite membrane, at increasing values of modulation
frequency 共and, hence, decreasing sampling depths兲.
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To simplify Eq. 共2兲, the membrane with a continuously varying distribution of guest species is discretized into N sublayers, within which the guest concentration, C共i兲 is uniform
共Fig. 1兲. This is a laterally averaged concentration over the
sublayer, thus averaging out possible inhomogeneities in the
concentration between different grains in the polycrystalline
film. If the sampling depth  = n extends to n layers, then
Eq. 共2兲 is discretized to
Q共n兲 ⬵ K␤0n共1 − 1/e兲
n

+ K␤1 兺 C共i兲n共e−i−1/n − e−i/n兲.

共3兲

i=1

Here the first term is the contribution from the membrane
and the second term from the guest distribution. For a particular sampling depth i, therefore, the signal intensity ratio
of guest 共g兲 species to zeolite membrane 共m兲 , Qg / Qm, is
given by

冉 冊 冉 冊
Qg
Qm

␤1
=
␤0
i

兺k=1 C共k兲共e−
i

k−1/i

共1 − 1/e兲

− e −k/i兲
.

共4兲

Equation 共4兲 is obtained by using the fact that the concentration of the zeolite remains constant over the film thickness.
C共k兲 is the depth-dependent concentration of the guest species in kth sublayer. We obtain a dimensionless concentration
in each sublayer, C⬘共k兲 = 共␤1 / ␤0兲C共k兲, by measuring SSPAS
spectra at progressively increasing sampling depths. A series
of spectra are measured 共Fig. 3兲, each at a different sampling
depth. The left-hand side of Eq. 共4兲 is obtained as the ratio of
integrated intensities of the characteristic bands of the guest
species and the host zeolite, using the SSPAS spectrum corresponding to each sampling depth. This procedure for a
given SSPAS spectrum, has been described by us in detail
previously.17 At the smallest , only one term, C⬘共1兲, appears on the right-hand side of Eq. 共4兲. C⬘共1兲 can thus be
measured, and its value is used to determine C⬘共2兲 from the
next measurement at an incrementally larger . This procedure is iterated until the silicalite-alumina interface is
reached. For the membrane with the step-function concentration, the above method reproduces the shape of the tetrapropylammonium 共TPA兲 SDA profile 共Fig. 2兲. The slight decrease of TPA concentration near the surface in the upper
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FIG. 4. 共a兲 Experimental concentration profiles of p-xylene guest molecules
permeating in a silicalite zeolite membrane at feed partial pressures P / Psat
of 1.00 共䊏兲, 0.86 共䊐兲, 0.71 共䊊兲, 0.50 共〫兲, and 0.29 共⽧兲. 共b兲 Experimental
concentration profiles of n-hexane permeating in a silicalite zeolite membrane at feed partial pressures P / Psat of 0.29 共䊏兲 and 0.14 共䊐兲. The error
bars are smaller than the symbol sizes. The continuous curves are only a
guide for the eye.

layer is caused by surface roughness effects, which decrease
the signal-to-noise ratio at small sampling depths. These effects are damped out as the sampling depth is increased.
Figures 4共a兲 and 4共b兲 show the experimentally measured
concentration profiles in a nanoporous molecular sieving
membrane. Figure 4共a兲 shows the steady-state p-xylene profiles at 25 °C, with different feed partial pressures 共P / Psat兲 of
p-xylene between 0.29 and 1.00. The spectral peaks of
p-xylene and the zeolite are assigned according to previous
literature19,20 before spectral analysis was carried out. The
integrated intensities of the 2879, 2936, and 3023 cm−1
共p-xylene兲 and 790 cm−1 共zeolite兲 were used for the quantitative analysis. The concentration of p-xylene gradually decreases over the depth of 100 m. As P / Psat increases, the
entire profile shifts upward. The concentrations at the feed
and permeate sides both increase, due to the increased
chemical potential of the organic vapor on the feed side as
well as insufficient removal of the permeant by the sweep
gas on the permeate side. This suggests a significant transport resistance not only in the membrane but also at the
interface of the membrane and the substrate.21 By increasing
the sweep flow from 3.3 to 120 mL/min, the measured concentration of p-xylene at the permeate side became negligible. Thus the technique can provide detailed information
on the relative contributions of transport resistances in the
membrane, the interface, and the substrate. Concentration
profiles of n-hexane for two values of feed partial pressures
are shown in Fig. 4共b兲. The characteristic SSPAS bands of
n-hexane are assigned to 1385, 1467, 2878, 2937, and
2965 cm−1. The signal intensities of the 1385 and 1467 cm−1
bands were used for quantitative analysis. The signal
strength is an order of magnitude larger than for p-xylene,
due to the larger number of C–H bonds 共used as the characteristic bands兲 in n-hexane as well as its higher concentration
in the membrane. In both cases, the concentration profiles are
significantly nonlinear, implying that the diffusion coefficients are concentration dependent. Since the sampling depth
can be set to a value exceeding the membrane thickness, the
method described here can also be used for measuring the

overall adsorption of molecules in the nanoporous host membrane. Such measurements are difficult to perform by conventional gravimetric or spectroscopic techniques, considering the small membrane mass 共in relation to the substrate兲
and its optical absorption.
In conclusion, we have demonstrated a method for
studying membrane transport based upon direct in situ measurement of concentration profiles with micron-scale resolution under actual transport conditions. The apparatus can be
easily attached to a gas chromatograph to analyze the permeate stream, so that the transmembrane flux 共J兲 共Refs. 5 and 6兲
can be measured. Hence, important quantities such as the
concentration-dependent diffusivity of a permeant in the
nanoporous membrane can be measured directly as
D共C兲 = −J / 共C / x兲. The determination of D共C兲 has been the
subject of extensive theoretical and simulation efforts.6–10
Additionally, measurements on oriented membranes will
yield information on anisotropic diffusion, which was not
possible with nuclear magnetic resonance and neutron scattering measurements on powder samples. Our method is also
applicable to mixtures for which a distinguishable IR band
for each of the guest species can be identified. In our view,
the development described here has important implications
for the current efforts towards understanding transport in
nanoporous materials and membranes.
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