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Abstract 

La separazione gassosa è uno stadio fondamentale in numerosi processi industriali, in 

quanto consente la purificazione e il recupero di componenti ad alto valore (come H2) e, 

allo stesso tempo, la riduzione delle emissioni di vari inquinanti atmosferici, quali, ad 

esempio, la CO2. Tradizionalmente, essa viene condotta tramite assorbimento e 

distillazione criogenica, tecniche ben note e consolidate. Tuttavia, entrambe risultano ad 

alto impatto ambientale, in quanto necessitano dell’impiego di un solvente (assorbimento) 

o di condizioni operative drastiche (distillazione criogenica). Pertanto, nell’ottica di uno 

sviluppo più sostenibile, che vada nella direzione della green chemistry (ovvero 

progettare prodotti e processi che evitino o riducano l’utilizzo e la produzione di sostanze 

dannose per l’ambiente) e segua i principi della Process Intensification in termini di 

minori consumi energetici e volumi di impianto, le membrane rappresentano una valida 

alternativa ai processi tradizionali. 

In questo lavoro di dottorato, sono state studiate le potenzialità delle membrane zeolitiche 

nel separare correnti gassose contenenti CO2, gas permanenti (N2, H2, CH4) e vapore, 

mediante un’indagine modellistica e sperimentale. Il trasporto di materia attraverso i pori 

zeolitici è stato descritto sviluppando un modello ad-hoc che considerasse la 

competizione tra surface diffusion e gas translation diffusion. Tale modello, validato per 

miscele secche ed umide su membrane di vario tipo (SAPO-34, DDR, NaY, 4A), è stato 

utilizzato per prevedere la separazione multicomponente al variare delle condizioni 

operative. 

La permeazione in miscela è risultata molto diversa rispetto quella in gas singolo. In 

particolare, la CO2 ha mostrato un incremento di permeanza in presenza di alcune specie, 

come l’idrogeno. In questo caso, infatti, essa usufruisce dell’effetto positivo esercitato 

dall’idrogeno sulla diffusività binaria, che regola la surface diffusion in miscela. Al 

contrario, le specie più debolmente adsorbite (H2, N2, CH4) hanno subìto una netta 

riduzione di flussi e permeanze in miscela, a causa dell’effetto di hindering che la CO2 

adsorbita esercita sulla loro diffusione. Ciò si è tradotto in selettività di miscela (per 

esempio, 22 nel caso di CO2/N2 in SAPO-34) significativamente migliori rispetto a quelle 

valutate con i gas singoli. Si è dimostrato, quindi, come sia importante avere un’analisi 
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del trasporto in miscela, nell’ottica di una valutazione realistica delle proprietà separative 

delle membrane, fondamentale in fase di progettazione di unità di separazione.  

Le previsioni modellistiche sono state confermate e corroborate da prove sperimentali per 

correnti a diversa composizione, effettuate su una membrana DDR fornita dal Professore 

Xuehong Gu, della Nanjing Tech University. Le misure sperimentali hanno confermato 

elevate selettività in miscela (per esempio, 106 e 17 nel caso di CO2/CH4 e CO2/H2), 

diverse da quelle calcolate sulla base di misure a gas singolo. Questi valori di selettività 

rendono le zeoliti particolarmente adatte per recuperare la CO2 da correnti di miscele 

multicomponente.   

Per quanto riguarda le miscele umide, si è dimostrato come l’acqua in fase vapore blocchi 

completamente la diffusione superficiale dei gas permanenti (H2, CO e CH4), i quali 

permeano solo per gas translation diffusion.  

Pertanto, la competizione tra surface diffusion e gas translation diffusion, espressa nel 

modello proposto, ha consentito di descrivere accuratamente la permeazione in 

membrane zeolitiche e di prevedere così il comportamento in ampi intervalli di condizioni 

operative. L’analisi modellistica ha confermato come l’alta affinità di queste membrane 

verso CO2 e H2O le renda particolarmente selettive e, dunque, indicate per ottenere 

correnti concentrate di permeato e retentato da poter riutilizzare e valorizzare. 
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Aim of the thesis  

This PhD thesis is focused on the permeation of mixtures containing CO2, permanent 

gases (i.e., H2, CH4, CO and N2) and water vapor through zeolite membranes. The goal is 

to predict the separation performance by means of a mass transport analysis able to 

correctly describe the behavior of a large number of species and materials under dry and 

wet conditions. At the same time, an important contribution is given to the debate on the 

mass transport mechanisms taking place in zeolite pores. A significant part of this work 

is devoted to the modelling analysis of humid mixtures, to well describe, for the first time 

at the best of our knowledge, the multicomponent permeation in presence of water vapor. 

In addition, a particular attention is given to the mutual influence among the diffusing 

species, which makes the mixture permeation quite different from the single gas behavior 

(e.g., higher selectivity). Thus, here it is evaluated the importance of knowing the mass 

transport in mixture, which is a fundamental step in the design of separation units.  

Summary 

Gas separation is a crucial step in several industrial processes, allowing the purification 

and recovery of valuable components and, at the same time, avoiding the emissions of 

some air pollutants.  It can be carried out using zeolite membranes, which give the 

possibility to operate at moderate conditions (i.e., room temperature and pressure) and 

without using any environmentally harmful solvent. In this work, the potentialities of 

zeolite membranes in separation of gas mixtures are analyzed by a modelling and 

experimental study focused on the estimation of the contributions to the overall mass 

transport. 

The five chapters of this PhD thesis report in detail this research activity and a conclusion 

section summarizes the best achievements.  

Chapter 1 is devoted to present zeolites, focusing on the state-of-the-art related to their 

application as thin membranes for gas separation. The principles and equations governing 

the mass transport through zeolite pores are discussed in Chapter 2. Chapter 3 contains 

the details about the estimation of single gas adsorption and diffusion through different 

materials (i.e., SAPO-34, DD3R, NaY and 4A), which are the necessary input for the 
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multicomponent mass transport analysis. Chapter 4 is devoted to discuss the main results 

of the mixture permeation through zeolite membranes at different temperatures, feed 

pressures and compositions. These results include model validation for mass transport in 

both dry and, especially, humid conditions. This last point is very important since water 

vapor is often present in real streams. In addition, this model is the first one, at our 

knowledge, able to predict the mixture permeation through zeolite membranes in presence 

of water vapor. In the last chapter (Chapter 5), the experimental results on a laboratory 

apparatus (described in Chapter 2) are shown, aimed to strengthen the modelling analysis.  

Both simulated and experimental results confirm the high potentiality of zeolite 

membranes for separating CO2 or water vapor from gas streams. The high selectivity of 

these membranes allows the target to get a permeate stream rich in CO2 or H2O to be 

achieved, in order to have a pure component that can be recovered and valorized. 

The results of this PhD work are reported in 6 papers, which are published in peer 

reviewed journals as summarized on page 126. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                       

 

 

7 

 

 

 

 

 

 

1. Zeolite membranes:  

potentialities and applications 

in gas separation 

1.1 Membranes as “green” alternative to the traditional processes 

The continuous increment in energy demand, associated to the depletion of fossil fuels 

reserves and the greater attention to environmental issues, especially in terms of CO2 

emissions, is moving the international community towards the development of greener 

industrial technology, based on the Process Intensification principles. CO2 capture and 

valorization, H2 and biomass utilization instead of fossil fuel are some examples of 

necessary actions to be taken in order to fight the climate changes.  

Membrane technology meets the requirements of Process Intensification in terms of 

better performance, lower energy consumption and volume of equipment with respect to 

the traditional processes [1]. As typical examples, membranes can successfully separate 

gas mixtures avoiding the use of solvents or drastic operating conditions as in the case of 

absorption and cryogenic distillation. A membrane can be represented as a barrier that 

allows the fast passage of some components from the feed to the permeate side, whereas 

obstacles the transfer of the remaining components, which constitute the retentate stream 

(Figure 1). 

Membranes are typically divided into four groups: liquid, polymeric, inorganic and 

mixed matrix [2]. Supported liquid membranes are used for examples in separation of 

organic compounds [3]. Nevertheless, they present problems of membrane stability that 

limit the applications. A possible solution to these problems is given by the ionic liquid 
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membranes, which are organic salts presenting a very low vapor pressure. They are used 

for CO2 capture owing to the high CO2 solubility, showing as the main drawback a high 

viscosity [4]. However, the main problems that limit the use in large scale are the cost 

and stability. Polymeric membranes are the most used in the separation field, because of 

their low cost, ease in processing, tuneability and scalability. The main drawbacks are 

represented by the low chemical and thermal stability and, especially, the 

permeability/selectivity trade-off, reported in the Robeson diagram [5]. Differently, 

inorganic membranes show chemical and thermal stability much higher. Dense (i.e., 

metallic) and porous structures (e.g., carbon, amorphous silica and zeolite) are part of this 

category. Dense membranes based on palladium are typically used in membrane reactors 

(e.g., water gas shift reaction) allowing the hydrogen separation from a multicomponent 

gas stream, since they show an infinity selectivity towards H2. Thus, reaction and 

separation are integrated in the same unit, with the possibility to increase the conversion 

of several equilibrium limited reactions owing to the continuous removal of some 

products from the reaction environment. Nevertheless, the two main drawbacks that limit 

the membrane reactors employ to the industrial level are the high cost and the poisoning 

or the inhibition exerted by some components like sulfur and carbon 

monoxide[6,7,8,9,10]. Porous inorganic membranes assure higher flux and chemical 

stability than the dense structures [2]. Zeolite membranes belong to this category and 

can be used for separation of water/organics by pervaporation and in gas separation, 

exploiting the preferential adsorption of some components onto the zeolite surface. This 

allows a high selectivity to be achieved, which is coupled to the high permeability assured 

by the porosity of their structure. The current problems related to the limited practical use 

of zeolite membranes are the high fabrication costs and difficult in reproducibility and 

scale-up. Some efforts to reduce the fabrication costs are made, especially related to the 

support that may constitute the 70% of the total membrane cost [2]. In some cases, 

inorganic fillers, such as zeolites, are incorporated in an organic structure giving the so-

called mixed matrix membranes. These materials allow to overcome the limitations of 

organic and inorganic materials and, at the same time, to exploit their advantages. 
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Figure 1. Schematic view of a membrane module. 

1.2 Zeolites: classification and characteristics  

Zeolites are aluminosilicates having a microporous and crystalline structure. Their 

framework is characterized by silicon, aluminum and oxygen, by T-O-T bonds in 

tetrahedral building block TO4, to form pores and channels [11,12]. An isolated SiO4 

group has a formal negative charge of -4, but this unit becomes neutral in the zeolite 

structure, since each oxygen atom is connected to other two T atoms. On the other hand, 

the AlO4 group has a negative charge of -1, thus the overall zeolite framework is 

negatively charged. Hence, exchangeable cations (e.g., Na+, K+ etc.) can be located in the 

structure to compensate this charge. The chemical formula of a zeolite can be written as 

𝑀𝑥/𝑛[(𝐴𝑙𝑂2)𝑥(𝑆𝑖𝑂2)𝑦] 𝑚𝐻2𝑂, where M are the cations with valence n that have to 

neutralize the negative charge owed to Al. 

Zeolites are classified with a three letters identification code by the International 

Zeolite Association IZA. A further classification, which is based on the pore size, 

distinguishes zeolites into small, medium, large and ultra large structures [11]. The main 

zeolite structures used as in gas separation are reported in Table 1. 

The Si/Al ratio, on which the adsorption capacity strongly depends, can vary from a 

lower bound of 1 (as in the case of zeolite X) to very high values (ranging from 10 to 

infinity for ZSM-5 [13]). The ability of material to exchange cations increases with 

increasing Al content. Moreover, zeolites become more polar and, therefore, improve 

their capacity to adsorb molecules when the aluminum content in its framework is higher 

(i.e., Si/Al is lower) [2].  



                                                       

 

 

10 

 

 

 

Small structures consist of 6-, 8-, 9-membered rings. Sodalite (SOD), deca-dodecasil 

3R (DDR), Linde type A (LTA) and chabazite (CHA) belong to this category [14] (Figure 

2 [2]). Sodalite has apertures formed by six-membered ring, with a pore size of about 2.6 

Å [14]. DDR presents eight-membered ring openings forming a two dimensional pore 

framework, with apertures of 3.6 Å x 4.4 Å [14]. The LTA zeolites consist of eight-

membered ring structure with a cubic unit cell of 24.6 Å, including 3A, 4A (or NaA) and 

5A type. The chemical formula for a single dehydrated NaA cell can be written as 

Na12Si12 Al12O48 [15,16], with a Si/Al ratio of 1. Its pseudo-unit cell consists of eight large 

cavities (-cage) of diameter 11.4 Å and eight small cavities (-cage or sodalite) of 6.6 

Å [17,18], with the large ones connected by windows with a diameter of 4.1 Å [19]. 

Regarding the CHA type, which includes SSZ-13 and SAPO-34, it has a symmetric three-

dimensional structure with pore size of 3.8 x 3.8 Å [2, 14]. In particular, SAPO-34 is a 

silicoaluminophosphate that belongs to the family of zeotype, consisting of SiO4, AlO4 

and PO4 tetrahedra. This different chemical composition leads to a higher polarity of 

SAPO-34 than that of aluminosilicate, which enhances its hydrophilicity but reduces its 

hydrothermal stability [2,20].  

Medium structures have 10-membered rings pore channels, as in the case of the MFI 

types (e.g., ZSM-5). Mordenite framework inverted (MFI) possesses an orthorhombic 

symmetry, with cells having the following dimensions: a= 20.07 Å, b= 19.92 Å, c=13.42 

Å [21]. It presents a 3-dimensional pore network, in which sinusoidal (a-direction) and 

straight channels (b-direction) are intersected to give a pore size of about 5.5 Å [2].   

Large pore zeolites have 12-membered rings and a typical example is represented by the 

faujasite (FAU) structure (Figure 3 [22]). FAU possesses a three-dimensional structure 

consisting of sodalite units (-cages), linked together by six-membered double rings d6R 

to give super-cages having a diameter of 12.5 Å, interconnected by windows of 7.4 Å 

[14,23-24]. They can be divided into X- and Y-type, having a Si/Al ratio in the range of 

1-1.5 and 1.5-3, respectively. 

Furthermore, it is possible to synthesize several intermediate structures, as zeolite T, 

which is an erionite (8-ring structure) and offretite (12-rings structure) intergrowth-type 

of material, presenting pore size of 3.6 Å x 5.1 Å and 6.7 Å x 6.8 Å [14, 25]. 
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Finally, the ultra large framework consists in 14-, 18- or 20-membered rings (e.g., 

AET, VFI and CLO types) [14]. These zeolites present very large pore channels and, thus, 

are not suitable for gas separation.  

Zeolites find applications in several fields, such as adsorption, catalysis, ion-exchange, 

liquid and gas separation. The main achievements in the gas separation field are reported 

below. 

 

 

Figure 2. Structure of some 8-membered rings zeolites. Reprinted from Journal of Membrane Science, 499,  

Nikolay  Kosinov, Jorge Gascon, Freek Kapteijn, Emiel J.M. Hensen, Recent developments in zeolite 

membranes for gas separation, 65-79, Copyright (2016) with permission from Elsevier. 
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1.3 Zeolites as thin membranes for gas separation  

Zeolites can be used as thin layers for separation of CO2, light gases and hydrocarbons. 

Typically, a zeolite film is deposited on a porous support to increase the mechanical 

stability of the membrane. Thus, a zeolite membrane can be considered as a selective 

zeolitic layer, having a pore size between about 0.28 and 1.3 nm, on a 

mesoporous/macroporous support (typically -alumina, silica). Permeation of CO2 and 

light gases through the selective zeolite film takes place by surface and gas translation 

diffusion, as will be discussed in details in Chapter 2. Differently, molecular sieving can 

also occur in presence of hydrocarbons, which can have a kinetic diameter higher than 

the pore size of some zeolites. The porous support can provide a further resistance to mass 

transport, which is associated to the Knudsen diffusion or Poiseuille flow. This resistance 

does not affect the selectivity in case of permeance much higher than the zeolite 

permeance (permeance ratio higher than 10) [2]. Several experimental investigations on 

zeolite membranes are carried out in the literature, concerning in most cases single gas 

and binary equimolar mixtures. Some selectivity values, which demonstrate the potential 

of zeolite membranes in gas separation, are reported in Table 1 at the end of this section.  

Regarding the small pore structures, sodalite membranes do not find application in gas 

separation owing to the very low permeance through their pores, which have dimensions 

accessible only to H2 and water [2]. Therefore, sodalite is typically used to produce ultra-

pure water by seawater desalination [26]. On the other hand, DDR (Figure 2) is very 

promising for CO2/CH4 and CO2/air separation, providing selectivity values of 500 [27, 

28] and above 20 [28], respectively. LTA-type (Figure 2) includes the 3A, 4A (NaA) and 

5A. In particular, zeolite 4A is successfully used for H2/nC4H10 separation, achieving a 

selectivity of 106 [29]. Moreover, even if this zeolite find the main applications in 

pervaporation for dehydration of liquid mixtures [30], it can also provide interesting 

results in gas separation in presence of water vapor because of its high hydrophilicity. In 

fact, water vapor is strongly adsorbed on the material and hinders the permeation of the 

remaining species. Lee et al. [31] synthesized a 4A membrane providing a very low H2 

flux in presence of H2O. They found a separation factor tending to infinity. Zhu et al. [30] 

measured mixture selectivity of 244, 309 and 615 for H2O/CO, H2O/H2 and H2O/CH4 at 
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303 K. CHA type (Figure 2), including SSZ-13 and SAPO-34, is considered one of the 

best candidates for separating mixtures of flue gas and natural gas [32]. In two works, Li 

et al. [33, 34] obtained CO2/N2 and CO2/CH4 selectivity values of about 32 and 170, 

feeding equimolar mixture at room temperature. In CO2/H2 separation, Hong et al. [35] 

measured a selectivity towards CO2 greater than 100 at -20°C, which decreases to about 

15 at 25°C. This value is similar to that measured by Mei et al. [36] of 17.6. 

MFI zeolite is the most studied in the literature, showing interesting results especially 

for CO2/N2 and CO2/H2 [2]. In particular, Guo et al. [37] measured separation selectivity 

of 69 and 17, respectively, feeding equimolar mixtures at 20°C. 

The intermediate zeolite T is appropriate not only for water/organic liquid mixtures, but 

also for CO2/CH4 and CO2/N2 separation, as investigated by Cui et al. [25]. 

Low-silica FAU zeolites (X- and Y-types, Figure 3) have a polar structure that make 

them highly selective towards CO2, which is much more adsorbed than permanent gases 

as H2 and N2 [38, 39, 40, 41]. White et al. [40] obtained very high CO2/N2 selectivity 

(>550), which is counterbalanced by a too low CO2 permeance value. The hydrophilic 

character of FAU zeolites provokes an important CO2 permeance reduction in humid 

conditions. Thus, this material loses the capacity of separating CO2 from N2 in the 

moderate temperature range, whereas selectivity increases with respect to the dry 

condition only above 110°C [41]. 

 

Figure 3. Structure of FAU zeolite. Reprinted from Microporous and Mesoporous Material, 119,  A. Ghoufi, 

L. Gaberova, J. Rouquerol, D. Vincent, P.L. Llewellyn, G. Maurin, Adsorption of CO2, CH4 and their binary 

mixture in Faujasite NaY: A combination of molecular simulations with gravimetry-manometry and 

microcalorimetry measurements, 117-118, Copyright (2009), with permission from Elsevier. 

 



                                                       

 

 

14 

 

 

 

In the next chapter, the mass transport model used to predict the separation 

performance and the experimental apparatus for permeation tests are presented and 

discussed. 

 

Table 1. Structure and mixture selectivity of several zeolite used as membranes for gas separation. 

Zeolite type Material Structure Pore size, 

Å x Å 

Selectivity at room 

temperature 

DDR DD3R 8-ring 3.6  x 4.4 
CO2/CH4 = 500 [27, 28] 

CO2/air > 20 [28] 

CHA SAPO-34 8-ring 3.8 x 3.8 

CO2/CH4 = 170 [34] 

CO2/N2 = 32 [33] 

CO2/H2 = 18 [36] 

LTA 4A 8-ring 4.1 x 4.1 

H2O/H2 = 309 [30] 

H2O/CH4 = 615 [30] 

H2O/CO = 244[30] 

ERI/OFF T 8-ring/12-ring 

3.6 x 5.1 

6.7 x 6.8 

3.6 x 4.9 

CO2/CH4=400 [25] 

CO2/N2 = 107 [25] 

MFI Silicalite 10-ring 
5.1 x 5.5 

5.3 x 5.6 

CO2/N2 = 69 [37] 

CO2/H2 = 17 [37] 

FAU NaY 12-ring 7.4 x 7.4 

CO2/N2 = 100 [38] 

CO2/H2 = 28 [39] 

H2O/CO2 = 270 [41]  

H2O/N2 = 160 [41] 
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2. Mass transport through 

zeolite membranes 

Most of this chapter is devoted to the modelling of mass transport through zeolite 

membranes, focusing on the physical principles and mathematical equations governing 

it. In the last section, the experimental apparatus used for permeation measurements is 

described. 

It is well known that gas permeation through zeolite pores takes place by surface 

diffusion, which occurs by molecular hopping of the adsorbed components from site-to-

site. Nevertheless, some experimental trends of permeance as a function of temperature 

suggest the presence of different contribution to mass transport, especially when 

temperature is high enough. About that, different points of view are observed in the 

literature for describing the experimental evidence (Table 2). Several authors explained 

their results considering a combination between surface diffusion (at a low temperature) 

and gas translation diffusion (at a high temperature), whose transition is represented by a 

minimum in permeance [42, 43 44, 45]. Differently, others authors [46] did not find any 

minimum in the permeance trend, justifying such an absence with the presence of inter-

crystalline gaps in the membrane structure, which enlarge the effective pore in the 

polycrystalline zeolite layer. Some other authors gave a different interpretation [47,48]. 

In particular, Van den Bergh et al. [47] attributed the reduction of permeance with 

increasing temperature through a DD3R membrane only to surface diffusion even at high 

temperatures. Miachon et al. [48] made same considerations to model the gas permeation 

through MFI membranes. These authors supposed inter-crystalline pore openings at high 

temperatures as a possible explanation for the flux/permeance increment eventually 
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observed. Specifically, the difference in thermal expansion coefficient between support 

and zeolite can create defects and cause an increment of flux, since it provokes a 

mismatch between the expansion of the support and the shrink of zeolite crystals [47]. In 

addition, they argued that this effect can be reduced synthesizing membrane with smaller 

crystal size, e.g., in the order of 0.5-1 m [47]. Nevertheless, this consideration is not 

always confirmed by other experimental results in the literature. In fact, it is found that 

even membranes with a small crystal size (< 1m), such as those synthesized by Li et al. 

[42], showed this increment of flux and permeance attributed to gas translation diffusion 

for some light gases. Concerning the permeation through large-pores zeolite membranes, 

such as NaY, Hasegawa et al. [49] proposed the sum of surface and Knudsen diffusion, 

which Caravella et al. [50] revised in a recent paper in terms of competition between these 

two mechanisms. 

Table 2. Some mass transport mechanisms used in the literature for describing the CO2 and light gases 

behavior through zeolite membranes. 

Species Zeolite Mass transport mechanism Reference 

CO2, light gases DD3R Surface diffusion [47] 

CO2, light gases, 

HC 

Light gases, HC 

CO2, light gases 

Silicalite/ZSM-5 

Surface + gas translation diffusion in parallel 

Surface diffusion 

Surface + Knudsen diffusion competing 

[45] 

[48] 

[51] 

CO2, CH4 SAPO-34 Surface diffusion [42] 

CO2, light gases 

CO2, light gases 

NaY Surface + Knudsen diffusion in parallel 

Surface + Knudsen diffusion competing 

[49] 

[50] 

 

Thus, there is still an open scientific debate on the mass transport occurring through 

the zeolite pores and one of the goals this research is to give a contribution to this issue. 

In particular, it is here considered unrealistic the possibility to have only surface diffusion 

at high temperatures, in particular for weakly adsorbed species like H2, for which a 
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relatively low amount of adsorption phase is present even at room temperature. Moreover, 

if the high temperature provoked the formation of defects and a consequent increment of 

flux, it would expect a minimum followed by an increasing trend for all the species in a 

reasonable range of temperature, whereas some species never exhibit this minimum. 

Thus, it is more plausible, in my opinion, the presence of gas translation paired to surface 

diffusion in defects-free zeolite membranes, especially for components having a 

dimension comparable to the pore size. Thus, the competition between surface and gas 

translation diffusion is here proposed for modelling the mass transport in a wide range of 

temperature and pressure, considering the four zeolite membranes investigated (i.e., 

DD3R, SAPO-34, NaY and 4A) defects-free. The reasons and adequacy of this 

hypothesis are discussed in the sections 3.2.1 – 3.2.4 of chapter 3.  The mass transport 

model is focused on the variations of flux and concentration along the zeolite thickness, 

whereas the changes on the axial direction on both the feed and permeate sides are 

neglected, since a laboratory membrane module typically has a length of few centimeters 

and operates in the condition of very low stage-cut (i.e. permeate flow much lower than 

feed flow). Thus, this hypothesis can be considered reasonable.  

Previously, a brief description regarding the fundamentals of pure component 

adsorption process is presented, since adsorption represents the crucial step of gas 

permeation by surface diffusion. Specifically, the attention is focused on the most 

common theory used for describing adsorption, the Langmuir’s model, which allows a 

simple prediction of the monolayer coverage on an ideal surface. However, not all the 

species follow the Langmuir adsorption law and, therefore, a different model taking into 

account the system heterogeneity originated from the adsorbent or adsorbate must be 

adopted. Hence, the Sips model is additionally proposed for evaluating the non-ideal 

adsorption. 

2.1 Gas adsorption in zeolites: Langmuir and Sips models  

Adsorption is a process used to capture and separate gas or liquid from a 

multicomponent mixture, which exploits the physical or chemical interaction between 

molecules in a fluid phase (adsorbate) and a solid (adsorbent). In particular, it describes 
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the tendency of these molecules to adhere to a solid surface. It can be distinguished in 

two types depending on the nature of the surface forces: physical and chemical 

adsorption. Physical adsorption takes place when the solid-gas interaction is weak, since 

typically involves van der Waals forces and low adsorption energy. Furthermore, 

molecules can be adsorbed in excess with respect to those in contact with the surface, 

originating a multilayer coverage. On the other hand, chemisorption involves chemical 

bonds between adsorbent and adsorbate and a higher enthalpy of adsorption. In this case, 

molecules occupy only certain adsorption sites on the surface, forming a monolayer of 

adsorbed phase.  

Langmuir proposed the first theory of adsorption in 1918, based on the assumptions 

of ideal surface and the monolayer formation. Specifically, Langmuir model considers 

the following hypotheses [52]: 

 Surface is energetically homogeneous, that is adsorption energy constant and does 

not depend on coverage 

 Atoms or molecules are adsorbed at a definite site (i.e., adsorption localized) 

 Absence of interactions among the adsorbed species on adjacent sites 

 Each adsorption site can accommodate only one atom or molecule (i.e., monolayer 

coverage)  

The Langmuir equation is obtained considering the rate of adsorption of molecules 

from the bulk phase to the solid surface equal to that of desorption from surface to the 

bulk phase. The rate of adsorption (Eq. 1) can be considered proportional to the applied 

pressure in the gas phase P and the surface fraction available for adsorption (1 − 𝜃): 

𝑟𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑃 (1 − 𝜃)                                                                                     (1) 

On the contrary, rate of desorption (Eq. 2) is related to the dimensionless amount adsorbed 

𝜃:  

𝑟𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝜃                                                                                          (2) 

At equilibrium, the rates of adsorption and desorption are equal (Eq. 3) and the affinity 

constant b is defined as the ratio of the kinetic constants for the two processes, measuring 

the attraction strength of an adsorbate molecule on the surface [52].  
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𝑘𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑃 (1 − 𝜃) = 𝑘𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝜃 ⟹ 𝑏 =
𝑘𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝑘𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
=

𝜃

𝑃 (1−𝜃) 
                (3) 

The affinity constant can be correlated to the Langmuir heat of adsorption by the pre-

exponential factor b0 (Eq. 4), which can be estimated from the experimental isotherms: 

b=b∞e
QAdsorption

RT =
𝑏0

√𝑇
e

QAdsorption

RT     (4) 

Thus, the Langmuir equation (Eq. 5) describing the fractional loading θ as a function of 

the applied pressure P is shown below: 

θ=
bP

1+bP
      (5) 

The adsorption coverage can be also expressed as the ratio of the molecular loading C 

over the saturation loading Cs, which is the maximum amount adsorbed on the surface. 

Thus, Langmuir equation can be also expressed in terms of molecular loading (Eq. 6): 

Cμ=Cμs
(bP)

1+(bP)
      (6) 

 In case of a multicomponent mixture, Langmuir equation for the component i assumes 

the following expression (Eq. 7): 

θi=
(biPi)

1+ ∑ (bjPj)
nspecies
j=1

      (7) 

Sips model (Eqs. 8-12) differs from the Langmuir one since takes into account the 

species-species and species-surface interactions, which are included in an additional 

parameter n, giving a measure of the system heterogeneity [52].  

Cμ,i=Cμs,i
(biP)

1
ni

1+ ∑ (bjPj) 

1
nj

nspecies
j=1

      (8) 
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θi=
(biP)

1
ni

1+ ∑ (bjPj) 

1
nj

nspecies
j=1

      (9) 

bi=bi,∞e
QAdsorption

RT     (10) 

bi,∞=bi,0e
-
QAdsorption

RT0,i     (11) 

1

ni
=

1

ni,0
+a (1-

T0,i

T
)    (12) 

Therefore, Sips equation is reduced to the Langmuir form when n is equal to 1. In both 

the adsorption models, saturation loading of the considered component Cs,i  is a crucial 

property, providing the maximum amount adsorbed on the zeolite surface. It should be 

independent of temperature being related to the active sites available to adsorb a specific 

component. However, this capacity can be reduced by the high temperature that changes 

the surface-molecules and molecules-molecules interactions, limiting the possibility to be 

adsorbed. Specifically, Do [52] proposed an exponential decrease with temperature (Eq. 

13), in which  is an empirical parameter and T0 the reference temperature, which is the 

lowest temperature at which an adsorption isotherm for the considered species was 

measured: 

Cμs,i=Cμs0,ie
χi(1-

T

T0,i
)
    (13) 

Saturation loading at the reference temperature (Cs, empirical parameter , heat of 

adsorption and affinity constant can be evaluated using the adsorption isotherms of the 

considered species, as will be described in Chapter 3.  
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2.2 Modelling of mass transport through zeolite membranes 

Permeation through zeolite membranes is typically attributed to surface diffusion at 

a low temperature, which takes place by adsorption onto the zeolite surface and molecular 

hopping of the adsorbed molecules from site-to-site [45]. The generalized Maxwell-

Stefan equations were extended by Krishna [53, 54, 55] for describing surface diffusion 

in zeolite pores. Specifically, the driving force for diffusion of the single component 1 is 

represented by the chemical potential gradient 1, which is balanced by the friction 

between the component and the zeolite matrix: 

-∇μ1=
𝑅𝑇

𝐷𝑆𝐷,1𝑧𝑒𝑜𝑙𝑖𝑡𝑒
𝜃𝑧𝑒𝑜𝑙𝑖𝑡𝑒𝑢1   (14) 

Where DSD,1zeolite is the Maxwell-Stefan diffusivity related to surface diffusion, 1 the 

chemical potential of the adsorbed species 1 and u1 its velocity. Krishna [54] proposed to 

use a different definition of the Maxwell-Stefan diffusivity DSD,1, expressed as the ratio 

of DSD,1zeolite  over the zeolite coverage θzeolite: 

-∇μ1=
𝑅𝑇

𝐷𝑆𝐷,1
𝑢1   (15) 

In terms of molar flux: 

NSD,1=ρCμ1𝑢1  ⟹   𝑢1 =
NSD,1

ρCμ1
  (16) 

Thus, by replacing the expression of the velocity (Eq. 16) in Eq. 15, molar flux can be 

related to the chemical potential gradient (Eq. 17): 

NSD,1=-ρCμ1𝐷𝑆𝐷,1
1

𝑅𝑇
∇μ1  (17) 

The chemical potential can be related to that in standard state and to the fugacity of the 

component (Eq. 18):  
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μ1=𝜇1
0+RT ln(𝑓1)  (18) 

For systems operating at low pressure conditions, pressure can replace fugacity and 

chemical potential gradient can be correlated to the adsorption coverage as follows: 

1

𝑅𝑇
∇μ1=

1

𝜃1
Γ∇θ1  (19) 

Where Γ is the thermodynamic correction factor, representing the deviation from the ideal 

behavior. Specifically, Γ =1 for the ideal condition, whereas for the non-ideal one is a 

function of the mixture composition [56]. In case of Langmuir adsorption model, 

thermodynamic factor is described by Eq. 20 [45]: 

Γ =
𝜕lnP

𝜕ln𝜃
=

1

1−𝜃1
  (20) 

Thus, the expression for molar flux (Eq. 17) can be written in terms of saturation loading 

(Eq. 21), defined as the ratio of the molecular loading C1 over the coverage θ1: 

NSD,1=-ρCμs1DSD,1Γ ∇θ1  (21) 

Being in single gas condition, the subscript that identify the component 1 can be removed 

and Eq. 21 can be written as (Eq.22): 

NSD=-ρCμsDSDΓ ∇θ   (22) 

Where the Maxwell-Stefan surface diffusivity DSD can be independent or dependent on 

coverage. Malek et al. [57] summarized the results of many groups regarding the 

dependence of CH4 diffusivity on loading in MFI. The former condition is the so-called 

weak confinement scenario (Eq. 23), whereas the most common dependence on coverage 

is the linear reduction of diffusivity (i.e., strong confinement scenario) given by Eq. 24. 

However, Reed and Ehrlich [58] proposed a different expression for diffusivity, based on 

the intermolecular repulsions, which can reduce the energy barrier for diffusion.   
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𝐷𝑆𝐷 = 𝐷𝑆𝐷
0 𝑒−

𝐸𝑆𝐷
𝑅𝑇    (23) 

𝐷𝑆𝐷 = 𝐷𝑆𝐷
0 𝑒−

𝐸𝑆𝐷
𝑅𝑇 (1 − 𝜃)   (24) 

Considering the single gas permeation through an infinitesimal zeolite thickness dz, molar 

flux (Eqs. 25-26) can be expressed as follows in case of weak confinement scenario (i.e., 

Eq. 23 for diffusivity) and flat geometry (Figure 4): 

NSD=-ρCμsDSD
1

1−θ

dθ

dz
          ⟹           ∫ dz = −

ρCμsDSD
0 e

−
ESD
RT

NSD
∫

dθ

1−θ

θδzeolite

θfeed

δzeolite

0
                     (25) 

 

NSD=
ρCμs DSD

0 e
−

ESD
RT

δzeolite
ln (

1−θδzeolite

1−θfeed
)                                                                                                         (26) 

 

Figure 4. Schematic view of permeating flux through a supported zeolite membrane. 
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In the case of strong confinement scenario (i.e., Eq. 24 for diffusivity): 

NSD=-ρCμsDSD
1

1−θ

dθ

dz
         ⟹      ∫ dz = −

ρCμsDSD
0 e

−
ESD
RT

NSD
∫ dθ

θzeolite

θfeed

δzeolite

0
    (27) 

By integrating: 

NSD=
ρCμsDSD

0 e
−

ESD
RT

δzeolite
(θfeed − θzeolite)  (28) 

Support typically provides a further resistance, which is much lower than that of zeolite 

layer and associated to Knudsen diffusion. If it is assumed a negligible support resistance 

to mass transport, flux through the membrane thickness for weak (Eq. 29) and strong 

confinement scenario (Eq. 30) becomes: 

NSD=
ρCμs DSD

0 e
−

ESD
RT

δzeolite
ln (

1−θpermeate

1−θfeed
)  (29) 

NSD=
ρCμsDSD

0 e
−

ESD
RT

δzeolite
(θfeed − θpermeate)  (30) 

A qualitative trend of surface diffusion flux or permeance (being the ratio of flux over 

the pressure difference) as a function of temperature reveals the presence of a maximum 

(Figure 5). In fact, temperature affects the flux favoring diffusivity but reducing coverage. 

Therefore, the increasing trend in the low temperature region is owed to the prevailing 

increment of diffusivity. On the other hand, the flux drop observed at the right of this 

maximum is attributed to the opposite condition: the reduction of coverage is more 

important than the increment of diffusivity.  
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Figure 5. Qualitative trend of surface diffusion flux or permeance as a function of temperature. 

However, at sufficiently high temperatures, surface diffusion tends to disappear, since 

an adsorbed phase is not present anymore onto the inner zeolite surface. In this conditions, 

Xiao and Wei [59] suggested a mechanism based on permeation in the gas phase, in which 

molecules maintain their gaseous character passing from site to site by overcoming an 

energy barrier imposed by the presence of the channel. In particular, the movement of the 

molecules in the gas phase is restricted since the molecular size approaches the pore size. 

Hence, a molecule inside a zeolite pore might not complete escape from the potential field 

of the pore surface: an interaction exists between the gas molecule and pore surface and 

it can be characterized by an energy barrier. The expression of this so-called gas 

translation diffusion (Eq. 31) is similar to the Knudsen’s law with an additional activated 

term. In fact, gas translation shifts to Knudsen diffusion in the case of pore size much 

higher than molecular dimension. 

NGTD = −
1

ζ
λ

1

RT
√

8RT

πM
e-

EGT
RT  ∇P   (31) 

Where  is the diffusional length  and the coordination number. The gas translation 

contribution along the membrane thickness can be expressed as follows: 
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𝑁𝐺𝑇𝐷 = −
1

ζ
λ

1

RT
√

8RT

πM
e-

EGT
RT

dP

dz
    ⟹ ∫ 𝑑𝑧 = −

1

𝑁𝐺𝑇𝐷

ε

τ

1

ζ
λ

1

RT
√

8RT

πM
e-

EGT
RT ∫ 𝑑𝑃

𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑃𝑓𝑒𝑒𝑑

𝛿

0
  (32) 

𝑁𝐺𝑇𝐷 =
1

ζ
λ

1

𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒RT
√

8RT

πM
e-

EGT
RT (𝑃𝑓𝑒𝑒𝑑 − 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)   (33) 

Flux by gas translation diffusion (Figure 6) presents a strong increment in the moderate 

temperature region, which is determined by the exponential term of Eq.33, whereas 

Knudsen flux decreases with the reverse of the temperature square root. On the contrary, 

gas translation tends to the Knudsen value for high temperature and very low activation 

energy EGT, since the exponential terms tends to 1 in these conditions. Thus, the 

temperature dependence of flux related to the two mechanisms is quite different only at a 

low temperature, becoming similar with increasing temperature. 

 

Figure 6. Qualitative trend of gas translation diffusion flux or permeance as a function of temperature. 

The single gas overall flux and permeance through a zeolite layer of porosity  and 

tortuosity  are, therefore, the sum of surface and gas translation diffusion (Eqs. 34-35), 

by neglecting the resistance exerted by the support: 
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N=
ε

 τ 
[

ρCμs 𝐷𝑆𝐷
0 𝑒

−
𝐸𝑆𝐷
𝑅𝑇

𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒

𝑏(𝑃𝑓𝑒𝑒𝑑−𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)

(1+𝑏𝑃𝑓𝑒𝑒𝑑)+(1+𝑏𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)
+

λ

𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒RTζ
√

8RT

πM
e-

EGT
RT (𝑃𝑓𝑒𝑒𝑑 − 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) ]  (34)    

                  

Permeance=
ε

 τ 
[

ρCμs 𝐷𝑆𝐷
0 𝑒

−
𝐸𝑆𝐷
𝑅𝑇

𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒

𝑏

(1+𝑏𝑃𝑓𝑒𝑒𝑑)+(1+𝑏𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)
+

λ

𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒RTζ
√

8RT

πM
e-

EGT
RT ]                      (35)                     

 

In case of tubular membranes (Figure 7), permeating flux is not constant along the 

radial direction r (Eq. 36): 

 

 

 
𝑑(𝑟𝑁)

𝑑𝑟
=0     ⟹  

𝑑𝑁

𝑑𝑟
= −

𝑁

𝑟
                                                                           (36) 

 

 

Figure 7. Schematic view of permeating flux through a tubular zeolite supported membrane. 

As aforementioned, surface and gas translation fluxes can be obtained neglecting the 

support resistance. This hypothesis can be adopted only in case of high support-zeolite 

permeance ratio [2]. When this ratio is higher than 10, membrane selectivity approaches 

the intrinsic zeolite one. As a practical example, the CO2 permeance through a DD3R 

membrane is estimated considering and neglecting the support presence [60]. It is found 
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that an effective further resistance owed to support is present only at a low temperature, 

where the zeolite permeance is high because of the strong adsorption (Figure 8). 

Differently, no differences were observed above 400 K, since the zeolite permeance 

decreases much more than the support one and, thus, the permeance ratio is high. 

 

 

Figure 8. CO2 permeance through a DD3R membrane including the porous support (blue solid line) and 

without it (red dashed line). Reprinted from Journal of Membrane Science, 564, P. F. Zito, A. Caravella, 

A. Brunetti, E. Drioli, G. Barbieri, Discrimination among gas translation, surface and Knudsen diffusion in 

permeation through zeolite membranes, 166-173. Copyright (2018) Elsevier. 

All the previous equations are valid for a single component permeating through a 

zeolite membrane. In case of a multicomponent mixture, Maxwell-Stefan equation for 

surface diffusion is written considering the balance between the driving force attributed 

to the chemical potential gradient i of the component i and its friction with the other 

species present in the mixture [53, 54, 55, 61, 62, 63]: 

-ρθi
∇μi

RT
 = ∑

Cμ,jNSD,i −Cμ,iNSD,j

Cμs,jCμs,iDSD,ij
+ 

NSD,i

Cμs,iDSD,i

nspecies

j=1
 = − 𝜌 ∑ Γ𝑖𝑗∇𝜃𝑗

𝑛𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑗=1
                  (37)  

It can be observed the presence of the binary diffusivity DSD,ij, representing the 

interaction between components i and j, which depends on the mixture composition and 

the single gas diffusivity. In fact, it is comprised between Di (for θi=1 and θj=0) and Dj 
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(for θi=0 and θj=1). The binary exchange diffusivity can be evaluated using the Vignes 

correlation [53, 56, 64]: 

DSD,ij=D
SD,i

θi
θi+θj   D

SD,j

θj

θi+θj
   (38) 

An alternative expression is obtained introducing the self-exchange diffusivity of each 

component [65] (Eq.39):  

𝐶𝜇𝑆,𝑗DSD,ij = (𝐶𝜇𝑆,𝑗𝐷𝑆𝐷,𝑖𝑖)

𝐶𝜇,𝑖

𝐶𝜇,𝑖+𝐶𝜇,𝑗  (𝐶𝜇𝑆,𝑖𝐷𝑆𝐷,𝑗𝑗)

𝐶𝜇,𝑗

𝐶𝜇,𝑖+𝐶𝜇,𝑗 = 𝐶𝜇𝑆,𝑖DSD,ij  (39) 

Γ is expressed as: 

Γ𝑖𝑗 =
Cμs,j

Cμs,i

Cμ,i

pi

𝜕pi

𝜕Cμ,j
  (40) 

Eq.41 provides the fluxes in matrix form: 

(NSD)=ρ[Cμs][B-1][Γ](∇θ)  (41) 

Where the elements of the matrix B are: 

Bii=
1

DSD,i
+ ∑

θj

DSD,ij

nspecies

j=1
  (42) 

Bij=-
θi

DSD,ij
  (43) 

The Maxwell-Stefan surface diffusivity DSD,i for mixtures can assume the two following 

expressions (Eqs. 44-45): 

𝐷𝑆𝐷,𝑖 = 𝐷𝑆𝐷,𝑖
0  𝑒−

𝐸𝑆𝐷,𝑖
𝑅𝑇    (44) 
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𝐷𝑆𝐷,𝑖 = 𝐷𝑆𝐷,𝑖
0  𝑒−

𝐸𝑆𝐷,𝑖
𝑅𝑇 (1 − ∑ 𝜃𝑗

𝑛𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑗=1
)   (45) 

Considering the case of a binary gas mixture, Eq. (41) becomes [61]: 

(𝑁𝑆𝐷,1
𝑁𝑆𝐷,2

) = −𝜌 [
𝐶𝜇𝑠,1 0

0 𝐶𝜇𝑠,2
] [

𝐷𝑆𝐷,1 0

0 𝐷𝑆𝐷,2
] [

1 + 𝜃1
𝐷𝑆𝐷,2

𝐷𝑆𝐷,12
𝜃1

𝐷𝑆𝐷,2

𝐷𝑆𝐷,12

𝜃2
𝐷𝑆𝐷,1

𝐷𝑆𝐷,12
1 + 𝜃2

𝐷𝑆𝐷,1

𝐷𝑆𝐷,12

]
1

𝜃2
𝐷𝑆𝐷,1

𝐷𝑆𝐷,12
+𝜃1

𝐷𝑆𝐷,2
𝐷𝑆𝐷,12

+1
[
Γ11 Γ12

Γ21 Γ22
] (

∇𝜃1

∇𝜃2
)    

(46) 

 

 

 

Thus, the surface diffusion fluxes of component 1 and 2 are:  

𝑁𝑆𝐷,1 = −𝜌
𝐶𝜇𝑠,1𝐷𝑆𝐷,1{[Γ11+𝜃1

𝐷𝑆𝐷,2
𝐷𝑆𝐷,12

(Γ11+Γ21)]∇𝜃1+[Γ12+𝜃1
𝐷𝑆𝐷,2

𝐷𝑆𝐷,12
(Γ12+Γ22)]∇𝜃2}

𝜃2
𝐷𝑆𝐷,1

𝐷𝑆𝐷,12
+𝜃1

𝐷𝑆𝐷,2
𝐷𝑆𝐷,12

+1
  (47) 

 

𝑁𝑆𝐷,2 = −𝜌
𝐶𝜇𝑠,2𝐷𝑆𝐷,2{[Γ22+𝜃2

𝐷𝑆𝐷,1
𝐷𝑆𝐷,12

(Γ22+Γ12)]∇𝜃2+[Γ2,1+𝜃2
𝐷𝑆𝐷,1

𝐷𝑆𝐷,12
(Γ21+Γ11)]∇𝜃1}

𝜃2
𝐷𝑆𝐷,1

𝐷𝑆𝐷,12
+𝜃1

𝐷𝑆𝐷,2
𝐷𝑆𝐷,12

+1
  (48) 

 

Thus, flux of a generic component in mixture changes compared to that in single gas 

owing to the competitive adsorption, which provokes a reduction of its coverage. 

Considering the case of a binary mixture consisting in a strongly and weakly adsorbed 

species, coverage of the latter drastically drops since the strongly adsorbed component 

occupies the available sites for adsorption (Figure 9). Thus, surface diffusion of weakly 

adsorbed components is much lower in mixture. 
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Figure 9. Schematic view of the coverage reduction of a weakly adsorbed species (yellow spheres) in 

presence of a strongly adsorbed species (blue spheres) inside the zeolite pores. 

Gas translation diffusion flux of the generic component ith in the mixture has a similar 

expression as in single gas: 

NGTD,i = −
ε

τ

1

ζ
λ

1

RT
√

8RT

π𝑀𝑖
e-

EGT,i
RT  ∇Pi   (49) 

For a binary mixture: 

NGTD,1 = −
ε

τ

1

ζ
λ

1

RT
√

8RT

π𝑀1
e-

EGT,1
RT  ∇P1   (50) 

NGTD,2 = −
ε

τ

1

ζ
λ

1

RT
√

8RT

π𝑀2
e-

EGT,2
RT  ∇P2   (51) 

 

In the model proposed in this PhD, surface and gas translation diffusion are considered 

to compete in permeation through the zeolite pores, starting from a recent model that 

paired surface and Knudsen diffusion [50-51]. Here, gas translation and surface diffusion 

of the weakly adsorbed species are hindered by the presence of an adsorbed phase and, 

therefore, by surface diffusion of a strongly adsorbed species. This hindering effect is 

expressed in terms of a change of coverage, effective porosity and tortuosity (pore 

diameter is replaced by the diffusional length). In particular, effective porosity and 
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tortuosity are considered to be functions of molecular loading C, as reported in the 

modelling approach of Caravella et al. [50] for the competition between surface and 

Knudsen diffusion.  

The effective porosity decreases because of the presence of an adsorbed phase, which 

reduces the free volume available for diffusion (Figure 10). Considering the permeation 

of a weakly adsorbed component as H2 (gold spheres of Figure 10), the effective porosity 

in single gas coincides with the nominal value of the zeolite 0. Differently, an increasing 

amount of a strong adsorbed component (blue spheres) on the active sites makes smaller 

this available volume. 

 

 

Figure 10. Schematic view of the effective porosity reduction in presence of an adsorbed phase inside the 

zeolite pores. 

In the expression of effective porosity (Eq. 52), the adsorbed molecules are assumed 

as spheres having a diameter equal to their kinetic diameter dk [50]. However, the 

effective volume occupied by the adsorbed molecules is considered equivalent to that of 

the corresponding cube, since additional volume is not accessible by the bulk molecules 

(i.e., between the lower part of the sphere and the zeolite surface and at the upper part of 

the sphere): 

ε(Cμ)=ε0-ρ(1-ε0)NAv ∑ dk,i
3 Cμ,i

nspecies

i=1
   (52) 
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Differently, the effective tortuosity is increased by adsorption, since the actual path 

followed by the species is supposed longer than the nominal pore length owing to the 

presence of an adsorbed phase (Figure 11). However, when the complete surface coverage 

is reached, the actual path returns to the zero-loading tortuosity 0, since the channel 

assumes the same shape of the zero-loading channel again [50]. 

 

 

Figure 11. Schematic view of the effective tortuosity increment in presence of an adsorbed phase inside 

the zeolite pores. 

Therefore, the expression of effective tortuosity takes into account the limits of zero 

loading and full coverage: 

lim
𝜎⟶0

𝜏 = 𝜏0      lim
𝜎⟶1

𝜏 = 𝜏0                                                                                                (53) 

where 0 is the nominal tortuosity of material,  is the covered surface fraction, providing 

the surface fraction occupied by the adsorbed molecules (Eq. 54):  

𝜎(𝐶𝜇) =
𝜋

4
𝑁𝐴𝑣 ∑ 𝑑𝑘,𝑖

2 𝐶𝜇,𝑖

𝑛𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑖=1

𝑆𝑔,0
   (54) 

In Eq. 54, Sg,0 is the specific surface area at zero loading, defined as follows: 

𝑆𝑔,0 =
4𝜀0

𝜌(1−𝜀0)𝑑𝑝𝑜𝑟𝑒,0
   (55) 
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In addition, there is no effect of adsorption on effective tortuosity if pore size is much 

larger than kinetic diameter of the permeating species. By defining  as the ratio of the 

kinetic diameter over the pore one (Eq. 56), the following limit must be respected (Eq. 

57): 

γ =

1

𝑛𝑠𝑝𝑒𝑐𝑖𝑒𝑠  
∑ 𝑑𝑘,𝑖

𝑛𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑖=1

𝑑𝑝𝑜𝑟𝑒,0
    (56) 

 lim
𝛾⟶0

𝜏 = 𝜏0   (57) 

Thus, Caravella et al. [50] proposed the following expression for the effective tortuosity: 

τ(Cμ)=τ0+
γ σ(1-σ)

εγ    (58) 

Since the adsorbed amount strongly depends on temperature and pressure, effective 

porosity and tortuosity are also function of these two variables. In particular, porosity 

increases with increasing temperature and decreasing pressure, whereas tortuosity follows 

the opposite trend. These dependences are owed to the increment and reduction of 

coverage with pressure and temperature. Therefore, gas translation contribution results 

lower in mixture than in single gas especially at a low temperature and high pressure, 

since the high adsorption changes the effective porosity and tortuosity compared to the 

nominal values. These variations of surface and gas translation contributions in mixture 

are showed and discussed in Chapter 4. 

 

2.3 Experimental apparatus for permeation measurements 

Permeation of gas mixtures and single gas through a DDR membrane is experimentally 

measured using a suitable apparatus (Figure 12). The inlet gas stream (mixture or single) 

is fed to the membrane by means of mass flow controllers, to tune the desired flow rate 

and mixture composition. The tubular stainless-steel module, which contains the zeolite 

membrane, is placed in a furnace to properly control the temperature during the 
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experiments. No sweep gas is used on permeate side. Back-pressure regulators are on 

retentate and permeate sides to control the operating pressures, whereas retentate and 

permeate flow rates are measured by two bubble-soap flow meters. A gas chromatograph 

(Agilent 7890N) with two parallel analytical lines measures the composition of the 

retentate and permeate streams at the same time. Each line is equipped with two columns: 

an HP-Plot-5A (to separate permanent gases such as H2, N2, and CO) and an HP-Poraplot 

Q (for other species). Before permeation measurements, membrane module is heated up 

to 120°C under argon flow at 2 bar of driving force to remove humidity traces that may 

be present. 

 

 

Figure 12. Experimental apparatus for permeation measurements.  
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3. Adsorption and diffusion of 

single components in zeolites 

This chapter is devoted to the analysis of the single gas behavior, evaluating the 

adsorption and diffusion of H2, CH4, CO2, CO, N2 and H2O through different zeolites 

(i.e., SAPO-34, DD3R, NaY and 4A). In fact, adsorption properties and single gas 

diffusivity represent necessary inputs for predicting surface and gas translation 

contributions to permeation.  

Adsorption is estimated using pure-component experimental isotherms taken from the 

literature by means of a multivariate regression analysis based on the Levenberg-

Marquardt algorithm. Langmuir and Sips models are chosen for describing the 

experimental behavior. Concerning NaY and DD3R, the adsorption properties are already 

available in two works previous to this PhD [66,67]. Diffusion through zeolite membranes 

is described using the Maxell-Stefan approach for surface diffusion, which is matched to 

gas translation. This analysis needs the evaluation of the activation energy of both the 

contributions and, moreover, the surface diffusion pre-exponential factor. These 

properties are obtained using the experimental permeances as a function of temperature 

in single gas, selecting the low and high temperature values for estimating surface and 

gas translation contributions, respectively.  Table 3 summarizes the origin of the various 

experimental data used for the evaluation of adsorption and diffusivity by simulations. 

Simulations of adsorption isotherms, single component and mixture permeation (Chapter 

4) are carried out using Matlab. 
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Table 3. An overview of the literature experimental data used for the evaluation of adsorption and diffusion. 

Zeolite 
Simulated 

Adsorption properties 
Experimental data  

Simulated 

Diffusivity  
Experimental data  

4A This PhD 30, 75, 81-92 This PhD 30 

SAPO-34 This PhD 34, 42, 78, 79, 80 This PhD 42 

NaY Previous to this PhD [66]  This PhD 49 

DD3R Previous to this PhD [67]  This PhD 93 

 

The adsorption properties and diffusivity values obtained in this chapter allow a 

rigorous mass transport analysis and the prediction of separation performance under 

operating conditions wider than those experimentally investigated. 

The results of this chapter are based on four published paper in international journals 

[60, 68, 69, 70]. 

3.1 Evaluation of adsorption properties  

Generally, the experimental adsorption isotherms are expressed in excess of loading, 

which therefore should be converted in absolute loading before being used. The 

conversion can be done using the following expression [71]: 

𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑=𝑚𝑒𝑥𝑐𝑒𝑠𝑠 + 𝜌𝑏𝑢𝑙𝑘𝑉𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑    (59) 

In this expression, madsorbed and mexcess are the absolute and the excess amount adsorbed 

respectively, whereas bulk and Vadsorbed the density and the volume of the gas and 

adsorbed phase. By substituting the definition of volume adsorbed (i.e.,  
𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑
) in Eq. 

(59), the following final expression is obtained in terms of absolute amount expressed in 

moles: 

𝑛𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑=
1000 𝑚𝑒𝑥𝑐𝑒𝑠𝑠

𝑀

1−
𝜌𝑏𝑢𝑙𝑘

𝜌𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

                                                                  (60) 
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In Eq. (60), the density of adsorbed phase can be assumed equal to that at the triple point 

[72] or to that of the liquid phase, which is 0.0708 g cm-3 for hydrogen [73]. 

Another way to calculate the absolute amount adsorbed consists in assuming the 

adsorbed phase volume equal to the pore volume [74] (e.g., 0.3 mL g-1 for 4A [75]). This 

approach can be used when the species adsorption on the external surface is ignored [76]. 

In this condition, the following equation can be used: 

𝑛𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒=𝑛𝑒𝑥𝑐𝑒𝑠𝑠 +
𝑃𝑉

𝑅𝑇
                                                                 (61) 

As reported by Krishna [77], the difference between absolute and excess of loading 

increases with increasing pore volume and pressure. Furthermore, this discrepancy 

becomes more relevant in case of weakly-adsorbing species, like hydrogen, at high 

pressure, whereas it is smaller for strongly adsorbed ones, like CO2. Therefore, here it is 

carried out a comparison between the hydrogen adsorption isotherms expressed in excess 

and absolute loading at the lowest (40 K) and highest (298 K) temperatures among those 

available (Figure 13) considering the case of zeolite 4A. This comparison allows to verify 

the possibility to consider the experimental values without making any conversion. 

Specifically, the blue and red lines indicate the trends of the absolute loading respectively 

evaluated with Eqs. (60) and (61), whereas the black dashed lines represent the trends of 

the excess of loading. As expected, it can be observed that all the curves are quite similar 

at low pressure, whereas they diverge only at high pressure. The negligible difference 

observed can be explained considering that pore volume of 4A (0.3 mL g-1 [75]) is quite 

small compared to those of the other materials investigated by Krishna [77]  (i.e., MOFs 

CuBTC, MIL-101 and Zn(bdc)dabco], which have a specific pore volumes of 0.75, 1.38 

and 0.67 mL g-1. 

Hence, it can be assumed valid the hypothesis to use the excess of loading also for the 

other species and zeolites. 
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Figure 13. Absolute and excess of loading for H2 compared at 40 K and 298 K. Absolute loading evaluated 

with Eq (60) (blue lines), absolute loading evaluated with Eq. (61) (red lines), trend of excess of loading  

(black dashed lines). Reprinted from Microporous and Mesoporous Materials, 249,  P.F. Zito, A. Caravella, 

A. Brunetti, E. Drioli, G. Barbieri, Light gases saturation loading dependence on temperature in LTA 4A 

zeolite, 67-77. Copyright (2017) Elsevier. 

3.1.1 SAPO-34 zeolite  

Langmuir model is used for the estimation of adsorption parameters of CO2, CH4, N2 

and H2 through a SAPO-34 zeolite (CHA structure as shown in Figure 2), using several 

experimental adsorption isotherms available in the literature. The experimental data are 

preliminary compared in order to verify the consistency of isotherms taken from different 

authors [34, 42, 78-80]. Table 4 shows the temperature and pressure range concerning the 

experimental isotherms used for the estimation.  

Figures 14-17 show the adsorption isotherms, representing the molecular loading of 

each species as a function of pressure. The model curves (solid lines) are used for 

describing the experimental values (symbols) and, moreover, for the prediction of the 

behavior of each species at high pressure (i.e., up to 2000 kPa). It can be observed a very 

good agreement between Langmuir model and the experimental isotherms for all the 

species in both the low (left side of each figure) and high-pressure range (right side of 

each figure). The high values of the correlation coefficient R2 (0.9945, 0.9949, 0.9955 
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and 0.9918 for CO2, H2, CH4 and N2, respectively) confirm the good matching between 

model and the experimental values. 

Table 4. An overview of the operating conditions ranges concerning the published experimental adsorption 

isotherms used for SAPO-34 zeolite. Reprinted from Journal of Membrane Science, 595, P.F. Zito, A. 

Brunetti, A. Caravella, E. Drioli, G. Barbieri, Mutual influence in permeation of CO2-containing mixtures 

through a SAPO-34 membrane, 117534, Copyright (2020) Elsevier. 

Species 
Tminimum 

 / °C 

Tmaximum  

/ °C 

Pmaximum 

 / kPa 
References 

Number of 

isotherms 

H2 -196 60 980 78, 79 3 

CH4 -20 200 120 34, 42, 80 9 

CO2 -20 200 990 34, 42, 79 9 

N2 20 150 120 34, 42 5 

 

 

 

Figure 14. CO2 adsorption isotherms at, (□, red line) 253 K, (Δ, blue line) 275 K, (○, green line) 295 K, (, 

black line) 297 K, (◇, sky blue line) 303 K, (✡, magenta line) 333 K, (◁, ruby red line) 373 K, (▷, dark 

blue line) 416 K, (☆, pink line) 473 K on SAPO-34. Symbols: experimental values of [34, 42, 79]; solid 

lines: model results (non-linear regression of experimental data). 
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Figure 15. H2 adsorption isotherms at, (□, red line) 77 K, (Δ, blue line) 303 K, (○, green line) 333 K on 

SAPO-34. Symbols: experimental values of [78, 79]; solid lines: model results (non-linear regression of 

experimental data). 

 

Figure 16. CH4 adsorption isotherms at, (□, red line) 253 K, (Δ, blue line) 275 K, (○, green line) 293 K, (, 

black line) 295 K, (◇, sky blue line) 297 K, (✡, magenta line) 338 K, (◁, ruby red line) 383 K, (▷, dark 

blue line) 423 K, (☆, pink line) 473 K on SAPO-34. Symbols: experimental values of [34, 42, 80]; solid 

lines: model results (non-linear regression of experimental data). 
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Figure 17. N2 adsorption isotherms at, (□, red line) 293 K, (Δ, blue line) 297 K, (○, green line) 338 K, (, 

black line) 383 K, (◇, sky blue line) 423 K on SAPO-34. Symbols: experimental values of [34, 42]; solid 

lines: model results (non-linear regression of experimental data). 

The four parameters of the Langmuir model and their respective confidence intervals 

are presented in Figure 18. The saturation loadings at the reference temperature Cs0 

cannot be directly compared each other, since the T0 of the species is different. In fact, H2 

presents the highest Cs0 because its reference temperature is the lowest (i.e., 77 K). The 

affinity constants b0 cannot be compared too, being also related to T0 value. On the other 

hand, the here estimated heats of adsorption provide an indication of the adsorption 

strength of each species. It can be observed that, as expected, the more strongly adsorbed 

species is CO2 (about 19 kJ mol-1), followed by CH4 (about 10 kJ mol-1), N2 (about 9 kJ 

mol-1) and H2 (about 3 kJ mol-1). The values of the empirical parameter , from which the 

temperature dependence of saturation loading is obtained (Eq. 62), reveal that CH4 and 

H2 present a more important reduction of the adsorption coverage than CO2 when 

temperature increases, since their  values are higher. Particular is the case of nitrogen, 

for which a temperature independent loading is estimated ( = 0). This behavior could be 

attributed to the narrow temperature range of the experimental adsorption isotherms for 

N2 (293 - 423 K), in which the gap in saturation loadings is too small to be appreciated. 
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Figure 18. Calculated optimal values of the Langmuir model parameters for the considered species on 

SAPO-34. Saturation loading at the reference temperature Cs0, affinity constant b0, heat of adsorption, 

empirical parameter . 

The maximum of adsorption loading of each species on SAPO-34 surface is estimated 

at the same temperature of 298 K by Eq. 62 (Figure 19), allowing a direct comparison of 

the adsorption of each species.  

Cμs,i=Cμs0,ie
χi(1-

298

T0,i
)
    (62) 

It is found a CO2 saturation loading much higher than that of the other species, being 

2, 4 and 5.5 times higher than that of CH4, N2 and H2 respectively. The order of saturation 

loadings is the same of that of heats of adsorption, which confirms that CO2 and H2 are 

the most and least strongly adsorbed species, respectively. 
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Figure 19. Saturation loading of H2, N2, CH4 and CO2 on SAPO-34 at 298 K. 

3.1.2 4A zeolite 

As done for SAPO-34 in the previous section, the temperature and pressure ranges 

related to the experimental adsorption isotherms of H2, CH4, CO2, CO, N2 and H2O on 4A 

zeolite (LTA structure as shown in Figure 2) available in the open literature are collected 

in Table 5 [68, 70]. It can be observed that the temperature and pressure ranges covered 

by the experimental data are wide, as well as the number of isotherms used for each 

species is high. 
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Table 5. An overview of the operating conditions ranges concerning the published experimental 

adsorption isotherms used for LTA 4A zeolite [68, 70].  

Species Tminimum,  K Tmaximum K Pmaximum. kPa References Isotherms 

H2 40 298 1970 75, 81, 82 8 

CH4 195 308 830 83, 84, 85, 86, 87 10 

CO2 195 373 930 86, 87, 88, 89, 90, 91 13 

CO 193 373 120 30, 87, 89 8 

N2 195 283 550 84, 85, 87, 89 10 

H2O 273 438 10.5 30, 92 6 

 

Figures 20-24 show the matching among the experimental isotherms (symbols) and 

the adsorption models (continuous lines) for the considered species using Langmuir and 

Sips models. The Sips model is also used for 4A since the adsorption of some species 

(i.e., H2, CO2 and H2O) is not well described by the Langmuir one. The left-side of each 

figure presents the results up to 100 kPa, in order to better appreciate the agreement 

between models and experimental values under low-pressure. On the other hand, the right 

side shows the behaviour up to 2000 kPa, in order to check the ability of the models to 

describe the experimental trends even at higher pressures. 

The first consideration to make is that H2 and CO2 follow a non-ideal adsorption on 

zeolites (Figures 20-21). In fact, hydrogen and carbon dioxide adsorption isotherms result 

much better described by the Sips model, as confirmed by the higher correlation 

coefficient R2. Specifically, values of 0.9527 and 0.9951 are estimated for H2, whereas 

0.9601 and 0.9817 for CO2 using Langmuir and Sips. In particular, the Langmuir equation 

results less appropriate than the Sips one in the low temperature region (i.e., 40-120 K for 

H2, 213-273 K for CO2) corresponding to the strong adsorption condition. 
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Figure 20. H2 adsorption isotherms at, (□, red line) 40 K, (Δ, blue line) 77 K, (○, green line) 83 K, (, black 

line) 95 K, (◇, sky blue line) 110 K, (✡, magenta line) 120 K, (◁, ruby red line) 298 K on 4A. Symbols: 

experimental values of [75, 81, 82]; solid lines: model results (non-linear regression of experimental data). 

Reprinted from Microporous and Mesoporous Materials, 249,  P.F. Zito, A. Caravella, A. Brunetti, E. 

Drioli, G. Barbieri, Light gases saturation loading dependence on temperature in LTA 4A zeolite, 67-77. 

Copyright (2017) Elsevier. 
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Figure 21. CO2 adsorption isotherms at, (□, red line) 213 K, (Δ, blue line) 243 K, (○, green line) 253 K, (, 

black line) 263 K, (◇, sky blue line) 273 K, (✡, magenta line) 293 K, (◁, ruby red line) 298 K, (☆, grey 

line) 308 K, (▷, purple line) 323 K on 4A. Symbols: experimental values of [86-91]; solid lines: model 

results (non-linear regression of experimental data). Reprinted from Microporous and Mesoporous 

Materials, 249,  P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Light gases saturation loading 

dependence on temperature in LTA 4A zeolite, 67-77. Copyright (2017) Elsevier. 

 

On the other hand, not significant differences between Langmuir and Sips are found 

for CH4, CO and N2 (Figures 22-24); this states that the adsorption of these components 

is ideal. 

Concerning water vapor (Figure 25), the experimental adsorption isotherms are 

available in a very low-pressure range in order to avoid the condensation. Thus, the model 

prediction has to consider the limit imposed by vapor pressure. Langmuir equation (left 

side) could not be used for water vapor, especially between 273 and 374 K, being not able 

to reproduce the experimental measurements. On the contrary, Sips model (right side) 

well describes the experimental values of loading in the whole temperature and pressure 
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ranges taken into account. A further proof is given by the correlation coefficient R2, which 

are 0.9486 and 0.9903 for Langmuir and Sips, respectively. 

 

Figure 22. CH4 adsorption isotherms at, (□, red line) 195 K, (Δ, blue line) 248 K, (○, green line) 253 K, (, 

black line) 273 K, (◇, sky blue line) 283 K, (✡, magenta line) 302 K, (◁, ruby red line) 308 K on 4A. 

Symbols: experimental values of [83-87]; solid lines: model results (non-linear regression of experimental 

data). Reprinted from Microporous and Mesoporous Materials, 249,  P.F. Zito, A. Caravella, A. Brunetti, 

E. Drioli, G. Barbieri, Light gases saturation loading dependence on temperature in LTA 4A zeolite, 67-

77. Copyright (2017) Elsevier. 
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Figure 23. CO adsorption isotherms at, (□, red line) 193 K, (Δ, blue line) 195 K, (○, green line) 203 K, (, 

black line) 213 K, (◇, sky blue line) 273 K, (✡, magenta line) 298 K, (◁, ruby red line) 338 K, (▷, grey 

line) 373 K on 4A. Symbols: experimental values of [30, 87, 89]; solid lines: model results (non-linear 

regression of experimental data). Reprinted from Microporous and Mesoporous Materials, 249,  P.F. Zito, 

A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Light gases saturation loading dependence on temperature 

in LTA 4A zeolite, 67-77. Copyright (2017) Elsevier. 
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Figure 24. N2 adsorption isotherms at, (□, red line) 195 K, (Δ, blue line) 203 K, (○, green line) 213 K, (, 

black line) 223 K, (◇, sky blue line) 253 K, (✡, magenta line) 273 K, (◁, ruby red line) 283 K on 4A. 

Symbols: experimental values of [84, 85, 87, 89]; solid lines: model results (non-linear regression of 

experimental data). Reprinted from Microporous and Mesoporous Materials, 249,  P.F. Zito, A. Caravella, 

A. Brunetti, E. Drioli, G. Barbieri, Light gases saturation loading dependence on temperature in LTA 4A 

zeolite, 67-77. Copyright (2017) Elsevier. 
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Figure 25. H2O adsorption isotherms at, (□, red line) 273 K, (Δ, blue line) 298 K, (○, green line) 373 K, (, 

black line) 374 K, (◇, sky blue line) 408 K, (✡, magenta line) 438 K on 4A. Symbols: experimental values 

of [30, 92]; solid lines: model results (non-linear regression of experimental data). Right side of figure 

reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. 

Barbieri, Water vapor permeation and its influence on gases through a zeolite-4A membrane, 154-163. 

Copyright (2019) Elsevier. 

Figure 26 shows the optimal values of the Langmuir model adsorption parameters for 

H2, CH4, CO2, CO and N2. It can be observed that the confidence intervals are quite 

narrow, stating that the calculated optimal values can be considered accurate. The 

agreement between model and experimental values is attested by the correlation 

coefficient R2. The highest values of R2 are obtained for CH4, CO and N2, whereas the 

Langmuir model is found not to work very well for H2 and CO2, as mentioned above. The 

values of heat of adsorption confirm that CO2 is the most strongly-adsorbing species 

followed by CH4, N2 and CO, which present a similar adsorption capacity. Differently, 

H2 the weakly-adsorbed one, among those investigated. All species show a significant 

temperature dependence of saturation loading, as confirmed by the  values significantly 

different from zero. 
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Figure 26. . Calculated optimal values of the Langmuir model parameters for the considered species on 4A. 

Saturation loading Cs0, parameter b0, heat of adsorption, empirical parameter. Reprinted from Microporous 

and Mesoporous Materials, 249,  P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Light gases 

saturation loading dependence on temperature in LTA 4A zeolite, 67-77. Copyright (2017) Elsevier. 

 

Figure 27 shows the adsorption properties obtained with the Sips model. Also in this 

case, the confidence intervals are pretty narrow, this indicating a good accuracy of optimal 

values. Moreover, R2 is close to the unity for all the species, including CO2, H2 and, thus, 

the Sips equation well describes the experimental adsorption isotherms. Sips model 

provides higher saturation loading than the Langmuir one for H2, CO2 and CO, whereas 

the same value is obtained for CH4 and N2. Heat of adsorption are quite similar, except 

for CO2 and H2, for which Sips values are much higher. The parameters n0 and  give an 

indication of the deviation from the ideal behaviour represented by Langmuir model (i.e., 

n0=1 and =0). It can be observed that CH4 and N2 present values of n0 and  equal to 1 

and 0 respectively, stating that Sips equation is reduced to the Langmuir one. 
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Furthermore, in case of CO, Sips model predicts a saturation loading that is temperature-

independent, as attested by the  value equal to zero. This is the reason why all the 

isotherms tend to the same value of loading at high pressure (Figure 23). 

 

 

Figure 27. Calculated optimal values of the Sips model parameters for the considered species on 4A. 

Saturation loading Cs0, Sips affinity constant at infinite temperature b, heat of adsorption, empirical 

parameter , empirical exponent n0, empirical parameter . Reprinted from Microporous and Mesoporous 

Materials, 249,  P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Light gases saturation loading 

dependence on temperature in LTA 4A zeolite, 67-77. Copyright (2017) Elsevier. 
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Water vapor parameters are discussed separately, since H2O has quite different 

characteristics than the other investigated species. In fact, it is much more adsorbed than 

the other species and condenses at a much lower pressure. The Sips and Langmuir 

properties of water vapor (Table 6) confirm this behavior. In fact, heat of adsorption and 

saturation loading of H2O (about 50 kJ mol-1 the former, between 12 and 14 mol kg-1 the 

latter) result much higher than those of CO2, which is the most strongly adsorbed 

component. 

Table 6. Sips and Langmuir adsorption parameters of H2O in 4A zeolite. T0=273 K. 

Parameter Sips value Confidence interval Units 

Cμs0 13.7 ± 1.4 mol⋅kg-1 

χ 0.10 ± 0.36 - 

b0 1.08 ± 0.50 Pa-1 

QAdsorption 55.1 ± 4.9 kJ⋅mol-1 

n0 1.85 ± 0.22 - 

 0.20 ± 0.32 - 

Parameter Langmuir value Confidence interval Units 

Cμs0 11.7 ± 0.90 mol⋅kg-1 

χ 0.55 ± 0.19 - 

b0 2 ⋅10-8 ± 2 ⋅10-8 K0.5 ⋅Pa-1 

QAdsorption 47.8 ± 2.2 kJ⋅mol-1 

 

3.2 Evaluation of diffusivity  

The mass transport model requires the diffusivity of all the species for both surface 

and gas translation contributions. For this purpose, experimental single gas permeance 

values as a function of temperature are needed. However, the procedure used here for 

estimation of diffusivity depends on the species investigated. In case of strongly adsorbed 

species as CO2, permeance values at a low temperature are used for the estimation of 

surface diffusion contribution, supposing the absence of gas translation. The knowledge 

of the experimental permeance and weight of surface diffusion at a fixed high temperature 

allow to obtain diffusivity by gas translation. In case of weakly adsorbed species such as 

H2, the reverse procedure is applied. First, the high temperature permeance values are 
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used for the estimation of the gas translation diffusivity (no surface diffusion), then the 

low temperature ones for diffusivity related to surface diffusion.  

In case of species presenting a moderate adsorption (e.g., CH4), some hypotheses about 

the weight of the two mechanisms under certain temperature conditions are made and 

verified. 

Below, the cases of DD3R, SAPO-34, NaY and 4A are presented. 

3.2.1 DD3R membrane  

The single gas permeance values of H2, He, CO2 and CO as a function of temperature 

measured by Kanezashi et al. [93] are considered for the estimation of the geometrical 

parameters of the specific DD3R membrane (DDR structure is shown in Figure 2) and 

the surface and gas translation contributions. The authors synthesized DDR membranes 

by secondary growth method on porous alumina disk, obtaining a zeolite layer of about 

10 m. This membrane has a good quality as reveals the very small permeance of SF6 

(kinetic diameter of 0.55 nm, DD3R pore size of about 0.4 nm), which is lower than 10-

11 mol m-2 s-1 Pa-1 [93].  

 The ratio of nominal porosity over tortuosity (0/0) and activation energy for gas 

translation are evaluated using the experimental permeances of H2 and He, which are 

weakly adsorbing components, at a high temperature. This is based on the assumption 

that, at a sufficiently high temperature, permeance is only attributed to gas translation 

diffusion. By collecting all the constant parameters in a factor , permeance can be written 

as expressed by Eqs. 63-64: 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝐺𝑇𝐷 =
𝜀0

𝜏0

1

𝑅𝑇𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒

𝜆

𝜁
√

8𝑅𝑇

𝜋𝑀𝑊
 𝑒−

𝐸𝐺𝑇
𝑅𝑇 = 𝛽

𝜀0

𝜏0
𝑒−

𝐸𝐺𝑇
𝑅𝑇   (63) 

𝛽 =
1

𝑅𝑇𝛿𝑧𝑒𝑜𝑙𝑖𝑡𝑒

𝜆

𝜁
√

8𝑅𝑇

𝜋𝑀𝑊
    (64) 
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The activation energy for gas translation of helium is estimated from the experimental 

permeance obtained at 673 and 773 K (Eq. 65) by Kanezashi et al. [93] (points A and B 

of Figure 28): 

𝐸𝐺𝑇 = 𝑅
𝑙𝑛(

𝛽773
𝛽673

)−𝑙𝑛(
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒773
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒673

)

(
1

773
−

1

673
)

      (65) 

Nominal tortuosity is evaluated by Eq. 66: 

𝜀0

𝜏0
=

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒

𝛽𝑒
−

𝐸𝐺𝑇
𝑅𝑇

   (66) 

From Eq.58, it is obtained a 0/0=0.036, which corresponds to a 0=7.2, considering a 

nominal porosity of 0.26, evaluated from the apparent density and the void volume [94]. 

This value of nominal tortuosity is in the reasonable range indicated in [95]. Surface 

diffusion parameters of He are assumed equal to those of H2, since the Langmuir and Sips 

adsorption properties of He are not available. The validity of our assumptions is 

eventually verified by simulating the permeation through the zeolite in a wide temperature 

range from 273 to 773 K.  

Activation energy of gas translation for diffusion H2 and CO is evaluated by imposing 

the experimental available permeance at the highest temperature (773 K) only to gas 

translation diffusion (Eq. 63). Permeance attributed to surface diffusion (Eq. 67, in case 

of strong confinement scenario and Langmuir model) is evaluated in a different way for 

CO and H2 with respect to CO2.  In the former case, parameters of both the species (i.e., 

D0
SD and ESD) are then calculated from the two experimental permeances of Kanezashi et 

al. [93] at the lowest temperatures (298 and 373 K), by subtracting the gas translation 

contribution to the overall permeance. Regarding CO2, only surface diffusion is supposed 

at 298 and 373 K. Thus, this contribution is subtracted to the global experimental 

permeance at the highest temperature to estimate the gas translation permeance and its 

activation energy EGT.  
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PermeanceSD=
𝜀

𝜏

ρCμs 𝐷𝑆𝐷
0 𝑒

−
𝐸𝑆𝐷
𝑅𝑇

𝛿

𝑏

(1+𝑏𝑃𝑓𝑒𝑒𝑑)+(1+𝑏𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)
  (67) 

The hypothesis to have only gas translation at 773 K is eventually verified simulating 

the permeation through the zeolite in the whole temperature range. Concerning H2, this 

hypothesis results to be correct. Differently, surface diffusion of CO is still present at high 

temperatures; therefore, the estimated activation energy for gas translation diffusion is 

considered slightly higher. Table 7 reports all the estimated parameters, considering the 

strong confinement scenario for surface diffusion, i.e., diffusivity is a linear decreasing 

function of coverage. Since the diffusivity owed to surface diffusion is obtained from 

permeance values in single gas, it included the geometrical characteristics of the material, 

as porosity and tortuosity. Thus, it is expressed as an effective diffusivity, which is related 

to the surface diffusion one as follows (Eq. 68): 

𝐷𝑆𝐷,𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
0 =

𝜀

𝜏
𝐷𝑆𝐷

0    (68) 

 

Hence, the gas translation and surface diffusion parameters are estimated from the 

values A and C-D of Figure 28. The others experimental values are used for model 

validation. 

 

 

 



                                                       

 

 

58 

 

 

 

Table 7. Surface and gas translation diffusion parameters estimated for light gases in DD3R. Reprinted 

from Journal of Membrane Science, 564, P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, 

Discrimination among gas translation, surface and Knudsen diffusion in permeation through zeolite 

membranes, 166-173, Copyright (2018), Elsevier. 

Species ,- 

Gas Translation Diffusion Surface Diffusion 

EGT, J mol-1 D0
SD,Effective m2 s-1 ESD, J mol-1 

He 0.65 8233 - - 

H2 0.73 9968 8.50E-9 4586 

CO2 0.83 16330 1.22E-9 6507 

CO 0.94 18900 2.94E-9 11989 

 

The model well describes the experimental behavior in the whole temperature range 

(Figure 28). It can be observed that H2 permeation at 298 K takes place only by surface 

diffusion, which drastically tends to decrease with increasing temperature. On the other 

hand, gas translation becomes important with increasing temperature, being the only 

mechanism above 673 K. The intersection between the two contributions occurs at ca. 

410 K, stating that gas translation becomes the dominant mechanism above this 

temperature. The estimated minimum is found at ca. 440 K. Permeation of He is similar 

to that of H2. Only surface diffusion is present at 298 K, drastically decreasing with 

increasing temperature. Gas translation contribution of He is slightly greater than that of 

H2, also owing to the smaller EGT estimated for He (Table 7). Therefore, the intersection 

between surface and gas translation diffusion occurs at a lower temperature than in the 

H2 case (i.e., at ca. 400 K). However, a minimum is estimated at ca. 450 K, since the gas 

translation contribution of He increases with increasing temperature less than that of H2. 

The model predicts that CO2 permeation is determined by surface diffusion up to a 

relatively high temperature. The line cross between the two contributions is observed at 

ca. 640 K and the minimum of permeance is found between the experimental values at 

673 and 773 K (at ca. 690 K). In fact, a change in the temperature dependence of 
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permeance is clearly observed at high temperature. Specifically, the two experimental 

values at 673 and 773 K seem to be almost independent of temperature; this states a 

transition from surface to gas translation diffusion. On the contrary, Kanezashi et al. [93] 

considered CO2 permeation owing only to surface diffusion, even at a high temperature. 

CO permeation at low temperatures occurs only by surface diffusion, whereas gas 

translation becomes significant above 450 K. The intersection between the two 

contributions is found at ca. 610 K. Differently from H2 and CO2, CO shows the minimum 

at a lower temperature (i.e., ca. 480 K) than that at the intersection between surface and 

gas translation diffusion, in the region where surface diffusion is the most important 

mechanism. This occurs since the reduction of CO surface diffusion permeance with 

increasing temperature is lower than that of the other species.  

 

Figure 28. H2, CO2, CO and He permeance as a function of temperature through a DD3R membrane: 

experimental values (open symbols) of [93], overall permeance (solid lines), surface diffusion contribution 

(magenta dotted lines), gas translation diffusion contribution (brown dotted lines). Reprinted from Journal 

of Membrane Science, 564, P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Discrimination 

among gas translation, surface and Knudsen diffusion in permeation through zeolite membranes, 166-173, 

Copyright (2018), Elsevier. 
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3.2.2 SAPO-34 membrane  

Surface and gas translation diffusion parameters (Table 8) are estimated from the 

experimental measurements of Li et al. [42], who provide the single gas permeance of 

CO2, CH4, N2 and H2 as a function of temperature. The authors prepared SAPO-34 

membranes by in situ crystallization onto -Al2O3 and stainless steel tubular supports 

[42]. The membrane considered in this work is the sample M1, having an area of about 

5.1 cm2. The good quality of this membrane is confirmed by the permeance of n-C4H10 

(kinetic diameter of 0.43 nm, SAPO-34 pore size of about 0.38 nm), which is below the 

detection limit (9.6 x 10-11 mol m-2 s-1 Pa-1) [42]. For this membrane, it is estimated a 

zeolite layer of about 19 m, based on the thickness of membrane M2 (i.e., 25 m) and 

the permeance of both M1 and M2. In particular, thickness is estimated considering the 

same CO2 permeability of both membranes (Eq. 69):    

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑀1 𝛿𝑀1 =  𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑀2 𝛿𝑀2 ⇒        𝛿𝑀1 =
𝛿𝑀2  𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑀2

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑀1
 (69) 

The values of H2 permeance at highest temperatures (i.e., 150 and 200°C of Figure 29) 

are here used for the estimation of nominal tortuosity and activation energy for gas 

translation diffusion, supposing that the weight of H2 surface and gas translation diffusion 

in SAPO-34 are similar to those obtained in DD3R (see section 3.2.1), since H2 is weakly 

adsorbed even at lower temperatures. In fact, a comparison between the saturation 

loadings as a function of temperature confirm the similar behaviour of the two zeolites. 

Moreover, also the two values of H2 heats of adsorption in SAPO-34 and DD3R are 

similar (i.e., 4.2 and 3.2 kJ mol-1, respectively). Once calculated 0 and EGT, the surface 

diffusion parameters are estimated from the experimental permeances at the lowest 

temperatures. Concerning CO2, it is reasonable to consider only the presence of surface 

diffusion at 24 and 100°C, since CO2 is the most strongly adsorbing species. The value 

of EGT is then calculated using the experimental permeance at 200°C, by subtracting the 

estimated surface diffusion permeance to the experimental one and attributing the 

resulting value to gas translation diffusion. The CH4 is located in between CO2 and H2: it 
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is adsorbed more than H2 and less than CO2. The weight of gas translation diffusion on 

H2 and CO2 overall permeance is 90 and 30% at 200°C, respectively. Therefore, it is 

supposed a weight of 60% for CH4 translation contribution on the overall permeance at 

200°C. The experimental decreasing trend of N2 permeance suggests the presence of only 

surface diffusion especially at a low temperature. 

It is obtained a 0=2.64, considering a nominal porosity of 0.236. This nominal 

porosity is estimated from the solid density (i.e., 1340 kg m-3 [79]) and the micropore 

volume of the zeolite (i.e., 0.23 [42]). A diffusional length and a coordination number of 

1 nm and 5 are considered, as reported by Krishna and van Baten for materials belonging 

to CHA-type [96]. 

Table 8. Surface and gas translation diffusion parameters of H2, CH4, CO2 and N2. Reprinted from Journal 

of Membrane Science, 595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual influence in 

permeation of CO2-containing mixtures through a SAPO-34 membrane, 117534, Copyright (2020), 

Elsevier. 

Species 

Gas Translation Diffusion Surface Diffusion 

EGT, J mol-1 D0
SD, Effective m2 s-1 ESD, J mol-1 

H2 10981 2.32E-8 7197 

N2 30030 2.83E-9 6875 

CO2 20432 2.89E-9 7818  

CH4 15800 2.74E-10 6459 

Permeance of CO2, CH4, N2 and H2 as a function of temperature in terms of surface 

and gas translation contribution is, therefore, showed (Figure 29) to appreciate the weight 

of each transport mechanism to the overall permeation. The CO2 permeation takes place 

only with surface diffusion in the whole temperature range considered. In fact, the 

intersection between surface and gas translation diffusion occurs at temperatures higher 

than 530°C without the presence of a minimum. Permeation of CH4 takes place only with 

surface diffusion at a low temperature, whereas the intersection occurs at about 140°C. 
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Li et al. [42] found an experimental minimum at 100°C, which agrees with this simulated 

one, confirming the validity of the hypothesis to have 60% of gas translation diffusion at 

200°C. Nitrogen follows only surface diffusion in the temperature range investigated. 

Specifically, permeance decreases with increasing temperature since the reduction of 

adsorption prevails on the increment of diffusivity. However, the presence of a minimum 

at about 300°C is predicted, even though gas translation diffusion is still quite lower than 

surface diffusion. This minimum is owed to the slight temperature dependence of surface 

diffusion paired to the high increment of gas translation diffusion with increasing 

temperature. 

 

Figure 29. CO2, CH4, N2 and H2 permeance as a function of temperature through a SAPO-34 membrane: 

experimental values (open symbol) of [42], surface diffusion contribution (magenta dotted lines), gas 

translation diffusion contribution (brown dotted lines) and overall permeance (solid lines). Reprinted from 

Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual 

influence in permeation of CO2-containing mixtures through a SAPO-34 membrane, 117534, Copyright 

(2020), Elsevier. 
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3.2.3 4A membrane  

As in the previous sections, the contributions to mass transport of H2O, CO, CH4 and 

H2 in 4A membrane are evaluated using experimental single gas permeance values as a 

function of temperature taken from the literature [30]. In particular, Zhu et al. [30] 

synthesized a high quality zeolite 4A on a supporting disk consisting of TRUMEMTM 

TiO2-coated stainless steel porous support with a diameter of 2.5 cm. Membrane layer 

had cubic crystals with a thickness of about 3.5 m. 

Surface diffusion parameters of H2O, CO, CH4 are here estimated from the 

experimental values at the lowest temperatures, supposing the absence of gas translation 

diffusion. Then, activation energy of gas translation is evaluated in the same way as for 

the other zeolites. Differently, it is not possible to preliminary assume only surface 

diffusion for H2; thus, the evaluation of gas translation activation energy as first step is 

more appropriate. Nevertheless, experimental data at a sufficiently high temperature are 

not present to allow only the presence of gas translation diffusion to be supposed. A 

possible way to get a reasonable first estimation of EGT is based on the approach of Xiao 

and Wei [59]. The authors showed that the activation energy for gas translation diffusion 

on ZSM-5 is a function of the ratio of pore size over kinetic diameter. The H2 value of 

activation energy are 5275, 9968 and 10981 J mol-1 for NaY, DD3R and SAPO-34, 

respectively [60, 69]. Thus, the EGT of 4A is extrapolated, by plotting the activation 

energy values as a function of the ratios of pore size over kinetic diameter, which are 

0.39, 0.72 and 0.76 for NaY, DD3R and SAPO-34, respectively (Table 9). A value of 

9745 J mol-1 is obtained for 4A (pore size over kinetic diameter of ca. 0.70).  
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 Table 9. Activation energy for gas translation diffusion of NaY, DD3R and SAPO-34 

Zeolite 
𝑑𝑘

𝑑𝑝𝑜𝑟𝑒
, − EGT, J mol-1 

NaY 0.39 5275 

4A 0.70 - 

DD3R 0.72 9968 

SAPO-34 0.76 10981 

 

A Nominal tortuosity of 5 is considered for zeolite 4A [97], whereas nominal porosity 

is estimated to be 0.358, using the zeolite density (1990 kg m-3 [98]) and micropore 

volume (0.28 cm3 g-1 [99]). The diffusional length and coordination number of 4A are 

considered similar to those of 5A, which are 1.2 nm and 6, respectively [59]. The value 

of 9745 J mol-1 represents a first indication of the activation energy for gas translation 

diffusion. As it will be shown in chapter 4, a higher value 13000 J mol-1 allows a well 

reproduction of the experimental trend in mixture. Table 10 summarizes the mass 

transport parameters estimated in single gas and used for simulations in mixture.  
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Table 10. Surface and gas translation diffusion parameters estimated for H2O, H2, CO and CH4 in 4A. 

Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. 

Barbieri, Water vapor permeation and its influence on gases through a zeolite-4A membrane, 154-163, 

Copyright (2019), Elsevier. 

Species 

Gas Translation Diffusion Surface Diffusion 

EGT, J mol-1 D0
SD, Effecvitve m2 s-1 ESD, J mol-1 

H2O 3720 8.65E-12 7441 

H2 13000 1.81E-6 18494 

CO 8000 22.88E-6 35490  

CH4 13500 0.102E-6 19811 

 

Figure 30 shows both the overall permeance and the surface and gas translation 

contributions of H2O, CO, CH4 and H2 as a function of temperature between 273 and 700 

K. A surface diffusion much higher than gas translation is predicted for all the species. 

 A maximum in H2O permeance can be observed at about 363 K owing to the opposite 

effects of increment of diffusivity and reduction of coverage. Above this temperature, the 

overall permeance decreases since the reduction of water coverage prevails on the 

increment of diffusivity. Thus, surface diffusion contribution decreases with temperature, 

whereas the gas translation one increases, this provoking an intersection between the two 

mechanisms at about 550 K.  
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Figure 30. Permeance of H2O, CH4, CO and H2 as a function of temperature through a 4A membrane: 

experimental values of [30] (open symbol) and (solid lines) calculated values of the overall permeance, 

surface diffusion contribution (magenta dotted lines) and gas translation diffusion contribution (brown 

dotted lines). Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, E. 

Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a zeolite-4A membrane, 

154-163, Copyright (2019), Elsevier. 

Differently, CO shows an increasing permeance with temperature in the whole 

temperature range investigated. This trend occurs because surface diffusion increases in 

the whole temperature range without achieving any maximum. This phenomenon can be 

explained considering that CO saturation loading is found to be temperature-independent, 

since the empirical parameter  estimated with the Sips’ law is zero. Thus, reduction of 

coverage with temperature never becomes more important than increment of diffusivity. 

In addition, gas translation diffusion never exceeds surface diffusion of CO, remaining 

significantly lower in the whole temperature range investigated. Permeation of CH4 
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increases at a low temperature, whereas it remains almost constant above 400 K, since 

the reduction of surface diffusion is balanced by the increment of gas translation 

contribution. Surface diffusion prevails on gas translation also in H2 permeation up to 700 

K. In fact, H2 diffuses very fast owing to the smaller kinetic diameter compared to the 

other species. The high diffusivity is able to compensate the low coverage. Moreover, the 

coverage estimated by the Sips law’s shows a slight decrease with increasing temperature, 

whereas diffusivity continuously increases. Differently, the relatively high activation 

energy for gas translation diffusion (13000 J mol-1) is responsible of the small gas 

translation contribution. The simulated permeance of all the species (H2O, CO, CH4 and 

H2) well agrees with the experimental values and trends measured by Zhu et al. [30]. 

3.2.4 NaY membrane  

The presented model is also used for describing H2 permeation through a NaY 

membrane (FAU structure as shown in Figure 3) experimentally measured by Hasegawa 

et al. [49], who prepared the zeolite layer on the inner surface of -Al2O3 support tube 

having a length of 200 mm, internal and external diameters of 1.7 and 2.1 mm and a void 

fraction of 0.39. The authors measured very small permeances of n-C4H10 and i-C4H10, 

(kinetic diameter of 0.43 and 0.50 nm respectively, NaY pore size of 0.74 nm), which are 

0.5 - 0.7 x 10-7 mol m-2 s-1 Pa-1, suggesting the absence of serious defects inside the 

membrane. 

The experimental permeation was previously modelled using the competition between 

surface and Knudsen diffusion [50] presenting some discrepancies at a low temperature. 

Activation energy for H2 gas translation diffusion and the ratio of nominal porosity over 

nominal tortuosity 0/0 are here estimated from the experimental values of permeance at 

623 and 673 K (see, points A and B of Figure 31). Specifically, the surface diffusion 

contribution estimated in the work of Caravella et al. [50] is here used as first attempt and 

subtracted from the overall permeance at these two temperatures, allowing the estimation 

of permeance attributed to gas translation diffusion. Thus, Eqs. 65-66 are used for the 

estimation of the gas translation activation energy and the ratio 0/0. The new surface 

diffusion parameters are then calculated using the experimental permeances of Hasegawa 
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et al. [49] at the lowest temperatures (i.e., 308 and 338 K). A 0 of 1.5 is calculated fixing 

0=0.161.  

Table 11 reports the estimated parameters for H2 compared to those obtained from the 

literature [50]. In particular, EGT is different from zero, stating that gas translation 

diffusion is present for H2. As a result, the weight of surface and gaseous diffusion to 

permeation is here modified and the surface diffusion parameters result different from 

those evaluated in the previous paper [50]. Vice versa, permeation of other components, 

such as CO2 and N2, neither exhibit the presence of a minimum nor any change in the 

experimental permeance slope at a high temperature [49]. Therefore, the activation 

energy for gas translation diffusion (EGT) can be considered to be zero for these two 

species (i.e., Knudsen diffusion). 

Table 11. Surface and gas translation diffusion parameters estimated for H2 in NaY. Reprinted from Journal 

of Membrane Science, 564, P. F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Discrimination 

among gas translation, surface and Knudsen diffusion in permeation through zeolite membranes, 166-173, 

Copyright (2018) Elsevier. 

Species 

Gas Translation Diffusion Surface Diffusion 

Reference 

EGT, J mol-1 D0
SD, Effective m2 s-1 ESD, J mol-1 

H2 

5275 1.39E-6 15708 This work 

- 2.40E-6 20636 [50] 

 

Figure 31 shows the surface, gas translation and overall permeance H2 as a function of 

temperature. The competition between surface and gas translation diffusion (red solid 

line) describes the experimental behavior of H2 much better than the previous model, 

which took into account surface and Knudsen diffusion (black solid line). In fact, the 

present model is able to predict the H2 increasing trend at low temperatures owing to 

surface diffusion. Specifically, the presence of gas translation instead of Knudsen 

increases the surface diffusion influence on the overall permeance at a low temperature 

with respect to that predicted by Caravella et al. [50]. Therefore, the maximum of 

permeance is found at ca. 450 K, whereas gas translation becomes more significant than 
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surface diffusion above 520 K. The presence of a minimum is not observed in the 

temperature range investigated. Nevertheless, permeance reduction is very small above 

750 K, this indicating that H2 is approaching to a minimum. The previous model [50] 

does not exhibit any maximum for H2. In fact, H2 permeance decreases in the whole 

temperature range considered, since Knudsen diffusion is the dominant mechanism even 

at low temperatures. That result caused a discrepancy of about 30% with the experimental 

values at a low temperature, whereas the present model correctly reproduces the behavior 

in such a low temperature range.  

 

Figure 31. Single-gas permeance of H2 as function of temperature through a NaY membrane: experimental 

data of [49] (symbols), overall permeance considering surface and gas translation diffusion (red solid lines), 

surface diffusion contribution (magenta dotted lines), gas translation contribution (brown dotted lines), H2 

overall permeances of [50] (black thin line). Reprinted from Journal of Membrane Science, 564, P.F. Zito, 

A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, Discrimination among gas translation, surface and 

Knudsen diffusion in permeation through zeolite membranes, 166-173, Copyright (2018), Elsevier. 
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A further proof of the goodness of this model is given by comparing the estimated 

CO2/H2 selectivity value (i.e., the CO2/H2 permeance ratio in the mixture) to the 

experimental value of Kusakabe et al. [39], who measured a CO2/H2 selectivity of 27.8 

at 308 K feeding an equimolar CO2:H2 mixture.  The same value of 28 is here evaluated 

at 303 K, considering the competition between surface and gas translation diffusion. 

Differently, a lower selectivity of about 20 is obtained using the previous model, which 

considers Knudsen instead of gas translation. Therefore, the presence of gas translation 

well describes the CO2:H2 mixture permeation, much better than Knudsen diffusion. 

In the next Chapter, surface and gas translation diffusion are used for the prediction of 

multicomponent permeation through SAPO-34, DD3R and 4A membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                       

 

 

71 

 

 

 

 

 

 

 

4. Permeation of gas mixtures 

through zeolite membranes 

In this chapter, the multicomponent gas permeation through the zeolite membranes 

presented in chapter 3 is investigated by a modelling analysis. The main results are 

presented in terms of permeance (Eq. 70) and selectivity (Eq. 71) of several gas mixtures 

changing temperature, pressure and feed composition. 

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑖 =
𝑁𝑖

∆𝑃𝑖
   (70) 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖,𝑗 =
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑖

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑗
   (71) 

Dry and wet mixtures are analyzed, focusing on the mutual interaction among the 

permeating species. A particular attention is given to the hindering effect of the strongly 

adsorbed species on the permeation of the weakly adsorbed ones. Specifically, when 

molecules like CO2 or H2O are adsorbed into the zeolite surface, they represent a physical 

obstacle to both the adsorption and the “free” permeation of the remaining components, 

as H2, CH4, CO and N2. For these species, a significant surface diffusion reduction is 

observed in mixture, since the adsorption sites are not accessible anymore. Differently, 

gas translation contribution results hindered only at a low temperature, consequently to a 

variation of the effective porosity and tortuosity in presence of adsorption. However, also 

the weakly adsorbed species like H2 can have an important impact on the mixture 
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permeation. In fact, it is found and discussed that they provide a “promoting effect” on 

CO2 with respect to the diffusion in single gas condition. Unexpectedly, CO2 permeation 

in mixture results favoured in presence of fast components. 

The hindering and, in some cases, the promoting effects imply good membrane 

performance in mixture. In fact, selectivity results much higher than the single gas one, 

making zeolite membranes good candidate for gas separation. 

The single gas adsorption and diffusion properties previously evaluated in Chapter 3 

are here used for prediction of multicomponent permeation 

The results of this section are based on two published paper in international journals 

[69, 70]. 

4.1 Dry mixtures: the effect of CO2  

4.1.1 SAPO-34 membrane  

The adsorption and diffusion properties estimated in single gas condition (Chapter 3) 

allow the prediction of multicomponent permeation through the M1 membrane 

synthesized by Li et al. [42], for which the characteristics are described in section 3.2.2. 

However, model needs a preliminary validation in mixture condition. For this purpose, 

the experimental measurements concerning an equimolar CO2:CH4 mixture as a function 

of temperature and feed pressure [42] are used (Figure 32). CO2 permeance (blue solid 

line) shows the same decreasing trend with increasing temperature as in single gas 

condition (blue dotted line) since the reduction of coverage prevails on the increment of 

diffusivity. Moreover, carbon dioxide is not affected by the presence of methane, 

maintaining the same values of permeance than in single gas, with a slight increment at 

the lowest temperature (i.e., 25°C). Differently, CH4 is hindered by the adsorbed CO2 at 

a low temperature, presenting a significant drop in permeance (green solid line) with 

respect to that in single gas (green dotted line). This drop is attributed to the carbon 

dioxide adsorbed phase that does not allow methane adsorption. In fact, CH4 coverage in 

mixture (Eq. 72) is expressed by the Langmuir law (Eq.7): 
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θ𝐶𝐻4
=

(b𝐶𝐻4P𝐶𝐻4)

1+(b𝐶𝐻4P𝐶𝐻4)+(b𝐶𝑂2P𝐶𝑂2)
   (72) 

 

Being the affinity constant of CO2 (b𝐶𝑂2
= 8.2· 10−6 Pa−1 at 25°C) higher than that of 

CH4 (b𝐶𝐻4
= 2.1· 10−6 Pa−1), methane coverage results much lower in mixture (𝜃𝐶𝐻4

=

0.11 in equimolar mixture with CO2) than in single gas (𝜃𝐶𝐻4
= 0.32 as single gas at 222 

kPa of feed pressure). Thus, its surface diffusion contribution is lower. Moreover, the 

presence of adsorbed CO2 provokes an increase in the effective tortuosity and a reduction 

in the effective porosity during methane permeation (Eqs. 52-58 in Chapter 2). Thus, CH4 

gas translation contribution is reduced in mixture too. 

Concerning the molar fluxes as a function of driving force (right side of Figure 32), an 

almost linear increment occurs especially at a low partial pressure difference, stating that 

the saturation condition of adsorption sites and the pore clogging are not achieved. In 

addition, CH4 permeance results constant with driving force at about 3 nmol m-2 s-1 Pa-1, 

the flux (Eq. 73) being almost linear with pressure difference in the whole ∆Pi considered. 

Differently, two different regions can be distinguished in case of CO2: the low-pressure 

region (up to 100 kPa of driving force) where its permeance assumes the value of about 

10 nmol m-2 s-1 Pa-1; the high pressure one (> 100 kPa) in which a lower slope for the line 

of flux versus ∆Pi is observed, being 8 nmol m-2 s-1 Pa-1. This states CO2 permeance is 

disadvantaged by the high pressure. 

𝑁𝑖 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑖 ∆𝑃𝑖   (73) 

 

Both binary permeances and fluxes of CO2 and CH4 as functions of temperature and 

driving force (solid lines of Figure 29) are in a good agreement with the experimental 

values of Li et al. [42] (full symbols). Therefore, the model works very well in a wide 

range of feed pressure (100 - 600 kPa) and temperature (0 – 150°C). 
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Figure 32. Permeance of CO2 and CH4 as a function of temperature through a SAPO-34 membrane (left 

side): experimental values of [42] in single gas (open symbols) and mixture (full symbol), estimated overall 

permeance in single gas (dotted lines) and mixture (solid lines). Flux of CO2 and CH4 as a function of feed 

pressure in binary mixture (right side): experimental values of [41] (full symbol), estimated fluxes in 

mixture (solid lines). Reprinted from Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. 

Caravella, E. Drioli, G. Barbieri. Mutual influence in permeation of CO2-containing mixtures through a 

SAPO-34 membrane, 117534, Copyright (2020), Elsevier. 

In terms of mass transport mechanisms (Figure 33), surface diffusion gives the main 

contribution to CH4 permeation in mixture, even if it is reduced by the presence of 

adsorbed CO2. The intersection between the two surface and gas translation diffusion of 

methane occurs at about 150°C, close to the minimum observed in single gas. Differently 

from methane, CO2 permeates only by surface diffusion in the whole temperature range 

investigated as a consequence of its strong adsorption on SAPO-34. 
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Figure 33. CO2 and CH4 permeance contributions in binary mixture as a function of temperature: overall permeance 

(solid lines), CO2 surface diffusion (blue dotted lines), CH4 surface diffusion (green dotted lines), CH4 gas translation 

diffusion (green dashed lines). 

The effect of temperature on the permeation of each species is investigated considering 

three equimolar mixtures containing CO2 with H2, N2 and CH4 (Figure 34). For a fixed 

temperature and total feed pressure, CO2 permeance is favored by the presence of another 

species with respect to the single gas condition, since the reduction of driving force 

prevails on that of its permeating flux. In particular, the highest permeance is estimated 

in presence of H2, followed by N2 and CH4, probably because H2 is the weakest adsorbing 

species among those investigated and, thus, does not compete with CO2 in adsorption. 

This causes a larger CO2 flux when mixed with H2 (or a lower reduction with respect to 

the single gas condition), resulting in a higher permeance. Unlike CO2, the other species 

present a lower permeance in mixture compared to the single gas condition especially at 

a low temperature, where the CO2 adsorption is higher. Hydrogen is the most negatively 

affected by the presence of carbon dioxide, presenting the strong deviation from the single 

gas behaviour. However, permeance of all the species increases with increasing 

temperature since the CO2 hindering effect is lower.  
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Figure 34. CO2, H2 and N2 permeance as a function of temperature for equimolar CO2:H2, CO2:N2 and 

CO2:CH4 mixtures (solid lines) and single gases (dotted lines) at a feed pressure of 500 kPa. Permeate 

pressure = 101 kPa. Reprinted from Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. Caravella, 

E. Drioli, G. Barbieri. Mutual influence in permeation of CO2-containing mixtures through a SAPO-34 

membrane, 117534, Copyright (2020), Elsevier. 

In terms of separation performance, all the CO2-containing mixtures present a 

selectivity (Eq. 74) much higher than the single gas one at the low temperatures (Figure 

35).  

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝐶𝑂2

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝐶𝐻4,𝑁2,𝐻2

   (74) 



                                                       

 

 

77 

 

 

 

Specifically, values of 32, 22 and 12 are estimated for CO2/CH4, CO2/N2 and CO2/H2 

respectively at 25°C. The increment of temperature strongly reduces the selectivity 

values, which tend to the single gas ones. Selectivity of all the three mixtures are much 

higher than the Knudsen values, which are lower than 1 (i.e., 0.21, 0.80 and 0.60 for 

CO2/H2, CO2/N2 and CO2/CH4). This occurs for two different reasons: the presence of an 

adsorbed phase (i.e., surface diffusion mechanism) and a pore size that approaches the 

dimension of the species causing a non-null activation energy for gas translation 

diffusion. 

 

 

Figure 35. CO2/H2, CO2/N2 and CO2/CH4 selectivity values as functions of temperature for binary mixtures 

at a feed pressure of 500 kPa. Permeate pressure of 101 kPa. Single gas selectivity (dotted lines). Reprinted 

from Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual 

influence in permeation of CO2-containing mixtures through a SAPO-34 membrane, 117534, Copyright 

(2020), Elsevier. 

Feed pressure has also a negative effect on permeance of all the components (Figure 

36) since the chemical potential gradient of the adsorbed species decreases for coverages 

close to the saturation values [42]. CO2 permeance is the most affected, being the most 

strongly adsorbed species among those investigated. As already observed for temperature, 

CO2 permeance in mixture results higher than in single gas at the same total feed pressure. 
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On the contrary, the other components show a weak dependence on pressure since their 

diffusion partially takes place with gas translation diffusion, which is pressure-

independent. 

 

Figure 36. CO2, H2 and N2 permeance as a function of feed pressure for equimolar CO2:H2, CO2:N2 and 

CO2:CH4 mixtures (solid lines) and single gases (dotted lines) at 25°C. Permeate pressure = 101 kPa. 

Reprinted from Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. 

Barbieri. Mutual influence in permeation of CO2-containing mixtures through a SAPO-34 membrane, 

117534, Copyright (2020), Elsevier. 

The dependence of permeance on mixture composition is also investigated using the 

permeance ratio, defined as the permeance of each component in mixture over that in 

single gas (Eq. (75)).  
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𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 =  
𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑖

𝑀𝑖𝑥𝑒𝑑 𝑔𝑎𝑠

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒𝑖
𝑆𝑖𝑛𝑔𝑙𝑒 𝑔𝑎𝑠

, −                 (75) 

CO2 permeance ratio increases with increasing composition of the other species, 

especially in presence of H2, followed by N2 and CH4 (Figure 37). In particular, a CO2 

permeance 5 times greater than single gas is estimated for a mixture consisting of 95% of 

H2. As aforementioned, this increment occurs because the reduction of driving force 

prevails on that of molar flux for a fixed feed pressure. Differently, the higher CO2 

permeance in mixture cannot be ascribable to the reduction of diffusivity with coverage, 

since Maxwell-Stefan diffusivity is assumed coverage-independent (i.e., weak 

confinement scenario). Unlike carbon dioxide, H2, N2 and CH4 in mixture show a 

permeance lower than in single gas and reduced by the increasing CO2 composition. 

However, above 0.2, permeance ratio becomes almost constant with increasing CO2 feed 

molar fraction, probably because carbon dioxide coverage is close to the saturation 

condition. 

 

Figure 37. CO2, CH4, N2 and H2 permeance ratios as a function of CO2 feed molar fraction for binary 

mixtures at a feed pressure of 500 kPa and 25°C. Reprinted from Journal of Membrane Science, 595, P.F. 

Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual influence in permeation of CO2-containing 

mixtures through a SAPO-34 membrane, 117534, Copyright (2020), Elsevier. 
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Selectivity is weakly affected by a change in feed composition (Figure 38). In 

particular, CO2/H2 selectivity shows a maximum of about 14 corresponding to the 15% 

of CO2 in the feed stream. Below this maximum, H2 permeance decreases more than the 

CO2 one owing to the CO2 hindering effect, whereas, above it, the adsorbed CO2 does not 

increase significantly since the saturation condition of adsorption sites is approached. 

Thus, H2 permeance decreases less than the CO2 one. This maximum is also found by 

Hong et al. [35] for a feed concentration of about 45% of CO2 at different operating 

condition (-20°C and 1.16 MPa). The greater CO2 feed concentration of maximum found 

by Hong et al. [35] can be attributed to the much lower temperature (-20°C instead of 

25°C), which moves the saturation condition of adsorption sites at higher CO2 loading. 

CO2/N2 selectivity is the most influenced by the feed composition, varying from about 28 

to 21 when CO2 concentration in the feed stream passes from 0.05 to 0.95. Regarding the 

mixture CO2:CH4, selectivity assumes an oscillating trend around a value of 32, thus it 

can be considered independent of feed molar fraction. 

 

Figure 38. CO2/H2, CO2/N2 and CO2/CH4 selectivity values as functions of CO2 feed molar fraction for 

binary mixtures at a feed pressure of 500 kPa and 25°C. Reprinted from Journal of Membrane Science, 

595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual influence in permeation of CO2-

containing mixtures through a SAPO-34 membrane, 117534, Copyright (2020), Elsevier. 
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The crucial properties that significantly affects the CO2 permeation in mixture is the 

Maxwell-Stefan binary diffusivity DSD,ij (Eq. 38), expressed by Eq.76 in case of mixture 

CO2-H2: 

D𝑆𝐷,𝐶𝑂2,𝐻2
=D𝑆𝐷,𝐶𝑂2

θ𝐶𝑂2
θ𝐶𝑂2

+θ𝐻2  D𝑆𝐷,𝐻2

θ𝐻2
θ𝐶𝑂2

+θ𝐻2     (76) 

 As can be observed in Figure 39, H2 has the highest value of diffusivity DSD, this causing 

a promoting effect on the binary diffusivity when mixed with CO2. In fact, the binary 

CO2:H2 diffusivity increases from 1.2·10-10 (value of CO2 single diffusivity) to 1.3·10-9 

m2 s-1 (value of single H2 diffusivity) as the hydrogen molar fraction ranges 0 to 1, 

showing a steep slope in the region of low CO2 feed concentration. Nitrogen presents a 

lower positive effect on Dij, since its single gas diffusivity (i.e., 1.8·10-10 m2 s-1) is similar 

to that of CO2. Methane (Di = 2.0·10-11 m2 s-1 at 25°C) diffuses slower than carbon 

dioxide, causing a lower CO2/CH4 binary diffusivity than that of single CO2. 

 

Figure 39. Maxwell-Stefan binary diffusivity as a function of CO2 feed molar fraction for binary mixtures 

at 25°C. Value of single gas diffusivity for each gas (dotted lines). Reprinted from Journal of Membrane 

Science, 595, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri. Mutual influence in permeation 

of CO2-containing mixtures through a SAPO-34 membrane, 117534, Copyright (2020), Elsevier. 
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 Although the slowing effect of CH4, CO2 permeance in mixture results higher than 

the single gas value for a fixed temperature and total feed pressure, as the permeance ratio 

previously revealed (Figure 37). This phenomenon occurs since CO2 pressure difference 

corresponds to the overall one in single gas condition, whereas it is lower in mixture 

causing an increment in permeance (Eq. 70), since the reduction of driving force is more 

important than that of permeating flux. Thus, a more proper comparison between mixture 

and single gas can be done analyzing the behavior of flux and permeance when the same 

pressure difference is imposed (Figure 40). Fixing the same CO2 driving force, which 

states a higher overall feed pressure in mixture than in single gas, CO2 flux in mixture 

depends on the other component. Specifically, flux can be much higher, similar and much 

lower in the presence of H2, N2 and CH4, respectively for a CO2 feed composition of 0.20. 

The mixture fluxes approach the single gas value feeding a mixture containing 90% of 

CO2. For all the mixture compositions, CO2 flux increases with increasing pressure 

difference, showing a greater dependence at the lower driving force, being far from the 

saturation condition of adsorption sites and from the pores clogging by gas molecules. 

Permeance shows the opposite dependence on pressure difference, i.e., it decreases with 

increasing CO2 driving force. However, it presents the same composition-dependence on 

flux. Thus, H2 provides a real accelerating effect on CO2 permeation, whereas CH4 slows 

down its diffusion. On the other hand, N2 less influence CO2 flux and permeance with 

respect to the single gas values. These behaviors reflect the DSD,ij trends previously 

estimated (Figure 39). Therefore, the influence of another species on CO2 permeation is 

not univocal, but depends on the diffusivity of this species compared to that of CO2. 

In the case of an equimolar CO2:H2:CH4 mixture, the promoting and slowing effects 

are almost perfectly balanced (Figure 41). Therefore, CO2 flux and permeance assumed 

almost the same values as in single gas, stating that the H2 and CH4 provide an equal and 

opposite effect on carbon dioxide permeation. 
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Figure 40. CO2 molar flux and permeance as a function of CO2 driving force for mixtures (solid lines) and 

single gas (dotted line). Reprinted from Journal of Membrane Science, 595, P.F. Zito, A. Brunetti, A. 

Caravella, E. Drioli, G. Barbieri. Mutual influence in permeation of CO2-containing mixtures through a 

SAPO-34 membrane, 117534, Copyright (2020), Elsevier. 
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Figure 41. CO2 molar flux and permeance values in mixture and single gas through a SAPO-34 membrane. 

4.2 Humid mixtures: the effect of water vapor 

4.2.1 4A membrane  

The performance of SAPO-34 is investigated in dry condition. However, several 

industrial streams are water saturated and the presence of water vapor can significantly 

reduce the permeation of other gases (i.e., H2, CO and CH4) much more than CO2, 

especially in hydrophilic materials such as 4A zeolite. In this thesis, this aspect is 

analyzed predicting the permeation through a 4A membrane prepared by Zhu et al. [30] 

as reported in section 3.2.3. At my knowledge, there are not models able to predict with 

a good accuracy the behavior of mixture consisting of water vapor and permanent gases. 

The adsorption and diffusion properties evaluated in the previous chapter are here used 

for validation and prediction of mixture permeation. 

Permeance of H2O and H2 as a function of temperature in binary mixture conditions 

(H2:H2O=0.978:0.022) shows a strong hindering effect (Figure 42). A good agreement 
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between the experimental [30] and predicted permeation is obtained. A reduction of H2 

permeance of almost two orders compared to the single gas value was obtained at 303 K 

(e.g., from about 380 to 8 nmol m-2 s-1 Pa-1). Permeance of H2 increases with increasing 

temperature because of the reduction of H2O adsorption and the consequent lower 

hindering effect.  Moreover, differently from what occurred to CO2 in SAPO-34, here 

water vapor in the mixture is not accelerated by hydrogen, maintaining the same 

permeance as in single gas. This can be attributed to the much higher adsorption of water 

vapor with respect to carbon dioxide, which reduces too much the amount of adsorbed H2 

that cannot provide any promoting effect. The increment of H2 permeance paired to the 

reduction of that of H2O with increasing temperature leads to an intersection between two 

permeance profiles at about 720 K (Figure 42). Therefore, membrane becomes H2 

selective at very high temperatures. 

Another important aspect is that the dominant transport mechanism of H2 changes from 

surface to gas translation diffusion from single gas to mixture (Figure 43). In fact, the 

adsorbed water vapor impedes the H2 adsorption and, hence, its surface diffusion, which 

drastically falls down from about 360 (that is the single gas value) to 0.02 nmol m-2 s-1 

Pa-1 at 303 K. Differently, gas translation contribution is halved, passing from about 17 

to 8 nmol m-2 s-1 Pa-1 at a low temperature, consequently to the increment of the effective 

tortuosity and the reduction of effective porosity. The overall permeance passes from 

about 380 to 8 nmol m-2 s-1 Pa-1, approaching the single gas values only above 700 K. The 

same phenomenon is observed for CH4 and CO, which also shift their dominant 

mechanism from surface to gas translation diffusion under the influence of water vapor. 
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Figure 42. Permeance of H2O and H2 and H2O/H2 selectivity as functions of temperature for H2O: 

H2=0.022:0.978 mixture at 101 kPa of feed pressure. Experimental measurements of Zhu et al. [30] in 

single gas (open symbols) and mixture (full symbols), modelling results in single gas (dotted lines) and 

mixture (solid lines). Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. 

Caravella, E. Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a zeolite-4A 

membrane, 154-163, Copyright (2019), Elsevier. 
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Figure 43. H2 permeance contributions in single gas and in mixture with H2O as a function of temperature: 

single surface diffusion contribution (magenta dashed line), binary surface diffusion contribution (magenta 

dotted line), single gas translation diffusion contribution (brown dashed line), binary gas translation 

contribution (brown dotted line), overall single permeance (red dashed line), overall mixture permeance 

(red solid line).  Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, 

E. Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a zeolite-4A membrane, 

154-163, Copyright (2019), Elsevier. 

The results in case of a mixture consisting of 0.978 of CH4 and 0.022 of H2O confirm 

the ability of the model to reproduce quite well the experimental trend and values of both 

the species in the whole temperature range considered and, especially, the drastic 

reduction of methane permeance in mixture (Figure 44). In fact, CH4 permeance drops 

from about 70 in single gas to 2.4 nmol m-2 s-1 Pa-1 in mixture at 303 K since surface 

diffusion is blocked (as for water vapor mixed with H2). Thus, CH4 in mixture permeates 

through gas translation diffusion. Permeance of CH4 increases with temperature owing to 

the decreasing of H2O adsorption, which reduces its hindering effect. 
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Figure 44. Permeance of H2O and CH4 as a function of temperature for H2O: CH4=0.022:0.978 mixture at 

101 kPa of feed pressure. Experimental measurements of Zhu et al. [30] in single gas (open symbols) and 

mixture (full symbols), modelling results in single gas (dotted lines) and mixture (solid lines). Reprinted 

from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri, Water 

vapor permeation and its influence on gases through a zeolite-4A membrane, 154-163, Copyright (2019), 

Elsevier. 

The results of a H2O:CO binary mixture (CO:H2O=0.978:0.022) show a slight model 

deviation from the experimental values of CO (Figure 45). In particular, model predicts 

a lesser temperature dependence of permeance, which could be attributed to some 

discrepancies in coverage or activation energy for surface diffusion with respect to the 

experimental behavior. At high temperatures, H2O and CO present an almost constant 

permeance. Even if CO is more strongly adsorbed than H2 and CH4, its presence does not 

affect the H2O permeation in the mixture. The increment of CO permeance with 

increasing temperature occurs because of the reduction of H2O coverage. 
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Figure 45. Permeance of H2O and CO as a function of temperature for H2O: CO=0.022:0.978 mixture at 

101 kPa of feed pressure. Experimental measurements of Zhu et al. [30] in single gas (open symbols) and 

mixture (full symbols), modelling results in single gas (dotted lines) and mixture (solid lines). Reprinted 

from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, A. Caravella, E. Drioli, G. Barbieri, Water 

vapor permeation and its influence on gases through a zeolite-4A membrane, 154-163, Copyright (2019), 

Elsevier. 

As mentioned before, the reduction of surface diffusion occurs because of the 

significant coverage reduction of each species when mixed with water vapor (Eq. 77 in 

case of CH4 expressed by the Sips model), especially at low temperatures (Figure 46).  

  θ𝐶𝐻4
=

(b𝐶𝐻4P𝐶𝐻4)

1
𝑛𝐶𝐻4

1+(b𝐶𝐻4P𝐶𝐻4)

1
𝑛𝐶𝐻4+(b𝐻2𝑂P𝐻2𝑂)

1
𝑛𝐻2𝑂

   (77) 

 

A drastic drop is observed up to about 450 K, in the region where the adsorption of water 

vapor is strong. Mixture coverage of H2, CH4 and CO presents a maximum at about 480, 

390 and 360 K, respectively, following the reverse of the adsorption strength: the more a 

species is adsorbed, the lower the temperature of this maximum results. Below this 

maximum, the reduced H2O hindering effect with temperature prevails on the decreasing 

of coverage; above, the opposite phenomenon occurs. Above 500 K, coverage in mixture 

approaches that in single gas, since the H2O leaves many adsorption sites available, 
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allowing the adsorption of the other components. Unlike other species, coverage of water 

vapor does not change from single gas to mixture. 

 

Figure 46. H2O, CO, CH4 and H2 surface coverage of the feed side in single gas (back dotted lines) and 

binary mixture (red solid lines). Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. Brunetti, 

A. Caravella, E. Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a zeolite-

4A membrane, 154-163, Copyright (2019), Elsevier. 

Despite the adsorbed water vapor essentially impedes surface diffusion of the other 

species, this hindering effect is partially exerted on gas translation diffusion too, as 

previously observed in case of H2 (Figure 43). From the physical point of view, this 

phenomenon occurs since the adsorbed molecules affect the effective porosity and 

tortuosity (Eqs.78-79  in case of H2), which change with respect to the geometrical 

nominal values 0 and 0 and the single gas ones (dotted lines of Figure 47).  

ε𝐻2=ε0-ρ(1-ε0)+NAv(dk,H2O
3 Cμ,H2O+dk,H2

3 Cμ,H2)   (78) 
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τ𝐻2=τ0+
γ𝐻2σ𝐻2 (1-σ𝐻2)

𝜀𝐻2
γ𝐻2

   (79) 

It can be observed that the single gas  and correspond to the nominal ones for H2, which 

is weakly adsorbed on the zeolite surface. Only a slight deviation is estimated at the low 

temperatures for CO and CH4, especially in effective porosity, being the volume available 

for diffusion partially occupied by the adsorbed molecules. A different situation is 

obtained in presence of water vapor; in fact, effective porosity of all the species is halved, 

being about 0.17 at 303 K. The nominal value (i.e., 0=0.358) is obtained only above 650 

K. The presence of H2O increases the effective tortuosity to about 5.4 for all the species 

at 303 K, which decreases with increasing temperature and approaches the nominal value 

at 500 K. 

The selectivity of each binary mixture (solid lines in Figure 48) compared to the single 

gas one (dotted lines) points out the important effect of water vapor on the separation 

performance of 4A membrane. Zeolite membrane is selective towards H2O also in single 

gas, except above 500 K, where CO and H2 permeates as water vapor. In particular, single 

gas selectivity values of H2O/CH4, H2O/CO and H2O/H2 are about 25, 13 and 5 at 303 K, 

which decreases to 4, 0.5 and 0.6 at 700 K. At about 500 K, H2O/CO selectivity achieves 

the Knudsen value (i.e., 1.25), becoming lower as temperature increases. On the other 

hand, Knudsen selectivity values are never achieved for H2O/CH4 and H2O/H2, being 0.94 

and 0.33, respectively. The separation performance highly improves in mixture; in fact, 

it is estimated an increment of selectivity of about 30 times in case of for H2O/CH4, 

passing from 25 to 750. This improvement disappears at 700 K. In case of H2O/CO, the 

presence of adsorbed water vapor enhances the selectivity from 13 to 120 at 303 K, 

whereas the highest increment is observed for the H2-containing wet mixture, for which 

selectivity passes from 5 to 225. However, H2O/H2 presents the greater temperature 

dependence, since its selectivity drops from 225 to 1 when temperature increases from 

303 to 700 K. This phenomenon takes place because, in absence of adsorbed water vapor 

as at a high temperature, H2 comes back to be the faster diffusing species inside the 

membrane, achieving the permeance values of H2O.  
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Figure 47. Effective porosity and tortuosity as a function of temperature during the permeation of CO, CH4 

and H2 as single gas (dotted lines) and in mixture with H2O (solid lines). Nominal porosity and tortuosity 

of the zeolite (black dashed lines). Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. 

Brunetti, A. Caravella, E. Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a 

zeolite-4A membrane, 154-163, Copyright (2019), Elsevier. 
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Figure 48. H2O/CH4, H2O/H2 and H2O/CO selectivity as a function of temperature in binary mixture (solid 

lines) and single gas (dotted lines). Reprinted from Journal of Membrane Science, 574, P.F. Zito, A. 

Brunetti, A. Caravella, E. Drioli, G. Barbieri, Water vapor permeation and its influence on gases through a 

zeolite-4A membrane, 154-163, Copyright (2019), Elsevier. 

Therefore, operating at moderate temperature enables the removal of small amount of 

water vapor (e.g., 0.022 mol%) from multicomponent gas mixtures to be achieved, 

allowing the water vapor to be collected as pure stream on the permeate side. 
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5. Experimental analysis 

This Chapter deals with the experimental measurements of CO2, H2, CH4 and N2 

permeation through a DDR membrane. This experimental campaign intends to investigate 

the mutual influence of gases in mixture on the permeation through the membrane and 

the variations of separation properties with respect to those measured in single gas. 

Moreover, it is used to support and validate the modelling analysis. Three CO2-containing 

mixtures (CO2:N2, CO2:H2, CO2:CH4) at different compositions are considered, analyzing 

the effect of temperature (25-75°C) and feed pressure (300-700 kPa) on the separation 

properties of a membrane, which was kindly supplied by the team of Prof. Xuehong Gu  

at the Nanjing Tech University (China). The DDR membrane was synthesized by 

secondary growth on the outer surface of -alumina four channel hollow fiber support 

[27]. The tubular membrane presents an area of 5.8 cm2 and a zeolite thickness of about 

5 m (Figure 49). 

 

 

Figure 49. Zeolite membrane used for permeation measurements. 

 

Membrane module 

Zeolite supported 

layer 
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In the last part of this chapter, the experimental and modelling results in terms of CO2 

permeance and selectivity are compared to those summarized in the Robeson’s diagrams 

[5]. 

Some results described in this chapter are also reported in a recent publication [100].  

5.1 Permeation through a DDR membrane  

Permeation of gas mixtures and single gas is experimentally measured using the 

apparatus described in Chapter 2 (Figure 12).  

The separation performance of the membrane module is evaluated in terms of 

permeance and selectivity of the gas mixture. Permeance is evaluated as the ratio of the 

measured permeating flux and the partial pressure differences between the two membrane 

sides (Eq. 70). Selectivity is defined as the ratio between the membrane permeance of 

two gases (Eq. 71). The negligibility of partial pressure profiles along the membrane 

module length is assured, operating with a stage cut lower than 1%. This hypothesis is 

verified by comparing the mixture compositions of feed and retentate streams, which 

result quite similar. Experimental data are periodically verified to check their 

reproducibility. The standard deviation is below 6%. 

The single gas permeation experiments as a function of temperature are carried out 

between 25 and 75°C, operating at 500 kPa of feed pressure and atmospheric permeate 

pressure (Figure 50). In the temperature range investigated, CO2 results the most 

permeable gas, followed by H2, N2 and CH4. All the gases show a temperature 

dependence, ascribable to the mass transport mechanisms governing their permeation. 

CO2 permeance slightly decreases with the temperature, this decreasing trend is 

ascribable to the reduction of the adsorbed phase. Differently, N2 and less CH4 present a 

maximum around 50°C, which can be attributed to a competition between the adsorption 

reduction and diffusion increase. H2 permeance, instead, presents a minimum at 50°C. It 

is a very weakly adsorbed gas and its coverage is very low even at moderate temperatures. 

This minimum represents the transition point from surface to gas translation diffusion, as 

it is discussed in the modelling analysis. 
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Figure 50. Single gas permeance of CO2, CH4, H2 and N2 as a function of temperature at 500 kPa of feed 

pressure. Reprinted with permission from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via 

a DDR membrane: mutual influence of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) 

American Chemical Society. 

 

The separation performance of a DDR membrane is analyzed by experimental 

measurements on various CO2 containing mixtures. The first mixture investigated is 

CO2:H2=40.1:59.9 changing temperature and feed pressure (Figure 51). It can be 

observed that CO2 permeance decreases with increasing temperature, as also estimated 

by the modelling analysis on SAPO-34, being the reduction of adsorption more important 

than the increment of diffusivity with temperature. On the contrary, H2 permeance is 

favored by the increasing temperature since the hindering effect of the adsorbed CO2 

becomes less important. For a fixed temperature, feed pressure reduces the CO2 

permeance, which takes place by surface diffusion (pressure disadvantaged), whereas it 

does not affect the H2 one, since hydrogen permeates especially following gas translation 

diffusion (pressure independent). A CO2 permeance increment with respect to the single 

gas value is measured at 300 kPa owing to the presence of H2, whereas this promoting 

effect tends to vanish at high feed pressure, probably because the increased coverage of 

CO2 makes the adsorbed amount of H2 too low to affect the binary diffusivity DSD,ij. 

Selectivity of mixture results much higher than the single gas one at 25°C and 300 kPa, 
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being about 17 instead of 2, whereas feed pressure and temperature abate the gap, which 

disappear at 75°C and 700 kPa. 

 

Figure 51. CO2 and H2 permeance and CO2/H2 selectivity as a function of temperature for CO2:H2=40.1:59.9 mixture 

at 300, 500 and 700 kPa (full symbols) and single gas (open symbols). Reprinted with permission from P.F. Zito, 

A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via a DDR membrane: mutual influence of mixed gas 

permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) American Chemical Society. 

Carbon dioxide shows the same trend when mixed with N2 (Figure 52). In particular, 

its permeance decreases with temperature and feed pressure, but, contrarily to what 

observed in presence of H2, it is found to be similar to that measured with single gas at 

300 kPa and lower for the higher feed pressures. N2 permeance slightly depends on 

temperature, most likely because the reduction of both nitrogen sorption and hindering 

effect played by CO2 are balanced by the increment of diffusivity, resulting in a quite 

constant trend of permeance. It can be observed that nitrogen does not provide any 

promoting effect on CO2 permeance, probably because its diffusivity is similar to that of 

carbon dioxide. Thus, the binary diffusivity is not enhanced for this mixture. As observed 

for CO2:H2 mixture, the permeance of the less permeable gas, in this case N2, is lower 

than that measured in single gas condition, even though by a less extend with respect to 

that observed for H2. In any case, it reflects on a higher CO2/N2 selectivity with respect 

to single gas one. CO2/N2 selectivity increases from about 13 to 28 when temperature 
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decreases from 75 to 25°C at 300 kPa. A mixture selectivity lower than the single gas 

value is measured at 75°C, imposing a feed pressure of 500 or 700 kPa. 

 

Figure 52. CO2 and N2 permeance and CO2/N2 selectivity as a function of temperature for CO2:H2=40.4:59.6 

mixture at 300, 500 and 700 kPa (full symbols) and single gas (open symbols). Reprinted with permission 

from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via a DDR membrane: mutual influence 

of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) American Chemical Society. 

Both CO2-containing mixtures exhibit similar trends of permeance as a function of 

feed pressure (Figure 53). The highest deviation with respect to the single gas behavior is 

measured for H2, whose permeance slightly increases owing to the increment of its 

driving force. The same considerations can be done for N2. Differently, the decreasing 

trend of CO2 permeance with feed pressure can be explained considering that CO2 is the 

strongest adsorbing species among those investigated, approaching the saturation loading 

as pressure increases and this causes a reduction of chemical potential gradient of the 

adsorbed phase, with consequent permeance reduction. Thus, selectivity is disadvantaged 

by a high feed pressure, therefore, the low pressure (300 kPa) enhances the separation 

capability of the membrane. In fact, CO2/N2 and CO2/H2 selectivity values are two to five 

times greater than correspondent single gas ratio at 300 kPa, allowing to emphasize how 

most often the separation properties measured with single gas provide misleading 

information on the actual separation capability of membranes. 
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Figure 53. CO2, H2 and N2 permeance and selectivity as a function of feed pressure for CO2:N2=40.4:59.6 

and CO2:H2=40.1:59.9 mixtures (full symbols) and single gas (open symbols). Reprinted with permission 

from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via a DDR membrane: mutual influence 

of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) American Chemical Society. 

In terms of permeance ratio (Eq. 75), CO2 permeance is found to be proportional to 

the composition of the other species (Figure 54), as also estimated for SAPO-34. In the 

previous section, this behavior is explained as a reduction of driving force more important 

than that of flux for a fixed total feed pressure. Moreover, in case of DD3R, a further 

possible explanation of this trend is that CO2 could follow the strong confinement 

scenario (i.e., linear reduction of diffusivity with coverage) and, in this case, its diffusivity 

would be higher in mixture, being coverage lower than in case of single CO2. Carbon 

dioxide permeance is found higher in presence of H2, since hydrogen is the species with 

the fastest diffusivity and lowest adsorption. Specifically, a permeance ratio of about 2.5 

is measured for a mixture containing 95% of H2. Unlike CO2, H2 and N2 permeance are 

reduced by the increment of carbon dioxide concentration, this hindering effect being 

stronger on H2. 
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Figure 54. CO2, H2 and N2 permeance ratio (full symbols)  as a function of feed molar fraction for CO2:H2 

and CO2:N2 mixtures at 25°C and 700 kPa of feed pressure. CO2 permeance for mixture CO2:N2:O2=15:80:5 

(full triangle). Reprinted with permission from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation 

via a DDR membrane: mutual influence of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright 

(2019) American Chemical Society. 

The permeance variations with the mixture composition directly reflected on 

selectivity (Figure 55). In CO2:H2 mixtures, the prevailing reduction of H2 permeance 

with respect to that of CO2 induces an increment of selectivity with the increasing of CO2 

composition. Opposite trend is observed for CO2/N2 selectivity. At a CO2 concentration 

below 40% (i.e., above 60% of N2), N2 permeance change is relatively limited with 

respect to that of CO2. As the concentration of CO2 increased, both species exhibit a 

similar permeance trend, implying a constant selectivity, close to that of single gases and, 

thus, independent of the feed mixture composition.  
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Figure 55. CO2/H2 and CO2/N2 selectivity values as functions of CO2 feed molar fraction CO2:H2 and 

CO2:N2 mixtures at a feed pressure of 700 kPa. Selectivity and permeate molar fraction for mixture 

CO2:N2:O2=15:80:5 (open triangles). Reprinted with permission from P.F. Zito, A. Brunetti, E. Drioli, G. 

Barbieri, CO2 separation via a DDR membrane: mutual influence of mixed gas permeation, Ind. Eng. Chem. 

Res. 2019. Copyright (2019) American Chemical Society. 

Figure 56 shows the permeance ratio (Eq. 75) for the binary mixtures containing about 

40% of CO2 at 25°C. A significant reduction of H2, N2 and CH4 permeance in mixture is 

observed at 300 kPa (Figure 56-left side), in particular CH4 and H2 are more affected than 

N2. CH4 is the most strongly adsorbed species after CO2; therefore, when mixed with 

CO2, its adsorbed amount is reduced in comparison to the single gas, owing to the 

competitive sorption with CO2. This effect, added to the hindering effect exerted by 

adsorbed CO2, which reduces gas translation diffusion, induces an overall permeance 

reduction. Differently, H2 is a weakly adsorbent species but has a very fast diffusion, 

which is hindered in mixture by the presence of CO2. The permeance ratio is 1/3 at 300 

kPa, afterwards its reduction is very little constant as the pressure increases. N2 is in the 

intermediate condition between CH4 and H2: it is moderately adsorbed and diffuses inside 

the pores up to three order of magnitude faster than CH4 but about 100 times slower than 

H2 (Table 12). Hence, the presence of CO2 has a minor effect on its diffusion and its 

permeance.  
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CO2, indeed, is positively affected by the presence of the other species for a fixed total 

feed pressure. In all the explored mixtures, CO2 permeance is, in fact, at 300 kPa always 

higher than that measured in single gas (Figure 56, right side). This positive variation 

strictly depends on the other species in mixture. When mixed with N2 or CH4, CO2 

permeance (about 21 nmol m-2 Pa-1 s-1) has almost the same value, which is about 1.2 

higher than that in single gas. In presence of H2, CO2 permeance passes from about 18 to 

29 nmol m-2 Pa-1 s-1. As aforementioned, these different behaviors can be attributed to the 

promoting effect exerted by the faster H2. In addition, when mixed with another gas, the 

total adsorbed amount is less (in particular, for CO2:H2 mixtures) and CO2 diffusion can 

be higher (e.g., strong confinement scenario) [96, 101, 102, 103]. Since H2 is the less 

adsorbing species, CO2 permeance assumes the highest value when mixed with it. When 

mixed with N2 and CH4 it tends to fall down at the higher feed pressures, becoming less 

than the single gas value at 700 kPa. Likely, the slowing effect on CO2 provoked by both 

the bulky molecules (N2 and CH4) and the reduction of CO2 diffusivity is not fully 

balanced by the increment of its adsorbed coverage. In addition, as the pressure increases, 

a clogging of pore can be approached, and this can contribute to the permeance reduction 

since the permeating flux increases by a lesser extent. 

Table 12. Estimated mixture loading [67] and single gas diffusivity [28, 47] at 25°C. Reprinted with 

permission from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via a DDR membrane: 

mutual influence of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) American 

Chemical Society. 

Species 
Loading at 300 kPa, mol kg-1 

Diffusivity, m2 s-1 
CO2:CH4 CO2:N2 CO2:H2 

CO2 1.8 1.5 2.1 1.6·10-11  

CH4 0.3 - - 7.7·10-14  

N2 - 0.1 - 3.1·10-11  

H2 - - 0.01 5.0·10-9  
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Figure 56. Permeance ratio for binary mixtures containing 40% of CO2 at three feed pressures- Effect of 

(left side) CO2 on H2, N2 and CH4 permeance; (right side) H2, N2 and CH4 on CO2 permeance at 25°C. 

Reprinted with permission from P.F. Zito, A. Brunetti, E. Drioli, G. Barbieri, CO2 separation via a DDR 

membrane: mutual influence of mixed gas permeation, Ind. Eng. Chem. Res. 2019. Copyright (2019) 

American Chemical Society. 

5.2 Comparison with the modelling results  

The experimental measurements are also compared to the simulation results using the 

surface and gas translation diffusivity values estimated in the modelling analysis (section 

3.2.1 of Chapter 3). Concerning the single CO2 and H2 permeation (Figure 57), a perfect 

agreement between model and experimental results is obtained by multiplying the 

experimental permeances by a constant factor of 7. This factor contains the differences in 

membrane thickness, operating conditions (e.g., feed pressure, use of sweep gas), 

synthesis processes, geometrical characteristics (e.g., porosity and tortuosity) and 

silicon/aluminum ratio. Specifically, the diffusion properties (i.e., activation energy and 

pre-exponential factor for surface diffusion) used for simulation are estimated from 

experimental measurements carried out using a sweep gas on the permeate side [93], 

whereas an atmospheric permeate pressure was fixed in the home-made experiments. It 

is well-known that the presence of sweep provokes an increment of flux and, therefore, 

permeance, since the driving force increases. Thus, the simulation considering 1 atm on 

the permeate side could overestimate the permeance with respect to the no-sweep 

condition. Moreover, the diffusion properties are estimated on a DD3R membrane 

different [93] from that used for the experimental tests.  Thus, the two DDR membranes 
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can present some geometrical differences (e.g., porosity and tortuosity) and a different 

Si/Al ratio, which strongly affects the CO2 adsorption. All these differences can be 

collected in the constant factor of 7. 

 

Figure 57. Single gas permeance of CO2 and H2 as a function of temperature: experimental measurements multiplied 

by 7 (full symbols), modelling results (dotted lines). Adapted with permission from P.F. Zito, A. Brunetti, E. 

Drioli, G. Barbieri, CO2 separation via a DDR membrane: mutual influence of mixed gas permeation, Ind. 

Eng. Chem. Res. 2019. Copyright (2019) American Chemical Society. 

The same constant factor of 7 is applied in the comparison with the mixture 

measurements in order to verify if it is maintained also in this case (Figure 58). It can be 

observed that the experimental drop of H2 permeance is perfectively described as well as 

its increment with increasing temperature. On the contrary, some discrepancies are 

observed for CO2: the experimental value (multiplied by 7) coincides with the model only 

at 25°C, whereas model slightly overestimated the CO2 diffusion at the higher 

temperatures. This causes some differences in selectivity values that, however, are close 

to the experimental ones, providing a further validation of the modelling analysis and a 

good capacity of the model to predict the experimental behavior, especially in terms of 

selectivity. 
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Figure 58. Permeance of CO2 and H2 as a function of temperature for CO2:H2=40.4:59.6 mixture at 300 kPa. 

Experimental measurements multiplied by 7 (full symbols), modelling results (dotted lines). 

Model is therefore used for prediction of permeance and selectivity trends as functions 

of temperature for a mixture of industrial interest, such as the syngas (i.e., CO2: H2: CO 

= 0.05:0.5:0.45 as in [104]) in a DD3R membrane (Figure 59) using the diffusion 

parameters evaluated in Chapter 3 (Table 7). As expected, carbon dioxide is the most 

permeating species at low temperatures, since it adsorbs stronger than the remaining 

species do. Its permeance in the mixture (blue solid line) is higher than that in single gas 

condition (blue dotted line) at low temperatures. The increment is owed to surface 

diffusion that increases in the mixture and tends to vanish above 150°C. Furthermore, the 

small amount of CO2 present in mixture is able to reduce the H2 permeance from ca. 50 

to 8 nmol m-2 s-1 Pa-1 at 0°C, which changes its temperature dependence from single gas 

(red dotted line) to mixture (red solid line). Differently, CO is not affected by the presence 

of the small amount of CO2, owing to its stronger adsorption with respect to H2. For all 

the species, the effect of gas translation contribution can be appreciated at high 

temperatures, where the permeance increases with increasing temperature. Permeances 

of CO2 and CO present a minimum at ca. 420 and 210°C respectively, as in single gas 

(section 3.2.1). On the other hand, H2 permeance continuously increases with increasing 

temperature because of the lower CO2 hindering effect paired to the increasing gas 

translation contribution. The CO2/CO and CO2/H2 selectivity values at 30°C are estimated 

to be 36 and 18, showing a decreasing trend with temperature because of the CO2 
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adsorption reduction. Furthermore, a reverse CO2/H2 selectivity is found above 180°C, 

tending to 5 at higher temperatures; on the other hand, CO2/CO selectivity tends to 1. 

 

Figure 59. Permeance and selectivity values as a function of temperature for a syngas mixture CO2:CO:H2 

= 0.05:0.45:0.50 in a 10 m thick DD3R membrane. Feed and permeate pressure are 300 and 101 kPa, 

respectively. Permeance in single gas (dotted lines), permeance in mixture (solid lines). Adapted from 

Journal of Membrane Science, 564, P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, 

Discrimination among gas translation, surface and Knudsen diffusion in permeation through zeolite 

membranes, 166-173, Copyright (2018), Elsevier. 

The effect of feed pressure on permeance and selectivity is also estimated at 25°C 

(Figure 60). Permeance of CO2 and CO decreases with increasing feed pressure since 

both the species permeate only with surface diffusion under this operating condition. 

Therefore, the increment of feed pressure approaches the adsorbed phase to the saturation 

condition. Differently, gas translation diffusion also contributes to the overall permeance 

of H2. However, this contribution, which is pressure-independent, is not sufficient to 

compensate the reduction of surface diffusion. Hence, H2 overall permeance also 

decreases. The CO2/CO selectivity is slightly disadvantaged by feed pressure, decreasing 

from 42 to 33. On the contrary, CO2/H2 selectivity is almost pressure independent, 

remaining almost constant around a value of 20, with a maximum of 23 at 500 kPa. 
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Figure 60. Permeance and selectivity values as a function of feed pressure for a syngas mixture CO2:CO:H2 

= 0.05:0.45:0.50 in a 10 m thick DD3R membrane at 25°C and a permeate pressure of 101 kPa. Adapted 

from Journal of Membrane Science, 564, P.F. Zito, A. Caravella, A. Brunetti, E. Drioli, G. Barbieri, 

Discrimination among gas translation, surface and Knudsen diffusion in permeation through zeolite 

membranes, 166-173, Copyright (2018), Elsevier. 

The selectivity versus permeability values obtained from both modelling and 

experimental analysis are compared using the upper bound [5, 105] for different pairs of 

gases. The first mixture investigated is CO2-H2, for which the performance of three 

different zeolite membranes (i.e., DD3R, SAPO-34 and NaY) are reported (Figure 61). It 

can be observed that the trade-off between permeability and selectivity is always below 

the upper bound [105] in single gas condition (open symbol). Furthermore, CO2 

permeates more than H2 through SAPO-34 and DD3R, as reveals the single CO2/H2 

selectivity higher than 1, whereas the opposite behavior is found in NaY, which has larger 

pore size (i.e., 0.74 nm). A significant increment of selectivity towards carbon dioxide is 

estimated in mixture (CO2:H2 = 40:60), since the strong CO2 adsorption hinders the H2 

diffusion. Thus, the pair permeability-selectivity is able to overcome the upper bound for 

DD3R (CO2 permeability of 429 barrers and CO2/H2 of 17) and NaY (CO2 permeability 

of about 3800 barrers and CO2/H2 of 62). Particular is the case of NaY, for which the 

greatest increment of selectivity compared to the single gas one is found. Specifically, 

CO2/H2 selectivity passes from 0.15 to 62, stating that the CO2 hindering effect in this 

zeolite is much more important than in the other ones. In fact, the analysis of the 

adsorption properties reveals that NaY adsorbs CO2 much more (e.g., saturation loading 

of 7.6 mol kg-1 at 25°C [60]) than DD3R (2.9 mol kg-1) and SAPO-34 (4.4 mol kg-1). 
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Moreover, a higher CO2 permeability in mixture than in single gas is observed for all the 

three materials, as revealed by the positive slope of each line connecting single gas and 

mixture values. This phenomenon is also observed for CO2-N2 (Figure 62) and CO2-CH4 

(Figure 63). Another important aspect is that the boost in permeability does not follow 

that of pore size, being SAPO-34 (pore dimension of 0.38 nm) more permeable to CO2 

than NaY (pore dimension 0.74 nm). A possible explanation to the lower permeability of 

NaY is its higher activation energy for surface diffusion (i.e., about 18800 J mol-1) than 

SAPO-34 (i.e., about 7800 J mol-1), stating that this mechanism is easier in the latter case. 

 

Figure 61. CO2/H2 selectivity as a function of CO2 permeability through DD3R, NaY and SAPO-34 in binary mixture 

(full symbols) and single gas (open symbols). Upper bound [105] (black solid line). 

Concerning the pairs CO2-N2 (Figure 62) and CO2-CH4 (Figure 63). Robeson’s upper 

bound shows a negative slope, since selectivity decreases with increasing CO2 

permeability. Moreover, CO2 permeability is always higher in SAPO-34, since this 

material adsorbs more CO2 than DD3R. Regarding the mixture carbon dioxide – nitrogen, 

Robeson’s upper bound is overcome only using SAPO-34, which provides a CO2 

permeability and a CO2/N2 selectivity of 8400 barrers and 27, respectively, in mixture. 

Therefore, the increment of selectivity owing to presence of adsorbed CO2 is less 
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significant than in case of CO2:H2, since N2 competes more in adsorption with carbon 

dioxide. Concerning the CO2:CH4 pair, the upper bound is exceeded using both DD3R 

and SAPO-34 in mixture. DD3R presents higher selectivity (i.e., 106) but lower 

permeability (330 barrers) than SAPO-34 (selectivity of 40 and CO2 permeability of 6500 

barrers). 

 

Figure 62. CO2/N2 selectivity as a function of CO2 permeability through DD3R and SAPO-34 in binary mixture (full 

symbols) and single gas (open symbols). Robeson upper bound [5] (black solid line). 
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Figure 63. CO2/CH4 selectivity as a function of CO2 permeability through DD3R and SAPO-34 in binary mixture (full 

symbols) and single gas (open symbols). Robeson upper bound [5] (black solid line). 
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Conclusions  

In this thesis, the gas permeation and separation through different zeolite membranes 

(i.e., SAPO-34, DD3R, 4A and NaY) were analyzed by a modelling and experimental 

analysis (in case of DDR), which were also focused on the evaluation of the contributions 

to mass transport through zeolite pores. In particular, it was considered a model taking 

into account the competition between surface and gas translation diffusion, where surface 

diffusion of a strongly adsorbed species exerts a hindering effect on the permeation of 

other components (more weakly adsorbed) changing the effective porosity and tortuosity 

of the membrane, in addition to the well-known effect of reducing coverage in mixture. 

The proposed model successfully described the mass transport of mixtures containing 

CO2 and permanent gases (i.e., H2, N2, CH4 and CO) through zeolite membranes under 

dry and moist conditions. Unexpectedly, gas translation affected the overall permeation 

also at a low temperature, as in the case of H2 permeation through NaY, allowing to 

reproduce very well the increasing permeance if paired to surface diffusion. On the 

contrary, the previous model, which considered Knudsen diffusion instead of gas 

translation, overestimated the H2 permeation of about 30%. 

Among the main results, permeation of CO2 in mixture was found to differ from the 

single gas because of the influence exerted by the other diffusing species. Specifically, 

for a fixed driving force, CO2 flux and permeance were higher, similar or lower than those 

in single gas in presence H2, N2 and CH4, respectively. The promoting or slowing effects 

were attributed to the increase or reduction of the Maxwell-Stefan binary diffusivity, 

which directly affects surface diffusion. The fast H2 improved the CO2 diffusion, whereas 

the slow CH4 reduced it. Differently, N2 did not significantly affect the CO2 permeation, 

since the two components showed a similar diffusivity. In addition, the adsorbed CO2 
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hindered the diffusion of H2, N2 or CH4, causing a reduction of their permeance and a 

consequent increment of selectivity with respect to the single gas values.  

In SAPO-34, the estimated CO2/H2 selectivity (about 12 at room temperature) 

increased by six times, still being double at 100°C. Concerning CO2/N2 and CO2/CH4, 

the increments in mixture were about 3 times (from 7 to 22) and 1.5 (from 21 to 32), 

respectively, feeding equimolar mixtures.  

The experimental analysis on a DDR membrane provided selectivity values of 28, 17 

and 106 when CO2 was mixed with N2, H2 and CH4, whereas the CO2 permeance exceed 

1.5 times the single gas value. The increase of mixture selectivity was significant in 

presence of H2 (up to 5 times more).  

SAPO-34 was predicted to exceed the permeability/selectivity upper bound for 

CO2/CH4 and CO2/N2, whereas the highest CO2/H2 selectivity was estimated using a NaY 

membrane, owing to its higher capacity to adsorb CO2.  Experimental measurements 

showed that DDR exceeds the upper bound for CO2/CH4 and CO2/H2. 

Permeation of gas mixtures containing water vapor and other permanent gases through 

a 4A membrane was well described by this model (for the first time). Water vapour 

induced a stronger permeance reduction on permanent gases than CO2 (especially in terms 

of surface diffusion), owed to its very high adsorption.  Differently, permeation of H2O 

was not promoted/slowed by the presence of the other species, since their amount 

adsorbed was too low to give any contribution to the Maxwell-Stefan binary diffusivity.  

The hindering effect exerted by the adsorbed CO2 and H2O paired to the promoting 

one attributed to H2 made zeolite membranes very selective, in particular at the moderate 

temperatures.  

The present analysis well explained and clarified the permeation of CO2 and other 

gases as well as the high CO2/gas or H2O/gas selectivity through zeolite membranes,  

based on the elementary steps of mass transport such as Langmuir/Sips adsorption, 

Maxwell-Stefan surface diffusion, gas translation diffusion.  

This model, being validated for several mixtures and membranes, contributes to a 

better understanding of the multicomponent permeation through zeolite pores. Therefore, 

it can be used as first step for predicting the separation performance of various zeolite 

membranes. In particular, the evaluation of permeance and selectivity in mixture and their 
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dependence on temperature, pressure and composition provide an indication of the 

appropriate operating conditions to be fixed for the selective removal of key components 

as CO2 and water vapor from multicomponent feed streams. This deep knowledge of 

permeation in mixture is crucial in the design of separation units. 
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Notation  

B  Inverted diffusivity matrix in the Maxwell-Stefan model, s m-2 

Bii  Element of matrix [B], defined by Eq. 42, s m-2 

Bij  Element of matrix [B], defined by Eq. 43, s m-2 

b0  Langmuir or Sips affinity constant at the reference temperature, Pa-1 

b  Langmuir or Sips affinity constant, Pa-1/n 

b∞  Sips affinity constant at infinite temperature, Pa-1/n 

C  Molecular loading, mol⋅kg-1 

Cs  Saturation molecular loading, mol⋅kg-1 

Cs0  
Saturation loading of component i at the reference temperature, 

mol⋅kg-1 

    D0
SD  Pre-exponential factor for surface diffusivity, m2 s-1 

D0
SD,Effective  Effective surface diffusion diffusivity, m2 s-1 

DSD  Maxwell-Stefan diffusivity for surface diffusion, m2 s-1 

DSD,ii  Self-exchange diffusivity of component i , m2 s-1 

DSD,ij  Maxwell-Stefan binary diffusivity of surface diffusion, m2 s-1 

DSD,jj  Self-exchange diffusivity of component j , m2 s-1 

dk  Kinetic diameter of the molecules, m 

dpore,0  Mean pore diameter at zero-loading conditions, m 

EGT  Activation energy for gas translation diffusion, J mol-1 

ESD  Activation energy for surface diffusion, J mol-1 

f  Fugacity, Pa 

kadsorption  Kinetic constant for adsorption reaction  

kdesorption  Kinetic constant for desorption reaction 

madsorbed  Absolute amount adsorbed, kg kg-1 

mexcess  Excess amount adsorbed, kg kg-1 
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M  Molar mass, kg mol-1 

n  Pressure exponent in the Sips model, - 

n0  Empirical exponent in the Sips model at the reference temperature, - 

nabsolute  Absolute amount adsorbed, mol kg-1 

nexcess  Excess amount adsorbed, mol kg-1 

N  Molar flux, mol s-1 m-2 

NAv  Avogadro’s number, mol-1 

P  Pressure, Pa 

   QAdsorption  Langmuir or Sips heat of adsorption, kJ⋅mol-1 

r  Membrane radial coordinate, m 

radsorption  Rate of adsorption, mol s-1 

rdesorption  Rate of desorption, mol s-1 

R  Gas constant, 8.314 J⋅mol-1⋅K-1 

R1  Membrane inner radius, m 

R2  External radius of zeolite layer, m 

Sg,0  Zero-loading specific area, m2 kg-1  

T  Temperature, K 

T0  Reference temperature, K 

u  Velocity of the adsorbed species, m s-1 

Vadsorbed
  Volume of the adsorbed phase, m3 kg-1 

V  Volume of the gas phase, m3 kg-1 

z  Membrane space coordinate, m 

Greek letters 

  Empirical parameter for temperature dependence of n, - 

  Parameter defined by Eq.64, mol m-2 s-1 Pa-1 

  Thermodynamic factor, - 

  Parameter described by Eq.56, -  

  Gradient operator, m-1 

  Membrane thickness, m 

zeolite  Zeolite layer thickness, m 

0  Porosity at zero-loading conditions, - 

  Effective porosity, - 
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  Coordination number, - 

  Diffusional length, m 

  Chemical potential, J mol-1 

  Loading degree, - 

  Zeolite density, kg m-3 

adsorbed  Density of the adsorbed phase, kg m-3 

bulk  Density of the gas phase, kg m-3 

  Covered surface fraction, - 

0  Tortuosity at zero-loading conditions, - 

  Effective tortuosity, - 

  Empirical parameter for temperature dependence of saturation loading - 

Subscripts / Superscripts 

i,j  Generic i-th and j-th species 

GTD  Gas translation diffusion 

SD  Surface diffusion 
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