
Fabrication and Molecular Transport
Studies of Highly c-Oriented AFI Membranes

Item Type Article

Authors Liu, Yang; Zhang, Bing; Liu, Defei; Sheng, Ping; Lai, Zhiping

Citation Liu Y, Zhang B, Liu D, Sheng P, Lai Z (2017) Fabrication
and Molecular Transport Studies of Highly c-Oriented AFI
Membranes. Journal of Membrane Science. Available: http://
dx.doi.org/10.1016/j.memsci.2017.01.012.

Eprint version Post-print

DOI 10.1016/j.memsci.2017.01.012

Publisher Elsevier BV

Journal Journal of Membrane Science

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Journal of Membrane Science. Changes
resulting from the publishing process, such as peer review,
editing, corrections, structural formatting, and other quality
control mechanisms may not be reflected in this document.
Changes may have been made to this work since it was submitted
for publication. A definitive version was subsequently published
in Journal of Membrane Science, 10 January 2017. DOI: 10.1016/
j.memsci.2017.01.012.

Download date 23/05/2023 20:05:48

Link to Item http://hdl.handle.net/10754/622676

http://dx.doi.org/10.1016/j.memsci.2017.01.012
http://hdl.handle.net/10754/622676


Author’s Accepted Manuscript

Fabrication and Molecular Transport Studies of
Highly c-Oriented AFI Membranes

Yang Liu, Bing Zhang, Defei Liu, Ping Sheng,
Zhiping Lai

PII: S0376-7388(16)31781-1
DOI: http://dx.doi.org/10.1016/j.memsci.2017.01.012
Reference: MEMSCI15003

To appear in: Journal of Membrane Science

Received date: 28 September 2016
Revised date: 18 December 2016
Accepted date: 7 January 2017

Cite this article as: Yang Liu, Bing Zhang, Defei Liu, Ping Sheng and Zhiping
Lai, Fabrication and Molecular Transport Studies of Highly c-Oriented AFI
M e m b r a n e s , Journal of Membrane Science,
http://dx.doi.org/10.1016/j.memsci.2017.01.012

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/memsci

http://www.elsevier.com/locate/memsci
http://dx.doi.org/10.1016/j.memsci.2017.01.012
http://dx.doi.org/10.1016/j.memsci.2017.01.012


1 

 

Fabrication and Molecular Transport Studies of Highly c-Oriented AFI Membranes 

Yang Liu
a
, Bing Zhang

b
, Defei Liu

a
, Ping Sheng

b*
, Zhiping Lai

a*
 

a
Advanced Membranes and Porous Materials Center, Chemical and Biological Engineering, 

Division of Physical Science and Engineering, King Abdullah University of Science and 

Technology, Thuwal, KSA 

b
Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, 

Kowloon, Hong Kong 

zhiping.lai@kaust.edu.sa (Prof. Zhiping Lai) 

sheng@ust.hk (Prof. Ping Sheng) 

*
Corresponding authors:  

ABSTRACT:  

The AFI membrane with one-dimensional straight channels is an ideal platform for various 

applications. In this work, we report the fabrication of a highly c-oriented, compact and stable 

AFI membrane by epitaxial growth from an almost close-packed and c-oriented monolayer of 

plate-like seeds that is manually assembled on a porous alumina support. The straight channels in 

the membrane are not only aligned vertically along the membrane depth, but are also continuous 

without disruption. The transport resistance is thus minimized and as a result, the membrane 

shows almost two orders of magnitude greater permeance in pervaporation of hydrocarbons 

compared to reported values in the literature. The selectivity of p-xylene to 1,3,5-

triisopropylbenzene (TIPB) is approximately 850. In addition, through gas permeation studies on 

a number of gas and liquid molecules, different transport mechanisms including activated 

Knudsen diffusion, surface diffusion and molecular sieving were discovered for different 

diffusion species. The ratio of kinetic diameter to channel diameter, dm/dc, and the ratio of the 
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Lennard-Jones length constant to channel diameter, σm/dc, are found very useful in explaining the 

different transport behaviors. These results should be useful not only for potential industrial 

applications of the AFI membranes but also for the fundamental understanding of transport in 

nanoporous structures. 

Keywords: AFI, Zeolite Membrane; Transport Mechanism, Nanopores 

1. Introduction 

Zeolite membranes have been studied intensively over the last 30 years [1, 2]. Due to their 

well-defined and highly stable porous structure, zeolite membranes are able to achieve sharp 

molecular sieving with high transport rates and thus have shown excellent performance in many 

challenging separation systems such as dehydration [3, 4], CO2 capture [5, 6], and hydrocarbon 

mixtures with close-boiling points [7, 8]. However, it is still a considerable challenge to 

synthesize defect-free membranes over large areas with controllable microstructures. AFI is an 

important aluminophosphate type of zeolite whose porous structure contains one-dimensional 

circular channels along the c-axis with a pore size of 0.73 × 0.73 nm [9]. It has two isomorphic 

forms: AlPO4-5 is a pure aluminophosphate form, while SAPO-5 contains a small amount of 

silicon in the framework. AFI is resistant to acid, base and organic solvents. It is thermally stable 

up to 1000 °C. Its unique straight channels and medium range pore size allow not only fast 

diffusion of molecules compared to other zeolites’ 3D pore networks [10] but also embedding of 

many types of functional guest molecules, which makes the AFI framework a good crystalline 

host for many host-guest applications such as nonlinear optics [11, 12], light harvesting [13], 

superconductivity [14], and chemical sensing [15]. AFI has also been studied intensively in 

catalysis for conversion of hydrocarbons [16], such as for butane or heptane isomerization [17, 

18], conversion of benzyl alcohol [19], and toluene alkylation [20]. However, the one-
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dimensional porous structure of AFI also imposes a major challenge in membrane fabrication, 

that is, the membrane should be c-oriented so that the straight channels are aligned along the 

membrane depth to allow efficient transport. In the past decades, there have been many attempts 

to fabricate c-oriented AFI membranes on different supports using various methods [21, 22]. 

Girnus et al. reported vertically aligned AlPO4-5-in-nickel membranes generated using rod-

shaped crystals with microwave heating [23]. Karanikolos et al. prepared c-oriented AlPO4-5 

films by tertiary growth on seeded silicon substrates [24]. Yang et al. fabricated SAPO-5 

membranes on porous α-Al2O3 substrates by using in-situ crystallization and microwave heating, 

but the orientation was random [25]. Stoeger et al. synthesized c-oriented CoSAPO-5 membranes 

by microwave enhanced growth on TiO2-coated porous alumina [26]. We have also reported the 

synthesis of highly c-oriented AFI membranes on nonporous aluminum substrates [27]. However, 

in all of these reports either there is no gas permeation data, or the membrane was grown from 

random oriented seeds so even though the membrane was c-oriented due to competitive growth, 

its orientation changed gradually along the membrane thickness and therefore disturbed the 

transport along the straight channels [28]. 

Herein we report the successful fabrication of highly c-oriented, compact and mechanically 

stable AFI membranes on porous α-Al2O3 substrates through epitaxial growth of micrometer 

sized, plate-like and c-oriented seed layers. The high membrane quality and the optimized 

microstructure not only showed orders of magnitude improvement in membrane permeance and 

selectivity but also allowed us to investigate the intrinsic transport properties using gas 

permeation and liquid pervaporation tests. Different transport mechanisms, including Knudsen 

diffusion, surface diffusion and sharp molecular sieving, were discovered for different molecules. 
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These results should be useful not only for potential industrial applications of the AFI 

membranes but also for the fundamental understanding of the transport in nanoporous structures. 

2. Experimental 

2.1 Materials 

The AFI membrane fabrication involved the following chemicals: pseudoboehmite (Catapal 

A, Sasol), phosphoric acid (H3PO4, 85%, Panreac), silica gel (40 wt%, Ludox HS-40, Sigma-

Aldrich) trimethylamine (TEA, 99.5%, Sigma-Aldrich), 3-chloropropyl trimethoxysilane (3CP-

TMS, Sigma-Aldrich), anhydrous toluene (99.8%, Sigma-Aldrich), polyvinyl alcohol (PVA, 98-

99%, Mw=146,000-186,000, Sigma-Aldrich) and aluminum isopropoxide (AIP, 98%, Acros). N-

heptane, xylene isomers, mesitylene and 1,3,5-triisopropylbenzene (TIPB) were all HPLC grade 

and obtained from Sigma-Aldrich. All chemicals were used as received without further 

treatments. 

2.2. Synthesis of plate-like SAPO-5 seeds 

Plate-like SAPO-5 seeds were synthesized from a precursor solution with a molar 

composition of 1 Al2O3: 0.8 P2O5: 1 SiO2: 3.5 TEA: 50 H2O that was prepared as follows. 5.68 g 

H3PO4, 22.8 g deionized (DI) water and 4.42 g pseudoboehmite were mixed subsequently and 

stirred for 4 h. 4.62 g silica gel was then added to the above solution to form a slurry and stirred 

for 1 h. Next, 10.82 g TEA was added to the slurry using a dropping funnel. Finally, after 

rigorous stirring for 14 h, the slurry was loaded into a microwave oven (CEM Mars 5), heated to 

180 °C within 1.5 minutes, and then incubated for 2 h. After that, the resulting crystals were 

washed, collected by centrifugation, dried at 120 °C overnight, and then stored for later use. The 

as-synthesized plate-like SAPO-5 crystals that had a large flat (001) face were used as seeds. 

2.3. Assembly of SAPO-5 seeds on α-Al2O3 disks 
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To enhance the interaction between seeds and the porous α-alumina substrate, seeds were 

functionalized with a silane coupling agent, 3CP-TMS, while the substrate was coated with a 

PVA layer (Fig. 1a). Specifically, 1 g dry SAPO-5 seeds were added to a mixture of 5 ml 3CP-

TMS and 40 ml anhydrous toluene in a glove box. The mixture was heated to 110 °C and 

refluxed overnight under argon protection. Afterwards, the functionalized seeds were washed 

with anhydrous toluene 3 times to remove extra 3CP-TMS and then dried at 120 °C. The 

polished α-Al2O3 substrate (2.2 cm in diameter) was coated with a layer of PVA by a simple slip 

coating process from an 8 wt% PVA aqueous solution and dried at 80 °C. The functionalized 

SAPO-5 seeds were assembled on the PVA-coated substrate using a manual rubbing method, 

which was first developed for the synthesis of b-oriented MFI membranes [7, 29]. Due to the 

plate-like shape, seeds naturally attach their (001) face to the substrate and therefore form a c-

oriented seed layer (Fig. 1b). The quality of the seed layer was inspected with a high resolution 

optical microscope (VHX-600, Keyence). The seeded substrate was placed on a hotplate to melt 

the PVA. After cooling, the extra seeds were removed by ultrasonication. Finally, the seeded 

substrate was calcined at 800 °C for 6 h with a heating rate of 0.2 
o
C/min and a cooling rate of 

0.5 
o
C/min to remove the PVA layer and then the seed layer was subjected to a secondary growth 

process where seeds became larger by epitaxial growth to close the interstitial gaps. 
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Fig. 1. Schematic illustration of the AFI membrane fabrication procedure: (a) Functionalization 

of the plate-like SAPO-5 seeds using 3CP-TMS and surface modification of the α-Al2O3 

substrate by a PVA layer; (b) Formation of a highly c-oriented seed monolayer on a flat α-Al2O3 

substrate by a manual rubbing method; (c) Secondary growth of the seed layer to form a 

continuous c-oriented AFI membrane.  

2.4. Secondary growth 

The secondary growth was executed by a hydrothermal method. The growth solution with a 

molar composition of 1 Al2O3: 1.3 P2O5: 0.8 TEA: 160 H2O was prepared as follows. 5 g AIP 

was added to 34.28 g DI water and stirred for 5 h. Then, 2.13 ml H3PO4 was added dropwise and 

stirred for 1 h. Subsequently, 1.35 ml TEA was added dropwise. After stirring for 12 h, the 

mixture was transferred to a Teflon-lined stainless steel autoclave. The seeded α-Al2O3 substrate 

was immersed vertically inside the growth solution with the aid of a Teflon holder. The 

autoclave was placed in a preheated oven (150 °C) for 24 h and then quenched to room 

temperature by tap-water. The final result was a compact and highly c-oriented AFI membrane, 

as shown in Fig. 1c. The membrane was washed, dried and calcined at 540 °C for 4 h in open air 

with heating and cooling rates of 1 °C/min.  

2.5. Characterization of the AFI membrane 

 Scanning electron micrographs (SEM) were obtained with a Quanta 200 or Quanta 600 

microscope. X-ray diffraction (XRD) was performed on a Bruker D8 Advance Diffractometer. 

Single-gas permeation tests, including hydrogen, helium, nitrogen, methane, argon, carbon 

dioxide, ethylene, ethane, propylene, n-butane and i-butane were performed at room temperature 

by a custom-designed steady-state permeation setup, as shown in Fig. 2. The membrane was 

placed in a stainless steel permeation cell with the AFI layer facing the feed side and then sealed 
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on both sides with O-rings. The permeation area (A) of the membrane was 2.3410
-4

 m
2
. The 

feed pressure was varied between 1 atm and 5 atms. The permeate side was connected to a 

bubble flow meter at atmospheric pressure. 

 

Fig. 2. Schematic diagram of the steady-state permeation setup. 

      The gas permeance was calculated from the permeation flux divided by the transmembrane 

pressure drop for gases, using the following equation, 

  
 

  
 

  

   

 

                                                                                                                      (1) 

where P is the permeance, J is the permeation flux,           is the transmembrane 

pressure drop (TMP) between the feed pressure p
F
 and the permeate pressure p

P
, p is the 

atmosphere pressure, V is the volume flowrate measured by the bubble meter, R is the ideal gas 

constant, T is the permeation temperature, and A is the permeation area of the membrane. 

Single-component pervaporation tests were performed using a pervaporation setup, as shown 

in Fig. 3. The liquid was kept at 1 atm, while the permeate side was first connected to a liquid 

nitrogen cold trap and then a mechanical pump (XDS-5, Edwards). The vacuum degree was 

measured by a vacuum pressure gauge. The membrane was activated/reactivated under vacuum 
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for 6 h at 100 °C before each measurement. The cold trap was cleaned, dried, weighed and 

connected to the setup in sequence.  

 

Fig. 3. Schematic representation of the pervaporation setup. 

The permeation flux was determined based on the amount of liquid collected in the cold trap 

under a certain time period. The permeance was calculated from the permeation flux divided by 

the fugacity difference (saturated vapor pressure minus the permeate pressure) for pervaporation, 

using the following equation: 

  
 

  
 

 

   

 

                                                                                                                          (2) 

where P is the permeance, J is the permeation flux,            is the fugacity difference 

between the saturated vapor pressure p
sat

 and the permeate pressure p
P
, Q is the liquid amount 

collected in the cold trap under a certain time period t, M is the molecular weight of the 

measuring liquid, and A is the permeation area of the membrane. 

3. Results and discussion 

3.1 Synthesis of plate-like SAPO-5 seeds 

Ideally, the crystal morphology of seeds should have a large lateral to thickness aspect ratio 

to induce formation of a plate-like shape, as illustrated in Fig. 1a. It helps to form a thin 

monolayer of c-oriented seeds. Unfortunately, most reported AFI crystals typically exhibit an 
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elongated hexagonal rod shape under normal synthesis conditions. Jhung et al. first reported that 

under fast microwave heating conditions, SAPO-5 crystals could form the desired plate-like 

shape [30]. In this work we further optimized the crystallization conditions. It was found that the 

SAPO-5 crystal morphology was particularly sensitive to the heating rate, synthesis temperature 

and synthesis time as shown in Fig. 4a-d where these parameters were changed slightly. Finally, 

the crystals obtained under the synthesis conditions of those shown in Fig. 4a, which have a 

plate-like hexagonal shape with a thickness of 2 m and a diameter of 6 m, were identified to 

be the best in terms of the aspect ratio, the crystallinity and the size uniformity. 

  

  

Fig. 4. SAPO-5 crystals synthesized by microwave heating at different heating rates, 

temperatures and durations: (a) AFI crystals obtained by heating to 180 °C within 1.5 minutes 
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and holding for 2 h; (b) heating to 185 °C within 1.5 minutes and holding for 2 h; (c) heating to 

180 °C within 2 minutes and holding for 2 h; (d) heating to 180 °C within 1.5 minutes and 

holding for 2.2 h. 

3.2. Manual assembly of SAPO-5 crystals on porous α-Al2O3 support 

Yoon and co-workers [31, 32] developed a very simple rubbing method to assemble zeolite 

particles into a dense packed monolayer on flat surfaces. This method works very well with 

zeolite A and MFI crystals, but was found less effective with SAPO-5 crystals. The reason is due 

to weak interactions between the seeds and the substrate surface. Hence firstly, the SAPO-5 seed 

was functionalized with a silane coupling agent, 3CP-TMS, and the substrate was coated with a 

PVA layer to enhance the interaction. After such treatments the coverage was significantly 

improved as shown in Fig. 5. Since the crystal size is large enough, the seed layer can be 

inspected with a high resolution optical microscope to ensure that there are no large void areas. 

After inspection, the samples can be used directly for membrane growth. From Fig. 5b, it is 

evident that a monolayer is formed with almost all seeds attaching their flat (001) surface to the 

support and hence the seed layer should be highly c-oriented, as verified by the XRD pattern in 

Fig. 7A.  
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Fig. 5. SAPO-5 seed layer coated on a porous α-Al2O3 substrate by a manual rubbing method: (a) 

at low resolution; (b) at high resolution. 

3.3. Growth of highly c-oriented AFI membranes 

Fig. 6 and Fig. 7 show the SEM images for the membranes at different stages from 3 h to 24 

h. During the first three hours, it can be seen that intensive nucleation occurs on the top surface 

(Fig. 6a). After six hours, intensive growth along the side surfaces is also evident (Fig. 6b). The 

lattice mismatch between the seed layer (SAPO-5) and the secondary growth layer (AlPO4-5) is 

considered to be negligible since these two forms of AFI zeolite are isomorphic. After growth for 

12 h (Fig. 6c), most gaps were closed due to growth of the seed crystals. A close look at the 

newly formed crystals inside the gap (Fig. 6d) revealed that almost all the newly formed crystals 

had their edges aligned with each other, indicating that these crystals were not formed randomly 

but rather induced from the seed crystals, and hence the growth was epitaxial. This is desirable 

not only for retaining the membrane orientation but also for maintaining the straight channels. 
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Fig. 6. SEM images for the AFI membrane at different growth times: (a) 3 h; (b) 6 h; (c) 12 h; (d) 

a high resolution image of an incomplete growth area at 12 h. 

After 24 h of growth, as shown in Fig. 7a and Fig. 7b, a continuous AFI membrane was 

successfully obtained with its c-orientation well retained. The membrane layer inter-grew into 

the porous α-Al2O3 substrate and formed a stable AFI membrane with a thickness of 

approximately 10 µm, as shown in Fig. 7c. Fig. 7d shows the XRD patterns of the seed layer and 

the membranes after 6 h and 24 h growth. All three patterns have a strong (002) peak, which 

confirms the seed layer is highly c-oriented and the membrane kept the c-orientation during the 

whole growth procedure. 
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Fig. 7. Characterization of the AFI membrane after 24 h of growth: (a) Top surface in high 

magnification; (b) top surface in low magnification; (c) cross-section of AFI membrane; (d) 

XRD patterns of the membrane at different growth stages: (A) seeds layer, (B) 6 h and (D) 24 h. 

The asterisks mark the peaks for the α-Al2O3 substrate. 

3.4. Gas permeation and pervaporation tests 

The single-gas permeation results for six different gases, H2, He, CH4, N2, Ar and CO2 are 

plotted in Fig. 8. Fig. 8a shows that all the gas permeance values are independent of the mean 

trans-membrane pressure (p
F
+p

P
)/2, where p

F
 is the feed pressure and p

P
 is the permeate pressure. 

Fig. 8b shows that the gas permeance is inversely proportional to the squared root of the gas 

molecular weight (1/M)
1/2

. These relationships suggest that the fabricated AFI membrane 

contains a negligible amount of microporous defects and the gas transport mechanism is 

Knudsen diffusion. The gas permeance values of the AFI membrane are comparable to those of 

the ZIF-68 membrane which has a similar pore size (7.5 Å) and straight 1D channels [33] after 

normalizing with the membrane thickness. 
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Fig. 8. (a) Gas permeance in the AFI membrane at different mean transmembrane pressures 

(p
F
+p

P
)/2, where p

F
 is the feed pressure and p

P
 is the permeate pressure; (b) relationship between 

gas permeance and the square root of gas molecular weight.  

The following equation based on the activated Knudsen diffusion model or gas-translational 

model [34, 35] was thus used to estimate the gas permeance through AFI channels:  

  
  

   
√

 

    
   ( 

  

  
)                                                                                                 (3) 

where d is the membrane pore size equal to 0.73 nm,  is the areal porosity equal to 0.256 

calculated from the geometry of the AFI unit cell,  is the tortuosity (which should be 1 here) for 

one dimensional channels, L is the membrane thickness equal to 10 μm, R is the gas constant, T 

is the operation temperature, M is the molecular weight, and Ea is the activation energy to 

overcome the diffusion barrier. Without considering the activation energy term, the estimated 

permeance values for He, H2, N2, CH4, Ar and CO2 are 3.2×10
-6

, 4.5×10
-6

, 1.2×10
-6

, 1.6×10
-6

, 

1.0×10
-6

 and 9.6×10
-7

 mol/m
2
 s

 
Pa, respectively, which are approximately 4.5~5.5 times higher 

than the experimental values shown in Fig. 8. Therefore, the activation energy for diffusion is 

approximately 3.7~4.2 kJ/mol. 
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Fig. 9 shows the pervaporation permeance at room temperature for several hydrocarbons (n-

heptane, xylene isomers, mesitylene and 1,3,5-triisopropylbenzene) that have various kinetic 

diameters. These kinetic diameters as well as other physical properties are listed in Table 1. It 

was found that for molecules smaller than the pore size, the permeance decreases slightly with 

the kinetic diameter. It is noted that mesitylene (7.5 Å) is slightly larger than the channel size 

(7.3 Å), yet it can pass through the AFI channels quickly. Similar observations have also 

reported in many other zeolite systems that the effective pore size of zeolites is often found 

larger than the crystallographic pore size and the deviation sometimes can be up to 0.5 Å [36-39]. 

However, for molecules significantly larger than the pore size, such as TIPB (kinetic diameter 

8.5 Å), the permeance drops by more than two orders of magnitude due to the sharp molecular 

sieving effect, giving a p-xylene to TIPB selectivity of approximately 850. The high selectivity 

indicates the high quality of the membrane. Additionally, the permeance of n-heptane is 

approximately 3.2×10
-5

 mol/m
2
sPa, and this value is almost two orders of magnitude higher 

compared to literature reported results. For examples, a value of 7.3×10
-7

 mol/m
2
sPa was 

reported for a 1.5 m thick c-oriented SAPO-5 membrane [21]; and a value of 2.0×10
-7

 

mol/m
2
sPa was reported for a 5 µm thick randomly oriented SAPO-5 membrane [25]. If the 

membrane thickness here is considered to be 10 µm, the membrane permeability will be even 

higher. Such a significant improvement clearly shows the advantage of the optimum membrane 

microstructure achieved by our novel membrane synthesis procedure, that is, the straight 

channels are not only well aligned but also continuous without disruption, offering minimum 

transport resistance. Although the membranes discussed in previous studies [21, 27] are also 

reported to be c-oriented, their permeance values are much lower due to their disturbed straight 
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channels which result from a randomly oriented seed layer or miss-orientation of the channels 

after secondary growth. 
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Fig. 9. Pervaporation permeance of hydrocarbon molecules with different sizes through the AFI 

membrane. 

Table 1. Dimensions for various molecules in AFI channels 

Molecules MW dm (Å)
#
 σm (Å)* dm/dc

§
 σm/dc 

He 4 2.60 2.98 0.36 0.41 

H2 2 2.89 3.14 0.40 0.43 

CO2 44 3.30 3.64 0.45 0.50 

Ar 40 3.40 3.32 0.46 0.45 

N2 28 3.64 3.57 0.50 0.49 

CH4 16 3.80 3.71 0.52 0.53 

C2H4 28 3.90 4.16 0.53 0.57 

C2H6 30 4.00 4.33 0.55 0.59 

C3H6 42 4.50 4.77 0.61 0.65 

n-C4H10 58 4.30 5.42 0.59 0.74 

i-C4H10 58 4.50 5.45 0.62 0.75 

n-C7H10 94 4.30 6.07 0.59 0.83 

p-C8H10 106 5.85 6.35 0.80 0.87 

o-C8H10 106 6.80 6.30 0.93 0.86 

m-C8H10 106 6.80 6.33 0.93 0.87 

mesitylene 120 7.50 6.71 1.03 0.92 

TIPB 204 8.50 8.75 1.16 1.20 
#
Kinetic diameter, obtained from Breck [40] 

*
Lennard-Jones length constant, estimated by Hirschfelder-Bird-Spotz method [41] 

§
dc = 7.3 Å which is the diameter of AFI channel 
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3.5. Discussion of transport mechanism of gas molecules through AFI channels 

The permeation mechanisms of guest molecules through microporous channels includes 

Knudsen diffusion, surface diffusion and molecular sieving, which depend on the pore size, guest 

molecular size and shape, interacting strength between the guest and the pore, and operation 

conditions. To reveal the physical parameters that affect the transport mechanism through AFI 

channels, we first adapt the normalized Knudsen-based permeance (NKP) method proposed by 

Tsuru and coworkers [42]. The NKP value of each diffusion species is defined as follows: 

   
  

   √     ⁄
                                                                                                                (4) 

where Pi and Mi are the permeance and molecular weight of component i, respectively, and PHe 

and MHe are the permeance and molecular weight of helium, respectively. Here, although liquid 

pervaporation measurements were performed in a different way from gas permeation, its 

transportation driving force is the difference between permeate vapor pressure and vacuum 

pressure, which is similar to the pressure difference for gas permeation. Thus, it is reasonable to 

plot the gas permeance and liquid pervaporation permeance on one diagram. Fig. 10 shows the 

NKP values of all the studied diffusion species as a function of their kinetic diameter relative to 

the AFI pore size ratio, dm/dc. The kinetic diameters as well as the dm/dc values of all species 

studied in this work are listed in Table 1. For small molecules, when dm/dc < 0.6, the NKP value 

is approximately 1, indicating an activated Knudsen diffusion mechanism. When 0.6 < dm/dc < 1, 

the NKP value jumps to almost 100, indicating that the diffusion mechanism has changed to 

surface diffusion. When dm/dc >1, the NKP value drops to almost zero due to a strong molecular 

sieving effect.  
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Fig. 10. Normalized Knudsen-based permeance as a function of dm/dc. 

The above relationship between the transport mechanism and dm/dc matches very well the 

observations made for the ZSM-5 system by Xiao and Wei [34, 35]. In their studies, Xiao and 

Wei used two parameters, dm/dc and σm/dm, to describe the transport behaviors, in which dm/dc 

was used to represent the molecular sieving effect, while σm/dm was used to account for the effect 

of both molecular sieving and surface diffusion. σm is the Lennard-Jones parameter and it 

represents another molecular size in terms of the molecular interaction strength. Using a 10-4 

Lennard Jones (L-J) potential, Everett and Powl [43] applied the ratio of σm/dc to describe the 

adsorption potential evolution of a gas molecule in nanopores. Unlike the traditional 12-6 

potential describing the interaction between a single atomic or molecular species, the 10-4 LJ 

potential describes the interaction between a single solid lattice plane (SLP) of 2 with a single 

molecule of 1 in the gas phase, as given by: 

            
    

 [
 

 
(
  

 
)
  

 
 

 
(
  

 
)
 

]                                                                       (5) 

where ε1,SLP is the potential energy inside the channel, n is the number of interacting centers per 

unit area of the lattice plane, ε12
*
 is the depth of the potential energy minimum, r0 = σ

1/2 
is the 
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distance at which ε12 = 0, z is the distance from the plane of surface nuclei to the point. This 

equation can also be rewritten as: 
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]                                                                                    (6) 

where       
  

 

 
     

   
  is the depth of the energy minimum occurring at a distance z* = r0. 

      The potential equation corresponding to a long cylinder whose wall comprises a single layer 

of solid atoms can be derived from equations 5 and 6 and is expressed as follows: 

|
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)
 

]                                                                                       (7) 

where R denotes the radius of the cylinder. Detailed descriptions of the above equations can be 

found in the literature [43, 44]. 

Fig. 11 illustrates the 10-4 Lennard Jones (L-J) adsorption potential in AFI channels at 

different σm/dc ratios. The value of σm is estimated by the Hirschfelder-Bird-Spotz method [41], 

which is listed in Table 1 for each molecule. At small σm/dc ratios, the interaction potential 

between the guest molecules and the wall exhibits a double minimum near the wall and a value 

close to free surface at the center, which means that only near the surface will guest molecules 

have strong interactions with the wall, while at the center they perform like free molecules. 

Hence, it is expected that Knudsen diffusion will play a dominant role. When the ratio of σm/dc 

increases, the two minimums overlap with each other and eventually form a single minimum 

within the channel. The guest molecule is then restricted at the center of the channel and appears 

as floating. When σm/dc = 0.93, the potential at the center reaches the deepest minimum. After 

that, the minimum potential increases rapidly because of the repulsive force. 
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Fig. 11. The radial profile of the relative 10-4 L-J potential          ⁄  of the AFI channel at 

different σm/dc ratios, where Uz is the absolute value of the L-J potential in the pore; Um is L-J 

potential on a free surface; dm is the kinetic diameter of the guest molecule; dc is the diameter of 

the AFI channel. 

      Based on the physical meaning of σm, it appears that the ratio σm/dc is a better parameter than 

the ratio, σm/dm, in describing molecular transport. Hence, the normalized Knudsen-based 

permeance is plotted relative to the ratio of σm/dc in Fig. 12. When σm/dc < 0.75, diffusion is 

dominated by Knudsen diffusion. When 0.75 < σm/dc < 1, surface diffusion dominates and 

increases with the σm/dc ratio. This is possibly attributed to the levitation effect that enhances the 

surface diffusion [45-47]. This occurs when the diameter of guest molecules approaches the pore 

diameter and thus the position of the interaction-energy potential minimum is located at the 

center of the channel: the molecules float at the center of the channels, an ideal situation to 

achieve supermobility [48, 49]. The σm/dc ratio of mesitylene is approximately 0.92, which yields 

almost the strongest adsorption potential inside the channel, possibly explaining why it can 

transport fast through the AFI channels even though its kinetic diameter is slightly larger than the 

U
z.

m
 =

 U
z/

U
m

 
σm/dc = 0.33       σm/dc = 0.50         σm/dc = 0.81      σm/dc = 0.93        σm/dc = 1.11 
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AFI pore size. For TIPB, both dm/dc and σm/dc are larger than 1, hence it is excluded from the 

channel due to both the molecular sieving effect and the repulsive force of the wall. 
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Fig. 12. Normalized Knudsen-based permeance as a function of σm/dc. 

4. Conclusions 

Highly c-oriented and mechanically stable AFI type zeolite membranes were successfully 

fabricated on porous alumina supports using a secondary growth method. The procedure 

included synthesis of SAPO-5 seeds using fast microwave heating to obtain the desired plate-like 

morphology, assembly of the plate-like SAPO-5 seeds on a porous alumina support to form a c-

oriented monolayer, and finally epitaxial growth of the seed layer through conventional 

hydrothermal synthesis to form a compact c-oriented film. Gas permeation and liquid 

hydrocarbon pervaporation studies revealed different transport mechanisms for different 

molecules. A clear molecular sieving effect was observed between hydrocarbons near the AFI 

pore size, which yielded a high selectivity of p-xylene to TIPB up to 850. The permeance values 

of the smaller hydrocarbons, such as n-heptane, xylene isomers and mesitylene, were almost two 

orders of magnitude higher than literature reported values. The high selectivity and high 

permeance indicate not only the compactness of the membrane but also the advantage of the 
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excellent membrane microstructure achieved by the novel seeded growth method; in other words, 

the straight channels in the membrane are not only aligned along the diffusion pathway but are 

also continuous, minimizing diffusion resistance. The highly c-oriented defect-free AFI 

membrane provides an ideal platform for experimentally investigating the diffusion behavior 

through straight uniform channels. Two parameters were found useful in explaining the transport 

behaviors: the ratio of kinetic diameter to channel diameter, dm/dc; and the ratio of the Lennard-

Jones length constant to channel diameter, σm/dc. When dm/dc < 0.6 or σm/dc < 0.75, the diffusion 

is dominated by Knudsen diffusion; when 0.6 < dm/dc < 1 or 0.75 < σm/dc < 1, surface diffusion 

dominates and it is enhanced as σm/dc increases; when dm/dc and σm/dc are both greater than 1, 

diffusion is blocked by molecular sieving. From the normalized permeance, it is found that the 

surface diffusion is almost two orders of magnitude faster than Knudsen diffusion, which is 

probably due to the levitation effect that enhances surface diffusion when the diameter of 

hydrocarbons approaches the channel size. The permeation studies have shown that the AFI 

membrane with a relatively simple porous structure is indeed a good platform for understanding 

the transport mechanism through nanopores. Hence, continuing work to investigate the effect of 

temperature, pressure and mixture composition are currently undergoing and will be reported in 

due course.  
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(1) Highly c-oriented AFI membranes with continuous channels 

(2) Order of magnitude improvement in pervaporation performance of hydrocarbons 

(3) Detail studies of transport mechanisms through AFI channels 

 

 




