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Abstract

:

Cobalt oxide silica membranes were prepared and tested to separate small molecular gases, such as He (dk = 2.6 Å) and H2 (dk = 2.89 Å), from other gases with larger kinetic diameters, such as CO2 (dk = 3.47 Å) and Ar (dk = 3.41 Å). In view of the amorphous nature of silica membranes, pore sizes are generally distributed in the ultra-microporous range. However, it is difficult to determine the pore size of silica derived membranes by conventional characterization methods, such as N2 physisorption-desorption or high-resolution electron microscopy. Therefore, this work endeavors to determine the pore size of the membranes based on transport phenomena and computer modelling. This was carried out by using the oscillator model and correlating with experimental results, such as gas permeance (i.e., normalized pressure flux), apparent activation energy for gas permeation. Based on the oscillator model, He and H2 can diffuse through constrictions narrower than their gas kinetic diameters at high temperatures, and this was possibly due to the high kinetic energy promoted by the increase in external temperature. It was interesting to observe changes in transport phenomena for the cobalt oxide doped membranes exposed to H2 at high temperatures up to 500 °C. This was attributed to the reduction of cobalt oxide, and this redox effect gave different apparent activation energy. The reduced membrane showed lower apparent activation energy and higher gas permeance than the oxidized membrane, due to the enlargement of pores. These results together with effective medium theory (EMT) suggest that the pore size distribution is changed and the peak of the distribution is slightly shifted to a larger value. Hence, this work showed for the first time that the oscillator model with EMT is a potential tool to determine the pore size of silica derived membranes from experimental gas permeation data.
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1. Introduction


Microporous silica (SiO2) membrane has attracted significant research attention for gas separation, including H2 separation which is an energy carrier of great interest whilst also being a precursor for the production of chemical products [1,2,3,4]. The development of silica membranes was born out of a desire to control pore sizes at a molecular level. By tuning the pore size of silica membranes, the permeation of gas molecules is affected. As a result, gases with smaller kinetic diameters tend to permeate fast through the silica membranes whilst the permeation of the larger kinetic diameter gases are very slow or hindered. The initial development of silica membranes in the late 1980s and early 1990s was based on a sol-gel method using the conventional silica precursor tetraethyl orthosilicate (TEOS) [5,6,7]. A major development in silica membranes occurred with embedding metal oxides in the silica matrix. Since then, there have been a significant number of reports on metal oxide silica membranes, including those containing oxides of nickel [8,9], cobalt [10,11,12,13,14], niobium [15], palladium [16], zirconium [17], titanium [18] and aluminum [19]. A special feature of these membranes were high gas selectivities at high temperatures, which is of interest in several chemical engineering process applications. Subsequently, research groups reported on the use of binary mixed metal oxide in silica membranes, including those containing cobalt iron oxides [20,21], palladium cobalt oxide [22] and lanthanum cobalt oxide [23]. This allowed interesting pore size tailoring by reducing only a single metal oxide in the silica matrix, whilst the other one was left in the oxidized state. Nevertheless, based on the number of publications, cobalt oxide silica membranes remained the most popular metal oxide silica membranes, due to very high gas selectivity close to values of 1000 [24].



According to the molecular sieve mechanism, the most important parameter of a silica based membrane is the pore size. The determination of pore sizes in silica derived matrices is generally carried out by conventional characterization techniques, such as N2 adsorption. This technique uses xerogels (i.e., dry gel) which is generally gelled in bulk. As bulk evaporation and gelation is very slow compared to thin film (30 nm thickness) deposition on substrates, it is known that the structures of xerogel and thin film are not equivalent. For instance, the properties of a deposited thin film may be quite different, due to non-equivalent gelation and drying conditions [25]. Hence, N2 adsorption on bulk silica xerogel is generally used as a qualitative measure of thin film structures. Other more complex techniques have been applied to characterize xerogels and thin films. For instance, using Positron Annihilation Spectroscopy Duke and co-workers demonstrated that amorphous silica matrices have narrow tri-modal pore size distribution (PSD) at 2.5–4 Å, 6.7–7.8 Å and 12–14 Å [26]. Another technique to characterize the pore sizes of thin films deposited on substrate is molecular probing which uses gas molecules of different kinetic diameters to determine the average pore size, by plotting permeance versus the kinetic diameter of the gas tested.



A number of mass transfer studies suggested the gas permeation value was a result of membrane pore size and gas molecular size. In other words, if the pore size distribution (PSD) is known, the gas permeation data could be calculated from a proper model. The question in this work is whether it is possible to use a permeation model to derive the PSD, instead of the conventional approach of using permeation data of particular gases to determine the PSD. In a membrane gas permeation test, the measurable parameters are generally the gas permeance (mol·m−2·s−1) and the apparent activation (kJ·mol−1) energy. Even though permeability (mol·m−1·s−1) is reported in some studies, it is not very reliable, due to the technical difficulty in accurately measuring the membrane thickness. Permeance may not be an ideal data for evaluating pore size, because it also depends on the membrane thickness. Fortunately, the apparent activation energy is not a function membrane thickness, and in principle it only depends on the pore size (pore diameter) and the size of gas molecule (molecular size).



If the gas permeation across a membrane follows an activated transport model, activation energy is a measure of the energy required by a gas molecule to permeate through a pore as follows:


   E a    =     d ln ( P / l )   d   ( R T )   − 1      



(1)




where P is permeability and l the membrane thickness. A number of studies reported apparent activation energies for different gases through the silica based membrane (Table 1). An interesting phenomenon is that H2 and He generally exhibit positive apparent activation energy, but other gases present negative apparent activation energy. This current study will employ the correlation between pore size and apparent activation energy to evaluate the pore size distribution of silica based membrane by the measured apparent activation energy, and use this pore size distribution to explain the observed transport phenomena.




2. Theory of Mass Transfer Through Membrane


A general model of mass transfer is always expressed as a coefficient multiplied by a driving force as


  J   =   k   ×   f  



(2)




where J is the mass transfer flux, k is the mass transfer coefficient and f is the driving force. The driving force of the gas permeation is usually the chemical potential, which can be reduced to gradient of pressure, concentration, depending on the system. The mass transfer coefficient can be permeability, diffusivity or other term depending on the term used for driving force. For membrane processing of gases, the pressure difference and permeate flux are the quantities generally determined from experimental measurements, so the most common form in membrane mass transfer is


  J   =    (   P l   )  Δ p  



(3)




where membrane thickness l is lumped together with permeability P into a term called permeance (P/l) which is a convenient form avoiding the difficulty in accurately measuring the thickness of silica thin films. Sometimes, silica thin films interpenetrate into the pores of porous of substrates, depending on the property of the sol and substrate. Hence, the membrane thickness is not always easy to determine.



2.1. Activated Transport


For ultra-microporous (dp < 5 Å) material, the pore size of the silica thin-films is close to the Lennard Jones (L-J) diameter which results in overlap of the L-J potentials from the pore wall. In such cases, the L-J potential inside a pore could be several magnitudes higher than that of a flat surface. Therefore, the motion of gas molecules in a pore is not as free as in the bulky gas phase, instead it must be significantly affected by the potential fields. Pores of size close to the diameter of a gas molecule generally present a positive potential for the gas molecule. The potential becomes even higher with narrower pore size. To overcome the potential barrier inside a pore, the gas molecule needs activation energy to complete a successful penetration. Therefore, this type of mass transfer is called activated transport. Gas transport through silica based membranes generally follows activated transport [10,35,36]. The original expression of mass transfer across the membrane is given as [37,38,39]


  J   =   − q D  1  R T     d μ   d z    



(4)




where J is the permeate flux, q the molar concentration of gas in the pore, D the diffusivity, R the gas constant, T the temperature, μ the chemical potential and z the space coordinate in the permeation direction.



Assuming equilibrium between the membrane adsorbate and the bulk gas phase, the following relationship for the chemical potential [40,41] is applicable


  μ   =    μ 0    +   R T ln p  



(5)




where p is the absolute pressure.



Substituting Equation (5) in Equation (4) gives


  J   =   − D   d ln p   d ln q     d q   d z     =   − q D   d ln p   d q     d q   d z     =   − D Γ   d q   d z     =   − D  1  1 −  θ  ocp       d q   d z    



(6)




where Γ = q(dlnp/dq) is a thermodynamic factor, obtained as Γ = 1/(1−θocp) for a Langmuir isotherm. θocp is the fractional occupancy of the adsorbate (the ratio of adsorbate concentration to the maximum adsorbate concentration). As the silica membrane is designed for separating hot gas (200–500 °C), the high temperature adsorption is very weak (θocp ≈ 0), so that the thermodynamic factor is Γ = 1/(1−θocp) ≈ 1, and the permeate flux is finally approximated as


  J   =   − D   d q   d z    



(7)







The diffusivity D is a function of temperature, and is activated. The temperature dependence generally obeys the Arrhenius relation


  D   =    D 0  exp  (  −    E d    R T    )   



(8)




where D0 is a pre-exponential coefficient, and Ed is an activation energy. At high temperatures, the adsorption is weak and the Langmuir isotherm approaches Henry’s law [42]


  q   =   K p  



(9)







K is the Henry’s constant and a function of temperature, following the van’t Hoff relation:


  K   =    K 0  exp  (   Q  R T    )   



(10)




where K0 is a pre-exponential coefficient, and Q is the heat of adsorption.



Equations (7)–(10) can be combined as


  J   =   −  D 0   K 0  exp  (  −    E d    −   Q   R T    )    d p   d z     =   −  D 0   K 0  exp  (  −    E a    R T    )    d p   d z    



(11)







Ea is the apparent activation energy for activated transport, which has a relation to Ed and Q in Equation (12)


   E a    =    E d    −   Q  



(12)







Assuming a uniform pressure gradient, Equation (11) is simplified to


  J   =    D 0   K 0  exp  (  −    E a    R T    )    Δ p  l   



(13)







The permeance (P/l) is the coefficient between flux and pressure drop according to Equation (3), and is obtained as


   (   P l   )    =      D 0   K 0   l  exp  (  −    E a    R T    )   



(14)




the apparent activation energy is experimentally derived from the permeance measured at different temperatures. If Equation (14) is logarithmically transformed


  ln  (   P l   )    =   ln  (     D 0   K 0   l   )    −      E a    R T    



(15)







The slope of ln(P/l) to −1/(RT) gives the apparent activation energy as indicated by Equation (1).




2.2. Potential in Cylindrical Pores


The motion of gas molecules in micro-pores is strongly affected by the potential inside the pore. The potential between two atoms based on the Lennard-Jones (L-J) potential is [43]


  ϕ ( ρ )   =   4 ε  [     (   σ ρ   )    12     −      (   σ ρ   )   6   ]   



(16)




where ϕ is the potential between two atoms, σ the L-J collision diameter, ε the L-J well depth, and ρ the distance between the centers of two atoms. For two different atoms, the L-J collision diameter and L-J well depth are estimated by the Lorentz-Berthelot mixing rules [44,45]


   σ  AB     =    1 2   (   σ A    +    σ B   )   



(17)






   ε  AB     =      ε A   ε B     



(18)







In this work the pore is simplified as a cylinder consisting of L-J particles. It is important to clarify the definition of pore size beforehand (Figure 1). The diameter (d) of the pore is defined as the distance from an oxygen particle center to the opposite oxygen particle center. The inner diameter di (surface to surface) is more relevant in size sieving, but is not unambiguously defined for soft-sphere L-J particles. Therefore, d is used instead of di throughout this work and pore radius is rp = d/2.



Equation (16) has provided the potential between two atoms. The potential in a pore is actually the summation from all the atoms which formed the pore. Calculating the potential inside a pore could be conducted by integrating all the atom-atom potentials geometrically. By assuming the pore is cylindrical, with radius r (Figure 2), the potential distribution inside a pore is given by


     ϕ ( r ,  r p  )     =   8 ε  η d   r p     ∫ 0   L 2        ∫ 0  2 π     [     (   σ ρ   )    12     −      (   σ ρ   )   6   ]  d θ d z              =   8 ε  η d   r p     ∫ 0   L 2        ∫ 0  2 π     [     σ  12        (   r p    2    +    r 2    −   2  r p  r cos θ   +    z 2   )   6      −      σ 6       (   r p    2    +    r 2    −   2  r p  r cos θ   +    z 2   )   3     ]  d θ d z           



(19)




where rp is the pore radius, L the pore length, ηd the surface atomic density on the pore wall and r the radial coordinate with a range of r ∈ [0, rp). The meaning of all the variables in Equation (19) are visually explained in Figure 2.



An example of the H2 potential distribution based on Equation (19) inside a silica pore with varied pore sizes is displayed in Figure 3. It is the nature of gases to follow thermodynamic laws and seek the lowest potential as displayed in Figure 4.




2.3. Pore Size Distribution (PSD) Estimation of A Membrane


Since a silica membrane is generally amorphous, there is a distribution of pore sizes and the pore size distribution of membrane differs from that in the sample powder for N2 adsorption test. The first reason is attributed to the effect from the substrate, which may consequently affect the pore structure of the membrane. The second reason is that the membrane has several layers and each layer has a different thermal history which results in variation in pore structure [46].



The pore size distribution of sample powder is usually characterized by gas adsorption which is operated at a low temperature. Pores smaller than adsorbate kinetic diameter are hardly detected by adsorption, as the L-J potential in a small pore is too repulsive for adsorbate molecules to enter. However, gas permeation is operated at high temperatures, for which gas molecules travel with high kinetic energy and have the possibility to access pores smaller than their diameter. Since such pores also contribute to the total permeation, the pore size distribution can be extracted from permeation data.



To this end, we consider a Rayleigh distribution of pore sizes for the silica matrix [47,48,49,50,51,52,53]


  f (  r p  )   =      (   r p    −    r o   )       (   r m    −    r o   )   2    exp  [  −      (   r p    −    r o   )   2    2    (   r m    −    r o   )   2     ]   



(20)




where f(rp) is the distribution function, rp is the possible pore radius, ro is the minimum pore radius and rm is the modal pore radius. When there is a pair of (r0, rm), f(rp) is the probability density of finding pores of which the size is rp. The oscillator model computes the permeate flow (mol·s−1) of a pore with size rp, such that


  i   =   − π  r p    2  K (  r p  ) D (  r p  ) ∇ p  



(21)




and the conductance for permeation through a pore with size rp is defined as


  λ (  r p  )   =   π  r p    2  K (  r p  ) D (  r p  )  



(22)







The details of computing D(rp) and K(rp) are provided by Bhatia et al. [2,53,54]. The contribution of any pore size to the total bulk permeate flow depends on the pore size distribution. The total permeate bulk flow is the summation of the flow from all the pores. To calculate the total permeate flow, the effective medium theory (EMT) is generally applied [55,56,57,58]


     ∫   r  min      r  max      f (  r p  )   λ (  r p  )   −    λ e    λ (  r p  )   +    (   N 2    −   1  )   λ e       d  r p    =   0  



(23)




where f(rp) is the pore size number distribution, N is the connectivity of pores, rmin and rmax are the minimum and maximum pore size. The solution λe of Equation (23) is the effective conductance of the entire membrane, which can be used to calculate the bulk permeate flux


  J   =   −   ε  λ e     τ T  π  〈   r p    2   〉    ∇ p  



(24)




where ε is the porosity, τT is the tortuosity and π < rp2 > is the mean pore cross section area. For a disordered network, the tortuosity is normally given by [59,60]


   τ T    =     3  (  N   +   1  )    N   −   1    



(25)







Equation (24) provides the bulk permeate flux. For a specific Rayleigh pore size distribution f(ro,rm,rp), the bulk permeate flux at different temperatures can be obtained from the model above. When permeate fluxes at different temperatures are available, the bulk apparent activation energy is then calculated by Equations (1) and (15). This bulk apparent activation energy shows one-to-one correspondence to the pore size distribution f(ro,rm,rp). By varying ro and rm of Equation (20), the calculated bulk apparent activation energy will change. The deviation of calculated apparent activation energy to the experimental apparent activation energy is defined as


     |   E   a , osc      −    E   a , exp     |     E   a , exp        =      |   E   a , osc    He     −    E   a , exp    He    |     E   a , exp    He       +      |   E   a , osc     H 2      −    E   a , exp     H 2     |     E   a , exp     H 2       



(26)







It is assumed that the value (ro,rm) which gives the activation energy closest to the experimental activation energy provides the best representation of the membrane pore size distribution.





3. Experiment


3.1. Sol-Gel Preparation and Membrane Coating


The cobalt oxide silica sol-gel method involved mixing several chemical precursors is reported elsewhere [11]. Briefly, cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98%, Sigma-Aldrich) was dissolved in 30 vol.% aqueous hydrogen peroxide (H2O2, 30 wt%) and ethanol (EtOH, 99%, AR grade). Then tetraethoxysilane (TEOS, 99%, Fluka) was added drop wise to form a final molar ratio of 255 ethanol:4 TEOS:1 Co(NO3)2·6H2O:9 H2O2:40 H2O. The sol-gel was dip-coated on an alumina support purchased from the Energy Centre of the Netherlands (ECN). Each cobalt oxide silica layer was calcined up to 630 °C in air at a ramping rate of 1 °C·min−1 and with a dwell time of 4 h. A total of five layers were sequentially dip-coated on the outside surface of the alumina support and calcined to ensure defect-free membranes. The alumina support was composed of asymmetric layers. The top layer was derived from γ-alumina with an intrinsic pore size distribution around 4 nm, and was coated on a mechanically robust porous α-alumina substrate with the following dimensions: Length ~70 mm, external and internal diameters of 14 and 10 mm, respectively.




3.2. Gas Separation Measurement


The membrane module testing configuration is shown in Figure 5. A membrane tube was initially sealed by a set of Swagelok fittings, nut and graphite ferrule. After sealing, the membrane effective length was 48 mm. The membrane was finally assembled into a cylindrical module, tested and adjusted until a leak free membrane/seal interface was achieved. Once the membrane was leak free, it was tested for He and H2 permeation from 100% of the pure feed gas. Then the mixed gases He/CO2 and H2/Ar were tested down to 30% He and 20% H2 mixtures, respectively. The gas mixture testing included strong adsorbing gas (such as CO2) and non-adsorbing gas (He) for the permeation for He/CO2. The flow rate was measured by a bubble flow meter and the composition of the mixed gas was determined by Shimadzu gas chromatograph (GC).





4. Results and Discussion


In view of the asymmetric nature of the cobalt oxide silica membranes, gas permeation was also carried out on the substrate prior to dip coating with cobalt oxide silica sol-gel. This test was conducted to investigate the resistance level of the support alone. Figure 6 shows that the permeance of He and H2 across the uncoated support was ~1 × 10−5 mol·m−2·s−1·Pa−1, whilst for coated cobalt oxide silica support as a full membrane was ~2 × 10−8 mol·m−2·s−1·Pa−1. If the resistance is defined as the reciprocal of permeance, the resistance in the substrate only accounts for ~0.2% of the total resistance which is much lower than the permeation experimental error of ±~8%. Therefore, the resistance of the substrate is ignored in the modelling in this work, and the transport of gases is assumed to be limited by cobalt oxide silica layers only.



Figure 7 shows the permeation test for 200 to 500 °C for He/CO2 binary mixtures from 90% He (10% CO2) down to 10% He (90% CO2). The feed pressure was kept constant at 6 atm, and controlled by a back pressure valve. The permeate side was open to the atmosphere, to maintain pressure at 1 atm. More details about the mixed gas permeation could be found in Ji et al. [61]. The CO2 single gas permeation proved to be too slow to be measured, and was considered below the measurable region of the bubble flow meter. It is interesting to observe in Figure 7 that the strong adsorbing gas of CO2 did not greatly affect the permeation of He, which is a non-adsorbing gas under the tested conditions. The competitive adsorption effect is generally more prevalent in low temperature gas separation conditions, where the stronger adsorbing gas covers more surface and pores of the membrane, hindering the transport of the other gas in the membrane pores [62,63]. However, gas permeation was carried out at high temperatures, and the competitive adsorption effect barely affects the He permeation. It was observed that He permeate flow rate increased linearly as a function of the He feed fraction (or partial pressure), yielding a constant He permeance.



Further work was carried out for H2 and Ar mixtures. Due to the catalytic effect of the cobalt oxide, mixtures of H2 and CO2 were not considered to avoid the reverse reaction of the water gas shift reaction, which would result in the production of CO and water vapor [64]. This would generate a quaternary mixture of H2, CO2, CO and H2O. Hence, Ar was used as a subrogated molecule to maintain a binary gas mixture of H2/Ar instead of a multiple transient gas mixture. In addition, Ar (dk = 3.41 Å) and CO2 (dk = 3.47 Å) [65,66] have similar kinetic diameters showing similar permeation performance through a silica membrane [67,68]. Single gas permeation was also carried for H2 and Ar prior to the binary mixture testing. Again, single Ar permeation did not produce permeate flows, thus below the minimum detectable level similar to the case of CO2 as mentioned above. After the H2 single gas permeation test, H2 and Ar mixture separation was measured for feed compositions from 90%, 70%, 50%, and 30% down to 20% H2. The H2 feed fraction was reduced step-wise after each day of testing [61].



The H2 permeance rate is shown in Figure 8. Unlike the test for He, it is interesting to observe that the H2 permeance is not constant. These unusual results suggest that H2 is possibly reducing the cobalt oxide embedded in the silica matrix, thus leading to a different micropore structure. Based on Ballinger et al.’s study, the exposure to H2 could reduce the metal oxide and widen the neck of pores [22]. To ensure a systematic study, each feed fraction was tested in a full single day, and this experiment was carried out in order from 100% H2 down to 20% H2. The results in Figure 8 implied that the reaction between membrane material and H2 is a function of H2 exposure time and H2 concentration in the feed gas. This will be discussed in detail in the following section.



The separation of He/CO2 shows that the presence of CO2 did not significantly hinder the He permeance, though the flow rates increased with He feed partial pressure, which in turn caused a higher driving force or pressure difference. The apparent activation energy for He permeation has an average value of 6.3 kJ·mol−1 with 4.8% fluctuation for all the feed fractions.



However, it is interesting to observe that the H2 permeance was higher for gas mixtures than for the pure gas. Miller et al. [69] and Ji et al. [61] reported that cobalt oxide embedded in silica undergoes reduction after exposure to H2, resulting in pore size enlargement. As the single H2 gas permeation was tested at the beginning in this series of experiments, the permeance was the lowest as the membrane was just exposed to H2 for a short time and possibly in an oxidized state. After one day (24 h) of exposure to H2, mixed gas separation was carried out from 90% H2 and was observed that the membrane permeance increased by about two times in the reduced state than in the oxidized state, thus confirming the redox effect of H2 on the membrane.



From Equation (15), the apparent activation energies before and after reduction can be obtained from the permeance at different temperatures. The apparent activation energy was reduced from 7.3 kJ·mol−1 (first day testing using pure H2) to 5.2 kJ·mol−1 (5th day testing using 30% H2). Activation energy is an energy barrier to overcome during permeation. Figure 3 and Figure 4 have demonstrated that in the range of <5 Å the L-J potential which acts as a barrier increased when the pore size is reduced. As there is a correlation between the apparent activation energy and pore size [70,71,72], this implies that the change of pore size is responsible for the reduction of cobalt oxide.



Figure 9 shows that when ro = 0.1402 nm and rm = 0.2657 nm, the Rayleigh distribution gives the closest apparent activation energy to the experimental value for the oxidized membrane. For reduced membrane, the best fitting value is ro = 0.1400 nm and rm = 0.2673 nm. The pore size distribution was derived from the fitting to He and H2 activation energies. If other gases could also permeate across this membrane, the pore size distribution estimated by fitting with permeation activation energies of more gases would be more reliable. But unfortunately other gases were impermeable through this membrane. The pore size distributions of these two states were displayed in Figure 10. The peak of inner diameter distribution for the oxidized membrane is di = 0.2514 nm, and the peak for the reduced membrane is di = 0.2546 nm. There are significant portion of pores below di < 0.3 nm that are below the detectable limit of a traditional method by adsorption of N2, Ar or CO2.



With a pore size distribution, effective medium theory (EMT) could compute the effective transport conductance λe. Therefore, the bulk permeability from EMT is


  P   =      λ e     〈   r p 2   〉     



(27)







Based on the PSD estimated for the oxidized membrane and reduced membrane in Figure 10, the bulk permeability is calculated for He, H2. The calculated permeability for He and H2 was also compared with available experimental permeability as shown in Figure 11. The modelled permeability based on the pore size distribution above fits well with actual pore size distribution. This suggests that the estimated pore size distribution in Figure 10 could be a reasonable representation of the real pore size distribution.



The bulk permeabilities of Ar and CO2 from these two pore size distribution are at least five orders of magnitude lower than for He and H2. The distribution in Figure 10 shows that there is also a significant portion of pores larger than Ar and CO2 kinetic diameter. However, it should be noted that a pathway for permeation consists of a serious of connected pores and only the narrowest part restricts the permeation, thus the permeability for Ar and CO2 are much lower. This low permeability is why the permeation of Ar and CO2 could not be measured by the bubble flow meter.




5. Conclusion


The findings in this work supports the use of membrane permeation results to determine the apparent activation energy, and on coupling with the oscillator model permeation data can be used to estimate the pore size distribution. Therefore, better accuracy of pore sizes and pore size distribution can be achieved, which is otherwise not readily possible for xerogels and conventional characterization techniques. This study demonstrated that a Rayleigh distribution with ro = 0.1402 nm and rm = 0.2657 nm was a reasonable representation of the pore size distribution in a silica based membrane. Based on this estimated pore size distribution, the calculated permeability fitted well the experimental permeability. This method proved to be robust for calculating the pore size for cylindrical pore geometry and known material properties.
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Figure 1. The pore of the silica membrane. 
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Figure 2. Geometrical simplification of a hydrogen molecule in a cylindrical pore. 
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Figure 3. Hydrogen potential distribution inside cylindrical silica pores with different pore sizes. 
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Figure 4. The minimum potential with respect to pore size, for different gases. 
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Figure 5. Diagram of the permeation/separation experimental set up. 
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Figure 6. He and H2 permeances through cobalt oxide silica coated substrate and uncoated substrate as a function of temperature. 
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Figure 7. He permeation performance of cobalt oxide silica membrane. 
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Figure 8. The permeation performance of H2. 
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Figure 9. Screening of (ro,rm) to detect minimum deviation to the experimental activation energy. 






Figure 9. Screening of (ro,rm) to detect minimum deviation to the experimental activation energy.



[image: Processes 06 00239 g009]







[image: Processes 06 00239 g010 550] 





Figure 10. Calculated pore size distribution of silica membrane in oxidized state and reduced state. 
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Figure 11. Comparison of permeability obtained from calculation and experiment. 
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Table 1. Apparent activation energies of gas permeation across silica based membranes.
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Apparent Activation Energy (kJ·mol−1)

	
Reference




	
H2

	
He

	
CO2

	
N2

	
Ar






	
16.4~17.1

	
16.2~17.1

	
-

	
-

	
-

	
[27]




	
2.2

	
2.8

	
−9.8

	
−5.4

	
-

	
[28]




	
15.4~19.4

	
-

	
-

	
8.5~11.9

	
-

	
[29]




	
12.8

	
20.7

	
−20

	
-

	
-

	
[24]




	
-

	
9.5

	
-

	
−5.0

	
-

	
[11]




	
-

	
13.6

	
-

	
-

	
-

	
[30]




	
6

	
-

	
-

	
-

	
-

	
[31]




	
4.91

	
4.70

	
−2.91

	
−1.41

	
-

	
[14]




	
10.1

	
-

	
−3.1

	
-

	
−1.9

	
[32]




	
14.1

	
7.7

	
-

	
12.3

	
-

	
[33]




	
~9

	
7.2

	
-

	
-

	
-

	
[34]
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