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ABSTRACT 

We report the quantitative, non-destructive determination of the concentration profile of 
an organic molecule in a nanoporous polycrystalline zeolite molecular sieve membrane, by 
step scan infra-red photoacoustic experiments and analysis. An important application of step-
scan photoacoustic spectroscopy is the transport-model-independent experimental description 
of membrane transport, by simultaneous measurement of the concentration profile, membrane 
thickness and membrane flux. A heterogeneous zeolite membrane model system was 
constructed by growing a zeolite MFI layer on a macroporous α-alumina substrate. Step scan 
photoacoustic spectroscopy is then used with a large range (10-500 Hz) of incident signal 
modulation frequencies to obtain a series of depth-dependent infra-red spectra.  

 

Ordered nanoporous materials deposited in the form of 1-100 micron films or 
membranes are receiving a great deal of attention for a range of technological applications1-4 
including molecular sieving membranes for separations, catalytic membrane reactors, and 
templates for guest materials such as nanowires, nanotubes and nanoclusters. The knowledge 
of spatially-resolved membrane composition, particularly the distribution of the guest species 
as a function of depth, is highly desirable in these applications. However, quantitative profiling 
methods such as energy-dispersive X-ray analysis and IR microscopy are destructive (i.e. they 
require cross-sectioning the sample). Moreover, the microscopic mass transport properties of 
guest species in molecular sieving membranes depend strongly on their local concentration5. 
Since intra-membrane concentration profiles have thus far been inaccessible experimentally, 
theoretical models (e.g., Maxwell-Stefan, atomistic, or mesoscopic) are required to interpret 
available experimental information (viz. the trans-membrane flux measured at different feed 
pressures and temperatures)6,7. One important application of step-scan photoacoustic 
spectroscopy is the transport-model-independent characterization of membrane transport by 
simultaneous measurement of the permeant concentration profile, membrane thickness, and 
trans-membrane flux.  

In this work we experimentally demonstrate for the first time the quantitative, non-
destructive measurement of concentration profile of TPA structure directing species in a 
nanoporous model zeolite MFI membrane system. We exploit the technique of step scan 
photoacoustic spectroscopy (SSPAS)8-10 for this purpose. In SSPAS, infra-red radiation 
modulated (chopped) at an acoustic frequency (in the 5-1000 Hz range) is absorbed by a 
sample and converted to heat, which propagates out of the sample as an acoustic wave to 



 

 

create modulated pressure in the gas surrounding the sample in the cell. This signal is 
detected by a sensitive microphone and transformed to an infra-red spectrum. The depth (µs) 
over which the thermal signal is generated, is directly related to the modulation frequency (f) as 
µs = (α/πf)1/2. Here α is the thermal diffusivity (m2/s) of the material. Depth-dependent 
information can be obtained by varying the modulation frequency. The use of a step scan 
interferometer allows the chosen modulation frequency to provide the same sampling depth 
over the entire spectral range. We first derive a simple analytical expression describing the 
strength of the photoacoustic signal from a membrane of continuously varying composition, 
and discuss its application in conjunction with SSPAS measurements to concentration-profile a 
model zeolite MFI11 membrane system. 

The photoacoustic signal density arising from a depth x in the sample, taking into 
account incident light absorption as well as propagation of the resultant acoustic wave through 
the solid, is given by9: 

s/xxeeI µββ −−=      (1) 

where β  is the optical absorption coefficient (or alternatively, the sum of  absorption 
coefficients associated with each of the vibrational bands of the solid) . The optical absorption 
length µβ, is defined as βµβ /1= . For a thermally homogeneous (i.e. thermal diffusivity 
practically constant with depth) and optically heterogeneous (i.e. depth-dependent optical 
absorption) sample, the photoacoustic signal intensity (Q) for a particular sampling depth can 
be expressed as:  
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where K is a system-dependent constant. For the case of an organic-templated zeolite 
membrane, we now express the local absorption coefficient at depth x, as )(10 xCβββ += , 
where β0 is the optical absorption coefficient of the  inorganic zeolite membrane, β1 is the 
absorption coefficient per unit concentration of the organic guest species, and C(x) the depth-
dependent concentration if the guest species. Equation (2) becomes: 
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Equation (3) can be conveniently used to depth-profile a membrane with an unknown 
concentration profile. This can be done by writing the integral as a discretized summation over 
a number of layers, each representing increments in the sampling depth. By carrying out 
SSPAS experiments at progressively decreasing modulation frequencies (i.e. progressively 
increasing sampling depths), the concentration within each incremental layer can be 
determined sequentially. Here we demonstrate a case where an analytical solution of (3) is 
used with a deliberately engineered concentration profile. A double-layered membrane (Figure 
1a) is constructed, composed of an upper membrane layer with an evenly distributed guest 
species and a lower layer without guest species, supported on a substrate. For this system, 
C(x) is a step function with magnitude C0 (0<x<L1) or zero (x>L1). The host membrane 
concentration is constant upto a depth L2 and zero beyond. Figure 1b shows a schematic of 
the membrane. 
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Figure 1. (a) FE-SEM image of the cross-section of a heterogenous MFI membrane, after 
SSPAS experiments were performed. (b) Schematic of a double-layered zeolite 
membrane 

Since the membrane thickness (~ 100 µm) is small compared to the thickness of the 
substrate (~ 1.5 mm), the membrane is characterized as ‘optically transparent’ (i.e. IR radiation 
is absorbed throughout the membrane thickness).  Zeolite materials have low thermal 
diffusivities12,13 (α < 10-6 m2/s) so that the membrane is also characterized as ‘thermally thick’ 
(i.e. the thermal diffusion length µs << µβ, the optical absorption length)9,14. With these 
simplifications, Equation (3) in the region 0<µs<L1 reduces to: 
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The first term is the contribution from the inorganic membrane and the second term from the 
guest species. Therefore, the ratio of signal intensity from the guest and the host is a constant: 
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where subscripts o and m represent the organic guest and membrane respectively. Similarly 
when L1<µs<L2,  
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and when µs > L2,  
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Equations (5), (6), and (7) describe the photoacoustic signal intensity over a range of sampling 
depths. 

The substrate (~ 1.5 mm thickness, 10 mm dia.) for zeolite MFI membrane growth was 
made from α-Al2O3 (Alcoa A-16) powder using a hydraulic press, fired in furnace, and then 
polished. The silicalite (MFI) seed suspension (particle size ~ 200 nm) was synthesized as 
described elsewhere15: The seed suspension was thoroughly sonicated and filtered before 



 

 

use. The zeolite MFI membrane was prepared by secondary growth. The silicate seeds were 
deposited on a polished porous alumina substrate and then grown hydrothermally into a 
membrane at 175 oC. A growth solution of composition 76.6 g DI water: 0.235 g KOH (Fisher 
Scientific): 1.08 g TPABr (Aldrich) : 3.77 g TEOS was used. A membrane grown for 48 hrs was 
then calcined at 500 oC for 6 hours to remove TPA. A heterogeneous (double-layered) zeolite 
membrane model system (Figure 1) was prepared by growing a second zeolite MFI layer on 
the completely calcined membrane layer with a fresh growth solution. The membrane was 
washed repeatedly with hot DI water after each synthesis step. SSPAS experiments were 
carried out on an IFS-55 FTIR spectrometer (Bruker) with an MTEC 300 photoacoustic 
detection module. Modulation frequencies were chosen in the range 11 – 418 Hz and with an 
amplitude of 4λHeNe. After the SSPAS experiments, the membrane was cross-sectioned and 
imaged (Figure 1a) by field-emission SEM (Hitachi S800, 10 kV). 

Figure 2a shows a series of SSPA spectra of the zeolite MFI membrane at several 
modulation frequencies 11 - 418 Hz. The spectral peaks are assigned on the basis of earlier 
literature16 on the infra-red spectra of the MFI/TPA complex. The C-H bending and stretching 
vibrations (~1382, 1469, 2890, 2945 and 2980 cm-1) of TPA are strongly apparent, as also the 
vibrations of the zeolite framework in the 1250 – 800 cm-1 region. As the modulation frequency 
increases, the sampling depth and the hence the PA signal intensity decreases 
correspondingly. The spectra are deconvoluted into the vibrational band components as shown 
in Figure 2b. The bands in the regions of 3600 - 2600 cm-1 and 1600 - 600 cm-1 are 
deconvoluted by non-linear least squares, assuming Gaussian and Lorentzian curve shapes 
respectively. The characteristic bands of the TPA-templated zeolite membrane are assigned to 
1390, 1468, 2892, 2945, and 2980 cm-1 for TPA and 788, 981, 1053, 1185, and 1264 cm-1 for 
MFI. The integrated intensities of  the 2892, 2945 and 2980 cm-1 (TPA) and 788 cm-1 (MFI) 
were used for quantitative analysis, as these are relatively isolated from other bands and 
hence free from any errors related to correlations with other band intensities.  
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Figure 2. (a) Series of SSPA magnitude spectra collected at different modulation frequencies from the double-layered 
MFI membrane. (b) Representative spectrum (at 101 Hz) along with the deconvoluted components. 

Figure 3a shows a log-log plot of PA intensity of the chosen MFI component versus the 
modulation frequency. For modulation frequencies greater than 16 Hz, The PA intensity of the 
MFI band decreases linearly with increasing modulation frequency on the log scale, as 
expected in the case of a membrane whose zeolite component is uniformly distributed along its 
thickness. As modulation frequency is decreased below 16 Hz, the sampling depth exceeds 
the membrane thickness and the intensity levels off abruptly since the entire membrane 
thickness is now being sampled. Using the transition frequency of 16 Hz, we estimate the 



 

 

membrane thickness as 119 µm. For comparison, the membrane thickness obtained by 
(destructive) FE-SEM imaging of the cross-sectioned membrane is found to be 120 µm, which 
is in very good agreement with the PA result. Figure 3b shows the ratio of the TPA and MFI 
band intensities as a function of the sampling depth. It shows three regions as predicted by the 
theory (Equations (5), (6) and (7)) – (I) of constant TPA:MFI ratio, (II) with an exponentially 
decaying ratio, and (III) with a low, almost constant TPA:MFI ratio. Having estimated the 
overall membrane thickness (L2), we fit Equations (5), (6), and (7) simultaneously to the data 
by nonlinear least squares, to obtain L1 (the thickness of the TPA-containing layer) and 
β1C0/β0. The best fit of the model is indicated in Figure 3b, with the parameters β1C0/β0 = 
0.5674 ± 0.063 and L1 = 39 ± 2 µm. The fitted curve captures very well the qualitative features 
of the data, and also gives a reasonably good quantitative fit. It is hence found that the bottom 
layer has a thickness (L2-L1) of 80 µm. Although both layers were grown with the same 
reaction time, the thicknesses are not necessarily equal. The early growth starting from the 
randomly oriented seeds is fast. At a later stage the growth slows down since only the grains 
oriented with their fastest-growing direction normal to the substrate will survive17,18. Since the 
second layer is grown on top of an already existing MFI layer, the growth rate of this layer 
would be slower. PA intensities of Region III in Figure 3b are somewhat lower than the fitted 
values. This is likely due to the difference in thermal diffusion coefficient between the porous 
alumina substrate and the zeolite layer, and diffuse scattering of light incident at the porous 
substrate interface. 
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Figure 3. (a) Log-log plot of the integrated intensity of the characteristic zeolite band vs. 
the modulation frequency. (b) Depth profile of TPA:MFI intensity ratio in the double-
layered zeolite MFI membrane sample. Region (I) TPA-templated layer, (II) calcined 
layer, and (III) substrate. 

 In conclusion, our main focus in this work was to show that SSPAS experiments and 
data analysis in conjunction with photoacoustic signal generation theory, constitute a viable 
means of non-destructively and quantitatively concentration-profiling a molecular sieve 
membrane. This capability is of high relevance to the understanding of structure-function 
relationships which govern the applications of these materials as energy-efficient separations 
devices and nanostructured host materials. We are currently incorporating theoretical and 
experimental improvements to allow more precise quantitative agreement between 
experimental data and fitted results. We then intend to apply the method to membranes under 
a permeation-induced concentration gradient.  
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