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Abstract

Zeolite membranes exhibiting high flux and high selectivity are of major 
interest for potential future applications. In order to achieve high flux and 
high selectivity, the zeolite film must be thin (< 1 μm) and free from flow-
through defects. The development of thin defect free zeolite membranes 
requires powerful tools for characterization of flow-through defects in the 
membranes. Permporometry is one of the most straightforward and powerful 
techniques for characterization of flow-through pores in ceramic membranes. 
In permporometry, the flow of a non-condensable gas, e.g., helium, through 
the membrane is monitored as a function of the activity of a strongly 
adsorbing compound, e.g., hydrocarbon. 

In the present work, MFI membranes prepared by a seeding method were 
characterized by permporometry using helium as the non-condensable gas 
and n-hexane or benzene as the adsorbing compound. In order to appreciate 
permporometry data, the membranes were also characterized by scanning 
electron microscopy (SEM), single gas permeation and separation 
experiments. The permporometry data were then compared to the SEM 
morphology of the membranes, permeances of different probe molecules and 
membrane separation performance. 

In order to determine the conditions of the permporometry experiment 
leading to blocking of zeolite pores, a model describing helium transport in 
the zeolite pores in the presence of n-hexane or benzene was developed. The 
model is based on percolation theory and knowledge of the adsorption 
isotherms and adsorption sites for n-hexane and benzene in the zeolite pores. 
Parameters needed in the model were estimated by Density Functional 
Theory (DFT) using a Local-Density Approximation (LDA), the most 
sophisticated theory yet applied to this system. Based on the permporometry 
data, it was demonstrated that the model could adequately describe helium 
transport in zeolite pores in the presence of the hydrocarbons. The model 
showed that MFI pores were totally blocked at relative pressures higher than 
about 2 × 10-4 and 3.5 × 10-4 for n-hexane and benzene, respectively. 
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The sensitivity of the permporometry technique towards the defect size has 
been improved considerably. The smallest defect size to be detected has been 
lowered to about 0.7 nm allowing a minute characterization of defects in the 
micropore range. It was revealed that high quality MFI membranes prepared 
in the present work contained mainly micropore defects which are most like 
the defects in the zeolite crystal lattice (intracrystalline defects). 

The work has shown how permporometry data could be used to estimate the 
area distribution of the flow-through defects in the membranes. The results 
on the defect distribution were corroborated by the SEM observations and 
the separation experiments. The width of cracks, including support cracks, 
and open grain boundaries observed by SEM was in excellent agreement with 
the defect width estimated from permporometry data. A straightforward 
correlation was observed between separation data and permporometry data, 
i.e. membranes of higher quality according to permporometry analysis 
exhibited greater separation performance. Also, the permeance of molecules 
diffusing through defects in the membrane in the separation experiment was 
found to scale with the permeance of helium through the defects measured in 
the permporometry experiment. In addition, this work showed that single gas 
permeance ratios could not detect slight variations in the membrane quality. 
For membranes with similar however slightly different amount of defects, the 
ratios are mainly affected by the membrane thickness and support 
morphology. 

To summarise, the present work demonstrates that permporometry data 
adequately reflect membrane quality and that permporometry is a very 
powerful technique for MFI membrane characterization. 
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1 Introduction 

1.1 Zeolites at a Glance 

Zeolites (from the Greek words [1] “zeo” – boiling and “lithos” - stone) are 
inorganic materials composed of silicon, aluminium and oxygen 
supplemented with charge-balancing cations, e.g., Na+ or H+. The main 
feature of zeolites is a uniform and well-defined pore structure [2]. The pores 
vary from 0.3 to 1.3 nm in size [3] depending on the framework type [2]. 
According to the International Zeolite Association [4], as many as 194 
different zeolite framework types have been discovered thus far. Each 
framework type is assigned with a three letter code, for instance, FAU, LTA, 
MFI. As an example, Figure 1.1 shows a model of the MFI framework. This 
structure, which was prepared in the present work, has tortuous (a-direction) 
and intersecting straight (b-direction) pores with an average diameter of 
0.55 nm. 

Apart from the pore size, zeolites may have different aluminium content, 
which is usually given by the silicon-to-aluminium ratio (Si/Al). The ratio is 
determined by the synthesis procedure [2]. The higher the ratio, the less polar 
is the zeolite. In other words, the material properties may be tailored by 
altering the ratio to suit a particular application. Depending on the ratio, the 
zeolites of the MFI type are classified into ZSM-5 with a Si/Al ratio of 
10…200, and silicalite-1 with a Si/Al ratio of more than 200 [5]. Silicalite-1 
containing no aluminium is often referred to as all-silica zeolite [5]. 

Figure 1.1. MFI framework [4]. 



2

Owing to the unique properties, zeolites have found numerous applications 
such as, catalysts, e.g., zeolite Y for cracking [2]; ion-exchangers, e.g., for 
water softening (zeolite A [6, 7]); chemical sensors to detect, e.g., 
hydrocarbons [8]; adsorbents [9]; membranes for, e.g., ethanol dehydration 
[10].

1.2 Membranes 

1.2.1 An Introduction to Membrane Science 

The word “membrane” originates from the Latin word “membrum” meaning a 
limb of the body [11]. Nowadays, by “membrane” we imply a very fine “sieve”
allowing separation of mixtures comprised of particles smaller than 1…10 μm 
[12]. There are a variety of membrane separation mechanisms depending on 
the mixture to separate, membrane type and driving force [13]. Among the 
main mechanisms are preferential sorption, difference in diffusivity and molecular 
sieving, see Figure 1.2. In the sorption governed separation, the mixture 
component sorbing in the membrane is passing through the membrane 
whereas the nonsorbing component is rejected. If the separated components 
have different diffusivities in the membrane pores, the component diffusing 
faster will primarily go through the membrane. In the size-based separations 
(molecular sieving), solely the components fitting the membrane pores can 
permeate (go through), as illustrated in Figure 1.2. In real systems, the 
separation is normally governed by a combination of different mechanisms. 
The transport of separated components through the membrane is usually 
driven by a pressure gradient (partial or total), temperature gradient, 
concentration gradient or electrical potential gradient [12]. 

Figure 1.2. Common separation mechanisms. 
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The stream passing through the membrane is denoted permeate, whereas the 
stream rejected by the membrane is called retentate. The inlet stream to the 
membrane is named feed. In order to maintain a partial pressure gradient 
across the membrane, a flow of inert gas, e.g., helium, is often used and it is 
referred to as sweep gas. Membrane performance is usually evaluated in terms 
of flux, permeance and separation factor. The flux of a specific component i can 
be defined by [12] 

film

i
i A

F
J , (1.1)

where Fi is the flow rate of the specific component i through the membrane; 
Afilm is the membrane area. 

The permeance, i , of the specific component i can be derived from the 
flux as [12] 

PA

F

P

J

film

ii
i , (1.2)

where P is the pressure difference across the membrane. 

The separation factor, ji / , is normally calculated as the ratio between mole 

fractions in  and jn  of the separated components i and j in the feed and 

permeate [12]: 

feedji

permeateji
ji nn

nn

)/(

)/(
/ . (1.3)

In general, membranes can be classified into [12, 13] organic, inorganic and 
composite membranes based on the material used for fabrication. Moreover, 
membranes can be porous or dense (nonporous), and supported or self-
supported. The purpose of the support (also denoted substrate) is to improve 
mechanical stability of the membranes and it is thus often used for fabrication 
of thin membranes (< 1 μm) as in the present work. This wide variety of 
membranes can be used in ultrafiltration, microfiltration, reverse osmosis, gas 
separation, liquid separation (pervaporation), dialysis, electrodialysis, 
hemodialysis and many other applications [12, 13]. 
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1.2.2 Zeolite Membranes 

Zeolite membranes are a special class of inorganic membranes featuring the 
unique properties of zeolites. Zeolite membranes are polycrystalline, i.e., 
comprised of many zeolite crystals, normally well-intergrown, varying in size 
from a hundred of nanometres to a few micrometers. Apart from the well-
defined pore structure, zeolite membranes possess high chemical, thermal and 
mechanical stability. The latter is often reinforced by using a robust substrate, 
e.g., alumina discs or tubes. The combination of high durability and 
selectivity lends great potential advantage to zeolite membranes over 
polymeric membranes in numerous separation processes [14]. 

As mentioned above, there are as many as 194 different zeolite framework 
types, however only a few have been prepared as membranes [15], the most 
common being MFI, FAU and LTA. In turn, among the prepared 
membranes only LTA membranes developed by Morigami et al. [10] for 
ethanol dehydration by pervaporation have found commercial application so 
far. High costs and complexity of the fabrication of high-flux-high-selective 
zeolite membranes has hindered their massive commercialization [16]. In 
order to achieve high flux, the membranes must be ultra thin, thinner than 
1 μm [17]. High selectivity requires high quality, implying absence of defects 
in the membranes. In reality, all zeolite membranes possess defects to a certain 
extent and the fabrication of thin defect free membranes becomes a very 
challenging issue. Any channels larger than the zeolite pores can be 
considered as defects. Such defects may be permeable and are then referred to 
as flow-through defects. The nature of the defects may differ depending on the 
cause of defect formation. A very common type of flow-through defects is 
open grain boundaries (intercrystalline defects). Insufficient film growth or 
incomplete seeding, i.e., coverage of the substrate surface with zeolite crystals 
[18], may result in formation of pinholes [19]. Some membranes may contain 
cracks. The cracks are usually formed during the heating of supported zeolite 
membranes to high temperatures (~ 500 °C) due to a mismatch in the 
thermal expansion between the zeolite film and the support [20, 21]. In 
addition, zeolite crystals composing the film may contain intracrystalline defects,
i.e., micropores emanating from non-ideality of the crystals. All the defects 
contribute to lower selectivity of a membrane and, hence, lower quality. 
Thus elimination of the defects is of crucial importance. However, effective 
tools for characterization of defects in zeolite membranes are required for 
studying the amount of defects and developing the methods to eliminate the 
defects in the membranes. One such tool is permporometry which is brought 
to focus in the present work. 
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1.3 Permporometry 

Permporometry, also known as porosimetry [22] and permporosimetry [23], 
is a flow-through technique for pore size characterization in porous 
membranes. Permporometry was first applied for characterization of ceramic 
membranes [24-30]. In 2001, Deckman et al. [31] demonstrated the use of 
permporometry for characterization of defects, mainly in the mesopore range, 
in zeolite membranes and introduced the technique to our group [22]. More 
recently, the technique has been adopted by other zeolite research groups 
[32-35] and also further used by our group [19, 22, 36, 37]. The major 
advantage of permporometry is that it is a simple and non-destructive way of 
characterizing flow-through defects and thus obtaining an assessment of the 
membrane quality. 

The principle of permporometry is based on monitoring how the permeance 
of a non-condensable gas, e.g., helium, through the membrane is changing as 
the concentration of an adsorbate, e.g., n-hexane, in the feed stream is 
increased. Prior to permporometry characterization, the membrane has to be 
dried in a flow of the non-condensable gas to remove moisture from the 
pores. At the beginning of the experiment, the membrane is fed with the 
pure gas only. The gas can permeate through the zeolite pores and defects 
since both pathways are open, see Figure 1.3. Subsequently, a small 
concentration of the adsorbate is added to the feed. The adsorbing molecules 
will primarily adsorb in the zeolite pores blocking the transport of helium 
through the pores whereas the larger pores, i.e., defects, will remain open. 
Further increase in adsorbate concentration leads to blocking of defects. The 
concentration of the adsorbate in the feed can later be correlated to the defect 
width by either the Horvatz-Kawazoe (HK) equation [38] or the Kelvin 
equation [39]. A defect size distribution for the membrane can be obtained 
under the assumption that the flow through the open defects is of a certain 
type such as Knudsen diffusion [40]. 

Figure 1.3. Schematic illustration of the permporometry principle. 
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1.4 A Brief Introduction to Percolation Theory 

Percolation is a mathematical theory introduced in 1957 by Broadbent and 
Hammersley [41] to describe the transport of a gas or fluid in random porous 
media. Such media are comprised of a set of interconnected channels (also, 
pathways or bonds), which may allow gas or fluid to pass through [42], see 
Figure 1.4. The pathways may be open or blocked, fully or partially.  

To describe the medium, one can introduce sites, or intersections, connected 
with bonds, or channels. If the transport of a gas or fluid is primarily 
dependent on the blockage of the bonds, the percolation model developed 
for that case is known as a bond percolation model [42]. In the other case, i.e., 
when the intersections are considered to be open or blocked, the model is 
called a site percolation model [42]. It is worth pointing out that site models are 
more general than bond models. The latter implies that each bond model can 
be converted into a site model but not vice versa [42]. 

Percolation has been used to model a variety of real systems. For instance, 
percolation models have been introduced to describe spreading of oil in water 
[43], infections [44], wildfires [45], conductivities in composite materials [46]. 
Percolation theory has also been applied to describe diffusion in zeolites. 
Chmelik et al. [47] investigated the transport of n-butane/iso-butane mixtures 
in silicalite-1 and a percolation approach was used to describe the accessibility 
of different regions in the silicalite-1 crystal for n-butane. Froment [48] 
described deactivation of a ZSM-5 catalyst by coke formation using 
percolation models. Keffer et al. [49] studied the effects of percolation using 
Monte Carlo lattice dynamics on hypothetical zeolite lattices. The authors 
demonstrated that the percolation theory was apposite for a wide variety of 
transport problems in zeolites. 

It should also be noted that prior to developing a percolation model where 
adsorbed species block the transport, it is important to know the adsorption 
isotherm and the location of the adsorption sites within the framework. The 
MFI pore system is well studied and three different adsorption sites can be 
distinguished, namely intersections, straight and tortuous channels. For MFI, 
adsorption isotherms have been measured for numerous compounds 
including n-hexane [50, 51] and benzene [52, 53] used as adsorbates in the 
present work. According to Monte Carlo simulations of the n-hexane/MFI 
system [54], n-hexane molecules adsorb equally in all the three sites at the 
loadings below 4 molecules per unit cell. At higher loadings, the adsorbate 
occupies only the channels. Benzene exhibits a slightly more complicated 
adsorption behavior [55, 56]. In the low loading range, i.e., < 4 molecules 
per unit cell, all benzene molecules occupy the intersections only. A further 
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increase of the loading to 6 molecules per unit cell results in the two extra 
benzene molecules to adsorb in the tortuous channels. Whereas at the loading 
ranging from 6 to 8 molecules per unit cell, four benzene molecules will 
adsorb in the intersections and the remaining molecules will be distributed in 
the straight channels [56]. 

1.5 Scope of the Present Work 

The scope of the present work was to develop permporometry for a better 
characterization of MFI membranes. The work aimed at improving the 
technique to facilitate characterization of smaller defects and achieving a 
better understanding of the transport of molecules used in the analysis. 

The present work also aimed at benchmarking permporometry against other 
widely used membrane characterization techniques such as scanning electron 
microscopy (SEM), single gas permeation and separation experiments. 

Figure 1.4. Schematic illustration of the structure of an arbitrary porous 
medium. Points are the sites; lines are the open bonds [42]. 
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2 Experimental 

2.1 Membrane Synthesis 

MFI membranes with varying film thickness were grown on masked or non-
masked graded alumina substrates (Fraunhofer IKTS, Germany) by a seeding 
method as described in detail earlier [19, 22]. The masking procedure 
prevents the zeolite film from growing into the support [19]. A colloidal 
solution of 60 nm MFI crystals was used for seeding. The film was grown by 
hydrothermal treatment in a synthesis solution with the molar composition: 
3TPAOH : 25SiO2 : 1450H2O : 100C2H5OH at 100 °C. Table 2.1 
summarizes the differences in the fabrication procedure as well as the sample 
codes. In the codes, U represents membranes prepared on unmasked 
substrates while M indicates masked substrates. The film thickness was 
controlled by the duration of the hydrothermal treatment, and the length in 
hours is indicated in the membrane code with the two digits following the 
letter U or M. After the synthesis, the membranes were rinsed with an 0.1 M 
ammonia solution for 24 h and calcined at 500 °C for 6 h using a heating rate 
of 0.2 °C min-1 and a cooling rate of 0.3 °C min-1.

Table 2.1. Sample codes, preparation procedures and film thickness. 
Membrane 

code Support masking Synthesis time (h) Film thickness (μm) 

U72 No 72 1.8 
U30 No 30 0.9 
M72 Yes 72 1.1 
M30 Yes 30 * 0.5 

* The synthesis time was increased to 36 h in Papers II and III to achieve a film 
thickness of 0.5 μm 

2.2. Single Gas Permeation Experiments 

The flows of He, H2, N2 and SF6 through the membrane were measured by a 
digital flow meter (ADM 2000, Agilent Technologies) at room temperature 
directly after calcination of the membranes using a feed pressure of 1.8 bar 
and atmospheric permeate pressure. 
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2.3 Permporometry Experiments 

Permporometry experiments were carried out using the experimental set-up 
illustrated in Figure 2.1. Helium was used as the non-condensable gas and n-
hexane or benzene were used as the adsorbing compound. 

The membranes sealed in a stainless steel cell with graphite gaskets (Eriks, 
The Netherlands) were first heated to 300 °C at the rate of 1 °C min-1 and 
then kept at 300 °C for 6 h in a flow of pure helium. Thereafter, the 
membranes were allowed to cool to room temperature (Paper I) or 50 °C 
(Papers II and III). The feed pressure was adjusted to 101 kPa using a back 
pressure regulator of membrane type (Moore Products CO, Model 63 SU-L). 
The permeate pressure was atmospheric. The pressure difference was 
continuously recorded with a pressure meter (Chrompak FP-meter Model 
FP-407). Helium gas (AGA 99.999%) was fed to the membrane via mass flow 
controllers (Bronkhorst HI-TEC). One helium stream was fed directly 
towards the membrane, while another one was first saturated with n-hexane 
(Alfa Aesar, 99%), or benzene (Fluka, 99.5%) by passing a helium carrier gas 
stream through three saturators connected in series. The first saturator was 
kept at room temperature, the second in a water bath at 17.5±0.1 °C 
controlled by a thermostat. The third saturator was kept in a thermostatically 
controlled silicone bath at –40.00±0.01 °C in the case of n-hexane, or 
6.00±0.01 °C in the case of benzene. The two helium streams were mixed 
before entering the cell in order to arrive at the required relative pressure of 
the hydrocarbons. Increasing of the relative pressure was performed in a 
stepwise manner. The permeate containing helium and one of the 
hydrocarbons was directed to a condenser followed by a column filled with 

Figure 2.1. Schematic illustration of the permporometry set-up. 
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activated carbon to remove the hydrocarbon from the stream prior to 
measuring the flow rate of helium. The flow of helium was continuously 
recorded by means of a digital flow meter (Chrompak FP-meter Model FP-
407). At each measuring point, the system was allowed to equilibrate until a 
steady state flow of helium was reached. The flow rate was then measured 
accurately with a suitable soap bubble flow meter. These data were used in 
the subsequent calculations. 

2.4 Separation Experiments 

Separation experiments of two mixtures were carried out in the present 
work. One was a mixture of n-hexane and 2,2-dimethylbutane (DMB) 
(Paper I), another – a mixture of n-hexane and 1,3,5-trimethylbenzene 
(TMB) (Paper III). 

Separation experiments with the mixture of n-hexane and DMB (Fluka, 99%) 
in a flow of helium (atmospheric pressure) were carried out after completion 
of the permporometry experiment as follows. The membrane was 
equilibrated with the mixture overnight at room temperature using helium as 
sweep gas (atmospheric pressure). The following day, the measurement 
started at 25 °C and the temperature was increased to about 350 °C with a 
heating rate of 0.5 °C min-1. The permeate was analyzed every 22 minutes 
using a GC (Varian CP-3800) connected on-line. 

Separation experiments using n-hexane and TMB (Sigma-Aldrich, 99.0%) in 
a flow of helium were performed after completion of the permporometry 
experiment as described here. The membrane was first equilibrated with the 
feed at 50 °C overnight. The feed pressure as well as the permeate pressure 
maintained by helium sweep were kept at atmospheric pressure. The next 
day, separation experiments were carried out at about 50, 160, 300 and 
400 °C. The permeate was analyzed with a GC (Varian CP-3800) connected 
on-line. 

The separation factor, hexane/HC-n , was calculated by: 

feedn

permeaten
n nn

nn

HChexane-

HChexane-
hexane/HC- /

/
, (2.1)

where HC is DMB or TMB;
n is the molar fraction. 
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2.5 SEM Observations 

SEM analysis of membranes was carried out using a Philips XL 30 SEM with 
LaB6 electron gun applying gold coating for the samples (Paper I) and a FEI 
Magellan 400 field emission XHR-SEM without any coating (Papers II and 
III).
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3 Modelling 

Percolation models were used to estimate the flow of helium through the 
zeolite pores in the presence of the adsorbates n-hexane or benzene. The 
lattice of a ZSM-5 crystal is equivalent to the diamond lattice with a 
coordination number of 4. In the presence of adsorbing species, the lattice 
bonds, i.e., channels in a zeolite lattice, or intersections (sites), can become 
partially or completely blocked by the adsorbates. By implication of the 
effective medium approximation (EMA), an analytical treatment of the 
percolation problem is possible. The mean diffusivity through the zeolite, Dm,
for bond percolation is given by [49, 57]: 

0
120

g(D)dD
DDz/

DD

m

m , (3.1)

where z is the average coordination number; 
g(D) is the distribution of bond conductances. 

In the current work, a bimodal distribution was used: 

01 DDDDg(D) b , (3.2)

where  is the fraction of blocked channels (loading); 
(1 – ) is the fraction of unblocked channels; 
 is the Dirac delta function; 

D0 is the diffusivity through an unblocked channel; 
Db is the diffusivity through a blocked channel. 

Further, one can define a slip coefficient, f, as the ratio between Db and D0. In 
the present work the slip coefficients were estimated from the data on 
diffusion barriers determined by density functional theory (DFT) calculations 
using a local-density approximation (LDA) as described in Paper II. 

A solution of Equations 3.1 and 3.2 together provides: 
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21
2

0 12

4

2

1
/

m

z/

f
AA

D

D
, (3.3)

where 

12/
1

z

ff
fA . (3.3a) 

For site percolation the following expression [58] was used: 

mmmbmb DQQDDQDDQDD 1

1112

0

2

0

2

, (3.4)

where  

/)1(Q , (3.4a) 

where  is determined from the lattice Green function for a diamond 
lattice [59]. In this case, Q was determined to 1.26; 
D0b can be estimated from [60]:

bb DDD /1/15.0/1 00 . (3.4b)

The measured helium permeance through the zeolite film at each point i in 
the permporometry experiment, ifilm, , is comprised of the helium 

permeance through zeolite pores, ipores, , and the helium permeance through 

defects, idefects, :

idefectsiporesifilm ,,, . (3.5)

ifilm,  was estimated from the helium flow measured in the permporometry 

experiment considering the pressure drop across the film only as described 
earlier [61], i.e., the pressure drop over the support was removed. 

The permeance of helium through zeolite pores at any loading of the 
hydrocarbon can be estimated from 
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0

0

,
, poresD

D im
ipores , (3.6)

where 0
pores

 is the helium permeance through zeolite pores at zero loading. 

Based on the adsorption sites reported, a bond percolation model was used to 
estimate the helium transport in the presence of n-hexane at all loadings since 
n-hexane is mostly adsorbing in the channels (see Section 1.4). Whereas 
when benzene was used, the helium permeance was estimated using a site 
percolation model at loadings up to about half the saturation loading, when 
benzene molecules are occupying the intersections (see Section 1.4). 

The permeance through defects was then estimated from the measured 
permeance of the film and the permeance through zeolite pores using 
Equation 3.5. 

The molar flow through defects, Fdefects,i, was estimated from: 

ifilmfilmidefectsidefects PAF ,,, , (3.7)

where Afilm is the total membrane area; 
Pfilm,i is the pressure drop across the film. 

The area of defects, Ai, with widths in the interval di – di+1 was estimated from 
the molar flow through defects, Fdefects,i, as 

idefects

idefectsidefects
i

J

FF
A

,

1,, , (3.8)

where Fi and Fi+1 represent the helium molar flows through the defects of the 
width corresponding to the hydrocarbon relative pressures Pi and Pi+1,
respectively (see Equations 3.10 and 3.11); 

idefectsJ ,  is the helium molar flux through the defects estimated from Fick’s 

law: 

film

ifilmi
idefects

P

RT

D
J ,

, , (3.8a) 
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where film  is the zeolite film thickness; 

iD  is the helium diffusivity in the defects. 

Helium transport in the defects larger than 2 nm was assumed to follow 
Knudsen diffusion [40]. The Knudsen diffusivity for helium was estimated by 
[39]:

M

T
dD iiK 534.1, , (3.9)

where id  is the width of defects taken as the average defect width in the 

interval under consideration: 2/1iii ddd .

Helium diffusivities in defects smaller than 2 nm were estimated by linear 
interpolation between the Knudsen diffusivity for 2 nm pores and the 
diffusivity measured for the 0.55 nm zeolite pores in the permporometry 
experiment as described in more detail in Paper III. 

In the micropore range (< 2 nm [62]), the width of defects, di, blocked by n-
hexane or benzene at a given relative pressure was estimated using the 
Horvàth-Kawazoe (HK) equation [61]: 

3
0

4

9
0

10

3
0

4

9
0

10

0

ADS

0 )2(3)2(939)(
ln

dddddddd

H

P

P
RT , (3.10)

si ddd 2 , (3.10a)

2/0 as ddd , (3.10b)

where ds is the diameter of a surface atom in the zeolite pores (2.76 × 10-10 m 
[61]);
da is the diameter of the adsorbate (4.3 × 10-10 m for n-hexane [61] and 
5.9 × 10-10 m for benzene [63]); 
d is the slit pore half width; 

 is the zero interaction energy distance: 0
6 4.0 d ;

HADS is the isosteric heat of adsorption (71.8 kJ mol-1 for n-hexane [64] and 
56.5 kJ mol-1 for benzene [65]); 
P/P0 is the relative pressure of the adsorbate. 



17

In the mesopore range (2…50 nm [62]), the width of defects, di, was 
estimated as [66] 

tdd Ki 2 , (3.11)

where dK is the Kelvin diameter given by the Kelvin equation [66]: 

0/ln

4

PPRT

V
d m

K , (3.11a)

where  is the surface tension of the condensing compound; 
Vm is the molar volume of the condensing compound. 

t is the thickness of adsorbed layer estimated from the Harkins-Jura equation 
as [39]: 

0/lg PPB

C
t , (3.11b)

B is –0.04 for n-hexane [66] and 0.02 for benzene [67]; 
C is 16.77 Å2 for n-hexane [66] and 6.34 Å2 for benzene [67]. 

Using the Knudsen model of diffusion, the TMB permeance, TMB , was 
estimated from the helium permeance through defects larger than 0.75 nm 
(kinetic diameter of TMB, see Section 4.4.) obtained from permporometry 
characterization: 

He

TMB

separation

trypermporome

TMB

He
nm75.0TMB P

P

T

T

M

M
defects , (3.12)

where MHe is the molecular weight of helium; 
MTMB is the molecular weight of TMB; 
Tpermporometry is the temperature in the permporometry experiment; 
Tseparation is the temperature in the separation experiment; 

PTMB is the partial pressure difference of TMB across the membrane in the 
separation experiment; 

PHe is the partial pressure difference of helium across the membrane in the 
permporometry experiment. 
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4 Results and Discussion 

4.1 Permporometry Data 

4.1.1 Permporometry Pattern 

In order to present permporometry data, the flow (or permeance) measured 
in the permporometry experiment is normally plotted against the relative 
pressure of the adsorbate. This plot is referred to as a permporometry pattern, see 
Figure 4.1(a). 

In a permporometry pattern, a drop in the flow (or permeance) in a specific 
relative pressure range would indicate the presence of defects with widths 
corresponding to relative pressures in the range (see Equations 3.10 and 3.11). 
For instance, as illustrated in Figure 4.1(a), there is a significant drop in the 
helium flow at a relative pressure of about 0.01. This indicates that the 
membrane contains pores smaller than 1 nm (Equation 3.10) and, in this 
particular case, these pores appear to be the main type of pores since the flow 
dropped by about 99%. On the other hand, the pattern in Figure 4.1(a) 
appears to be nearly flat at the relative pressures above 0.4 indicating that 
practically no defects corresponding to this relative pressure range should be 
present in the membrane. 

Figure 4.1(b) shows the recorded helium flow as a function of time during 
the permporometry experiment for the same membrane. The plateaus in the 
figure correspond to the equilibration time at each experimental point. This 
time normally varies from 2…3 hours for the low relative pressure range (< 
10-3) to 20…30 min at the pressures close to 1. Depending on the number of 
experimental points and the relative pressure used at each point, the total 
duration of the experiment varies from about 5 to 15 hours. 
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Figure 4.1. The flow of helium as a function of relative pressure of n-hexane 
(a) and time (b) for membrane M30-5. 

4.1.2 Helium Transport in the Zeolite Film (Papers II and III) 

As described in Section 3, the permeance of helium through the film is the 
sum of the permeance through zeolite pores and the permeance through 
defects. Figure 4.2 illustrates the helium permeance through the film as well 
as the helium permeance through the zeolite pores and defects as a function 
of relative pressure of n-hexane (a) and benzene (b) for membrane M30-7 of 
type M30. 

The values of helium permeance through the film were obtained from the 
helium flow measured in the permporometry experiment by correcting for 
the pressure drop over the support. For relative pressures lower than 
2.1 × 10-4 for n-hexane and 3.5 × 10-4 for benzene, Region I in Figure 4.2, 
the permeance through the defects was assumed to be constant at 8.6 × 10-7

mol m-2 Pa-1 s-1 for both adsorbates. In this relative pressure range, the helium 
permeance through the zeolite pores was estimated as the difference between 
the helium permeance through the film and defects (see Equation 3.5). 

Figure 4.2 also shows curves corresponding to the percolation models. The 
slip coefficients, f, for n-hexane and benzene estimated by DFT are 
1.73 × 10-5 and 8.2 × 10-5, respectively. 
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Figure 4.2. Permeance through the film ( film ), zeolite pores ( pores ) and 

defects ( defects ) as a function of relative pressure of n-hexane (a) or benzene 

(b) for membrane M30-7. The points represent values estimated from 
experimental data and the lines represent the percolation models. 

Experimentally determined helium permeance through the zeolite pores, see 
Region I in Figure 4.2, is well described by the percolation models. The fit is 
good for both n-hexane and benzene indicating that the developed models 
adequately describe the helium transport in the zeolite pores in the presence of 
n-hexane or benzene. It should thus be fair to use the percolation models to 
estimate helium permeance through the zeolite pores in the entire relative 
pressure range. 

At relative pressures higher than 2.1 × 10-4 for n-hexane and 3.5 × 10-4 for 
benzene, see Region II in Figure 4.2, the helium permeance through the 
zeolite pores is more than two orders of magnitude smaller than the helium 
permeance through the film, i.e., the permeance through the film occurs only 
through defects.

As the above findings revealed, relative pressures higher than 2.1 × 10-4 and 
3.5 × 10-4 for n-hexane and benzene, respectively, can be used to determine 
helium permeance through the defects and, hence, estimate the defect size 
distribution. The P/P0 values of 2.1 × 10-4 and 3.5 × 10-4 correspond to HK 
diameters of 0.71 and 0.85 nm, respectively (Equation 3.10). Such small 
defects have never been probed by permporometry until now. Thus the 
permporometry technique developed in the present work provides the 
opportunity to carry out a detailed characterization of defects in the micropore 
range.
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Figure 4.3. Adsorption isotherms for n-hexane (top) determined at 60 °C 
[51] and benzene (bottom) determined at 50 °C [52, 53] by gravimetry 

(diamonds). The curves illustrate Langmuir adsorption isotherms fitted to the 
gravimetrical data and shifted to 50 °C in the case of n-hexane. Circles 

represent our data, recorded at 50 °C, derived from the percolation models. 

Figure 4.3 shows adsorption isotherms for n-hexane [51] and benzene [52, 
53] measured gravimetrically on MFI zeolite powder at 60 °C and 50 °C, 
respectively. The curves shown in the Figure represent Langmuir models 
fitted to the data and in the case of n-hexane the data from [51] was also 
shifted to the experimental temperature of 50 °C as described in Papers II and 
III. The circles represent data obtained in the present work as follows. The 
values of loading were estimated from Equations 3.3 and 3.4 for each 
experimentally determined permeance through zeolite pores, i.e., for the 
permeance in Region I in Figure 4.2. The agreement between the reference 
data and our data is good but not perfect. Nevertheless, the good agreement 
also indicates that the percolation models are realistic.

4.1.3 Defect Size Distribution 

Tables 4.1 and 4.2 show typical examples of defect size distributions 
determined from n-hexane and benzene permporometry data. The 
distribution of defects is expressed as relative areas, i.e., the ratio between the 
area of defects (Equation 3.8) and the total membrane area. 
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Table 4.1: Helium permeance via defects and relative areas of the defects for 
membrane M30-7 estimated from n-hexane permporometry data. 

P/P0 Permeance via defects Pore width Pore interval Relative area of 
defects * (%) (–) (10-7 mol s-1 m-2 Pa-1) (nm) (nm) 

     
2.14 × 10-4 8.61 0.71 – – 

3.53 × 10-4 6.23 0.73 0.71 – 0.73 0.21 

1.07 × 10-3 3.20 0.80 0.73 – 0.80 0.23 

3.60 × 10-3 1.52 0.91 0.80 – 0.91 0.100 

1.05 × 10-2 0.79 1.04 0.91 – 1.04 0.033 

2.40 × 10-2 0.51 1.19 1.04 – 1.19 0.0103 

1.16 × 10-1 0.25 1.78 1.19 – 1.78 0.0060 

2.07 × 10-1 0.23 2.97 1.78 – 2.97 0.00039 

3.56 × 10-1 0.19 4.25 2.97 – 4.25 0.00037 

   > 4.25 0.0013 
     

 Total: 0.59 
   

* Area of defects divided by the membrane area 

Table 4.2: Helium permeance via defects and relative areas of the defects for 
membrane M30-7 estimated from benzene permporometry data. 

P/P0 Permeance via defects Pore width Pore interval Relative area of 
defects * (%) (–) (10-7 mol s-1 m-2 Pa-1) (nm) (nm) 

     
3.55 × 10-4 8.61 0.85 – – 

1.08 × 10-3 4.60 0.92 0.85 – 0.92 0.22 

3.64 × 10-3 3.19 1.03 0.92 – 1.03 0.065 

9.78 × 10-3 1.29 1.14 1.03 – 1.14 0.072 

2.62 × 10-2 0.54 1.33 1.14 – 1.33 0.023 

1.01 × 10-1 0.26 1.80 1.33 – 1.80 0.0061 

1.87 × 10-1 0.21 2.60 1.80 – 2.60 0.00065 

3.58 × 10-1 0.18 4.05 2.60 – 4.05 0.00033 

   > 4.05 0.0014 
     

   Total: 0.39 
     

* Area of defects divided by the membrane area 



24

For this particular membrane, the major fraction of defects, accounting for 
97% of the total area of defects, is the defects smaller than 1 nm. Such small 
defects are likely defects in the zeolite crystals, i.e., intracrystalline defects. The 
amount of defects in the range of 2…4 nm in size, determined both by n-
hexane and benzene permporometry, is very low and constitutes as little as 
0.001% of the total membrane area. The relative area of defects larger than 
4 nm is also very small and amounts to 0.002% of the total membrane area. 
These defects are most likely defects in form of open grain boundaries.

The presented defect distribution is typical for high quality membranes of 
type M30. The amount of defects is usually low and represented mostly by 
micropores. Permporometry patterns for such membranes appear to be nearly 
flat at elevated relative pressures, i.e., above 0.4, as illustrated in Figure 4.1(a). 

It should also be noted that the results obtained from permporometry 
characterization using different adsorbates are rather similar. Defect size 
distribution estimated from n-hexane permporometry data resembles that 
estimated from benzene permporometry data, as illustrated in Figure 4.4. The 
good agreement between the two alternatives of the technique indicates that 
the estimated defect area distribution should not essentially be influenced by 
the adsorbates. 

Figure 4.4. Relative area of defects as a function of defect width. 
Lines are only guides for the eye. 
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4.2 SEM Analysis (Papers I and III) 

Scanning Electron Microscopy (SEM) is widely used for characterization of 
morphology, including defects, of zeolite. In the present work, a number of 
membranes with a different amount and type of defects according to 
permporometry were inspected by SEM in order to benchmark 
permporometry. The main findings are summarized below. 

Figure 4.5 illustrates four permporometry patterns recorded for membranes of 
the following types: U72, U30, M72 and M30. The appearance of the 
permporometry patterns is different in each case indicating different amounts 
and types of defects in the membranes. Top view and cross-sectional SEM 
images for the same membranes are shown in Figures 4.6 – 4.9, respectively. 

Figure 4.5. n-Hexane/helium permporometry patterns 
for membranes of types U72, U30, M72 and M30. 
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Figure 4.6. Top view (a) and cross-sectional (b) SEM images of 
membrane U72. 

Figure 4.7. Top view (a) and cross-sectional (b) SEM images of 
membrane U30. 

Figure 4.8. Top view (a) and cross-sectional (b) SEM images of 
membrane M72. 
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Figure 4.9. Top view (a) and cross-sectional (b) HR-SEM images of 
membrane M30. 

SEM inspection of the membranes U72, U30 and M72 revealed the presence 
of cracks in the membranes (see Figures 4.6 – 4.8, respectively). It should be 
noted that cracks formation in membranes of types U30, U72 and M72 is 
common as discussed in more detail elsewhere [19]. The cracks in membrane 
U72 are about 25…30 nm in width and often propagate into the support, see 
Figure 4.6(b). The permporometry pattern for this membrane indicates the 
presence of defects larger than 19 nm, inferred from a significant permeance 
drop at relative pressures higher than 0.78, see Figure 4.5. There is thus good 
agreement between defect width observed by SEM and permporometry. 
Moreover, the high residual helium permeance, i.e., the permeance at P/P0 ~ 
1, indicates the presence of larger defects remaining open at that pressure, 
such as support cracks, again demonstrating excellent agreement with the 
SEM observations. 

The cracks in membranes U30 and M72 are narrower than in membrane 
U72 and have a width of about 15 and 10…15 nm, respectively. Also, no 
support cracks were observed by SEM. In the permporometry pattern for 
membrane U30, a large drop in permeance is observed at the relative pressure 
above 0.73, which corresponds to defects with a width larger than 15 nm, in 
agreement with SEM observations. The permporometry data for membrane 
M72 indicate a significant permeance drop only in the relative pressure range 
0.22…0.75 corresponding to the defects with widths between 3.6…16 nm, 
in perfect agreement with SEM observations. 

Figure 4.9 shows HR-SEM images of the top surface (a) and the cross-section 
(b) of a membrane of type M30. The defect distribution for this membrane is 
similar to that presented in Tables 4.1 and 4.2, i.e., most of the defects are 
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micropores smaller than about 1 nm as indicated by the significant drop in 
helium permeance at P/P0 < 0.025 (Figure 4.5). It is worth pointing out that 
these defects are too small to be detected even by high resolution (HR) SEM 
analysis. The SEM observation did not reveal any cracks or pinholes on the 
surface of the membrane, in line with the permporometry data. Figure 4.9(a) 
shows zeolite grains with a width of more than 100 nm and grain boundaries. 
The grain boundary in the middle of the image represents one of the widest 
grain boundaries observed on the membrane surface. The width of the 
boundary appears to be about 5 nm, but this grain boundary could also be 
narrower within the membrane than at the surface. Several grain boundaries 
that are narrower than 5 nm at the surface can also be observed in the image. 
The SEM analysis entirely supports the observations from permporometry, 
i.e., the membranes are free of large defects but grain boundaries are certainly 
present.

In summary, the excellent agreement between SEM observations and defect 
widths estimated from permporometry data demonstrates that 
permporometry is a very effective and accurate characterization tool for flow-
through defects in MFI membranes. 

4.3 Single Gas Permeation Data (Paper I) 

Single gas permeation data is often used to estimate the quality of membranes. 
The method based on comparing the permeances of different gases is simple 
and fast [68-71]. In the present work, permeances of He, H2, N2 and SF6

were measured for six membranes of type M30 with a varying amount of 
defects larger than 1 nm according to permporometry analysis. The aim was 
to identify any correlation between the permporometry data and single gas 
data. 

Figure 4.10 shows permporometry patterns for the selected membranes. As 
illustrated, all the membranes are of relatively high quality, i.e., similar to the 
membrane M30 discussed in the previous section. However, the appearance 
of the patterns at P/P0 > 0.01 differs from one membrane to another 
indicating different amounts of defects larger than 1 nm (Equation 3.10). The 
permeance at P/P0 = 0.01 represents total permeance through defects larger 
than 1 nm. The lower the permeance, the lower is the area of the defects and 
the higher is the membrane quality. To identify any correlation between 
helium permeance at P/P0 = 0.01 and single gas permeation data obtained for 
the six membranes, the single gas permeance ratios were plotted against the 
permeance, see Figure 4.11. 
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Figure 4.10. n-Hexane/helium permporometry patterns for six selected 
membranes of type M30 with high, yet varying quality. 

Figure 4.11. Permeance ratios as a function of the helium permeance at 
a P/P0 of n-hexane equal to 0.01 for six membranes of type M30. 



30

It is evident that the single gas permeance ratios illustrated in Figure 4.11 are 
almost constant and independent of the helium permeance at P/P0 = 0.01 for 
this selection of membranes, that all have relatively high quality. Jareman et 
al. [72] showed that if the membrane was not very defective, single gas 
permeance ratios were affected by the variations in membrane thickness, 
substrate morphology and pressure drop rather than by defects. Thus, the 
minor differences in the observed permeance ratios most likely emanate from 
the experimental errors or small differences in the membrane thicknesses or 
substrate morphology. Hence, single gas permeance ratios cannot indicate 
membrane quality for membranes that all have relatively high quality. Instead, 
single gas permeance ratios mostly reflect the properties of zeolite crystals and 
are rather insensitive to small differences in the amount of defects. Not even 
the He/SF6 ratio reflects differences in the amount of defects. This is probably 
the case since SF6 molecules readily diffuse through zeolite pores as discussed 
earlier by Jareman et al. [69]. 

4.4 Separation Experiments (Papers I and III) 

The separation performance of a membrane for certain mixtures is strongly 
dependent on the membrane quality, i.e., the amount of defects. Such 
mixtures are composed of one component with high permeability through 
the zeolite pores and another component with low permeability through the 
zeolite pores. For such mixtures, membranes of higher quality exhibit greater 
separation performance than membranes of poorer quality. In other words, 
separation performance is a direct measure of membrane quality. In the 
present work, a number of membranes of type M30 with a varying amount 
of defects according to permporometry were selected for separation 
experiments with mixtures of n-hexane and DMB, and n-hexane and TMB. 
n-Hexane has high permeability in zeolite pores, while DMB and TMB have 
very low permeability. 

The six membranes discussed in the previous section, i.e., M30-1…6, were 
tested for the separation of n-hexane and DMB. Figure 4.12 shows n-
hexane/DMB separation factor recorded at room temperature as a function of 
the helium permeance at a relative n-hexane pressure of 0.01. A strong 
correlation between the separation factor and the helium permeance at P/P0

= 0.01 is observed for five out of the six membranes. In other words, for five 
out of the six membranes the quality indicated by permporometry is in 
excellent agreement with the separation performance. It is possible that more 
defects formed in membrane M30-4 after characterization by 
permporometry, which may explain the unexpectedly low separation factor 
observed for this membrane. 



31

Figure 4.12. Separation factor n-hexane/DMB at room temperature as a function of 
the helium permeance at a P/P0 of n-hexane of 0.01. 

Figure 4.13. n-Hexane/TMB separation factor and TMB permeance 
observed at 160 °C as a function of relative area of the defects larger than 

0.75 nm. Lines are only guides for the eye. 
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Separation experiments were also carried out using a mixture of n-hexane and 
TMB. The latter was selected due to the large kinetic diameter of 0.75 nm 
[63] of the molecule resulting in the molecules to be transported through the 
membrane mainly via defects larger than 0.75 nm. Hence, the permeance of 
TMB should reflect the amount of defects larger than 0.75 nm in the 
membrane. To minimize the effect of adsorption on TMB transport without 
introducing defects, the separation tests were carried out at 160 °C. Three 
membranes of type M30: M30-7…9 possessing different quality according to 
permporometry data were selected for the experiments. The relative area of 
defects larger than 0.75 nm, as estimated from permporometry data, was 0.38, 
0.44 and 0.55% for membranes M30-7, M30-8 and M30-9, respectively. 

Figure 4.13 shows n-hexane/TMB separation factors and TMB permeances 
observed at 160 °C as a function of the relative area of defects larger than 
0.75 nm. Excellent correlation between area of defects larger than 0.75 nm as 
determined by permporometry and the n-hexane/TMB separation factors as 
well as the TMB permeance is observed. Moreover, TMB permeances were 
scaled with the helium permeance through defects larger than 0.75 nm using 
Equation 3.12. Table 4.3 shows TMB permeances measured at 160 °C in the 
separation experiments and predicted using Equation 3.12, as well as the ratio 
between the measured and predicted values. The predicted values assuming 
Knudsen diffusion are about 3 times higher than the measured. This indicates 
that Knudsen diffusivities for TMB in the defects are greater than the actual 
diffusivities as anticipated since the size of most of the defects is comparable 
to or slightly larger than the kinetic diameter of TMB. A similar behaviour 
was observed for helium in the zeolite pores (see Paper III for more details). 
Surface diffusion is known to be relevant when the pore size is similar to the 
molecule size [39]. Thus, the estimation of the TMB transport using only 
Knudsen model of diffusion is rather rough and oversimplified. However, it 
should still be fair to use this approach to appreciate the order of magnitude 
of TMB diffusivities in the defects. The similarity in measured and predicted 
values of the permeances indicates that the area distribution obtained from 
permporometry characterization is reasonable.

Table 4.3: Measured and predicted TMB permeances. 

Membrane 
Measured TMB permeance Predicted TMB permeance Ratio 

Pred./Meas.(10-8 mol Pa-1 m-2 s-1)
    

M30-7 0.52 1.68 3.2 
M30-8 0.90 1.90 2.1 
M30-9 1.14 4.00 3.5 
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To conclude, all the findings in combination indicate that permporometry 
data adequately reflect the membrane quality and can serve as a very effective
and reliable tool for membrane quality characterization. 
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5 Conclusions 

The present work showed that the transport of helium through MFI zeolite 
membranes in the presence of hydrocarbons was adequately described by 
percolation models. The models revealed that relative pressure needed to fully 
block zeolite pores was about 2 × 10-4 and 3.5 × 10-4 for n-hexane and 
benzene, respectively. 

The sensitivity of permporometry characterization regarding the defect size 
has been improved significantly. The smallest defect size to be detected has 
been lowered to about 0.7 nm which has opened up the opportunity to 
conduct a detailed characterization of defects in the micropore range. 

The work also demonstrated how the area distribution of the defects could be 
obtained from the permporometry data. The results were corroborated by 
SEM analysis and separation experiments using mixtures of n-hexane and 2,2-
dimethylbutane (DMB), and n-hexane and 1,3,5-trimethylbenzene (TMB). 

Single gas permeation data were shown to not reflect slight variations in the 
membrane quality if the membranes were of relatively high quality, i.e., had a 
small amount of defects. For this kind of membranes, the single gas ratios are 
mainly affected by the membrane thickness and support morphology. 

In summary, the present work shows that permporometry is a very effective 
and accurate tool for characterization of MFI membranes. The data obtained 
by permporometry adequately reflect the membrane quality. 
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a b s t r a c t

In permporometry analysis of zeolite membranes, the permeance of a non-adsorbing gas, such as helium,
is measured as a function of pressure of a strongly adsorbing compound, such as n-hexane in the case of
silicalite-1 membranes. The adsorbing compound effectively blocks the transport of the non-adsorbing
gas already at very low activity of the adsorbing compound. The plot of the permeance of the non-
adsorbing gas as a function of relative pressure of the adsorbing compound is denoted a permporometry
pattern. The present work is based on experimental data for a number of thin MFI membranes with a film
thickness ranging from 300 to 1800 nm. An adsorption-branch permporometry experiment is simple and
straightforward and after activation of the membrane by removing adsorbed species at 300 ◦C in a flow
of dry gas, a full permporometry pattern is recorded within about 7 h for such membranes. It is shown
how the distribution of flow-through defects can be estimated from the permporometry pattern using a
simple model for permeation based on Knudsen diffusion. The estimated defect distribution is supported
by SEM observations. In addition, the permeance of the non-adsorbing gas through defects measured
in permporometry can be used to predict the permeance of molecules diffusing through defects in the
membrane in mixture separation experiments and also indicate the separation factor. For instance, the
helium permeance through defects in an MFI membrane measured by helium/n-hexane permporometry
at room temperature can be used to estimate the permeance of 2,2-dimethylbutane (DMB) in a mixture
separation experiment at a higher temperature with a feed containing both DMB and n-hexane by assum-
ing Knudsen diffusion for both helium and DMB in the defects. Also, the separation factor ˛n-hexane/DMB

in a mixture separation experiment at a certain temperature with an MFI membrane with a given defect
distribution can be estimated from n-hexane/helium permporometry data recorded at the same tempera-
ture through an empirical correlation. In summary, adsorption-branch permporometry is a very effective
tool for analysis of thin zeolite membranes, that in short time gives data that can be used to estimate the
distribution of flow-through defects in the membrane and to estimate the transport of large molecules
through defects in separation experiments and also estimate separation performance.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zeolite membranes have the potential to achieve both high
flux and selectivity due to the well defined micropores in the
zeolite crystals as demonstrated in recent publications. One exam-
ple is the MFI membranes prepared by Tsapatsis and co-workers
[1]. The MFI crystals were b-oriented and the film thickness
was about 1 �m. These membranes have a separation factor of
about 400 for a mixture of p/o-xylene and a p-xylene perme-
ance of about 2 × 10−7 mol m−2 s−1 Pa−1 at 200 ◦C. Our group has
also reported MFI membranes with very high flux and selec-
tivity [2]. These membranes had a 500 nm thick film on a
graded alumina support. A separation factor of 227 for a n-
hexane/2,2-dimethylbutane mixture and a n-hexane permeance

∗ Corresponding author. Tel.: +46 920 492105; fax: +46 920 491199.
E-mail address: Jonas.Hedlund@ltu.se (J. Hedlund).

of 6 × 10−7 mol m−2 s−1 Pa−1 at 400 ◦C was reported [2]. The H2
permeance for the latter membranes at room temperature was as
high as about 220 × 10−7 mol m−2 s−1 Pa−1, which is unparalleled
by permeances reported for other zeolite membranes. To obtain
high separation factors, the membranes must practically be defect
free. However, in the case of MFI membranes supported on alumina,
cracks may form during the calcination process [3]. The MFI crystals
experience a weak contraction at about 175 ◦C (dehydration) and a
strong contraction in the temperature range 275–500 ◦C (template
removal) while the alumina support expands. Depending on how
well the MFI crystals are intergrown, this difference in thermal con-
traction/expansion may result in stress in the composite and crack
formation [3]. In the development of defect free membranes, an
effective characterization tool for flow-through defects is essen-
tial. Electron microscopy may be useful, but only defects visible at
the surface of the samples can be characterized nondestructively
by SEM. If the observed defects are in the form of cracks or pin-
holes, such defects are likely flow-through defects. However, open

0376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2009.09.012
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grain boundaries in the micropore range are difficult to observe by
SEM due to the limited resolution and the question if any observed
open grain boundaries on the surface of the membrane actually are
flow-through defects remains unanswered. Non-destructive imag-
ing of grain boundaries by fluorescence confocal optical microscopy
(FCOM) was demonstrated [4] a few years ago. In FCOM, grain
boundaries are impregnated with fluorescent molecules and these
molecules are viewed by confocal microscopy. A great advantage
with FCOM is that the grain boundaries can be viewed across the
entire cross-section of the membrane in a non-destructive manner
and it is thus possible to identify flow-through defects. However,
a disadvantage is the limited lateral and axial resolution of about
0.25 and 0.5 �m, respectively. This is close to or greater than the
grain size and thickness of the zeolite layer in high flux zeolite mem-
branes [1,2] and FCOM is thus only useful for relatively thick zeolite
membranes. Various forms of a non-destructive technique denoted
Permporometry have been developed for characterization of flow-
through pores in ceramic membranes [5–10]. This technique was
adapted to analysis of zeolite membranes by researchers at Exxon,
which first was presented at a conference [11] and more recently,
the extension of the technique for determination of adsorption con-
stants has been described [12]. In this technique, the permeance of
a non-adsorbing gas such as helium is measured as a function of
pressure of a strongly adsorbing compound such as n-hexane that
effectively blocks the transport of the non-adsorbing gas through
zeolite pores already at low activity of the adsorbing compound.
First, the permeance through zeolite pores and defects of the non-
adsorbing gas is measured for a dry membrane at zero pressure
of the adsorbing compound (point 1). Then, a low pressure of the
adsorbing compound is introduced in the feed and the permeance
of the non-adsorbing gas is measured at steady state (point 2). It
is important that the adsorbing compound completely blocks the
transport of the non-adsorbing gas through the zeolite pores at
point 2, and at the same time leaves as much of the defects larger
than zeolite pores open. This calls for the use of a compound that
is adsorbing strongly in the zeolite, such as n-hexane in the case
of silicalite-1 membranes and water for polar zeolite membranes
such as zeolite A and FAU. In this case, the remaining permeance
of the non-adsorbing gas in the presence of the adsorbing com-
pound at point 2 will stem from transport of the non-adsorbing
gas through defects that are larger than the pore size estimated
from the pressure of the adsorbing compound by for instance the
Horvath–Kawazoe (H–K) potential function [13]. The pressure of
the adsorbing compound is then increased step-wise (points 3, 4,
5, . . .) and the permeance of the non-adsorbing gas is measured
at steady state. The corresponding pore size at these points can be
estimated using for instance the Kelvin equation. This data, i.e. per-
meance of non-adsorbing gas and corresponding pore sizes can be
used to estimate a defect distribution in the membrane.

We have reported the synthesis and testing of various types
of zeolite membranes with varying morphology during sev-
eral years [2,14,15]. The conclusions have partially been based
on permporometry data. More recently, other groups have also
employed the technique for characterization of zeolite mem-
branes and a few examples are given in the reference list
[16–19].

Based on our long experience with the technique [2,14,15],
the present work describes the use of adsorption-branch
n-hexane/helium permporometry at room temperature for char-
acterization of flow-through defects in a range of MFI membranes
with varying morphology as observed by SEM. Based on new data,
the present work will also illustrate how permporometry can be
used to estimate the distribution of flow-through defects in a zeo-
lite membrane and predict permeance of molecules that are mainly
permeating through defects in the same zeolite membrane in sep-
aration experiments and, based on permporometry data, estimate
the mixture separation performance of the zeolite membranes for
the first time. In summary, the present work will show that n-
hexane permporometry is an excellent characterization tool for MFI
zeolite membranes.

2. Experimental

2.1. Membrane preparation

MFI membranes with varying film thickness were grown on
masked or non-masked graded supports as described earlier [2,15].
The sample codes and preparation procedure are summarized in
Table 1. In membranes of types U72, U30 and M72, cracks form
reproducibly, which has been discussed in detail in earlier work.
The observed crack widths by SEM for these membranes are given
in Table 1. In membranes grown on unmasked supports (sam-
ple code starts with U) the cracks are wider than in membranes
grown on masked supports (sample codes starts with M) at a given
film thickness. The film thickness is controlled by the duration
of hydrothermal treatment in hours (indicated in the membrane
code). The cracks are wider in thicker films. For membranes with
thin films grown on masked supports of types M30 [2] and M30R
[14], no cracks are observed by SEM. Open grain boundaries are
introduced by 30 days rinsing in 0.1 M NH3 in membranes of type
M30R as discussed in detail before [14].

2.2. Single gas permeation experiments

Single gas permeance data were recorded at room temperature
directly after calcination of the membranes using a feed pressure
of 0.8 bar and atmospheric permeate pressure.

2.3. Permporometry

Adsorption-branch n-hexane/helium permporometry data
were recorded for all membranes at room temperature using the
experimental setup outlined in Fig. 1.

The membrane was first mounted in a stainless steel cell using
graphite gaskets (Eriks, The Netherlands) for sealing. The mem-
branes were heated to 300 ◦C overnight in a flow of dry helium
and then cooled to room temperature. The feed pressure was then
adjusted to 0.5–1.0 bar, depending on the permeance, using a pres-
sure regulator of membrane type (Moore Products CO, Model 63
SU-L). The feed pressure was continuously recorded with a pressure
meter (Chrompak FP-meter Model FP-407) connected to a com-
puter. The permeate was kept at atmospheric pressure. Helium

Table 1
Sample codes, preparation procedures and SEM observations.

Membrane code Support masking Duration of hydrothermal
treatment (h)

Rinsing procedure SEM film thickness (nm) Defects observed by SEM Reference

U72 No 72 0.1 M NH3; ∼24 h 1800 30 nm cracks and support cracks [15]
U30 No 30 0.1 M NH3; ∼24 h 900 15 nm cracks [15]
M72 Yes 72 0.1 M NH3; ∼24 h 1100 10–15 nm cracks [15]
M30 Yes 30 0.1 M NH3; ∼24 h 500 No cracks [15,20]
M30R Yes 30 0.1 M NH3; 30 days 300 Pinholes [14]
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Fig. 1. Experimental setup for adsorption-branch permporometry.

gas (AGA 99.999%) was fed to the membrane via two mass flow
controllers (Bronkhorst HI-TEC). One of the helium streams was
saturated with n-hexane (Alfa Aesar, 99%), p-xylene (Aldrich, anhy-
drous, >99%) or benzene (Fluka, ≥99.5%) by bubbling through two
saturators, the first kept at room temperature and the second in a
water bath kept at lower temperature, i.e. 17.2 ± 0.1 ◦C controlled
by a thermostat. The two helium streams were mixed to arrive at
the required relative pressure of hydrocarbon.

Increasing concentrations of hydrocarbon was added to the feed
and the helium permeance was continuously recorded using a dig-
ital flow meter (Chrompak FP-meter Model FP-407) connected to
a computer. When steady state flow was reached, the flow was
measured with a suitable soap bubble flow meter. The helium flow
measured with the soap bubble flow meter was used in subsequent
calculations. A relative pressure of n-hexane of about 0.025 or 0.01
was chosen at point 2, in early work and later work, respectively,
in order to ensure that the MFI zeolite is completely blocked by
n-hexane. These relative pressures of n-hexane corresponds to a
defect size of about 1.9 nm or 1.7 nm, respectively, (see Section
3) and defects that are larger than this can thus be characterized
by these permporometry experiments. The relative pressure of n-
hexane was then increased stepwise to about 0.025, 0.1, 0.2, 0.4,
0.7 and 1 and the helium permeance at steady state was measured.

The thickness of the adsorbed layer (t) at a given pressure (pi) of
n-hexane was estimated using the Harkins–Jura (HJ) equation [21]:

t =
√

C

B − lg(p/p0)
(1)

The constants B (−0.04) and C (16.77 Å2) were fitted to reported
thickness of adsorbed layer of n-hexane at corresponding relative
pressure of n-hexane for silicalite-1 [22].

For defects narrower than 2 nm, the Horvath–Kawazoe (H–K)
equation [23] was used to estimate the width of defects (di) blocked
by n-hexane at given pressure:

RT ln
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, (2)

di = 2d − ds, (2a)

d0 = ds + da

2
, (2b)

where di is the pore diameter, ds the diameter of a surface atom
in the zeolite pores, da the diameter of n-hexane, d the slit pore
half width, � the zero interaction energy distance, � = (2/5)1/6d0,
�HADS the isosteric heat of adsorption (�HADS for silicalite-1 is
71.8 kJ mol−1 [24]) and p/p0 is the relative pressure of the hydro-
carbon.

For defects wider than 2 nm, the Kelvin equation [21] was used
to estimate the width of defects (di) blocked by n-hexane at the

given pressure:

ri = −2�Vm

RT ln(p/p0)
, (3)

where ri is the radius of pores, � the surface tension of hydrocar-
bon (for n-hexane � is 1.84 × 10−2 N m−1 [25]) and Vm is the molar
volume of hydrocarbon (for n-hexane Vm is 1.31 × 10−4 m3 mol−1).

Since adsorption occurs before capillary condensation, the
width of defects (di) was estimated by summing the HK (dHK) or
Kelvin diameter (dK) and the thicknesses of the two adsorbed lay-
ers:

di = dHK + 2t (for pores < 2 nm), (4)

di = dK + 2t (for pores > 2 nm). (4a)

It should be noted that the defects in the zeolite membrane is in
the form of cracks and open grain boundaries [4,15], i.e. the defects
are likely slit shaped. The HK equation is derived for slit-shaped
pores and is thus appropriate to use. However, the Kelvin equation
is derived for circular pores. Nevertheless, the width of defects esti-
mated by Eq. (4a) from permporometry data is in good agreement
with SEM observations (see below), which justify the use of the
Kelvin equation. The flux through defects was assumed to follow
Fick’s law:

J = −DK

RT

dp

dz
, (5)

where dp/dz is the pressure gradient across the membrane. The
area Ai of defects with widths in an interval di–di+1 was estimated
from the measured molar helium flows Fi and Fi+1 at equilibrium at
n-hexane pressures pi and pi+1, respectively:

Ai = Fi − Fi+1

J
. (6)

The Knudsen diffusion coefficient DK,i allowing for the constric-
tion factor (ϕp) and the tortuosity (�̃) was estimated from the
relation [21]:

DK,i = �p3.068ri

�̃

√
T

M
, (7)

which is valid for cylindrical pores with radius ri. As pointed out
above, the defects are in the form of cracks and open grain bound-
aries and not cylindrical pores. However, since Eq. (4a) is used to
estimate the widths of defects, it is appropriate to use Eq. (7) to esti-
mate the Knudsen diffusion coefficient. The radius ri was taken as
half of the average defect width in the interval under consideration:

ri = di + di+1

4
(8)

Fig. 2 shows adsorption isotherms for a few hydrocarbons in MFI
zeolite. It illustrates that n-hexane is adsorbing and saturates MFI
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Fig. 2. Adsorption isotherms for various hydrocarbons in MFI zeolite [26,27].

zeolite at a relative pressure of n-hexane of about 0.001. In addition,
about 8 n-hexane molecules per unit cell are present at saturation.
The transport of the non-condensable gas should thus be com-
pletely blocked at a relative pressure of n-hexane of about 0.001. In
principle, the relative pressure at point 2 could thus be set as low as
0.001 in n-hexane permporometry using a MFI membrane, which
corresponds to a defect size of about 1.5 nm (Eq. (4)). The smallest
defects in MFI membranes that can be characterized by n-hexane
permporometry are thus >1.5 nm if 8 molecules per unit cell are
needed to block the transport of helium completely. However, our
current experimental setup is not designed to accurately control
such low relative pressures of n-hexane, and we have thus cho-
sen 0.01 as the relative pressure in point 2. n-Pentane is probably
also a very suitable hydrocarbon for permporometry characteri-
zation of MFI zeolite membranes, since the adsorption isotherm
for n-pentane is similar to the one for n-hexane. Also n-heptane
and p-xylene seems to be useful adsorbates, if the relative pres-
sure at point 2 is 0.01 or higher. Based on the adsorption isotherm,
it is uncertain if benzene is a suitable adsorbing compound in
permporometry analysis of MFI membranes. If the relative pres-
sure at point 2 is taken as 0.01, only 4 molecules of benzene per
unit cell will be absorbed. However, if this is sufficient to block the
MFI pores completely for helium transport, benzene may also be
useful for permporometry characterization of MFI membranes.

2.4. Separation experiments

After completion of the permporometry experiment, the feed
was changed to a mixture of 11 kPa n-hexane, 11 kPa 2,2-
dimethylbutane (Fluka, ≥99%) with helium balance to 101 kPa and
mixture separation experiments were carried out using 101 kPa
helium as a sweep gas. The membrane was first equilibrated with

the feed overnight at room temperature and the following day, the
measurement started at 25 ◦C and the temperature was increased
to about 350 ◦C with a heating rate of 0.5 ◦C/min. The permeate
was analyzed every 22 min using a GC (Varian chrompack CP-3800)
connected on-line. The separation factor ˛n-hexane/DMB was then
calculated from:

˛n-hexane/DMB = yn-hexane/yDMB

xn-hexane/xDMB
, (9)

where x and y are the molar fractions of n-hexane and DMB in the
feed and permeate respectively.

2.5. An attempt to estimate DMB transport in mixture separation
experiments from He permeance recorded in permporometry
experiment by a simple model

The corresponding relative pressure (p/p0)m in the mixture in
the separation experiment was estimated from the pressure of n-
hexane (pn-hexane) and DMB (pDMB) in the feed using Raoult’s law
[28]:(

p

p0

)
m

= pn-hexane + pDMB

xn-hexanepn-hexane
0 + xDMBpDMB

0

. (10)

Since the feed composition was 11 kPa n-hexane, 11 kPa 2,2-
dimethylbutane, this corresponds to a relative pressure of 0.86
at room temperature according to Eq. (10). Analogous to the
permporometry experiment, defects smaller than about 30 nm (Eq.
(4a)) will thus be blocked for gas flow in the separation experiment
at room temperature, see Fig. 3.

Since the diffusivity of DMB in the zeolite pores has been
reported as small as 4.6 × 10−20 m2 s−1 [29], the DMB flow through
zeolite pores in the membrane should be as small as about
1 × 10−15 mol s−1 at room temperature in the separation experi-
ment. Using the Wilke–Chang equation [30], the DMB diffusivity in
liquid phase was estimated to 3.6 × 10−9 m2 s−1. The Wilke–Chang
equation can be used to estimate diffusivities in ordinary liquids
and it is possible that the DMB diffusivity in the liquid phase
that has condensed in defects smaller than 30 nm in the zeolite
membrane may be even smaller. However, by using this diffusiv-
ity, the DMB transported in the liquid phase that has condensed
in defects smaller than 30 nm (see Fig. 3) should be as small as
about 5 × 10−10 mol s−1 for a membrane with a defect distribution
according to Table 3 at room temperature. The Knudsen diffusiv-
ity for DMB in defects larger than 30 nm is 2.8 × 10−6 m2 s−1 (Eq.
(7)). The Knudsen flow of DMB through defects larger than 30 nm
that are open (free of condensed phase), see Fig. 3, is thus about
5 × 10−9 mol s−1, which is several orders of magnitude larger than
the DMB flow through zeolite pores and also about one order of
magnitude larger than DMB flow through liquid condensed in the
defects. Therefore, at room temperature, the flow of DMB through
zeolite pores and the DMB flow through liquid phase condensed in
defects can be neglected compared to the flow of DMB transported
by Knudsen diffusion through the open defects. Furthermore, this

Fig. 3. Schematic representation of DMB transport through an MFI membrane in separation experiments.
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should also be true for our separation experiments at higher tem-
peratures. Since the feed composition is kept constant and the
temperature is increased during the separation experiment, the
relative fraction of open defects will increase and the relative frac-
tion of defects blocked by liquid phase will decrease, and transport
of DMB by Knudsen diffusion in gas phase via open defects will
dominate.

The DMB flow (FDMB) at a certain temperature (Tseparation) and
thus a certain relative pressure (p/p0i

) in the separation experiment
was therefore estimated from permporometry data by interpolat-
ing (see Eq. (11)) the helium flow (Fp/p0i±1He ) in the permporometry
experiment at room temperature (Tpermporometry) measured at
lower relative pressure (p/p0i−1

) than p/p0i
and at higher relative

pressure (p/p0i+1
) than p/p0i to the helium flow (Fp/p0iHe ) at p/p0i .

Fp/p0iHe = Fp/p0i+1He + Fp/p0i+1He − Fp/p0i−1He

p/p0i+1
− p/p0i−1

(
p

p0i

− p

p0i−1

)
. (11)

The DMB flow (FDMB) in the separation experiment was esti-
mated by scaling the helium flow at p/p0i

assuming Knudsen
diffusion and accounting for differences in temperature, driving
force and differences in molecular weight between helium and
DMB:

FDMB = Fp/p0i
He

√
MHe

MDMB

Tpermporometry

Tseparation

�PDMB

�PHe
, (12)

where FDMB is the estimated DMB flow in the separation exper-
iment, Fp/p0i

He the He flow in the permporometry experiment at a
certain relative pressure of n-hexane, MHe the molecular weight of
He, MDMB the molecular weight of DMB, Tpermporometry the tempera-
ture in the permporometry experiment, Tseparation the temperature
in the separation experiment, �PDMB the partial pressure difference
of DMB across the membrane in the separation experiment and
�PHe is the partial pressure difference of He across the membrane
in the permporometry experiment.

2.6. Electron microscopy

The membranes were characterized by SEM using a Philips XL
30 instrument with LaB6 electron gun after gold coating by sputter-
ing. Since the events leading to crack formation likely are occurring
at high temperatures, i.e. at 175 ◦C (dehydration) and 275–500 ◦C
(template removal) [3] during calcination of the membrane as
described above, it is unlikely that new cracks formed during sam-
ple preparation for SEM analysis.

Fig. 4. Permporometry raw data for membrane M305 of type M30.

3. Results and discussion

3.1. Permporometry pattern and defect distribution

Fig. 4 shows the recorded helium flow as a function of time dur-
ing a permporometry experiment for membrane M305 of type M30
with high quality. A helium flow of 345 ml min−1 is recorded ini-
tially, at p/p0 = 0. When some hydrocarbon vapour is introduced in
the feed (p/p0 ∼ 0.01), steady state is reached after about 25 min
(the plateau at about 7000 s indicated p/p0 = 0.01), and the helium
flow is reduced to about 2.6 ml min−1 due to blockage of zeo-
lite pores and some micropores by n-hexane (see below). After
increasing the n-hexane concentration in the feed (p/p0 ∼ 0.02), the
helium flow is reduced further to about 1.8 ml min−1 due to block-
age of larger micropores. As the relative pressure of n-hexane is
increased stepwise to 0.99, the helium flow is reduced further and
the duration of the whole experiment (counting from introduction
of hydrocarbons at p/p0 ∼ 0.01 until steady state at p/p0 ∼ 0.99) is
about 7 h.

3.2. SEM observations and permporometry patterns

Fig. 5a shows a SEM top-view image of a membrane of type U72.
Cracks with a width of about 30 nm are observed. These cracks are of
both inter- and trans-granular type, i.e. the cracks propagate both
in grain boundaries and through grains. It should be noted that
these cracks are far apart and high magnification is required to dis-

Fig. 5. Top view (a) and cross-sectional (b) SEM images of membrane U72.
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Fig. 6. n-Hexane/helium adsorption-branch permporometry patterns for mem-
branes of types U72, U30, M72, M30 and M30R.

cover the defects. However, the cracks are easy to find for a skilled
SEM operator used to work with zeolite membranes. In addition,
the cracks are evenly distributed with regular spacing between the
cracks over the entire membrane surface. Fig. 5b shows a cross-
sectional image of the membrane, which illustrates that at least
some of the cracks propagate throughout the entire zeolite film,
even into the support, i.e. support cracks.

The n-hexane/helium adsorption-branch permporometry pat-
tern for a membrane of type U72 is shown in Fig. 6, please note the
logarithmic y-scale. In addition to the drop in helium permeance
when the zeolite pores are blocked (i.e. when p/p0 is increased from

zero to about 0.025), a significant drop in helium permeance is only
observed in the relative pressure range above 0.78, which corre-
sponds to defects with a width larger than 19 nm (estimated using
Eqs. (2)–(4a)). This corresponds well to the crack width of about
30 nm observed by SEM. The helium permeance at p/p0 ∼ 1 is as
high as 6 × 10−7 mol m−2 s−1 Pa−1, which indicates the presence of
larger defects, that apparently cannot be blocked by condensation
of n-hexane, such as support cracks, as observed by SEM.

Fig. 7 shows SEM images of membrane U30. In this case, cracks
with a width of about 15 nm, but no support cracks, are observed.

In the permporometry pattern, a large drop in permeance is
observed in the relative pressure range p/p0 > 0.73, which corre-
sponds to defects with a width larger than 15 nm, in agreement with
SEM observations. Furthermore, the helium permeance at p/p0 ∼ 1
is as low as 0.09 × 10−7 mol m−2 s−1 Pa−1, which indicates that no
larger defects, such as support cracks should be at hand, in agree-
ment with SEM observations.

Fig. 8 shows SEM images of membrane M72. In this case,
cracks with a width of about 10–15 nm and no support cracks
are observed. In the permporometry pattern, a significant per-
meance drop is only observed in the relative pressure range
0.22 < p/p0 < 0.75, which corresponds to defects with a width
between 3.6 and 16 nm, in perfect agreement with SEM observa-
tions.

Fig. 9 shows SEM images of membrane M30. In this case, no
defects are observed by SEM. The permporometry pattern for this
membrane type is also very flat in the whole relative pressure range
0.025 < p/p0 < 1, i.e. very small amounts of defects are detected by
permporometry in agreement with SEM observations. However, a
defect distribution for this type of membrane, which mostly con-
tains defects that are too small to be detected by SEM, can be
estimated from permporometry data, see below.

Fig. 7. Top view (a) and cross-sectional (b) SEM images of membrane U30.

Fig. 8. Top view (a) and cross-sectional (b) SEM images of membrane M72.



Author's personal copy

282 J. Hedlund et al. / Journal of Membrane Science 345 (2009) 276–287

Fig. 9. Top view (a) and cross-sectional (b) SEM images of membrane M30.

Table 2
Lengths of the unit cell axes in empty MFI crystals in a powder and after loading with about 8 eight molecules of p-xylene, benzene and n-hexane, respectively.

Empty [32] 8 p-xylene [33] 8 benzene [32] Approximately 8 n-hexane [34]

a (Å) 20.101 20.120 19.996 19.911
b (Å) 19.872 19.827 19.935 20.135
c (Å) 13.365 13.435 13.427 13.408
Difference in a (%) – 0.09 −0.52 −0.95
Difference in b (%) – −0.23 0.32 1.32
Difference in c (%) – 0.52 0.46 0.32
Unit cell volume change (%) – 0.39 0.26 0.69

Fig. 10 shows SEM images of membrane M30R. The zeolite
film thickness after synthesis in this membrane is somewhat less
(400 nm) than in membranes of type M30 (500 nm), which is prob-
ably due to that other chemicals were used during the synthesis of
membrane M30R. Membrane M30R has been rinsed for 30 days in
a 0.1 M NH3 solution prepared from silicate free water (distilled in
a Teflon apparatus), which was replaced every day. This treatment
dissolved some of the zeolite film, which reduced the film thick-
ness to about 320 nm after rinsing, and opened grain boundaries
between the crystals, as discussed elsewhere [14]. However, no
defects or open grain boundaries are observed by SEM, as illustrated
in Fig. 10.

The permporometry pattern for membrane M30R is shown in
Fig. 6. A significant permeance drop is observed in the whole rela-
tive pressure range up to p/p0 = 0.69, which corresponds to defects
with a diameter smaller than 13 nm. Since these defects obvi-
ously not are cracks, but rather open grain boundaries between
the crystals, it is difficult to observe these defects by SEM,
as illustrated in Fig. 10. The helium permeance at p/p0 ∼ 1 is
1.4 × 10−7 mol m−2 s−1 Pa−1, which indicates the presence of a few

larger defects, which apparently cannot be blocked by condensa-
tion of n-hexane. Pinholes were observed by SEM.

In summary, the excellent agreement between SEM observa-
tions and defect widths estimated from permporometry data using
Eqs. (4) and (4a) demonstrates that n-hexane permporometry is a
very effective and accurate characterization tool for flow-through
defects in MFI membranes.

In a recent paper from Falconer and co-workers [19], it is cor-
rectly pointed out that n-hexane expands calcined MFI crystals to
some extent. Table 2 shows the unit cell axes lengths for calcined
powders of MFI zeolite as well as MFI zeolite powder loaded with
approximately eight molecules of p-xylene, benzene and n-hexane,
respectively. Some of the axes expand while others contract upon
hydrocarbon adsorption. However, the unit cell volume of MFI zeo-
lite powder is increasing about 0.7% by adsorption of n-hexane at
room temperature. It should be noted that in a supported zeolite
film such in a membrane, the crystals may behave differently than
in a powder as recently reported by our group [31]. The different
behaviour of crystals in a supported film may be caused by both
the bonding of the crystals to the support and to each other in a

Fig. 10. Top view (a) and cross-sectional (b) SEM images of membrane M30R.
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rigid film which obviously should diminish the crystal expansion
in the support plane upon adsorption of hydrocarbons. The width
of the largest grains on the surface of M30 membranes is about
200 nm, see Fig. 9. However, all these grains grew from a densely
packed layer of seed crystals with a width of about 50 nm and the
average width of a grain is thus roughly 100 nm × 100 nm × 500 nm.
If this grain expands 0.7%, it corresponds to about 0.7 nm in the
membrane plane. Furthermore, it is likely that the formation of
defects in the form of open grain boundaries and cracks is at least
a partially irreversible process and that the defects may remain
fully open even after adsorption of hydrocarbons. In addition, the
excellent agreement between SEM observations and permporom-
etry data indicates that the expansion of MFI crystals is at least not
affecting the defects observable by SEM to any larger extent. As
shown in Table 2, all hydrocarbons, such as p-xylene and benzene,
also expand MFI powder crystals upon adsorption, and eventual
expansion of the zeolite is difficult to avoid and will occur in most
applications of zeolite membranes.

Falconer and co-workers [19] further point out that MFI crystals
in powder expand less upon benzene adsorption and that benzene
is a more suitable adsorbate in permporometry experiments. How-
ever, the expansion upon adsorption of benzene still is about 0.3%,
i.e. almost half of that for n-hexane, see Table 2.

Falconer and co-workers [19] state that “Methods that
use n-hexane (n-hexane permporometry and n-hexane/2,2-
dimethylbutane (DMB) separation) are shown to not be effective for
characterizing MFI zeolite membranes because n-hexane adsorp-
tion swells MFI crystals and shrinks the size of nonzeolitic pores.”
The authors further find benzene permporometry more suitable
than n-hexane permporometry. This conclusion is questioned. First
of all, their permporometry data for a boron substituted ZSM-5 (B-
ZSM-5) membrane shows that a n-hexane activity of 1.6 × 10−3

reduced the helium flux to <1% of that a n-hexane activity of 0
at 298 K. This data indicates that the quality of these membranes
is good but not excellent and comparable to our membrane M303
(see below). However, at a benzene activity as high as about 0.9,
the helium flux was only reduced to about 30% of that for a dry
membrane. Based on this information and pervaporation data these
authors conclude that benzene is a more suitable adsorbate for
permporometry experiments. However, if as much as 30% of the
helium flux remains at a benzene activity of about 0.9, it indi-
cates that the B-ZSM-5 membrane is highly defective with cracks
larger than about 46 nm (using Eq. (4a) adapted to benzene)! It is
highly unlikely that such large defects can be blocked by expan-
sion of the zeolite crystals upon n-hexane adsorption as suggested
[19]. Furthermore, these membranes showed low separation fac-
tors (˛ between 1.3 and 3.9) in mixture pervaporation experiments
using mixtures of n-hexane and DMB again indicating highly defec-
tive membranes. If n-hexane would expand the crystals and block
most of the defects as suggested, high separation factors would be
observed in the pervaporation experiments with n-hexane in the
feed. The data presented thus seems highly inconsistent and the
conclusions erroneous. In order to shed some light on this issue,
we recorded adsorption-branch He permporometry patterns using
n-hexane, benzene and p-xylene as adsorbates for two additional
M30 membranes with high, yet varying quality, see Fig. 11.

Nearly identical results are obtained with n-hexane, benzene
and p-xylene as adsorbates for our MFI membranes as opposed to
the dramatical differences observed for B-ZSM-5 membranes [19].
The small difference in expansion of the MFI zeolite crystals upon
adsorption of hydrocarbons thus seems to have no or very small
effect on the permporometry pattern for our MFI membranes. This
is likely due to that the formation of defects in the form of open
grain boundaries and cracks in the membranes is at least a partially
irreversible process as discussed above. The very different results
observed here compared to the results presented by Falconer and

Fig. 11. Adsorption-branch He permporometry data for two membranes of type
M30 using n-hexane, benzene and p-xylene as adsorbates.

co-workers [19] may be related to the different compositions of
the membranes, i.e. B-ZSM-5 versus silicalite-1, the average crystal
size 15 �m × 15 �m × 0.5 �m versus 100 nm × 100 nm × 500 nm,
differences in preferred orientation of the crystals in Falconers and
Nobles membranes [19] and our membranes, respectively, or errors
in the measurements [19].

Furthermore, our data at p/p0 ∼ 0.01 indicates that as few as 4
benzene molecules per unit cell blocks the helium transport in the
zeolite pores almost as effectively as 8 n-hexane molecules or 8
p-xylene molecules per unit cell, which is somewhat surprising.

It is also well known that calcined MFI crystals have an unusual
thermal behaviour [35]. The volume expansion coefficient of cal-
cined MFI is positive at low temperatures and negative at high
temperatures and about 27.7 × 10−6 K−1 between 298 and 348 K
and −15 × 10−6 K−1 between 393 and 975 K. Thus, if calcined MFI
zeolite is heated from 25 to 75 ◦C, the unit cell volume of the zeo-
lite crystals expands by about 0.14%. This is as much as 1/5 of the
expansion caused by the adsorption of n-hexane. If the MFI zeolite
is further heated from 75 to 400 ◦C (common temperature for gas
phase separations by MFI membranes) the unit cell contracts by
about 0.45%, i.e. this volume change is comparable to the volume
change caused by adsorption of hydrocarbons.

The conclusion from the discussion above is that although
hydrocarbons expand MFI zeolite powder upon adsorption, this
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Table 3
Typical permporometry data and estimated defect distribution for the high quality membrane M301 of type M30.

Relative pressure Helium permeance at
equilibrium (mol s−1 m−2 Pa−1)

Width of defect (nm) Defect interval (nm) Relative areaa of defects (10−5)

0.0000 7.69 × 10−6 – – –
0.0085 4.11 × 10−8 1.64 – –
0.0219 1.98 × 10−8 1.88 1.64–1.88 3.64
0.1291 9.41 × 10−9 2.86 1.88–2.86 1.32
0.2099 7.51 × 10−9 3.51 2.86–3.51 0.18
0.4240 6.56 × 10−9 5.94 3.51–5.94 0.06

0.7216 5.15 × 10−9 14.43 5.94–14.43 0.04
>14.43 0.11

a Defect area divided by membrane area.

seems to have no effect on the defect distribution in films and thus
the permporometry data for our MFI zeolite membranes.

3.3. Estimation of defect distribution from permporometry data

Table 3 shows permporometry data for the high quality
membrane M301 of type M30. The helium permenace is about
8 × 10−6 mol s−1 m−2 Pa−1 for a “dry” membrane at a relative pres-
sure of 0. This permeance is in line with what we have reported
previously [2]. The H2 permeance for this membrane is about
20 × 10−6 mol s−1 m−2 Pa−1. These permeances are about 10 times
higher than reported by other groups. As discussed previously [2],
this high permeance is a result of the thin film (500 nm) grown on
a graded support, that was masked during film growth to reduce
support invasion. Already at a relative pressure of about 0.009,
the zeolite pores are blocked by strongly adsorbed hydrocarbon
molecules, and the helium permeance is reduced over two orders of
magnitude to about 4 × 10−8 mol s−1 m−2 Pa−1. This relative pres-
sure corresponds to a defect width of 1.64 nm and the observed
helium permeance should thus emanate from permeance through
defects larger than 1.64 nm. At the next relative pressure, 0.022,
which corresponds to a defect width of 1.88 nm, the helium per-
meance is reduced further. The difference in helium permeance
recorded at relative pressure of ∼0.01 and 0.022 can be used to
estimate a relative area of defects (defect area/membrane area)
with a width between 1.64 and 1.88 nm using Eqs. (5)–(8). For this
particular membrane, this relative defect area is as small as about
3.6 × 10−5, i.e. as little as about 36 ppm of the surface is comprised of
defects with this width. However, these defects are difficult to char-
acterize by scanning electron microscopy, even by the best in-lens
or semi in-lens cold field emission gun SEM instruments. However,
this is something we will attempt to do in the future. By treat-
ing the remaining permporometry data in the same way, a defect
distribution for the whole membrane can be estimated, see Table 3.

The relative area of defects for membrane M301 in the interval
5.94–14.4 nm is as small as about 4 × 10−7, i.e. only 0.4 ppm of the
membrane area is comprised of defects of this size. Although these
defects are large enough to be observed by SEM, the amount of these
defects is very small and it is not surprising that the membrane
appears defect free when observed by SEM.

3.4. Single gas permeation data vs. permporometry patterns

To indicate any correlation between permporometry, single
gas and mixture separation data, a number of membranes of
type M30 were fabricated and evaluated by single gas perme-
ation experiments and permporometry. Based on this data, a range
of membranes of type M30 with high but varying quality, were
selected for further evaluation by separation experiments. Fig. 12
shows permporometry patterns for these membranes. It is clear
that all membranes have similar permporometry patterns, indicat-
ing that all membranes have relatively high and similar quality and

Fig. 12. n-Hexane/helium adsorption-branch permporometry patterns for six
selected membranes of type M30 with high, yet varying quality.

are crack free. By “relatively high quality” we suggest that these
membranes are similar in quality to the membrane of type M30
with permporometry pattern as in Fig. 6 and with a defect free
appearance in the electron microscope as illustrated in Fig. 9. The
membranes are thus significantly better (of higher quality) than the
membranes of types U30, U72, M72 and M30R.

As follows from above, the helium permeance at a n-hexane
relative pressure of about 0.01 (point 2), reflects the total area of
defects in the membrane, i.e. the higher helium permeance at point
2, the more defects. Fig. 13 illustrates single gas permeance ratios
as a function of the helium permeance at p/p0 ∼ 0.01. These single
gas ratios are in line with our previous reports and characteristic
for our isomer selective silica rich MFI membranes [2] tested under
these conditions. As we have shown before [36], these ratios are
dependent on film thickness and feed pressure. In addition, the
SF6 diffusivity in these silica rich MFI membranes is quite high
and in combination with the strong adsorption of this molecule,
this results in high SF6 permeance and a relatively low He/SF6 per-
meance ratio of about 5–6 under these experimental conditions
[36]. Much lower SF6 permeances, and consequently, higher He/SF6
permeance ratios are observed for alumina rich MFI membranes
[37]. The quite different ratios reported by other groups for MFI
membranes can be explained by differences in film thickness, feed
pressure and Si/Al ratio in the MFI zeolite. It is clear that the sin-
gle gas permeance ratios illustrated in Fig. 13 are independent of
the helium permeance at p/p0 ∼ 0.01 for this selection of mem-
branes, that all have relatively high quality. These results are in
line with a previous report [38] from our group. In this report
it was shown that if the membrane is not very defective, single
gas permeance ratios are much more affected by the variations in
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Fig. 13. Permeance ratios as a function of the He permeance at p/p0 = 0.01 for mem-
branes of type M30.

the substrate and by variations of pressure drop than by defects.
Thus, the minor differences in the observed permeance ratios in
the present work are likely caused only by experimental errors or
small differences in membrane thickness or substrate morphology.
Therefore, single gas permeance ratios cannot indicate membrane
quality for membranes that all have relatively high quality. The
almost constant single gas permeance ratios for these membranes
thus reflect intrinsic diffusion in the zeolite pores rather than dif-
fusion in defects.

3.5. Estimation of DMB transport and separation performance
from permporometry data

The separation factor ˛n-hexane/DMB as a function of temperature
for membranes M301 and M303 is shown in Fig. 14. Membrane
M301 has a separation factor of about 30 and membrane M303 has
a separation factor of about 40 at room temperature. The separation
factor is then increasing to about 60 for membrane M303 and to 50
for membrane M301 when the temperature is increased to 50 ◦C.

Fig. 14. Separation factor ˛n-hexane/DMB as a function of temperature for membranes
M301 and M303 of type M30.

Fig. 15. Measured and predicted DMB flows as a function of temperature for mem-
brane M303 (a) and M301 (b).

Then the two membranes behave completely different. The separa-
tion factor for membrane M303 is almost constant at 50 when the
temperature is increased to 350 ◦C. For membrane M301, the sepa-
ration factor is increasing to about 120 at 200 ◦C and then drops to
50 at 350 ◦C as for membrane M301. We speculate that this differ-
ence in temperature dependency of separation factor is related to
small differences in the onset of coke formation in the defects in the
two membranes as the temperature is increased. The appearance
of the membranes changed from white before the measurements
to grey and carbon was detected by EDS analysis (no gold coat-
ing in this case) on the membranes after measurements. It appears
as coke formation started in membrane M301 already at temper-
atures above 100 ◦C, which resulted in very high separation factor
at 200 ◦C. It appears as coke formation started at higher tempera-
tures in membrane M303 and that the defects in both membranes
were equally blocked by coke at 350 ◦C, which resulted in identical
separation factors at 350 ◦C. Random variations in separation fac-
tor as a function of temperature, perhaps caused by random onset
of coke formation, were observed for all membranes M301–M306.
The main conclusion from these observations is that defect charac-
terization by permporometry should be carried out at the intended
separation temperature.

Fig. 15a shows measured DMB flow in the separation experi-
ment as a function of temperature and predicted DMB flow from
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Table 4
Prediction of separation factor.

Membrane He permeance (10−7 mol s−1 m−2 Pa−1) Measured separation factor Predicted separation factor Relative error (%)

M303 0.29 40.0 35.8 10.6
M304 0.39 21.3 28.8 −35.1
M301 0.41 29.5 27.5 6.7
M302 0.46 25.2 24.0 4.6
M306 0.47 21.1 23.3 −10.6
M305 0.61 16.6 14.3 14.0

Fig. 16. Separation factor ˛n-hexane/DMB at room temperature as a function of the
helium permeance at p/p0 = 0.01.

permporometry data by Eq. (12) for membrane M303. At room
temperature, the predicted DMB flow through the membrane via
defects by Knudsen diffusion is about 10 times lower than the mea-
sured flow. This indicates that DMB is mainly transported through
an additional diffusion mechanism, such as via surface diffusion
[21] through both open defects and defects “blocked” by hydro-
carbon in the zeolite membrane. However, at higher temperatures,
the predicted DMB flow is approaching the estimated DMB flow by
Knudsen diffusion, and at 215 ◦C, the difference in estimated and
predicted flow is only about 25%. Again, this indicates that surface
diffusion dominates at low temperatures, and at high temperatures,
DMB is mainly transported by Knudsen diffusion through the open
defects, which explains the good correlation between estimated
flow by Knudsen diffusion with measured DMB flow at 215 ◦C.

Similar trends were observed for membrane M301, see Fig. 15b.
However, in this case, the predicted DMB flow at 215 ◦C is around 3
times higher than the measured flow, probably due to coke forma-
tion in the defects in this membrane, which reduced the measured
DMB flow and increased the separation factor as discussed above.

The discussion above clearly shows that it may be difficult
to predict membrane performance at higher temperatures from
permporometry data recorded at room temperature due to coke
formation at higher temperatures. Also, DMB transport is proba-
bly occurring via both Knudsen diffusion and surface diffusion and
can only be estimated if the transport by both Knudsen and surface
diffusion are known. However, it should be possible to correlate
permporometry data recorded at room temperature to separation
factor at room temperature as illustrated in Fig. 16.

This figure shows the separation factor ˛n-hexane/DMB at room
temperature as a function of the helium permeance at p/p0 = 0.01.
For this set of membranes, there is a linear correlation with a regres-
sion coefficient of 0.74 between these two variables. The separation
factor ˛n-hexane/DMB at room temperature can thus be predicted by

the empirical correlation:

˛n-hexane/DMB = −68˘He
0.01 + 55 (13)

where ˘He
0.01 is the helium permeance at p/p0 = 0.01.

It should be noted that other correlations in addition to the
one above were also evaluated such as the separation factor
˛n-hexane/DMB at room temperature as a function of the ratio of the
He permeance at p/p0 = 0 to the He permeance at p/p0 = 0.01. All of
them resulted in lower correlations than 0.74.

Table 4 shows the measured separation factor at room temper-
ature, the separation factor predicted by Eq. (13) and the relative
error.

For five out of six membranes the relative error in prediction
of the separation factor is less than 15%. Therefore, adsorption-
branch permporometry can be used not only for assessment of
membrane quality but also for prediction of membrane separation
performance.

4. Conclusions

Adsorption-branch permporometry is a simple and powerful
technique to estimate the distribution of flow-through defects in
zeolite membranes. For similar membranes of high quality, there
is no correlation between permporometry data and single gas
permeance ratios and the latter does not reflect small variations
in membrane quality. The permeance of the non-adsorbing gas
through defects measured in permporometry can be used to pre-
dict the permeance of molecules diffusing through defects in the
membrane and also the separation factor in mixture separation
experiments.
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Abstract

The mass transport of helium through an MFI zeolite membrane was measured as a 
function of partial pressure of the hydrocarbons n-hexane and benzene. The mass 
transport through zeolite pores was estimated from experimental data by accounting for 
mass transport through defects in the membrane. The fractional loading of hydrocarbons 
in the zeolite pores was estimated from adsorption isotherms from literature. The mass 
transport through zeolite pores is strongly dependent of the hydrocarbon loading and is 
reduced more than 3 orders of magnitude when the fractional loading of n-hexane is 
increased from 0 to 0.54. In a similar yet different fashion, the mass transport through 
zeolite pores is reduced almost 2 orders of magnitude when the fractional loading of 
benzene is increased from 0 to 0.19. Percolation models with parameters estimated 
using DFT-LDA (the most sophisticated theory yet applied to this system) could 
adequately describe the experimental observations. It should be pointed out that the 
models used in the present work had no adjustable parameters. However, a constant 
flow through defects was removed from all experimental data. This is the first report 
illustrating that the mass transport of a component through zeolite pores, experimentally 
measured with a direct method, could be adequately described by percolation models.  

Keywords: Mass transport; Percolation; DFT; Zeolite; Membrane 

1. Introduction 

Zeolites are microporous materials with well-defined channel systems and there are 
almost 200 known unique zeolite framework types [1]. A few of the zeolites are widely 
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used in industry as catalysts and adsorbents. ZSM-5 zeolite is used in several industrial 
processes and also frequently studied by scientists and understanding of diffusion 
processes in zeolites is thus of great importance. The ZSM-5 lattice consists of zig-zag 
channels with a diameter of about 5.3 Å running in the a-direction of the crystal and 
intersecting straight channels with a diameter of about 5.5 Å running in the b-direction. 
In many systems of industrial or scientific importance, the diffusion of a light and/or 
weakly adsorbing component is controlled by a heavy and/or strongly adsorbing 
compound in the zeolite. Examples of such systems are catalyst deactivation by coke 
formation [2], separation of hydrocarbons [3] alcohols [4, 5] or carbon dioxide [6] from 
hydrogen or carbon dioxide from nitrogen [7] or gas drying [5] using zeolite 
membranes. Additional examples are evaluation of zeolite membrane quality [8] or 
adsorption characteristics [9] of zeolite membranes by permporometry. 

The diffusion in zeolite has been studied by a number of experimental techniques such 
as NMR [10], the zero length column technique [11], IR microscopy [12], QUENS [13] 
and membranes [14]. A number of sophisticated mathematical modeling techniques 
have also been used to describe diffusion in zeolites [15, 16]. 

Percolation theory [17] is well developed to describe flow in porous media and has also 
been applied to zeolites to describe catalyst deactivation [2] and diffusion[12, 18] and 
some examples are given in the reference list. Froment [2] has developed a percolation 
model to describe catalyst deactivation. Chmelik et al. [12] studied adsorption and 
diffusion of n-butane/iso-butane mixtures in silicalite-1 crystals using infrared 
microscopy. A site-percolation threshold was used to explain why some regions of the 
crystals were initially inaccessible to n-butane. Keffer et al. [18] investigated 
percolation effects using Monte Carlo lattice dynamics on hypothetical zeolite lattices 
and suggested that percolation theory can be applicable to a wide variety of zeolite 
transport problems. 

A prerequisite for application of percolation theory is knowledge of the adsorption 
isotherm and the location of the adsorption sites for the compound blocking the pore 
system. Adsorption isotherms for MFI zeolite have been determined for many 
adsorbates including n-hexane [19, 20] and benzene [21, 22]. Monte Carlo simulations 
of the n-hexane/MFI system at low occupancy [23] have shown that n-hexane adsorbs 
mostly in the channels. However, Monte Carlo simulations [24] have also shown that at 
low n-hexane loadings (< ca 4 molecules per unit cell), the n-hexane molecules are 
uniformly distributed in the intersections, straight- and zig-zag channels. Whereas at 
higher loadings (> ca 4 molecules per unit cell), the n-hexane molecules are localized in 
the channels, enabling a maximum adsorption of eight molecules per unit cell, four 
molecules in the zig-zag- and four in the straight channels. Benzene shows a complex 
adsorption behavior in MFI with two steps in the isotherm [25]. At low loadings (< 4 
molecules per unit cell), benzene adsorbs in the channel intersections [26, 27]. In the 
range 4–6 molecules per unit cell, four molecules occupy the intersections whereas the 
remaining molecules are adsorbing in the zig-zag channels. Further, in the high loading 
range (6–8 molecules per unit cell), four molecules are occupying the intersection and 
the remaining molecules adsorb in the straight channels. 
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However, reports on direct measurements of diffusion in zeolite to verify the 
applicability of percolation theory on zeolite have been missing until now. In the 
present work, we used an MFI zeolite membrane to directly measure the diffusion of 
helium through the zeolite as a function of loading of n-hexane. The system was also 
modeled using DFT-LDA to determine the diffusivities in open channels and blocked 
channels. It was thereby possible to for the first time verify that diffusion of light 
components in zeolite in the presence of heavy components is well described by 
percolation theory.

2. Experimental 

An H-ZSM-5 zeolite membrane supported on a porous -alumina disc was prepared as 
previously reported [28]. The thickness of the zeolite film in the membranes is about 
500 nm [28] and the Si/Al ratio is about 139 [4]. The helium permeance through the 
membrane was measured as a function of relative pressure of n-hexane at 50 °C. The 
loading  of the zeolite at 50 °C was estimated from the adsorption isotherms of n-
hexane in H-ZSM-5 [19] with a Si/Al ratio of 132 recorded at 60 °C and of benzene in 
H-ZSM-5 [21] with a Si/Al ratio of 82 determined at 50 °C by gravimetry. For n-
hexane, a dual site Langmuir isotherm model was fitted to the data and the isotherm was 
shifted to 50 °C by considering a heat of adsorption of -70 kJ/mol [20]. HR-SEM 
images of membranes were recorded with a Magellan 400L SEM instrument without 
any coating. 

3. Modeling 

The ZSM-5 lattice is topologically equivalent to the diamond lattice with a coordination 
number of 4. In the lattice, either the bonds (channels in a zeolite lattice) or nodes 
(intersections) may be blocked by adsorbed species, the blockage may be partial or 
complete. The percolation problem may be treated analytically by introduction of the 
effective medium approximation (EMA) and the mean diffusivity through the zeolite, 
Dm, for bond percolation can be obtained from [18, 29]: 

0
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m ,    (1) 

where z is the average coordination number and g(D) is the distribution of bond 
conductances. In this work a bimodal distribution was used: 
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where  is the fraction of blocked channels, (1– ) is the fraction of unblocked channels, 
 is the Dirac delta function, Db is the diffusivity through a blocked channel and D0 is 

the diffusivity through an unblocked channel. Further, a slip coefficient, f, may be 
defined as f=Db/D0. Solving equation 1 with the bimodal probability distribution as 
defined above yields: 
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For site percolation the following expression [30] was used: 
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where Q is determined from the lattice Green function for a diamond lattice [31] to 
1.26.

and D0b can be calculated from [32] 

bb DDD /1/15.0/1 00 .     (5a) 

Although equation 5 was originally derived for the case of limiting concentrations i.e. 
0 and (1– ) 0, the authors show that the expression is valid over all concentrations 

provided that the slip coefficient is << 1 [30] as in the present work. 

Density functional theory (DFT) calculations were carried out using the AIMPRO 
package [33-35] in 288 atom (counting only Si and O atoms) orthorhombic unit cells at 
the gamma point. The local density approximation (LDA) to the exchange-correlation 
functional was used throughout and core electrons were omitted with the use of 
normconserving pseudopotentials [36]. A ddpp basis optimized for quartz (4 
exponents/28 basis functions per atom, see [33] for more information) was used for both 
Si and O. The resulting pure MFI lattice parameters were calculated to a = 20.05 Å, 
b=19.70 Å and c=13.19 Å. These compare extremely well to accepted values, for 
example, a=20.09 Å, b=19.74 Å and c=13.14 Å [37]. For the elements H, He and C ppp, 
ddpppp and pdddddp basis sets were used respectively. These are very large basis sets, 
however as typically only a small number of the total number of atoms are H, He or C, 
the effect of using such a large basis on the computational effort of the calculation is 
small. Diffusion barriers were calculated using the nudged elastic band method [38, 39]. 

4. Results and discussion 

Figure 1 (left) shows an HR-SEM image of the top surface of one of the membranes. It 
illustrates zeolite grains with a size exceeding 100 nm and grain boundaries are 
observed clearly. The width of the grain boundary in the center of the image is < 5 nm. 
This image was intentionally recorded to illustrate one of the widest grain boundaries 
than can be observed on the sample. The grain boundaries are typically narrower than 
the one in the center of this image, as illustrated by all the other grain boundaries visible 
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in the image. Figure 1 (right) shows the cross section of one of the membranes and 
illustrates that the thickness of the zeolite film on the porous alumina substrate is about 
500 nm. 

Figure 1. SEM images of the top surface (left) and the cross section (right) of one the 
membranes. 

Figure 2. Measured and corrected helium permeance (permeance through zeolite pores) 
as a function of relative pressure of n-hexane or benzene represented by points. Curves 
are only guides for the eye. 

Figure 2 shows the measured helium permeance through the membrane as a function of 
relative pressure of n-hexane or benzene. The measured helium permeance through the 
membrane is reduced somewhat, especially at low relative pressures, by pressure drop 
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in the support. The pressure drop in the support can be estimated using our previously 
developed model [40, 41]. The measured helium permeance through the membrane is 
the sum of helium permeance through zeolite pores and helium permeance through 
defects. We will show in a related publication, that at the very low relative pressures, 
i.e. below 4 × 10-4, of n-hexane and benzene considered here, the defects are fully open 
and the helium permeance through defects is constant and about 8.6 × 10-7 mol m-2 s-1

Pa-1). Figure 2 also shows the helium permeance through zeolite pores, i.e. helium 
permeance corrected for pressure drop in the support and helium permeance through 
defects, the latter constant at 8.6 × 10-7 mol m-2 s-1 Pa-1. It is evident that the corrections 
are quite small at zero relative pressure and increase up to almost 8.6 × 10-7 mol m-2 s-1

Pa-1 at higher relative pressures, since the pressure drop through the support approaches 
zero here. 

Figure 3. Helium permeance through zeolite pores as a function of loading of n-
hexane or benzene in the zeolite pores. The loading was determined from adsorption 
isotherms determined by gravimetry [19, 21]. Experimental data are represented by 
points and the curves represent the percolation and (1– ) models. 

The points in Figure 3 show the helium permeance through zeolite pores as a function 
of loading of hydrocarbons in the zeolite pores. The loading was determined from the 
experimental relative pressure and adsorption isotherms from literature [19, 21] 
corrected to 50 °C as described in experimental. The helium permeance through zeolite 
pores is about 70 × 10-7 mol m-2 s-1 Pa-1 at zero loading (  = 0) of both n-hexane and 
benzene. As the loading of n-hexane is increased from zero to 0.47, the helium 
permeance drops gradually more than one order of magnitude to 3.5 × 10-7 mol m-2 s-1

Pa-1. As the loading of n-hexane is increased from 0.47 to 0.54, the helium permeance 
drops rapidly, more than two orders of magnitude to 0.014 × 10-7 mol m-2 s-1 Pa-1.
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Table 1 shows diffusion barriers for helium diffusing via the different adsorption sites in 
MFI with and without n-hexane adsorbed as determined by DFT-LDA. The different 
scenarios for diffusion indicated in the Table are outlined in supplementary material, 
Figure 1. It is clear that n-hexane adsorbed in a channel is much more effective in 
blocking helium transport than n-hexane adsorbed in an intersection and as discussed 
above, the n-hexane molecules mostly adsorb in channels. A bond percolation model 
will thus describe helium transport in the presence of n-hexane well. 

Table 1: Diffusion barriers (kJ mol-1) for helium diffusing via the different adsorption 
sites in MFI with and without n-hexane adsorbed determined by DFT. 
Straight channel, 

no n-hexane 
Zig-Zag channel, 

no n-hexane 
Straight channel, 

n-hexane 
Zig-Zag channel, 

n-hexane 
Intersection, n-hexane, 

straight to straight 
     

5.2 5.9 32.8 48.8 12.2 
     

The slip coefficient fn-hexane was estimated to 1.73 × 10-5 from the DFT-LDA data given 
in Table 1 by assuming that the diffusion of helium is an activated process such that: 

)/exp(
)/exp(

000 TkEA
TkEA

D
D

BA

BAmmm ,    (6) 

where Ai are the pre-exponential or frequency coefficients and EAi are the activation 
energies of diffusion (or energy barriers), kB and T are the Boltzmann constant and 
temperature, respectively. Further, it was assumed that the frequency of attempts for 
helium to pass a channel is not affected of the presence of adsorbate in the channel i.e. 
Am = A0, and as n-hexane is uniformly distributed in the two channel types (straight and 
zig-zag), the contribution from each channel type was given equal. 

As illustrated by the curve in Figure 3, the experimentally determined helium 
permeance through zeolite pores as a function of loading of n-hexane is described very 
well by a bond percolation model (z = 4 and fn-hexane = 1.73 × 10-5). As described above, 
the percolation models used in the present work had no adjustable parameters but a 
constant flow through defects was removed from all experimental data. 

A quite different trend is observed experimentally for benzene, since benzene adsorbs 
differently, i.e. only at the intersections in the zeolite, than n-hexane, at these low 
loadings. In this case, the helium permeance drops almost two orders of magnitude 
when the loading is increased from zero up to about 0.2. 

Table 2 shows diffusion barriers for helium diffusing via the different adsorption sites at 
the intersections in MFI with and without benzene adsorbed determined by DFT. The 
different scenarios for diffusion indicated in the Table are outlined in supplementary 
material, Figure 1. The diffusion alternative straight to straight 2 represents a benzene 
molecule oriented with its axis perpendicular to the trajectory of the helium atom and 
consequently, this represents the highest barrier for diffusion.
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Table 2: Diffusion barriers (kJ mol-1) for helium diffusing via the different adsorption 
sites in MFI with and without benzene adsorbed determined by DFT.

Intersection, 
no benzene 

Intersection, benzene, 
straight to straight 1 

Intersection, benzene, 
straight to straight 2 

Intersection, benzene, 
straight to zig-zag 

    

5.2 9.1 30.5 25.3 
    

Reports indicate that benzene rotates when adsorbed in the intersection of MFI [42]. 
Under the assumption that the rotation of benzene molecules is fast compared to the 
diffusion of helium, the benzene molecules should resemble spherical barriers with the 
same cross section as the diameter of a benzene molecule. This scenario of diffusion 
resembles the scenario benzene straight to straight 2. Using the barrier for diffusion 
estimated by DFT-LDA for this scenario, the slip coefficient fbenzene was estimated to 8.2 
× 10-5 using equation (6).

For benzene, the site percolation model was used for benzene loadings of  < 0.2 when 
benzene adsorbs in the intersections. The curve in Figure 3 shows that a site percolation 
model (fbenzene = 8.2 × 10-5) describes the experimental data very well. 

To summarize, EMA percolation models using slip coefficients determined by DFT, i.e. 
models without adjustable parameters, could adequately describe the mass transport of 
helium through the zeolite pores as a function of loading of both n-hexane and benzene. 

A simple and common “engineering” approach [3, 4, 9] to model the diffusion of a light 
and/or weakly adsorbing component, in the presence of a heavy and/or strongly 
adsorbing compound in a zeolite membrane have been to assume that the diffusion of 
the light component is proportional to (1– ), where  = q/qs represents the loading of 
the strongly adsorbing compound in the zeolite. However, a quite different dependence 
of  is predicted by percolation theory and our experimental observations. For 
comparison, the top curve in Figure 3 illustrates a model with proportionality between 
helium permeance and (1– ). This model cannot at all describe the experimental 
observations for either n-hexane or benzene as adsorbates. 

Figure 4 illustrates adsorption isotherms for MFI zeolite determined by gravimetry 
(diamonds) for n-hexane [19] at 60 °C and benzene [21] at 50 °C reported in literature. 
The curves illustrate Langmuir models fitted to the data, and in the case of n-hexane,
shifted to 50 °C. Our  values estimated using Figure 3 by at each permeance, 
corresponding to a certain relative pressure, reading the  value from the percolation 
curve are shown as circles in Figure 4. This Figure illustrates excellent agreement 
between our data and gravimetrical data shifted to the same temperature. However, it 
should be noted that since a good correlation was observed between the percolation 
models and experimental data as illustrated in Figure 3, there will automatically be a 
good correlation with the adsorption isotherms as illustrated in Figure 4. 
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Figure 4. Adsorption isotherms for n-hexane [19] determined at 60 °C and benzene [21] 
determined at 50 °C by gravimetry (diamonds). The curves illustrate fitted Langmuir 
adsorption isotherms. The Langmuir isotherm for n-hexane also was shifted to 50 °C. 
Circles represent our data, recorded at 50 °C, derived from the percolation models. 

5. Conclusions 

For the first time, this work has shown that EMA percolation models with coefficients 
determined by DFT-LDA can adequately describe experimentally measured mass 
transport of helium through zeolite pores as a function of loading of hydrocarbons. 
Consequently, the experimental observations also match very well with adsorption 
isotherms from literature. We have also illustrated that a (1– ) model fails to describe 
the experimental observations, although such models are sometimes used to describe 
mass transport in zeolites. 
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Abstract 

Permporometry was used for the first time to characterize flow-through micropores in 
high quality MFI zeolite membranes. Helium was used as the non-adsorbing gas and n-
hexane or benzene were used as adsorbates. The helium flow through zeolite pores was 
estimated using percolation theory and the remaining flow was assigned to flow-through 
defects. Flow-through defects with widths down to 0.71 and 0.85 nm, could be 
determined from the n-hexane and benzene data, respectively. The area distribution of 
flow-through defects was estimated from the data using a simple model and similar 
results were obtained using both adsorbates. The total area of defects determined using 
n-hexane as adsorbate was as low as about 0.6% of the membrane area and defects with 
a width below 1 nm constituted 97% of the total defect area for the best membrane. 
These very small defects could very well be intracrystalline defects. The permporometry 
results are supported by HR-SEM observations and n-hexane/1,3,5-trimethylbenzene 
separation experiments. 

Keywords: Permporometry; Characterization; Defect; MFI; Membrane; Percolation. 

1. Introduction 

The development of zeolite membranes is a challenging issue and not feasible 
without effective tools for characterization of flow-through defects in the membranes. 
The characterization of flow-through defects obviously requires a flow-through 
technique. 

By comparing the permeances of different gases through the membrane it is 
possible to roughly appreciate membrane quality by comparing data for different 
membranes [1-4]. The permeances are dependent on material properties and 
experimental conditions [5] and a model is needed to interpret the results. However, we 
have shown that single gas permeance ratios could not indicate membrane quality for 
membranes that all have relatively high quality, yet with varying amount of flow-
through defects. The almost constant single gas permeance ratios observed for these 
membranes reflect intrinsic diffusion in the zeolite pores rather than diffusion in defects 
[6] and single gas permeance data are therefore quite non-sensitive to variations in the 
amount of flow-through defects for membranes with varying but relatively high quality. 

Permporometry is a non-destructive and simple way for characterization of flow-
through properties of membranes and was first employed for pore size characterization 
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in ceramic membranes [7-13]. More recently, it has been adopted for characterization of 
flow-through defects in zeolite membranes by our [6, 14-16] and many other zeolite 
research groups and some examples are given in the reference list [17-21]. 
Permporometry is based on monitoring a flow of a non-condensable gas, e.g. helium, as 
a function of relative pressure of a strongly adsorbing compound, e.g. n-hexane. We 
[22] have recently demonstrated how adsorption-branch n-hexane/helium 
permporometry data could be used to estimate the distribution of flow-through defects 
in the mesopore range in MFI membranes. Excellent agreement between 
permporometry, SEM observations and separation experiments was demonstrated. 
However, the smallest defect size probed by permporometry in our earlier work [6] was 
limited to 1.6 nm due to experimental limitations. 

Percolation theory [23] can be used to describe diffusion in media comprised of 
interconnected pores such as zeolites and several works devoted to percolation theory to 
describe diffusion in zeolites have been published [24-26]. Chmelik et al. [24] 
investigated the transport of n-butane/iso-butane mixtures in silicalite-1. A percolation 
approach was applied to describe accessibility of different regions in the silicalite-1 
crystal for n-butane. Froment [25] described deactivation of a ZSM-5 catalyst by coke 
formation using percolation theory. Keffer et al. [26] studied the effects of percolation 
using Monte Carlo lattice dynamics on hypothetical zeolite lattices. The authors 
demonstrated that the percolation theory was apposite for a wide variety of transport 
problems in zeolites. 

Recently, we have improved our permporometry set-up and demonstrated that 
percolation theory could describe the diffusion of helium in zeolite pores in the presence 
of n-hexane or benzene adequately [27]. In the present work, we show that 
permporometry can be used to characterize defects down to 0.7 nm when the helium 
flow through zeolite pores is estimated using percolation theory and the remaining flow 
is assigned to defects. A simple model is used to estimate the defect distribution from 
the flow-through defects as a function of relative pressure of n-hexane or benzene. 

2. Experimental 

2.1. Membrane preparation 

H-ZSM-5 membranes with a film thickness of about 0.5 m and a Si/Al ratio of 
about 139 [28] were prepared by a seeding method as described earlier [16]. Graded 
porous -alumina discs (Fraunhofer IKTS, Germany) with a diameter of 25 mm and a 
total thickness of 3 mm were used as substrates. The substrates were masked and seeded 
with colloidal MFI crystals of 60 nm in size and a zeolite film was grown by 
hydrothermal treatment in a synthesis solution at 100 °C for 36 h. The molar 
composition of the synthesis solution was 3TPAOH : 25SiO2 : 1450H2O : 100C2H5OH. 
Finally, the membranes were rinsed with a 0.1 M ammonia solution for 24 h and 
calcined at 500 °C for 6 h using a heating rate of 0.2 °C min-1 and a cooling rate of 
0.3 °C min-1. In this work, three membranes, denoted M1–M3, with varying quality 
were selected for characterization by permporometry and separation experiments. 
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2.2. Permporometry 

Adsorption-branch permporometry analysis was carried out at 50 °C for all 
membranes using the experimental set-up illustrated in Figure 1. Helium was used as 
the non-condensable gas and n-hexane or benzene were used as the adsorbing 
compound. 

The membranes sealed in a stainless steel cell with graphite gaskets (Eriks, The 
Netherlands) were first heated to 300 °C at the rate of 1 °C min-1 and then kept at 
300 °C for 6 h in a flow of pure helium. Thereafter, the membranes were allowed to 
cool to 50 °C. The feed pressure was adjusted to 101 kPa using a back pressure 
regulator of membrane type (Moore Products CO, Model 63 SU-L). The permeate 
pressure was atmospheric. The pressure difference was continuously recorded with a 
pressure meter (Chrompak FP-meter Model FP-407). Helium gas (AGA 99.999%) was 
fed to the membrane via mass flow controllers (Bronkhorst HI-TEC). One helium 
stream was fed directly towards the membrane, while another one was first saturated 
with n-hexane (Alfa Aesar, 99%) or benzene (Fluka  99.5%) by passing through three 
saturators connected in series. The first saturator was kept at room temperature, the 
second in a water bath at 17.5±0.1 °C controlled by a thermostat. The third saturator 
was kept in a thermostatically controlled silicone bath at –40.00±0.01 °C in the case of 
n-hexane, or 6.00±0.01 °C in the case of benzene. The two helium streams were mixed 
before entering the cell in order to arrive at the required relative pressure of the 
hydrocarbons. The relative pressure of hydrocarbon in the membrane cell was 
controlled from about 1 × 10-5 to about 4 × 10-1 for n-hexane and from about 8 × 10-5 to 
about 4 × 10-1 for benzene. Increasing of the relative pressure was performed in a step-
wise manner. The permeate containing helium and one of the hydrocarbons was 
directed to a condenser followed by a column filled with activated carbon to remove the 
hydrocarbon from the stream prior to measuring the flow rate of helium. The flow of 
helium was continuously recorded by means of a digital flow meter (Chrompak FP-
meter Model FP-407). At each measuring point, the system was allowed to equilibrate 
until steady state flow of helium was reached. The flow was then measured accurately 
with a suitable soap bubble flow meter. These data were used in the subsequent 
calculations. 

Figure 1. Permporometry set-up. 
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2.3. Separation experiments 

After completion of the permporometry experiment, the feed was changed to a 
mixture of n-hexane and 1,3,5-trimethylbenzene (Sigma-Aldrich,  99.0%) in a flow of 
helium. The feed pressure as well as the permeate pressure were kept at atmospheric 
pressure. The membrane was first equilibrated with the feed at 50 °C over night. The 
next day, separation experiments were carried out using helium as sweep gas. 
Separation performance was investigated at about 50, 160, 300 and 400 °C for 
membrane M1, and at about 160 °C for membranes M2 and M3. The permeate was 
analyzed with a GC (Varian chrompack CP-3800) connected on-line. 

2.4. SEM observations 

The membranes were characterized using a FEI Magellan 400 field emission 
XHR-SEM. Top-view images were recorded prior to permporometry and separation 
measurements. Cross-section images were recorded after completion of all permeation 
experiments. The samples were not coated. 

2.5 Equations 

A percolation model was used to estimate the flow of helium through zeolite 
pores in the presence of the adsorbates n-hexane or benzene. The lattice of a ZSM-5 
crystal is equivalent to the diamond lattice with a coordination number of 4. In the 
presence of adsorbing species, the lattice bonds, i.e. channels in a zeolite lattice, or 
nodes, i.e. intersections, can become partially or completely blocked by the adsorbates. 
By implication of the effective medium approximation (EMA), analytical treatment of 
the percolation problem is possible. The mean diffusivity through the zeolite, Dm, for 
bond percolation is given by [29, 30]: 

21
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where z is the average coordination number,  is the fraction of blocked channels 
(loading), and D0 is the diffusivity through an unblocked channel. Further, one can 
define a slip coefficient, f, as the ratio between Db and D0, where Db is the diffusivity 
through a blocked channel. The slip coefficients are 1.73 × 10-5 for n-hexane and 
8.2 × 10-5 for benzene as estimated [27] using density functional theory. 
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For site percolation the following expression [31] was used: 
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where 

/)1(Q ,      (2a) 

 is determined from the lattice Green function for a diamond lattice [32]. In this case 
Q was determined to 1.26. 
D0b can be calculated from [33]: 

bb DDD /1/15.0/1 00 .      (2b) 

The measured helium permeance through the zeolite film at each point i in the 
permporometry experiment, film,i, is comprised of the helium permeance through 
zeolite pores, pores,i, and the helium permeance through defects, defects,i:

idefectsiporesifilm ,,, ,      (3) 

film,i was estimated from the helium flow measured in the permporometry 
experiment considering the pressure drop across the film only as described earlier [34], 
i.e. the pressure drop over the support was removed. 

The permeance of helium through zeolite pores at any loading of the hydrocarbon 
can be estimated from 

0

0

,
, poresD

D im
ipores ,      (4) 

where 0
pores

 is the helium permeance through zeolite pores at zero loading. 
A bond percolation model was used to estimate pores,i in the presence of n-hexane 

for all loadings of the latter and in the case of benzene, the helium permeance was 
estimated using a site percolation model at loadings up to about half the saturation 
loading as described earlier [27]. We have previously shown [27] that helium transport 
through zeolite pores ( pores,i in equation (4)) in the presence of n-hexane is described 
well by a bond percolation model using an average coordination number of 4 and a slip 
coefficient of 1.7 × 10-5 (see equation (1)) and by a site percolation model using a slip 
coefficient of 8.2 × 10-5 (see equation (2)) in the presence of benzene. 

The permeance through defects, defects,i, was then estimated from the measured 
permeance of the film, film,i, and the estimated permeance through zeolite pores, 

pores,i, using equation (3). 
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The molar flow through defects, Fdefects,i, was then estimated from: 

ifilmfilmidefectsidefects PAF ,,, ,     (5) 

where Afilm is the total membrane area and Pfilm,i is the pressure drop across the film. 

The area, Ai, of defects with widths in the interval di – di+1 was estimated from the 
molar flow through defects, Fdefects,i, as 

idefects

idefectsidefects
i J

FF
A

,

1,, ,     (6) 

where Fi and Fi+1 represent the helium molar flows through the defects of the width 
corresponding to the hydrocarbon relative pressures Pi and Pi+1, respectively (see 
equations (9) and (10)), idefectsJ ,  is the helium molar flux through the defects estimated 
from Fick’s law: 

film

ifilmi
idefects

P
RT
DJ ,

, ,     (7) 

where film  is the film thickness (0.5 m) and iD  is the helium diffusivity in the 
defects. 

Helium transport in the defects larger than 2 nm was assumed to be of Knudsen 
type [35]. The Knudsen diffusivity for helium was estimated by [36]: 

,534.1,
M
TdD iiK      (8) 

where id  is the width of defects taken as the average defect width in the interval under 
consideration: 2/1iii ddd .

In the micropore range (< 2 nm [37]), the width of defects, di, blocked by n-
hexane or benzene at a given relative pressure was estimated using the Horvàth-
Kawazoe (HK) equation [34]: 

,
)2(3)2(939)(

ln 3
0

4

9
0

10

3
0

4

9
0

10

0

ADS

0 dddddddd
H

P
PRT   (9) 

si ddd 2 ,      (9a) 

2/0 as ddd ,     (9b) 
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where ds is the diameter of a surface atom in the zeolite pores (2.76 × 10-10 m [34]), da is 
the diameter of the adsorbate (4.3 × 10-10 m for n-hexane [34] and 5.9 × 10-10 m for 
benzene [38]), d is the slit pore half width,  is the zero interaction energy distance, 

0
6 4.0 d , HADS is the isosteric heat of adsorption (71.8 kJ mol-1 for n-hexane [39] 

and 56.5 kJ mol-1 for benzene [40]) and P/P0 is the relative pressure of the adsorbate. 

In the mesopore range (2 – 50 nm [37]), the width of defects di was estimated by 
[41]

tdd Ki 2 ,      (10) 

where dK is the Kelvin diameter estimated from the Kelvin equation as [41] 

0/ln
4

PPRT
Vd m

K ,      (10a) 

where  is the surface tension of the condensing compound (  is 1.54 × 10-2 N m-1 for n-
hexane and 2.51 × 10-2 N m-1 for benzene [42]); Vm is the molar volume of the 
condensing compound (Vm is 1.36 × 10-4 m3 mol-1 for n-hexane and 1.36 × 10-4 m3 mol-1

for benzene); 

t is the thickness of adsorbed layer given by the Harkins-Jura equation [36]: 

0/lg PPB
Ct .      (10b) 

where B is –0.04 for n-hexane [41] and 0.02 for benzene [43]; C is 16.77 Å2 for n-
hexane [41] and 6.34 Å2 for benzene [43]. 

Helium diffusivities in the defects below 2 nm were estimated by linear 
interpolation between the Knudsen diffusivity for 2 nm pores and the diffusivity 
measured for the 0.55 nm zeolite pores in the permporometry experiment in the present 
work as described in results and discussion, see Figure 5. 

Separation performance of the membranes was evaluated in terms of separation 
factor and permeance. The separation factor, n-hexane/TMB, was calculated by: 

,
/
/

TMBhexane-

TMBhexane-
hexane/TMB- xx

yy

n

n
n     (11) 

where x and y are the molar fractions of n-hexane or 1,3,5-trimethylbenzene in the feed 
and permeate, respectively. 

Using Knudsen model of diffusion, TMB permeance, TMB, was estimated from 
the helium permeance through defects larger than 0.75 nm (see section 3.3) obtained 
from permporometry analysis: 
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He

TMB

separation

trypermporome

TMB

He
nm75.0TMB P

P
T

T
M
M

defects ,    (12) 

where MHe is the molecular weight of helium, MTMB is the molecular weight of TMB, 
Tpermporometry is the temperature in the permporometry experiment, Tseparation is the 
temperature in the separation experiment, PTMB is the partial pressure difference of 
TMB across the membrane in the separation experiment and PHe is the partial pressure 
difference of helium across the membrane in the permporometry experiment. 

3. Results and discussion 

3.1. Permporometry data 

Figure 2 shows permporometry data for the high quality membrane M1. The 
initial flow of helium is nearly identical for both runs and amounts to 273 ml min-1 and 
268 ml min-1 for n-hexane and benzene adsorbates, respectively. This observation 
indicates that the membrane properties did not change in-between the two 
permporometry experiments. As the relative pressure increases from about 1 × 10-5 to 
about 1 × 10-2, the helium flow dropped by more than 98% in both cases. A relative 
pressure of 1 × 10-2 corresponds to an HK diameter of about 1 nm (equation (9)) for 
both adsorbates. Hence, most of the initial helium flow is through pores smaller than 
1 nm, indicating high quality of the membrane. An increase of the relative pressure by 
one order of magnitude to about 1 × 10-1 resulted in reduction of the helium flow to 
approximately 1 ml min-1 for both adsorbates, i.e. the initial helium flow was reduced 
by more than 99.5% at this relative pressure. A relative pressure of 1 × 10-1 corresponds 
to an HK diameter of 1.8 nm for both adsorbates. In other words, more than 99.5% of 
the initial helium flow is transported through pores smaller than 2 nm, i.e. micropores 
[37]. As the relative pressure of both adsorbates was increased further, the helium flow 
was reduced slightly for both adsorbates. With a linear relative pressure scale as in 
Figure 2, the flow patterns for the two adsorbates appear very similar. However, a closer 
inspection of the region of very low relative pressures revealed clear differences 
between the two adsorbates. 

Figure 3 illustrates the helium permeance through the film as well as the helium 
permeance through the zeolite pores and defects as a function of relative pressure of n-
hexane (a) and benzene (b) for membrane M1. Logarithmic scales are used to highlight 
differences in the data in the low relative pressure range. 
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Figure 2. Permporometry data for the high quality membrane M1. 

Figure 3. Permeance through the film ( film), zeolite pores ( pores) and defects ( defects)
as a function of relative pressure of n-hexane (a) or benzene (b). The points represent 

values estimated from experimental data and the lines represent the percolation models. 

Figure 4. Adsorption isotherms for n-hexane (top) determined at 60 °C [44] and 
benzene (bottom) determined at 50 °C [45, 46] by gravimetry (diamonds). The curves 

illustrate Langmuir adsorption isotherms fitted to the gravimetrical data, but the 
isotherm for n-hexane was shifted to 50 °C. Circles represent our data, recorded at 

50 °C, derived from the percolation models. 
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To evaluate this data, the following assumptions were made: 

The permeance through zeolite pores for relative pressures exceeding 
2.1 × 10-4 and 3.5 × 10-4 for n-hexane and benzene, respectively, was 
estimated using the percolation models. In this range of relative pressures, 
the permeances through defects were estimated from the measured 
permeance of the film using equation (3). 
At lower relative pressures, the permeance through defects was assumed 
to be constant at 8.61 × 10-7 mol m-2 Pa-1 s-1 for both adsorbates for this 
particular membrane and the permeance through zeolite pores was 
estimated by subtracting 8.61 × 10-7 mol m-2 Pa-1 s-1 from the measured 
permeance of the film. 
Loading for benzene is not increasing beyond 0.56, i.e. no second step in 
the experimental adsorption isotherm is present, see Figure 4. 

The initial helium permeance through the zeolite pores, i.e. at P/P0 = 0, estimated 
for n-hexane and benzene runs amounts to nearly the same value of about 70 × 10-7

mol m-2 Pa-1 s-1. This follows from the nearly identical flows measured for both runs as 
discussed above. The percolation models show that the permeance through zeolite pores 
is lower than 1 × 10-7 mol m-2 Pa-1 s-1 at relative pressures exceeding 2.1 × 10-4 and 
3.5 × 10-4 for n-hexane and benzene, respectively. The measured helium permeances for 
the film at relative pressures of 2.1 × 10-4 and 3.5 × 10-4 and higher for n-hexane and 
benzene, respectively, are much larger than the permeances through zeolite pores at the 
corresponding relative pressure. In other words, the measured helium permeances at 
relative pressures of 2.1 × 10-4 and 3.5 × 10-4 and higher for n-hexane and benzene, 
respectively, correspond essentially to helium permeance through defects, see Figure 3. 
These low relative pressures correspond to HK diameters of 0.71 and 0.85 nm for n-
hexane and benzene, respectively, and this opens up for characterization of flow-
through defects in the micropore range as will be discussed below. In previous work [6], 
the lowest applied relative pressure of n-hexane and benzene was as high as about 
1 × 10-2 due to experimental limitations. This restricted the technique to characterization 
of flow-through mesopores in the membranes. 

At relative pressures lower than 2.1 × 10-4 and 3.5 × 10-4 for n-hexane and 
benzene, respectively, the helium permeance through zeolite pores increases 
considerably according to the percolation model, i.e. the zeolite pores are only partially 
blocked with hydrocarbons at these low relative pressures. These low relative pressures 
correspond to HK diameters larger than 0.71 and 0.85 nm for n-hexane and benzene, 
respectively, i.e. in the neighbourhood of the size of the MFI pores, which indicates that 
the HK equation is applicable at these low relative pressures. The defects, that per 
definition are larger than the zeolite pores, should be fully open at these low relative 
pressures. The helium permeance through defects at relative pressures of 2.1 × 10-4 and 
3.5 × 10-4 for n-hexane and benzene, respectively, amounts to 8.61 × 10-7 mol s-1 m-2

Pa-1 for both adsorbates and is decreasing as the relative pressure is increased. The 
remaining helium permeance at a relative pressure of about 0.4 of both adsorbates is as 
low as about 0.2 × 10-7 mol s-1 m-2 Pa-1, which is less than 0.25% of the initial helium 
permeance. This permeance should occur through defects larger than about 4 nm. This 
shows that membrane M1 is essentially free of defects larger than 4 nm. The highest 
relative pressure used in this work is about 0.4. However, in the previous work, 
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permporometry data with n-hexane and benzene as the adsorbates for higher relative 
pressures has been reported [22]. The helium permeance was shown to be reduced 
equally by both n-hexane and benzene in the higher relative pressure range in line with 
the findings reported here for the intermediate pressure range 0.025–0.4. 

Figure 4 shows adsorption isotherms for n-hexane [44] and benzene [47] 
measured gravimetrically on MFI zeolite powder at 60 °C and 50 °C, respectively. The 
curves shown in the Figure represent Langmuir models fitted to the data. For n-hexane, 
a dual site Langmuir model was used [48, 49] and the isotherm has been shifted to 
50 °C using the adsorption equilibrium constants and heats of adsorption reported 
earlier [39]. As benzene adsorbs in MFI it first occupies the intersections up to  = 0.5 
and thereafter adsorption occurs in the channels [50]. Therefore a sequential Langmuir 
adsorption model was used here. A single-site Langmuir model was used for pressures 
up to ca P/P0 = 0.1 (corresponding to adsorption in the intersections), followed by 
another single-site isotherm at relative pressures higher than ca 0.1, corresponding to 
adsorption in the channels. The circles represent data determined in the current work by, 
from each experimentally determined permeance through zeolite pores, measured at a 
given relative pressure, estimating  from the percolation equations (1) and (2). 

In the case of n-hexane, the permeance through defects at relative pressures 
higher than 2.1 × 10-4 was fitted to arrive at the desired values of the loading. 
Consequently, our data fit perfect with the Langmuir models in this pressure range. At 
lower relative pressures, the agreement is still very good but not perfect, since the 
permeance through the defects was assumed constant in this relative pressure range and 
the permeance through zeolite pores was estimated by subtracting 8.61 × 10-7 mol m-2

Pa-1 s-1 from the measured permeance of the film for membrane M1. The very good 
agreement with the adsorption isotherm at these low pressures indicates that the 
percolation model for n-hexane is reasonably correct as shown earlier [27]. 

Similar results were obtained for benzene. Our data fit with the adsorption 
isotherm in the relative pressure range from about 2.1 × 10-4 to about 1 × 10-1, since 
permeance through defects in this pressure range was fitted to arrive at the desired 
values of the loading as in the case of n-hexane. For the lower relative pressures, with 
constant permeance through defects, the  values estimated from permporometry data 
are rather similar to but not exactly the same as the  values according to the Langmuir 
adsorption isotherm, which again indicates that the percolation model for benzene is 
reasonably correct as shown earlier [27]. By assuming that the loading for benzene is 
not increasing beyond 0.56, i.e. beyond the first step of the adsorption isotherm, the 
flow through defects determined in the benzene permporometry experiment becomes 
nearly identical to that determined in the n-hexane permporometry experiment, see 
below. Both benzene and p-xylene display adsorption isotherms with distinct steps in 
MFI zeolite powder [46, 51, 52] and to reach high loadings, the unit cell must change 
dimensions slightly [51, 53]. However, quite different adsorption behavior for zeolite 
films has been reported by us [42]. For adsorption of p-xylene in silicalite-1 films [42], 
the saturation capacity was only about half of that previously reported for powders, 
which indicates that p-xylene molecules do not adsorb in the sinusoidal channels in the 
film. The benzene permporometry results in the present work indicate that benzene has 
a similar adsorption behaviour in MFI films as we reported for p-xylene, i.e. only half 
the saturation loading is reached. 
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3.2. Defect distribution 

Knudsen diffusion is the prevailing diffusion mechanism in pores with a size 
between 2 to 50 nm [35].The Knudsen diffusivity (equation (8)) was therefore used to 
estimate the amount of defects larger than 2 nm from equation (6) in the present work. 
The diffusivity of helium through zeolite pores (0.55 nm) was estimated from the 
permeance through zeolite pores at P/P0=0 from permporometry data, by considering 
that 17.5% of the total area of the MFI unit cell [54] is comprised of zeolite pores. 
Figure 5 shows helium diffusivities as a function of a pore diameter. The helium 
diffusivity in the 0.55 nm zeolite pores (5.5 × 10-8 m2 s-1) estimated as described above 
is about one order of magnitude smaller than that given by the Knudsen equation 
(dashed line). This is as expected, since a more restricted form of diffusion is likely in 
such small pores where the Knudsen equation is not applicable. The diffusivity in 
defects with a size between 0.55 and 2 nm was therefore estimated by linear 
interpolation between the Knudsen diffusivity for 2 nm pores and the helium diffusivity 
measured for the 0.55 nm zeolite pores. The solid line in Figure 5 indicates the 
diffusivities used for different pore diameters to estimate the defect distribution from 
permporometry data. Tables 1 and 2 report helium permeance through defects as well as 
the relative areas of the defects estimated for membrane M1 from n-hexane and benzene 
permporometry data using equation (6). 

Figure 5. Helium diffusivity as a function of a pore diameter. 

The smallest defects probed by n-hexane permporometry are micropores with a 
width of 0.71 nm at a relative pressure of about 2.1 × 10-4.The relative area of defects in 
the interval 0.71 to 0.73 nm is about 0.2% of the membrane area and about 35% of the 
total area of defects. The smallest defects detected using benzene permporometry are 
micropores with a width of 0.85 nm. The contribution of defects in the interval of 0.85 
to 0.92 nm is about 0.2% of the membrane area and about 60% of the total area of 
defects. Another significant fraction of the defects according to n-hexane 
permporometry data is represented by defects in the interval 0.73 – 0.80 nm. The 
defects account for about 40% of the total area of defects. According to n-hexane 
permportometry data, defects smaller than about 1 nm constitute as much as about 97% 
of the total area of defects in the membrane. These defects smaller than about 1 nm 
correspond to a pore volume of 0.0033 cm3 g-1 of the zeolite film. Nitrogen adsorption 
data [55] indicate the presence of intracrystalline defects in the form of micropores with 
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a size ranging from about 0.7 to 1 nm in H-ZSM-5 crystals similar to those prepared in 
the present work. The reported pore volume is about 0.04  cm3 g-1 which is larger than 
that estimated in our work. The (flow-through) defects smaller than 1 nm detected by 
permporometry in the present work are most likely the intracrystalline micropore 
defects emanating from non-ideality of the zeolite crystals also detected by nitrogen 
adsorption experiments. 

Table 1: Helium permeance via defects and relative areas of the defects for membrane 
M1 estimated from n-hexane permporometry data. 

P/P0 Permeance via defects Pore width Pore interval Relative area of 
defects a (%) (–) (10-7 mol s-1 m-2 Pa-1) (nm) (nm) 

     

2.14 × 10-4 8.61 0.71 – – 
3.53 × 10-4 6.23 0.73 0.71 – 0.73 0.21 
1.07 × 10-3 3.20 0.80 0.73 – 0.80 0.23 
3.60 × 10-3 1.52 0.91 0.80 – 0.91 0.100 
1.05 × 10-2 0.79 1.04 0.91 – 1.04 0.033 
2.40 × 10-2 0.51 1.19 1.04 – 1.19 0.0103 
1.16 × 10-1 0.25 1.78 1.19 – 1.78 0.0060 
2.07 × 10-1 0.23 2.97 1.78 – 2.97 0.00039 
3.56 × 10-1 0.19 4.25 2.97 – 4.25 0.00037 

   > 4.25 0.0013 

 Total: 0.59 
   

a Area of defects divided by the membrane area 

Table 2: Helium permeance via defects and relative areas of the defects for membrane 
M1 estimated from benzene permporometry data. 

P/P0 Permeance via defects Pore width Pore interval Relative area of 
defects a (%) (–) (10-7 mol s-1 m -2 Pa-1) (nm) (nm) 

     

3.55 × 10-4 8.61 0.85 – – 
1.08 × 10-3 4.60 0.92 0.85 – 0.92 0.22 
3.64 × 10-3 3.19 1.03 0.92 – 1.03 0.065 
9.78 × 10-3 1.29 1.14 1.03 – 1.14 0.072 
2.62 × 10-2 0.54 1.33 1.14 – 1.33 0.023 
1.01 × 10-1 0.26 1.80 1.33 – 1.80 0.0061 
1.87 × 10-1 0.21 2.60 1.80 – 2.60 0.00065 
3.58 × 10-1 0.18 4.05 2.60 – 4.05 0.00033 

   > 4.05 0.0014 

   Total: 0.39 
     

a Area of defects divided by the membrane area
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The amount of defects in the range of 2 – 4 nm in size, determined both by n-
hexane and benzene permporometry, is very low and accounts for as little as 0.001% of 
the total membrane area. The relative area of defects larger than 4 nm is as small as 
0.002% of the total membrane area. These defects are most likely defects in form of 
open grain boundaries. Overall, the defect distribution estimated by means of n-hexane 
permporometry data is rather similar to the defect distribution obtained from benzene 
permporometry data. The total amount of defects larger than 0.8 nm and 0.85 nm, 
determined by n-hexane and benzene respectively, amounts to 0.15% and 0.38%, i.e. 
benzene data indicates about 2.5 times more defects than n-hexane, illustrating only 
small differences between the two alternatives of the technique. This is in line with n-
hexane and benzene permporometry patterns for MFI membranes reported by Falconer 
and Noble [56] as well as us [6]. Both groups have reported similar patterns for both 
adsorbates. However, Falconer and Noble [56] have reported dramatic differences 
between n-hexane and benzene permporometry data for a B-ZSM-5 membrane. It was 
speculated that the dramatic difference was caused by swelling of the zeolite by n-
hexane. However, an alternative and much more likely explanation is that benzene is 
not adsorbed readily in B-ZSM-5, that has smaller pores than H-ZSM-5 [57]. If benzene 
is not adsorbed, it will not block the helium transport, which would explain the dramatic 
differences observed for n-hexane and benzene permporometry [56]. If that is the case, 
benzene is just an unsuitable adsorbate for characterization of B-ZSM-5 membranes by 
permporometry. 

HR-SEM images of the cross-section (a) and the top surface (b) of a membrane 
with similar defect distribution as that presented in Tables 1 and 2 are shown in Figure 
6. The zeolite film appears to be rather even with a thickness of around 0.5 m. No 
cracks or pinholes can be observed on this membrane. The surface image shows zeolite 
grains of more than 100 nm in width and grain boundaries. The grain boundary in the 
middle of the image represents one of the widest grain boundaries observed on the 
membrane surface. The width of the boundary appears to be about 5 nm, but this grain 
boundary could of course be narrower within the membrane than at the surface. Several 
grain boundaries that are narrower than 5 nm at the surface can also be observed in the 
image. Overall, the HR-SEM observations support the observations by permporometry 
data, i.e. the membranes are free of larger defects, but grain boundaries are certainly 
present. 

Figure 6. SEM images of cross-section (a) and top view (b) of an H-ZSM-5 membrane 
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3.3. Separation experiments 

Figure 7 illustrates the n-hexane/TMB separation factor as a function of 
temperature for membrane M1, i.e. the same membrane with defects distributions 
presented in Tables 1 and 2. The separation factor is about 3 at a temperature of about 
50 °C. As the temperature was increased to 300 °C, the separation factor increased to 
approximately 100. A further increase of the temperature to about 400 °C resulted in a 
minor decrease of the separation factor. Slightly lower separation factors were observed 
at corresponding temperatures during cooling of the membrane. The slightly reduced 
separation performance is likely due to introduction of some defects during heating of 
the membrane to 400 °C or due to coke formation. In order to sort out these 
observations, an additional permporometry analysis of membrane M1 was carried out 
after completion of the separation tests. Table 3 shows the defect distribution estimated 
from the additional n-hexane permporometry data. 

Figure 7. n-Hexane/TMB separation factor as a function of temperature for membrane 
M1. Lines are only guides for the eye. 

Table 3: Helium permeance via defects and relative areas of defects for membrane M1 
estimated from n-hexane permporometry analysis after the separation experiments. 

P/P0 Permeance via defects Pore width Pore interval Relative area of 
defects a (%) (–) (10-7 mol s-1 m-2 Pa-1) (nm) (nm) 

     

2.14 × 10-4 7.45 0.71 – – 
3.53 × 10-4 5.73 0.73 0.71 – 0.73 0.15 
1.07 × 10-3 2.90 0.80 0.73 – 0.80 0.21 
3.60 × 10-3 1.57 0.91 0.80 – 0.91 0.079 
1.05 × 10-2 0.80 1.04 0.91 – 1.04 0.036 
2.40 × 10-2 0.51 1.19 1.04 – 1.19 0.0104 
1.16 × 10-1 0.26 1.78 1.19 – 1.78 0.0059 
2.07 × 10-1 0.21 2.97 1.78 – 2.97 0.00071 
3.56 × 10-1 0.18 4.25 2.97 – 4.25 0.00030 

   > 4.25 0.0012 
     

 Total: 0.50 
   

a Area of pores divided by the membrane area
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The total area of defects is somewhat smaller after (0.50%) than that before 
(0.59%) the separation experiment. However, the decrease in the total relative area of 
defects emanates primarily from the decrease of defects in the interval 0.7 – 0.8 nm. At 
the same time, the relative area of the defects larger than 0.9 nm increased to a certain 
extent. The decrease of defects smaller than 0.8 nm is likely caused by coke formation 
in the defects. The helium permeance through the zeolite pores also dropped from about 
72 before to about 60 × 10-7 mol s-1 m-2 Pa-1 after the separation experiment, most likely 
due to coke formation. 

TMB with a kinetic diameter of 0.75 nm [38] should mostly be transported via 
defects larger than 0.75 nm. Thus, TMB permeance may serve as an indication of the 
amount of defects larger than 0.75 nm in the membrane. TMB permeance increased 
slightly from about 1.3 to about 1.4 × 10-7 mol s-1 m-2 Pa-1 in the separation experiment 
at 50 °C, and from about 0.3 to about 0.5 × 10-7 mol s-1 m-2 Pa-1 in the separation 
experiment at 160 °C after the heating to 400 C. The slight increase in the TMB 
permeance may very well correspond to the slight increase of the amount of defects in 
the range 0.9 – 1 nm, demonstrating good agreement between the permporometry and 
separation data. The separation data at 300 °C are hard to compare due to uncertainty of 
the onset and termination of the coke formation. 

To minimize the effect of adsorption on TMB transport without introducing 
defects, further separation tests were carried out at 160 °C. Three as-synthesised 
membranes (M1, M2 and M3) of different quality according to the permporometry 
analysis were selected for n-hexane/TMB separation experiments at 160 °C. The 
relative area of defects larger than 0.75 nm amounts to 0.38, 0.44 and 0.55% for 
membranes M1, M2 and M3, respectively. Figure 8 shows n-hexane/TMB separation 
factor and TMB permeance observed at 160 °C as a function of relative area of defects 
larger than 0.75 nm. 

Figure 8. n-Hexane/TMB separation factor and TMB permeance observed at 160 °C as 
a function of relative area of the defects larger than 0.75 nm. Lines are only guides for 

the eye. 

Figure 8 illustrates excellent correlation between area of defects larger than 
0.75 nm determined by permporometry and n-hexane/TMB separation factor and TMB 
permeance. In addition, TMB permeance was scaled with the helium permeance 
through defects larger than 0.75 nm using equation (12). Table 4 shows TMB 
permeances measured at 160 °C in the separation experiments and predicted using 
equation (12), as well as the ratio between the latter and the former. The predicted 



17

values are about 3 times higher than the measured. This indicates that the diffusivity of 
TMB in the defects is about 3 times lower than the Knudsen diffusivities used in the 
estimation of the TMB permeance. This is likely since the size of the defects is 
comparable to or slightly larger than the kinetic diameter of TMB and TMB transport 
should be more restricted than Knudsen diffusion. The same phenomenon was observed 
for helium for zeolite pores (see Figure 5). Surface diffusion is known to be relevant 
when the pore size is comparable to the molecule size [36]. Thus, estimation of the 
TMB transport assuming only Knudsen diffusion may be oversimplified. However, it 
should still be fair to use this approach to appreciate the order of magnitude of TMB 
diffusivities in the defects. The similarity in measured and predicted values of the 
permeances indicates that the area distribution obtained from permporometry 
characterization is reasonable. All this in combination demonstrates that permporometry 
data adequately reflect the membrane quality and can serve as a very effective and 
reliable tool for membrane quality characterization. 

Table 4: Measured and predicted TMB permeances. 

Membrane Measured TMB permeance Predicted TMB permeance Ratio 
Pred./Meas. (10-8 mol Pa-1 m-2 s-1)

    
M1 0.52 1.68 3.2 
M2 0.90 1.90 2.1 
M3 1.14 4.00 3.5 

    

4. Conclusions 

The present work has demonstrated how adsorption-branch permporometry 
analysis can be used to estimate helium transport in flow-through micropore defects in 
MFI membranes. The work has also shown how the area distribution of the micropores 
can be obtained using n-hexane or benzene as the adsorbates. The results were 
corroborated by HR-SEM analysis and separation experiments using a mixture of n-
hexane and 1,3,5-trimethylbenzene (TMB). Excellent agreement observed between 
permporometry data, HR-SEM analysis and separation tests indicates that 
permporometry analysis adequately reflects the membrane quality and is a very 
effective and reliable technique for membrane quality characterization. 
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