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Effective non-destructive tools for characterization of flow through defects are essential for the 
development of virtually defect free zeolite membranes. Over the last decades, several techniques have been 
adapted to characterization of defects in zeolite membranes. Special attention has been devoted to 
characterization of flow-through defects. The most relevant examples of such techniques are scanning 
electron microscopy (SEM), fluorescence confocal optical microscopy [1] and permporometry [2-6]. In 
permporometry, a flow of non-condensable gas, e.g. helium, is monitored against the relative pressure of an 
adsorbing compound, e.g. n-hexane. Permporometry data are usually presented as a so-called permporometry 
pattern showing the permeance of the non-condensable gas as a function of relative pressure of the adsorbing 
compound. Our group has recently shown that permporometry is a very effective non-destructive technique 
for characterization of MFI zeolite membranes permitting estimation of the flow-through defect distribution 
for the membrane and prediction of separation performance of the membrane [7]. Excellent agreement 
between SEM observations of defect widths, permporometry data and separation performance was 
demonstrated. SEM instruments have improved significantly over the last decade. We have recently installed 
a state of the art SEM instrument; a FEI Magellan 400 extreme high-resolution (XHR) SEM with a spatial 
resolution of 0.9 nm at an accelerating voltage of 1 kV, in our laboratory. This instrument seems ideal for 
characterization of small defects on uncoated zeolite membranes. The present work represents an extension 
of our previous work on permporometry [7] aiming at characterization of even smaller defects than 
previously possible by the advent of XHR-SEM. 

Figure 1 shows the n-hexane/helium permporometry pattern for a 500 nm thick silicalite-1 membrane of 
good but not excellent quality. A large drop in permeance is observed in the relative pressure range from 0.01 
to 0.44, which indicates the presence of defects with widths in a range of 1.6 to 6.2 nm. It should be noted 
that the estimated relative area (defect area/total membrane area) of these defects amount to as little as 
17×10-5. A defect distribution estimated from the permporometry data for the membrane is presented in Table 
1. The amount of defects is thus very low and hence a patient SEM operator is necessary in order to locate 
these defects. 

Figure 2 shows a XHR-SEM image of the surface of the same 500 nm thick silicalite-1 membrane. The 
image was recorded using an accelerating voltage of 1 kV on a non-coated sample. Defects in the form of 
cracks with a width of about 2–5 nm are observed. However, these defects are very scarce. The defects 
observed by XHR-SEM on the surface of the membrane may thus account for the main fraction of the defects 
observed by permporometry, i.e. from 1.6–6.2 nm. Although a very small amount of defects with a width 
exceeding 6.2 nm also are observed by permporometry, the relative area of these defects is so small that these 
defects should be nearly impossible to find. After a thorough investigation of the membrane by XHR-SEM, 
no defects larger than the one illustrated in Figure 2 could be found. 

 

Figure 1. n-Hexane/helium permporometry pattern 
for a silicalite-1 membrane 

Figure 2. A top-view SEM image of the same 
silicalite-1 membrane 
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Table 1. Permporometry data and estimated defect distribution for the same silicalite-1 membrane 
illustrated in Figure 2 

Relative 
pressure (–) 

Helium permeance at 
equilibrium (mol s-1 m-2 Pa-1) 

Width of defect 
(nm) 

Defect interval 
(nm) 

Relative area a 
of defects (10-5) 

0.0000 6.86×10-6 – – – 
0.0093 1.41×10-7 1.61 – – 
0.0234 1.08×10-7 1.85 1.61 – 1.85 5.65 
0.1368 4.03×10-8 2.91 1.85 – 2.91 8.66 
0.2205 1.93×10-8 3.64 2.91 – 3.64 1.92 
0.4371 1.05×10-8 6.18 3.64 – 6.18 0.54 
0.7373 9.12×10-9 15.51 6.18 – 15.51 0.04 

   > 15.51 0.05 
a Defect area divided by membrane area 

 
It should be noted that no defects could be observed in gold coated 500 nm thick silicalite-1 membranes 

using our old SEM, a Philips XL-30 LaB6 instrument, with a specified resolution of 2 nm. 
The conclusion from this work so far is therefore that non-destructive characterization of very small 

defects in MFI zeolite membranes can be carried out effectively by n-hexane/helium permporometry and 
XHR-SEM. We plan to continue the work by characterizing a set of membranes with very small defects by 
permporometry, separation experiments and XHR-SEM and present the data for the first time at the 
conference. The aim is to illustrate the usefulness of permporometry and XHR-SEM to characterize the 
smallest defects in zeolite membranes and also verify that there is a correlation between permporometry data 
and separation performance of membranes with small defects. 
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