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Abstract 
 

The synthesis of molecular-sieving two-dimensional zeolitic membranes by the assembly of 

crystalline building blocks without resorting to the secondary growth process is highly desirable. 

The precise pore size for molecular sieving, ultrathin thickness, and high thermal and chemical 

stability make zeolite nanosheets attractive for a number of gas separation applications.  However, 

preparing ultrathin membranes in a scalable way can only be achieved with a secondary growth-

free approach, and this remains a grand challenge. Overall, there are four major drawbacks for the 

synthesis and scale-up of these type of membranes: i) the preservation of the crystallinity of the 

nanosheets after exfoliation; ii) the non-reproducibility of the secondary growth method; iii) the 

development of low-cost and scalable support for the ultrathin films, and iv) the implementation of 

a facile and scalable membrane fabrication methods. 

 

This dissertation focuses on the development of ultrathin zeolitic membranes employing 0.8-nm-

thick crystalline nanosheets from the sodalite zeolite precursor RUB-15 that hosts hydrogen-

sieving six-membered rings (6-MRs) of SiO4 tetrahedra. The hydrothermal synthesis of the layered 

RUB-15 followed by the cation exchange chemistry to increase the d spacing between the layers 

facilitated the polymer blend-based exfoliation of the layered precursor leading to the first report 

of highly crystalline RUB-15 nanosheets where the 6-MRs were clearly visible with high-

resolution transmission electron microscopy. Highly dispersed RUB-15 nanosheets in polar 

solvents allowed their facile assembly via vacuum filtration into 100-300 nm-thick continuous 

films on top of porous supports. Detailed transport studies of such as-filtered membranes revealed 

the presence of two different transport pathways for gas molecules: 1) the H2-selective 6-MRs and 

2) the interlayer galleries, which allow He, H2, and CO2 molecules to permeate freely. The latter 

dominated the transport in as-filtered films, which displayed a molecular cutoff of 3.6 Å yielding 

a H2/N2 and H2/CH4 selectivities above 20. Non-H2-selective pathways [interlayer galleries] were 

eliminated by topotactic condensation of the terminal silanol groups. Upon calcination, defective 

[SiO3][O-] units were converted into fully coordinated silicon tetrahedra [SiO4], diminishing the 

interlayer gaps and yielding H2/CO2 selectivities above 100, demonstrating the effective 

suppression of the interlayer transport and highlighting the selective role of the 6-MRs in the 

temperature range 25-300 °C. This is the first report of high-performance two-dimensional zeolitic 

membranes without the need for the secondary growth process able to efficiently sieve light gases.  
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The scale-up of thin supported membranes relies on the quality of the underlying support. A 

scalable polymeric support was developed to support uniform RUB-15 films. The support was 

synthesized via non-solvent induced phase separation (NIPS) of polybenzimidazole AM Fumion® 

polymer on a low-cost stainless steel mesh. The support possesses a smooth surface, high porosity, 

and thermal and mechanical stability. However, the high calcination temperature of RUB-15 

membranes prohibits its employment as support. For this, two new routes for removing the residual 

template and surfactant were developed to enable the use of the polymeric PBI-AM supports for 

the future scale up of RUB-15 membranes. In-situ XRD studies revealed that a mild calcination 

temperature of 330 °C was sufficient to eliminate the organic molecules trapped in the gallery space 

and seal the interlayer unselective pathways if it was done for a sufficient amount of time.  

Alternatively, we developed a room-temperature, liquid-extraction-based process where diluted 

solutions of acetic acid were filtered on a pre-filtered film to remove the organic molecules in the 

gallery spacings. The effectiveness of the new calcination process together with the PBI-AM 

support yielded molecular sieving membranes capable of separating H2/CO2 with selectivities in 

the range of 20-35 and permeances up to 400 GPU under testing temperatures in the range 25-250 

°C. Preliminary permeation results on the membranes activated with in-situ acid treatment 

displayed similar promising results. The key features of the developed support would enable its 

application in a wider range of membrane applications where self-standing membranes cannot be 

synthesized. 

 

Finally, a nanoporous carbon- (NPC) based membrane was developed, which displayed extremely 

large H2 permeance with a Knudsen H2/CO2 selectivity. A techno-economic analysis was 

performed to evaluate the potential impact on the overall cost for pre-combustion carbon capture 

using different membrane stage configurations. Combining the ultra-permeable carbon-based 

membrane with the ultra-selective RUB-15 membrane in consecutive stages offer an attractive and 

versatile solution for pre-combustion carbon capture. Besides their promising application in pre-

combustion carbon capture, the carbon-based membranes were ideal mechanical reinforcements 

for the crack-free synthesis of nanoporous single-layer graphene membranes.  
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 Chapter 1. Introduction 

Adapted with permission from Mostapha Dakhchoune, Two-dimensional Material Membranes for 

Gas Separation, Chimia, 74, 4, 2020, 263-269. https://doi.org/10.2533/chimia.2020.263. 

Copyright © M. Dakhchoune 2020. 

 

1.1. Thermodynamics of separations: Challenges and opportunities 

Why do we need to spend energy to separate chemicals?  

The answer can be found by understanding the thermodynamics of mixtures. The Gibbs free energy 

G, of a multicomponent mixture of c components, is a function of temperature T, pressure P, and 

each species mole number Ni with i=1…c, as shown in Eq. 1-2: 

   

𝑑𝑑𝑑𝑑 = (
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

)𝑃𝑃,𝑁𝑁𝑖𝑖  𝑑𝑑𝑑𝑑 +  (
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

)𝑇𝑇,𝑁𝑁𝑖𝑖 𝑑𝑑𝑑𝑑 +  �(
𝜕𝜕𝜕𝜕
𝜕𝜕𝑁𝑁𝑖𝑖

)𝑇𝑇,𝑃𝑃,𝑁𝑁𝑗𝑗≠𝑖𝑖  𝑑𝑑𝑁𝑁𝑖𝑖

𝑐𝑐

𝑖𝑖=1

 
 

(1) 

 

 

𝑑𝑑𝑑𝑑 = −𝑆𝑆 𝑑𝑑𝑑𝑑 +  𝑉𝑉 𝑑𝑑𝑑𝑑 +  �𝐺̅𝐺𝑖𝑖𝑑𝑑𝑁𝑁𝑖𝑖

𝑐𝑐

𝑖𝑖=1

 
 

(2) 

 

Where 𝐺̅𝐺𝑖𝑖 is the partial molar Gibbs energy of ith component. 

The total Gibbs free energy at constant pressure and temperature of a mixture with two components 

is given by Eq. 3: 

 

𝐺𝐺 =  𝑛𝑛1𝐺̅𝐺1 +  𝑛𝑛2𝐺̅𝐺2 (3) 

 

where ni is the number of moles of the ith component. For simplicity, let us consider an ideal gas 

component mixture. The molar Gibbs energy of an ideal gas is expressed by Eq. 4: 

 

𝐺̅𝐺𝑖𝑖 =  𝐺̅𝐺𝑖𝑖° +  𝑅𝑅𝑅𝑅 ln
𝑃𝑃
𝑃𝑃° =  𝜇𝜇𝑖𝑖 =  𝜇𝜇𝑖𝑖° +  𝑅𝑅𝑅𝑅 ln

𝑃𝑃𝑖𝑖
1 𝑏𝑏𝑏𝑏𝑏𝑏

  (4) 
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where 𝐺̅𝐺° is the standard molar Gibbs free energy at pressure 𝑃𝑃° (e.g., for an ideal gas is 1 bar), P 

is the pressure of the system Pi is the partial pressure 𝜇𝜇𝑖𝑖  is the chemical potential 𝜇𝜇𝑖𝑖° is the standard 

the chemical potential at 1 bar, and R is the ideal gas constant. All these quantities are specific to 

the ith component. 

A system of two ideal gases 1 and 2 at the same temperature and pressure possess an initial (t=0) 

Gibbs free energy expressed by Eq. 5: 

 

𝐺𝐺𝑡𝑡0 =  𝑛𝑛1� 𝜇𝜇1° +  𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙 𝑃𝑃 � + 𝑛𝑛2( 𝜇𝜇2° +  𝑅𝑅𝑅𝑅 𝑙𝑙𝑛𝑛 𝑃𝑃 )     (5) 

When the two gases are mixed together, their partial pressure decreases and, in the final state (t=f), 

the Gibbs free energy is given by Eq. 6: 

 

𝐺𝐺𝑡𝑡𝑡𝑡 =  𝑛𝑛1� 𝜇𝜇1° +  𝑅𝑅𝑅𝑅 ln𝑃𝑃1 � + 𝑛𝑛2( 𝜇𝜇2° +  𝑅𝑅𝑅𝑅 ln𝑃𝑃2 )  (6) 

Finally, the Gibbs free energy of the mixing ∆𝑚𝑚𝑚𝑚𝑚𝑚 𝐺𝐺, is obtained by Eq. 7: 

 

∆𝑚𝑚𝑚𝑚𝑚𝑚 𝐺𝐺 = 𝐺𝐺𝑡𝑡𝑡𝑡  − 𝐺𝐺𝑡𝑡0 =  𝑛𝑛1𝑅𝑅𝑅𝑅 ln 𝑥𝑥1 + 𝑛𝑛2𝑅𝑅𝑅𝑅 ln 𝑥𝑥2  (7) 

where xi is the molar fraction of the ith component. By definition, the molar fraction is a quantity 

≤ 1, which means that the effect of mixing results in a negative Gibbs free energy of mixing. Note 

that in the case of non-ideal systems, the molar fractions xi will be replaced by the activity ai, of 

the species, which is related to the molar fraction by the activity coefficient γi, according to Eq. 8: 

 

𝑎𝑎𝑖𝑖 =  𝛾𝛾𝑖𝑖( 𝑇𝑇,𝑃𝑃, 𝑥𝑥 ) 𝑥𝑥𝑖𝑖     (8) 

where 𝑥𝑥 is the molar fraction of each component. 

The above derivation shows how the mixing of components is a spontaneous process contrarily to 

the separation process, which requires the input of a minimum theoretical energy into the system 

to overcome the thermodynamic limitations. Understanding the minimum amount of energy 

required to separate a given mixture provides a baseline for comparison between new technologies 

and helps to guide future research efforts towards less energy-demanding applications. The 

minimum theoretical energy required for a given separation is obtained when operated under the 

condition of “reversible thermodynamic process”, which means that the energy to be paid is equal 

in magnitude to the energy of mixing (ΔmixG) with the opposite sign.1 Actual chemical separation 

plants do not operate under the assumption of “reversible thermodynamic process”, consuming 

more energy than the theoretical minimum values. 
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Industrial separation processes have a remarkable energy and environmental footprint and account 

for more than 20% of all in-plant industrial energy use.2 Thermally-driven separations (distillation, 

drying, evaporation) are well established in the chemical industry; however, they are highly energy-

intensive since they rely on the latent heat of vaporization of the components in the mixture. 

Distillation, drying, and evaporation account for 49%, 20%, and 11% of industrial energy 

consumption, respectively.2 This is due to the intrinsic inefficiency of thermal processes. For 

instance, thermodynamic distillation efficiency ranges from 18% for the air separation (cryogenic 

distillation) to 12% in crude oil refining, and it is only 5% in olefin/paraffin separation (C2 and C3 

separations).3,4 

 

 

 
 
Figure 1.1. Relative energy use by various separation technologies. Data obtained from reference [2]. 

 
The independence from thermally-driven separation would cut down the cost of separation, which 

currently accounts for 40-70% of both capital and operating costs in the industry.5,6 Figure 1.1 

reports the major separation technologies, which can be classified in two main categories based on 

the presence/absence of phase-change during the separation. Higher energy consumptions are 

accompanied by phase change, which is common in thermally-driven separations, while a decrease 

in consumption is witnessed with single-phase separations. 
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The scarcity of resources, together with global climate change, triggered extensive research 

towards the implementation of energy-efficient separation processes. Membrane-based separations 

are an energy-efficient technology predicted to drastically cut down the separation cost by up to 

90% when compared to conventional distillation.7,8 They possess inherent advantages such as being 

a continuous process, have small capital cost, are environmentally friendly, have a small footprint 

due to their modular design, and generally do not present waste streams. 

 

Despite the potential advantages of membranes-based separations compared to conventional 

distillation, the complete replacement of the latter with membranes is still far from being possible. 

For instance, distillation is capable of fractioning crude oil into a myriad of compounds with 

extremely different viscosities in the presence of impurities and of chemically aggressive 

substances, which would make the implementation of membranes very challenging. Moreover, 

current materials used for membranes are generally incapable of sieving multiple components but 

are rather optimized for a specific binary mixture.8 

 

A great example that is worth mentioning and learning from, where membranes have largely 

replaced thermally-driven separations, is water desalination. The increasing scarcity of drinkable 

water had become one of the most serious global challenges, with one-third of the world’s 

population already lacking access to clean water. This number is expected to increase to 75% in 

the following decades.9 The need to implement new energy-efficient technologies to produce fresh 

water has led to remarkable developments in the last decades in the field of membrane-based 

reverse osmosis (RO), where seawater is being pressurized above its osmotic pressure against a 

semi-permeable polymeric membrane capable of separating water molecules by retaining the 

hydrated salt ions. The success of RO membranes and their worldwide implementation is due to 

lower costs per m3 of fresh water produced in comparison to the evaporation-based process.1 The 

theoretical lowest amount of energy needed to produce fresh water from the sea is again given by 

the Gibbs free energy of mixing, and it is a function of the osmotic pressure of the salt-water 

solution Πs, and the water molar volume 𝑉𝑉�𝑤𝑤, as shown in Eq. 9:1 

 

𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚 =  −𝑅𝑅𝑅𝑅 ln(𝛾𝛾𝑤𝑤𝑥𝑥𝑤𝑤 ) =  Πs 𝑉𝑉�𝑤𝑤  (9) 

For instance, the minimum theoretical specific energy needed for a 50% water recovery from 

seawater (3.5 w/w% NaCl and 15 °C) is 1.06 kWh/m3, while current reverse osmosis plants require 

only ~2 kWh/m3 under the same conditions, which explains their worldwide spread.1 
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1.2. Membrane separation principles 

A membrane is a semi-permeable layer, which favors the transport of one component over others 

based on different mechanisms and under different driving forces that vary depending on the 

separation process (pressure, temperature, concentration, electrical potential, etc.). A feed 

containing a mixture of components is passed on top of the semi-permeable layer, which allows 

the preferential transport of one or more components across the membrane generating a permeate 

stream, while the non-permeated feed results in a retentate stream, which can be further processed 

(Figure 1.2a).  

 

 

 
 

Figure 1.2. a) Schematic illustration of a spiral wound membrane module. b) Schematic representation of streams 
in a membrane element with feed, permeate, retentate, and their relative compositions in a co-current 
configuration. Where xi is the composition of the component of interest, r, f, and p subscripts/superscripts are 
related to retentate, feed, and permeate, respectively. Jtot is total flux (mol m-2 s-1) permeating the membrane 
between z and z+dz sections. 
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The mass transport rate of a component across a membrane can be described as a function of the 

driving force across the membrane thickness and the permeance (i.e., the flux of a component 

normalized by the membrane area and the transmembrane pressure) according to Eq. 10: 

 

𝐽𝐽 =  −𝑷𝑷 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  

 
(10) 

 

where J is the flux across the membrane, P is a phenomenological coefficient expressing the 

permeance of the membrane, and  𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅  

 is the variation of the driving force along with the membrane 

thickness.10,11 The driving force is dependent on the separation process and can be expressed in 

terms of hydrostatic pressure P, chemical potential µi, concentration Ci, activity ai, partial pressure 

pi, fugacity fi, and electrochemical potential µi
E. 

 

For gas separation, the driving force to transport gaseous species across the membrane is the 

chemical potential difference between feed and permeate. The difference in the chemical potential 

corresponds to a gradient in the fugacity of gases (or partial pressure in the case of ideal 

assumption), which can be originated either via feed compression or via vacuum of the permeate 

side. 

The constitutive flux equations across the membrane for a gas mixture at any section z of the 

membrane (Figure 1.2b) is given by Eq. 11-13: 

 
 

𝐽𝐽𝑖𝑖 =  𝑷𝑷 (𝑃𝑃 𝑓𝑓 𝑥𝑥𝑖𝑖
𝑓𝑓

 
−  𝑃𝑃𝑝𝑝 𝑥𝑥𝑖𝑖

′𝑝𝑝 ) 
       
∀𝑖𝑖 = 1, … ,𝑁𝑁𝑐𝑐  (11) 

𝐽𝐽𝑖𝑖 =  𝐽𝐽𝑡𝑡𝑡𝑡𝑡𝑡 𝑥𝑥𝑖𝑖
′𝑝𝑝   ∀𝑖𝑖 = 1, … ,𝑁𝑁𝑐𝑐      (12) 

𝐽𝐽𝑡𝑡𝑡𝑡𝑡𝑡  =  �   𝐽𝐽𝑖𝑖
𝑁𝑁𝑐𝑐

𝑖𝑖=1
  

 

 

 
(13) 

 

where P is the permeance (mol m-2 s-1 Pa-1) and Pf and Pp are the feed and permeate pressures, 

respectively. 𝑥𝑥𝑖𝑖
𝑓𝑓 and 𝑥𝑥𝑖𝑖

′𝑝𝑝 are the feed and permeate compositions at the section z. 𝐽𝐽𝑖𝑖 is the molar 

flux of the ith component, while 𝐽𝐽𝑡𝑡𝑡𝑡𝑡𝑡 is the total flux. Equations 11-13 applied on an infinitesimal 

membrane volume Amdz together with the stoichiometric identities and mass balances describe the 

overall membrane system and identify streams flow rates and relative composition, and the 

membrane area needed for a given target separation.12 
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1.3. Industrial membranes for gas separations 

The major breakthrough in membrane-based separations that allowed the development, twenty 

years later, of the first membrane for gas separation was achieved by Loeb and Sourirajan in 1961. 

Researchers struggled in achieving adequate fluxes through thick polymeric films, and when 

reducing the film thickness, an increase of flux was possible at the expense of decreased 

selectivities. Loeb and Sourirajan achieved by a simple method the synthesis of asymmetric 

membranes where a very thin, selective layer was formed atop of a thicker layer where the transport 

resistance was small.13 

The development of asymmetric membrane technology allowed Monsanto company to launch the 

first membrane for gas separation based on a very thin polysulfone selective layer coated with a 

silicon layer to block unselective defects within the polymeric layer. The developed hollow fiber  

membrane was commercialized as PRISM membrane and adopted to tune the H2 : CO2 ratio in the 

syngas synthesis.14,15 

 

Following PRISM membranes, remarkable development was achieved in the membrane-based gas 

separation field, and its market is nowadays estimated at 1-1.5 billion/year. Separation of N2 from 

air and the sweetening of natural gas (removal of CO2 from natural gas) are the two major 

applications of this technology and account for more than two-thirds of the whole market.16 

 
Table 1.1. Current industrial membranes for gas separation. Data obtained from Ref. [17]. 

Gas Membranes   Selectivity Permeance 
(GPU)a 

N2/Air Polysulfone (Air 
products) 

O2/N2 

3-6 5-50 

Nitrogen production  Polyimide (Air Liquide)     

  Polycarbonate (Generon)     

  poly(phenylene oxide) 
(Aquilo)     

CO2/CH4 Cellulose acetate (UOP) 
CO2/CH4 

10-15 100-200 

Natural gas sweetening       

H2/N2 or NH3 
Polysulfone (Air 
products) H2/N2 

50-150 80-200 

Hydrogen separation Polyimide (Air Liquide)     

hydrocarbons Silicon rubber (PDMS) 
(MTR) C3/N2 5-20 500-5000 (C3/N2) (organic vapor 

recovery) 
 a 1GPU = 3.3x10-10 mol m-2 s-1 Pa-1 
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Table 1.1 summarizes the major industrial applications of membranes, together with their 

performance of permeance and gas-pair selectivities.18  The current industrial market is dominated 

by polymeric membranes due to their ease of large-scale processing, which allows for high-surface 

areas per unit of volume (spiral wound configurations, Figure 1.2a) and low costs per m2 of 

membrane area. However, polymeric membranes display moderate selectivities, low permeances, 

as well as poor chemical and thermal stability.19 Their low performance is due to their transport 

based on the solution-diffusion transport mechanism.  

 

1.4. Solution-diffusion transport 

Transport of gas molecules across polymeric membranes takes place via the solution-diffusion 

mechanism, which is summarized by Eqs. 14-15:20 

 

𝑃𝑃𝐴𝐴 =  𝐷𝐷𝐴𝐴   𝑆𝑆𝐴𝐴  (14) 

𝛼𝛼(𝐴𝐴/𝐵𝐵) =  
𝑃𝑃𝐴𝐴
𝐴𝐴𝐵𝐵

 = �
𝐷𝐷𝐴𝐴
𝐷𝐷𝐵𝐵
� �
𝑆𝑆𝐴𝐴
𝑆𝑆𝐵𝐵
�

 
=  𝛼𝛼𝐷𝐷 (𝐴𝐴/𝐵𝐵)  𝛼𝛼𝑆𝑆 (𝐴𝐴/𝐵𝐵)    

(15) 
 

where PA, DA, and SA are the permeability (permeability = permeance x membrane thickness), 

diffusivity, and solubility of component A within the polymeric phase, respectively. The subscript 

B refers to component B and 𝜶𝜶(𝑨𝑨/𝑩𝑩) is the selectivity between components A and B (Note that Eq. 

14-15 are valid when upstream pressure and concentration are much higher than the downstream 

ones). The solution-diffusion mechanism consists of the sorption of gas molecules in the upstream 

side of the membrane into the polymeric phase, followed by the diffusion along the direction of the 

driving force gradient, and, finally, the desorption from the polymer into the gas phase. The 

permeability and selectivity of the membrane are a function of a kinetic parameter, D, and a 

thermodynamic parameter, S. When molecules with similar solubility coefficients are separated, 

their selectivity in the polymer is mainly determined by the difference in their kinetic diameters. 

For instance, O2/N2 have low solubilities in polymers and present only 0.18 Å difference in kinetic 

diameter (O2 = 3.46 Å, N2 = 3.64 Å), which results in polymers with low selectivities (e.g., 3-6, Air 

Liquide), while for the separation of H2/CH4 where the difference is 0.9 Å (H2 = 2.9 Å, CH4 = 3.8 

Å) polymers with selectivities up to 200 have been reported.21  

Overall, polymeric membranes suffer from a trade-off between permeance and selectivity, where 

the increase of one of them happens at the expense of the other. Moreover, change in the fractional 
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free volume (FFV) of the polymer with time (aging), and the plasticization effects due to absorbed 

molecules (e.g., CO2) limit their performance.22,23 

 

1.5. Nanoporous and nanochannel transports 

Most inorganic membranes such as zeolites, metal-organic frameworks (MOFs), metals, etc. 

transport and separate molecules based on their kinetic diameters via a molecular sieving 

mechanism (other mechanisms such as surface diffusion can occur especially at low temperatures) 

where the molecular size difference plays a major role in the final selectivity between molecules. 

With micropores in the range of 0.2-0.8 nm, inorganic membranes display superior performance in 

terms of permeance, selectivity, thermal, mechanical and chemical stability compared to 

conventional polymeric membranes.18,24 Despite their remarkable advantages, most inorganic 

membranes are still in the research and development stage. Their major limitations include high-

specific membrane costs, low processability, and brittleness. Such limitations often require the 

fabrication of rigid and specialized porous supports compatible with the delicate inorganic selective 

layers, and the synthesis cost of the support accounts for the majority of the overall membrane 

cost.25,26 
 
Contrarily to polymeric membranes where the gas transport occurs within the polymer FFV, 

polycrystalline porous inorganic membranes (e.g., zeolites, MOFs) impart well-defined and 

crystalline porous channels where gas-sieving takes place. Nevertheless, the precise control and 

scalability of crystal nucleation and growth remain a grand challenge.27 For this reason, the 

development of membrane materials that are easily processable into thin films with high-sieving 

performance is an essential step for the continuous and sustainable development of inorganic 

membranes. 

 

The Nobel-prize-awarded discovery of graphene by Geim and Novoselov in 2004 triggered an 

extensive research interest in two-dimensional (2D) materials for gas and liquid separations.28 

Among these, 2D nanosheets-based membranes have steadily acquired increasing relevance. Their 

assembly as building blocks into thin films makes them promising candidates for the next 

generation of membranes. The atom- or few-atoms-thick nanosheets could lead to higher fluxes 

since they minimize the diffusional path that a molecule travels to cross the membrane thickness. 

Moreover, their in-plane crystalline structure with highly-ordered pore arrays ensures high size-

sieving selectivity.29 
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2D nanosheet-based membranes can be classified in two main categories based on their transport 

mechanism: i) intrinsically non-porous nanosheets, which rely on different strategies to finetune 

the selective interlayer spacings (graphene oxide GO and reduced graphene oxide rGO,30 

MXenes,31 transition metal dichalcogenides TMDs,32 and layered double hydroxides, or LHDs33) 

(Figure 1.3a); and ii) porous nanosheets where the transport of the molecules occurs parallel to the 

nanosheet thickness and through their pores (nanoporous graphene,34 zeolites,35 MOFs,36 covalent 

organic frameworks COFs,37 and graphitic carbon nitrides38) (Figure 1.3b). 

 

 
 
Figure 1.3. a) Non-porous nanosheets with molecular transport given by the finetuning of the interlayer spacing. 
b) Porous nanosheets where the transport occurs across the nanosheets through the porous framework. 

 
1.6. Synthesis and separation mechanism of 2D nanosheets 

The synthesis of 2D nanosheets with nanometer or sub-nanometer thickness will remarkably reduce 

the transport resistance with increased flux. Two major routes, top-down and bottom-up, are 

utilized to synthesize 2D nanosheets. The former relies on the difference between the in-plane and 

out-of-plane forces that keep atoms and layers together. Typically, weak Van der Waals 

interactions holding together stacked nanosheets can be overcome by different strategies such as 

ultrasound,36 solvent-assisted exfoliation,39 polymer intercalation coupled with external shear 

stress,35 and freeze and thaw40 exfoliation separating the single- or few-layered nanosheets. 

Restacking of the nanosheets, low exfoliation yields, and fragmentation represent some of the 

major drawbacks in the top-down strategy.41 The bottom-up route relies on the suppression of the 

orthogonal crystal growth either by reaction nanoconfinement (e.g., air-liquid and liquid-liquid 

interfaces,42,43 nanoreactors44) or by the use of third-party molecules (e.g., surfactants), which direct 

the growth in the in-plane domains.45 The need for substrates, interfaces, and surfactants hinders 

mass production in the bottom-up approach. Moreover, the resulting nanosheets are still relatively 

thick (5–50 nm).46  
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The selection of either route depends on which features the nanosheets need to possess for the 

desired application. Both synthesis strategies can originate lateral sizes in the order of  hundreds of 

μm,43,47 and their assembly into membranes can be performed by several methods, such as pressure-

assisted filtration,48 spray coating,49 casting,50 layer-by-layer deposition,51 and hot-drop coating.52  

 

The selective pathways that the gas molecules travel through vary depending on the structural 

nature of the nanosheets, which can be porous (e.g., zeolites, MOFs, COFs, etc.) or nonporous (e.g., 

GO, TMDs, LHDs, etc.). The controlled stacking of the latter type of nanosheets produces 

nanochannels due to the interlayer repulsive interactions. The intercalation of guest molecules 

between the layers, besides creating empty interlayer pathways for the molecules, can facilitate 

their transport based on the different affinity between the guest molecules and the species being 

separated.53,54 Although membranes of a few nanometers in thickness can be fabricated, the 

distance traveled by a molecule in crossing the whole membrane thickness can be orders of 

magnitude longer, resulting in lower fluxes.30 To shorten the molecule transport pathways, the use 

of intrinsically porous nanosheets allows perpendicular transport along the gas gradient 

concentration minimizing the transport resistance and resulting in higher productivity. 

The synthesis of nanosheets-based membranes for gas separation has been successfully 

demonstrated for both porous and non-porous nanosheets, and major advancements for few 

representative materials will be highlighted in the next section for both types of channels. 

 

1.6.1. Transport through nanoporous zeolites 

Zeolites are alumino-silicates with tetrahedrally connected SiO2 networks forming well-defined 

crystalline domains with pores ranging from 0.25 to more than 1 nm.55 Zeolites have been used in 

many chemical processes because of their unique properties of well-defined pores,  high porosity, 

chemical, and mechanical stability.56 However, zeolites have only been applied as membranes in 

the context of organic stream dehydrations using LTA-type zeolite.57–59 To circumvent 

crystallization defects in polycrystalline zeolite membranes, thicknesses of up to tens of 

micrometers are required, which result in much higher transport resistances. In this regard, the use 

of 2D zeolite nanosheets as building blocks for gas separation has attracted much attention as high-

performance molecular sieving membranes. Nanosheet crystallinity, uniform thickness, and high 

aspect ratio are vital requirements for the successful fabrication of high-performance membranes. 

Synthesis of nanosheets using conventional top-down solution-based exfoliation techniques (e.g., 

sonication) could not meet these criteria, as it results in defective nanosheets unsuitable for 

membrane fabrication. Tsapatsis and coworkers developed a polymer-based exfoliation technique 
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for ITQ-1 and multilamellar silicalite-1 zeolites, which delivered high-quality MWW and MFI 

nanosheets, respectively.35 After the purification steps to isolate the nanosheets from the polymeric 

matrix and the removal of larger unexfoliated particles by centrifugation, the 1 or 1.5 unit-cell-

thick zeolite nanosheets were assembled into thin membranes by vacuum filtration. Although 

successful fabrication of well b-oriented MFI nanosheets membranes was achieved (c-oriented for 

MWW), which exposes the shape-sieving 0.55 nm pore of MFI to the gas phase, no separation for 

the xylene isomers was reported due to the presence of non-selective pathways between the 

nanosheets (Figure 1.4a). 

 

After performing a mild secondary growth step to seal these defects, the prepared membranes 

showed a p-xylene/o-xylene separation factor (SF) in the range of 40-70 and p-xylene permeance 

of 3×10−7 mol m−2 s−1 Pa−1 at 150 °C. The final membrane thickness was only 200 nm, which is an 

order of magnitude lower than conventional polycrystalline zeolite membranes.  

The employment of secondary growth is considered to be a problematic step because it is an 

expensive and complicated process that hinders the scale-up for commercial applications affecting 

membrane reproducibility.60 To bypass the solvothermal recrystallization step, the same group 

developed a gel-less secondary growth to seal non-selective pathways. MFI nanosheets were 

deposited on a porous Stöber silica layer by vacuum filtration, and a gel-less secondary growth was 

performed, resulting in a membrane thickness of 100 nm. The Stöber spheres acted as a silica source 

during the regrowth step, and the same b-orientation was maintained, producing a higher p-

xylene/o-xylene SF compared to the previous study while maintaining similar fluxes.61 
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Figure 1.4. a) TEM image of a single MFI nanosheet and its crystal structure along the b axis. Electron diffraction 
pattern measured and simulated of MFI.35 b) Illustration of MFI monolayer deposition in a conical reservoir. The 
liquid is slowly drained from the bottom to lower the level and compress the nanosheets.62 c) TEM and AFM 
images. Gradual and complete bottom-up growth of the MFI nanosheet around the seed.63 Reprinted with 
permission. Ref. [35]: Copyright 2011, American Association for the Advancement of Science. Ref, [63]: 
Copyright 2017, John Wiley and Sons. 

 
Another key step to further improve the membrane performance was the partial removal of the 

organic structure-directing agent (OSDA), which allowed the dispersion of the nanosheets in more 

environmentally friendly solvents such as water and ethanol, and offered the opportunity to 

stabilize the nanosheets at the air/water interface. The stabilization of monolayers of MFI 

nanosheets at the air/water interface of a conical reservoir, along with the slow withdrawal of water 
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from the bottom part, allowed the careful deposition of the nanosheets onto a porous Stöber silica 

layer, giving rise to very thin zeolite nanosheet-based films (Figure 1.4b). Subsequent exposure of 

the nanosheets layer to the gel-less secondary growth process delivered an unprecedented 

separation performance with a SF between xylene isomers over 10000 and a permeance of 2.9×10−7 

mol m−2 s−1 Pa−1.51,62  

Bottom-up synthesis of MFI nanosheets can eliminate the structural defects that may arise from the 

top-down approach. Tsapatsis and coworkers achieved a breakthrough in synthesizing 5 nm-thick 

MFI nanosheets (2.5 unit cells) by appropriately suppressing the orthogonal growth with the use of 

bis-1,5(tripropyl ammonium)pentamethylene diiodide structure-directing agent (Figure 1.4c). 

Their pioneering work produced micrometer MFI nanosheets in lateral size, and their stacking onto 

a porous support with the previously developed gel-less secondary growth resulted in excellent 

performance for the xylene isomers separation.64  

 

Since the first synthesis of 2D membranes with MFI and MWW nanosheets, extensive work has 

been carried out by Tsapatsis and coworkers in developing very thin nanosheet layers without the 

need for solvothermal secondary growth. However, more research needs to be performed in this 

direction to completely eliminate the gel-less secondary growth. Moreover, increase in the 

exfoliation yields, synthesis of larger lateral nanosheet size, and the use of cheaper supports would 

facilitate the scale-up of these high-performance membranes. 

 

1.6.2. Transport through nanoporous MOFs  

Metal-organic frameworks (MOFs) are a new emerging class of materials consisting of metal ions 

or clusters coordinated with organic linkers, leading to a highly crystalline nano- or microporous 

network. Due to their high porosity, tunable pore size and structure, and abundant surface 

functional groups, they have attracted exponential interest in many applications, such as separation 

and gas storage, catalysis, chemical sensing, and drug delivery.65 Beside their three-dimensional 

structure, many-layered MOFs have been reported in literature offering the potential of their 

implementation as building blocks for 2D-based membranes.66 Nevertheless, challenges remain in 

the top-down exfoliation strategy to fully preserve the nanosheets’ crystallinity and their high 

aspect ratio. On the contrary, the bottom-up approach could produce higher quality MOF 

nanosheets. 

 

Despite the challenges in the top-down approach in preserving the morphological and structural 

integrity of the MOF nanosheets, Yang’s group was successful in exfoliating 1-nm thick MOF 
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nanosheets with a lateral size larger than a micrometer while preserving their crystallinity.36 A 

combination of a low-energy wet-ball milling and sonication exfoliated the MOF precursor Zn2-

(bim)4 (bim=benzimidazole). Their key finding was to use a mixture of solvents, namely methanol 

and propanol. The former would access the interlayer spacing, thanks to its smaller kinetic 

diameter, while the latter was able to stabilize the exfoliated nanosheets. The exfoliated MOF 

nanosheets have a theoretical pore size of 0.21 nm, and the flexible framework could accommodate 

H2 molecules into these pores. To avoid the restacking of the nanosheets, they adopted the hot-drop 

coating method onto a porous ceramic support, which increased the turbostratic disorder between 

the nanosheets (Figure 1.5a). Ultrathin membranes (thickness <10 nm) were fabricated, which gave 

a sharp molecular cut-off between H2 and CO2 with SF as high as 291 with a H2 permeance higher 

than 2000 GPU (1 GPU = 3.3×10−10 mol m−2 s−1 Pa−1). It is worth mentioning that no absolute 

pressure difference across the membrane was applied to prevent bending/deformation of the 

nanosheets with loss in performance.  

Ball milling and ultrasound exfoliation method might damage fragile MOFs. Wang et al. employed 

a mild freeze and thaw technique to exfoliate MAMS-1 (Mesh Adjustable Molecular Sieve, Ni8(5-

bbdc)6(μ-OH)4, 5-bbdc stands for 5-tert-butyl-1,3-benzenedicarboxylate) into nanosheets.40 The 

fast volumetric expansion of the solvents during the thawing process created shear stress between 

the layers overcoming the weak Van der Waals interactions (Figure 1.5b). MAMS-1 possesses two 

different pore domains: 0.29 nm pore aperture parallel to the nanosheet plane and 0.55 nm aperture 

perpendicular to the smaller pore. It is then of vital importance to ensure the right in-plane 

orientation of the nanosheet to expose the more selective pore. This could be achieved using the 

hot-drop casting method at a temperature slightly higher than the solvent boiling point to allow fast 

evaporation and avoid the restacking of nanosheets as well as the desired nanosheets orientation. 
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Figure 1.5. a) SEM image of as-synthesized Zn2(bim)4 with its theoretical layered structure and the SEM images 
of bare porous support as well as with coated nanosheets.36 b) Image of MAMS-1 crystal with an illustration of 
the freeze-thaw exfoliation method.40 c) Illustration of the steps for preparing oriented Zn2(bim)4 nanosheets 
membrane by zinc oxide self-conversion growth in GO confined space.67 Reprinted with permission. Ref. [14]: 
Copyright 2014, American Association for the Advancement of Science. Ref. [40]: Open access, Copyright 2017 
Springer Nature. Ref. [67]: Open access, The Royal Society of Chemistry (RSC). 

 
Membranes with thicknesses up to 40 nm were fabricated. The 12-nm membranes displayed a 

H2/CO2 SF of 34 and H2 permeance of 6516 GPU, while the 40 nm-thick membranes could achieve 

a higher separation factor of 235 at the expense of an order of magnitude lower H2 permeance. 

Interestingly, their membranes showed a reversed thermo-switchable behavior. The gas pair 

selectivity was ranging from 5 at 100 °C to 245 at room temperature. In situ X-ray measurements 

helped explain this abnormal behavior with the flexibility of the tert-butyl groups as a function of 

temperature. This stimuli-responsive feature finding can be potentially exploited in temperature-

swing-related gas separations. 

Membranes supported on small-diameter tubular supports are of great importance in gas separation 

applications because they offer high surface area per unit of volume and can withstand higher 
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pressures. However, the top-down approach is confronted with many engineering challenges in 

fabricating 2D nanosheets onto tubular supports. Similarly, it is not trivial to directly grow 2D 

MOF membranes on tubular substrates. Li et al. were the first to report the synthesis of a crystalline 

nanosheet membrane on a porous tubular substrate by direct growth.67 They exploited the GO-

guided growth by first depositing a thin layer of ZnO nanoparticles on the tubular support by dip-

coating, followed by another layer of GO upon which the nanoparticles self-converted into 

Zn2(bIm)4 nanosheets membranes. The 200 nm thin membranes displayed a H2/CO2 selectivity of 

106 and a H2 permeance of ca. 500 GPU (Figure 1.5c). Their strategy offers the opportunity for the 

large-scale fabrication of highly-oriented MOF nanosheet membranes on a tubular geometry, 

which is relevant for industrial gas separations.  

 

Unprecedented performance has been achieved with 2D MOF nanosheets-based membranes. 

Nevertheless, many efforts still need to be made before achieving the precise manipulation of the 

nanosheets, especially on a large scale. Fabrication of nanosheet lateral sizes larger than 1 μm, 

uniform nanosheet thickness, higher degree of crystallinity (particularly for the top-down 

exfoliation approach), and scalable membrane fabrication strategies are all vital features that still 

represent a hurdle in the commercialization of MOFs membranes. Moreover, investigations of their 

mechanical and chemical stability in real commercial operating conditions need to be performed. 

 
1.6.3. Transport through graphene oxide nanochannels  

GO is a derivative of graphene, and it is widely obtained from the oxidation of graphite using 

Hummer’s method.68 The oxidation method developed by Hummer produces GO with a high 

content of oxygen-rich functional groups (hydroxyl, carboxyl, and epoxy groups) on the basal plane 

as well as on the nanosheet’s perimeter. The transport of molecules occurs mainly through the 

gallery spacings and through in-plane defects/gaps generated during exfoliation and/or during 

membrane assembly. The fine-tuning of the interlayer spacings between the nanosheets plays a key 

role in gas and water separations. Li et al. assembled GO nanosheets into a 1.8 nm-thick membrane 

by simple vacuum filtration, achieving unprecedented H2/CO2 and H2/N2 selectivities of 3400 and 

900, respectively (Figure 1.6a). However, the H2 flux was low for such a thin membrane, 

demonstrating the ‘zig-zag’ type of transport.30 The importance of rationally manipulating the 

repulsive/attractive forces between the functional groups in the nanosheets can drastically change 

the GO membrane performance. Xu and coworkers rationally designed external forces (i.e., 

vacuum-filtration-coupled shearing forces derived from the spin-coating system) as well as inner 

forces (i.e., using intercalating polymers) to finely manipulate the 2D channels aperture.69 The 
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polymer intercalation suppressed the repulsive force, while the external forces contributed to the 

well-ordered packing of nanosheets. The as-prepared membranes, with 2D channels of 0.4 nm, 

displayed 2–3 orders of magnitude improvement in hydrogen permeance and a 3-fold enhancement 

in the H2/CO2 selectivity (Figure 1.6b). 

 

The interaction of the guest molecules with the functional groups present in the nanosheets can 

facilitate the transport of molecules. For example, μm-thick GO membranes were impermeable to 

even the smallest gases and changed their behavior after being exposed to water.70 A fast transport 

took place due to a combination of the favorable interactions between water molecules and 

functional groups of GO and the fact that water can flow frictionless in the hydrophobic domains 

of GO.53 On a similar principle, Zhou et al. functionalized GO nanosheets with a brush-like CO2-

philic agent (piperazine) using vacuum filtration on a tubular support. The 20 nm-thick membranes 

exhibited a remarkable CO2 permeance of 1020 GPU and a CO2/N2 selectivity of 680, while the 

non-grafted nanosheets showed orders of magnitude lower performance (Figure 1.6c).54 

 

Considerable progress has been achieved in the fabrication methods of GO membranes, as well as 

improvements in their performance. However, the long-term stability of the well-designed 

nanochannels, especially in the presence of water, along with the development of low defective 

nanosheets during exfoliation, needs to be fully investigated. Moreover, the inefficient ‘zig-zag’ 

type of transport motivates the formation of few-nanometer thick membranes to increase 

productivity, which might be technically challenging to engineer on an industrial scale. 
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Figure 1.6. a) Picture of GO membrane on porous AAO support. Yellow and brown circles are Kapton tape and 
O-ring for sealing the membrane. Middle, SEM image of 18 nm-thick GO membrane on AAO support. Right, 
SEM images of AAO support with (top) and without (bottom) GO nanosheets.30 (b) Illustration on the design of 
GO nanochannels with external forces application. Enlarged view shows resultant force (i.e., compressive, 
centrifugal, and between the polymer and GO sheets). Below, hypothetical assembly of GO sheets in the surface 
and cross-section with (right) and without (left) the application of the rationally designed forces.69 (c) Illustration 
of the fabrication process of CO2-based hollow fiber membranes with a brush-like CO2-philic agent. Red and 
blue brushes are a visual aid to distinguish between molecules grafted on the bottom and top of the GO surface, 
respectively.54 Reprinted with permission. Ref. [30]: Copyright 2013, the American Association for the 
Advancement of Science. Ref. [69]: Copyright 2016, American Chemical Society. Ref. [54]: Open access, 
Copyright 2017 Springer Nature publisher. 

 

1.7. Opportunities for zeolite membranes compared to polymeric 
membranes 

The successful implementation of polymeric membranes into commercial applications for gas 

separation has been widely demonstrated (Table 1.1). The key aspect of these commercial 

applications where polymeric membranes are employed is the mild temperature-operating 

condition limited to values below 150 °C.71 For applications where the operating conditions are 
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harsher, the use of most polymeric materials is precluded. High-temperature polymers 

(polybenzimidazole-based polymers) have shown excellent selectivities, for instance, for H2/CO2 

separation and can withstand high temperatures; however, their low permeabilities represent a 

major bottleneck for the scale-up of these membranes.72–74 

A window of opportunity where zeolite-based membranes can stand out compared to polymeric 

ones is for high-temperature applications. Although it is always possible to cool down a gas stream 

and perform the separation with polymers, this is highly undesired due to the increased capital and 

operating costs and energy losses. Therefore, we identified major applications that are widely 

employed in the industry, where zeolite membranes could find an opportunity compared to 

polymeric membranes. 

 

• Hydrogen purification. Hydrogen-based fuels are proposed as a transition energy source to 

renewable energies.75 The current global hydrogen production is approximately 7.2 

exajoules (EJ) per year, and its production is essentially fossil fuel-based. The amount of 

CO2 emitted per year due to the production of hydrogen is approximately 500 Mt. 

Hydrogen production from fossil fuels with carbon capture and storage (CCS) may prove 

to be an effective process for reducing the CO2 emissions.76  

Hydrogen production primarily relies on the transformation of hydrocarbons into syngas 

(mixture of H2 and CO). The latter is typically produced by different routes such as 

gasification, steam methane reforming (SMR, 500-900 °C and 10-60 bar), autothermal 

reforming (ATR), etc. The syngas undergoes the water-gas shift reaction (WGS, 200-400 

°C and 10-40 bar) to further convert carbon monoxide into hydrogen and carbon dioxide. 

The final reaction mixture mainly comprises CO2, H2, and unconverted reactants, and 

therefore requires a process for energy-efficient H2 purification and CO2 capture at 

temperatures higher than 200 °C. Thermally stable, energy-efficient membranes are highly 

attractive in this regard. 

 

• Pre-combustion capture. During pre-combustion capture in an integrated gasification 

combined cycle (IGCC) power plant, coal is gasified to produce syngas. The syngas, 

similarly to the SMR, is shifted to CO2 and H2. At this stage, in conventional IGCC plants, 

the shifted stream is cooled down, and amine-based absorption separation is implemented 

to absorb the CO2 yielding a clean H2 stream that is combusted in a gas turbine.77 The 

implementation of membranes capable of withstanding high temperatures (T > 200 °C) and 
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H2/CO2 selectivity higher than 20 could remarkably increase the overall process 

efficiency.78 

 

• Membrane reactor. Catalytic chemical reactors are often operated at high temperatures. 

The availability of inorganic membranes capable of withstanding the reaction environment 

enables the coupling of reaction and separation steps in a single equipment. This can be 

achieved by either controlling the feed of a specific reactant or by selectively removing one 

of the reaction products, thus increasing the conversion of thermodynamically limited 

reactions (e.g., water-gas shit reaction, SMR).18 

  

1.8. Zeolites:  Limitations and opportunities 

15% (130 out of 840) of the whole industrial catalysts are represented by zeolites.79 Decades of 

study on zeolites have achieved astonishing industrial results, making them the state-of-the-art 

catalytic materials for many basic refinery processes (e.g., fluid catalytic cracking, hydrocracking, 

etc.).80 On the other hand, the commercialization of zeolite membranes has been limited to only 

dehydration of organic solvents based on hydrophilic LTA-zeolite frameworks.81,82 

Many obstacles limited the commercialization of zeolite membranes, such as the membrane 

synthesis method, the prohibitive costs and large-scale engineering of the inorganic supports, and 

the use of expensive organic structure-directing agents.27,83  

High-performance zeolite membranes for gas separation are generally synthesized using seeded 

secondary growth over the in-situ crystallization method. The latter consists of placing the 

synthesis mixture (silica and alumina sources, SDA, and water) together with a porous substrate 

into an autoclave at high temperature, where the zeolite crystals nucleate and grow directly on the 

inorganic support.84 The limited control over the anisotropic crystals orientation and the coupled 

nucleation-growth restricts the in-situ method compared to seeded secondary growth. The latter 

consists of synthesizing nano-seeds of the aimed zeolite in the range of 50-1000 nm and in 

depositing them onto a porous support. After a secondary re-crystallization step, the seeds are 

intergrown, forming a continuous and thin film.27 Seeded secondary growth is a more versatile 

approach that decouples nucleation and growth of the crystals. It provides a higher degree of 

freedom by allowing the orientation of the anisotropic seeds, which plays a major role in the quality 

of the final membrane.85 At the same time, hydrothermal synthesis and the subsequent activation 

of secondary-growth zeolite films results in reproducibility issues due to grain boundary defects, 

cracks, etc., hindering the vital requirement needed for industrial commercialization.83,86 
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As mentioned in section 1.5 (chapter 1), a possible strategy to avoid secondary growth is the 

synthesis of 2D zeolite building blocks that can be assembled into thin films.87 In the last decade, 

Tsapatsis and coworkers successfully initiated and advanced this strategy by synthesizing 2D MFI-

based ultrathin membranes for the separation of xylene isomers.35,51,55,64,88–91 However, high-

performance membranes that are based on the sole assembly of MFI nanosheets on a porous support 

or 2D zeolitic membranes capable of sieving light gases (H2, CO2, N2, O2, and CH4) were not 

reported. When multilamellar-MFI nanosheets were assembled without secondary growth, a 

selectivity between butane isomers of 5.4 was obtained, which was an order magnitude lower than 

that achieved with secondary-regrown nanosheets demonstrating the existence of non-selective 

pathways.89 

The synthesis of high-performance zeolitic membranes without resorting to the secondary growth 

process remains a grand challenge. The other limiting factors (support and SDA) will be discussed 

in detail in the following sections. 

 

1.9. Zeolites for H2/CO2 separation 

The window of opportunities for zeolite membranes identified in section 1.7, foresees many 

applications based on the ability of zeolite membranes to sieve H2 from CO2 at high temperatures. 

However, current zeolite membranes are unable to efficiently sieve this gas mixture because of 

poor selectivities.92 The transport across a zeolite membrane starts with the adsorption of the gas 

molecules from the gas onto the zeolite framework, followed by the diffusion through the 

framework under surface diffusion (at low temperatures) or activated diffusion (at elevated 

temperatures), and the final desorption on the permeate side into the gas phase.93,94 H2/CO2 is a 

very challenging separation because of the diverse nature of these two molecules. CO2 has a larger 

quadrupole moment compared to H2, which increases its adsorption in zeolites.27 On the other hand, 

the smaller H2 kinetic diameter allows for higher diffusion rates compared to CO2. These two 

extremes in their properties make the choice of zeolitic framework and of operating conditions 

arduous.  

 

While there is a lack of pure zeolite membranes capable of separating H2 from CO2, membranes 

that exploit the higher CO2 condensability by permeating CO2 and rejecting H2 have been 

extensively reported. Hedlund and coworkers successfully prepared ultrathin (0.5-1 µm) MFI-

zeolite membranes with extremely high flux and capable of achieving CO2/H2 selectivities up to 
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258 at 235 K and 9 bar.95 At the same temperature, Noble and coworkers demonstrated the potential 

of SAPO-34 zeolite in the CO2/H2 separation reporting a separation factor of 110 with a moderate 

flux.96  

The use of CO2-selective membranes requires operating at low temperatures to prevent losses in 

the membrane performances. CO2 uptake in the zeolite framework is an inverse function of 

temperature, which results in a steep decrease in the CO2/H2 selectivity up to two orders of 

magnitude when going from 253 to 473 K.96 

 

 
Figure 1.7. CO2/H2 selectivity as functions of CO2 molar fraction at different temperatures in a NaY membrane. 
Feed pressure = 100 kPa, permeate pressure = 1 kPa. “O” experimental value of 4. Reprinted with permission 
from [97]. 

 
Barbieri and coworkers, based on surface and Knudsen diffusions, predicted the CO2/H2 transport 

mechanism of three different zeolite frameworks (i.e., FAU, DDR, and MFI) and further confirmed 

the very strong temperature dependence of CO2/H2 selectivity (Figure 1.7).98  

Overall, remarkable achievements have been attained using zeolite membranes for CO2/H2 

separation, and while CO2-selective membranes may offer the benefit of high-pressure H2 streams 

in the retentate, ready to be used for further applications with less recompression energy, the 

implementation of low-temperature separations and the need of gas stream cooling and reheating 

is a major energetic disadvantage.       

 

To develop H2-selective membranes, the thermodynamic parameter (i.e., adsorption) must be 

minimized in favor of the kinetic parameter (i.e., diffusion) to favor the smaller kinetic diameter of 
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H2 compared to the higher adsorption degree of CO2. This can be achieved by utilizing zeolite 

frameworks with small pore sizes and high-temperature operating conditions. Zeolites possessing 

6-MRs (six-membered rings of connected SiO4 tetrahedra) are good candidates for the transport of 

small molecules such as He, H2O, and H2.92,99,100  

Sodalite zeolite has a high concentration of 6-MRs and could potentially offer efficient H2/CO2 

separation.  Sodalite membranes have been used for water desalination,101 alcohol dehydration,102–

105, and H2/i-butane separation106, yet their investigation for H2/CO2 separation still needs to be 

reported. Occluded structure-directing agent (SDA) and reproducibility issues from secondary 

growth synthesis are the main reasons for the low-performing sodalite membranes for gas 

separation together with structure collapsing when attempting to free the sodalite cages by 

removing the SDA.107,108 

 

A hydrous layered silicate (HLS) composed of chains of 4-MRs of SiO4 tetrahedra that connect to 

form 6-MRs windows, called RUB-15, was reported in 1996 by Gies and coworkers.109 RUB-15 

possesses the desired SOD topology while retaining a layered structure. Okubo and coworkers 

demonstrated the first instance of transformation by topotactic conversion of RUB-15 layers into 

sodalite framework.110 Their key-finding consisted in identifying an appropriate intercalating 

molecule (e.g., acetic acid) that could replace the tetramethylammonium (TMA) SDA and in 

shifting the layers to the perfect in-plane registry to condense the interlayer Q3 sites ((SiO)3SiOH 

or (SiO)3SiO-). Later Koike et al. investigated the degree of crystallinity of the topotactically 

converted sodalite structure from RUB-15 using different acid treatment conditions.111 

The layered nature of RUB-15 could be a great opportunity to exploit the potential of the 6-MRs 

of the SOD topology while facilitating the removal of the SDA without collapsing the hemihedral 

cages. Moreover, its exfoliation could provide thin nanosheets for the synthesis of zeolitic 

membranes using the building block approach mentioned in section 1.5. 

 

1.10. Importance of the support for commercialization of zeolitic 
membranes  

Flux and membrane thickness are inversely proportional (Eq. 10). Zeolites membranes with only a 

few hundreds of nanometers have been synthesized to minimize the diffusional path that molecules 

need to travel.88,92  
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Figure 1.8. a) Planar asymmetric ceramic support with the zeolite layer. b) Pressure-drop diagram along the 
composite layers. 

 
Ultrathin zeolitic membranes are not self-standing and need to be supported. The underlying 

support plays a crucial role for successful membrane preparation. Smooth surface, low-transport 

resistance, chemical and thermal stability are the primary requirements needed to support a zeolite 

layer. The employed porous supports are generally inorganic (e.g., α-alumina, stainless steel, 

titania, etc.). The choice of the support is mainly dictated by the zeolite phase and support material 

compatibility. Zeolites tend to have a negative thermal expansion coefficient (their lattice shrinks 

upon heating); unlike for most ceramic materials, this is positive.112 The mismatch in the thermal 

expansion coefficient between zeolites and supporting layer is a major cause for the formation of 

defects, pinholes, cracks, etc., during the zeolite activation (i.e., SDA removal) and high-

temperature testing. 

The performance of the zeolite layer is highly affected by the support transport resistance. An ideal 

support should have a lower transport resistance, which is usually achieved by fabricating graded 

supports where the coarse layers facilitate the gas transport, while the fine texture of the top layer 

serves as a smooth surface for the zeolite seeds deposition (Figure 1.8a). For an optimal support, 

the major pressure drop should be located in the zeolite layer, while from the interface zeolite-

support to the permeate side, the pressure drop should be negligible (Figure 1.8b).  

 

Typically, the cost of the inorganic support used for zeolite membranes accounts for 70% to 90% 

of the overall membrane cost.27,83,113 Considering the uneven cost distribution caused by the 

support, the replacement with alternative, cheap materials would grant zeolite membranes a step 

forward towards commercialization in gas separation. Polymeric supports offer a great opportunity 
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to cost reduction for zeolite membranes; however, most of the zeolite frameworks require an 

activation step at high temperatures (> 673 K) in an oxidative atmosphere to remove the SDA, 

which would forbid the use of the majority of polymers.114 High-temperature polymers such as 

polybenzimidazole (PBI) are thermally and mechanically stable and display a high glass transition 

temperature (> 400 °C).115 The dense phase of PBI has an extremely low flux, which enables the 

use of PBI as support only in the porous form obtained via the non-solvent induced phase separation 

(NIPS) process. However, the calcination temperatures of zeolites exceed their thermal stability 

rendering their potential use only possible with alternative and milder detemplation processes.  

 

Zeolite detemplation 

Alternative and milder detemplation processes for the SDA removal are imperative for the 

employment of polymeric supports. SDA removal reaction is a function of both temperature and 

time. The simplest alternative method to conventional heat treatment at high temperatures is to 

lower the temperature at the expense of longer combustion time. Zhang et al. successfully 

detemplated MFI nanosheet membranes by using a temperature as low as 280 °C for 8 h yielding 

high-performance membranes for xylene and butane isomers separation.91  

UV/ozone treatment is another alternative way to remove the SDAs from the zeolite framework 

that has been successfully employed.116,117 Zeolites are generally calcined with very small heating 

and cooling ramps to minimize crack formation; however, rapid thermal treatments (RTP) with a 

fast heating/cooling to 600-900 °C yielded remarkable results by healing grain boundary defects in 

polycrystalline silicalite-1.118 Finally, extraction-based detemplation in acidic media is a method 

that was initially conceived for mesoporous materials and adapted to microporous silicates by Lami 

et al. who employed nitric acidic solutions to extract the SDA from the beta zeolite.119 

Great efforts have been devoted to the development of new detemplation methods, and these could 

enlarge the spectrum of polymeric materials that can be adopted as supports for zeolitic membranes. 

However, only a few of these methods are compatible with carbon-based polymers since the high 

temperatures of RTP and UV/ozone methods could degrade the polymeric chains. Achieving the 

implementation of lower detemplation temperatures to enable the use of high-temperature stable 

polymeric supports (e.g., polybenzimidazole) is just the first step. Many challenges still need to be 

overcome for the porous PBI polymer before being employed at a large scale, such as the fragile 

nature upon drying, the instability of the dope solutions used for NIPS process, and high degrees 

of shrinkage. 
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The successful synthesis of zeolite membranes onto polymeric supports has been demonstrated for 

frameworks that do not require SDA for their synthesis or if an activation step is not required, and 

such membranes yielded excellent performance.120,121 This is a great motivation in driving and 

directing more efforts towards new scalable and thermally resistant polymeric supports for zeolite 

membranes with the aim to benefit both their scalability and cost reduction. 

 

1.11. Process simulation 

The performance and the conceptual design of a membrane must be strictly developed as a function 

of the process operating conditions and the downstream applications of the purified stream. The 

circumscribed concept of developing a membrane with ultrahigh selectivity and permeance can be 

misleading. 

For instance, with a fixed recovery (i.e., the ratio between flow of component of interest in permeate 

and feed streams) and purity of the component of interest in the permeate stream, the optimal 

membrane selectivity of the membrane is not always the highest: membranes with extremely high 

selectivity would require much larger areas to allow the less permeable component to reach the 

permeate side and balance the mixture to the targeted purity and recovery. Similarly, membranes 

with poor selectivity would also require large areas to allow enough of the component of interest 

to permeate, reaching the desired targets. Hence, the optimal selectivity that would minimize the 

membrane area is a function with an optimal minimum, which would require careful process 

simulation analysis to be determined.122 

 

Another instructive example on how high permeance and selectivity can turn to be a drawback is 

the concentration polarization phenomenon. The driving force for a component to permeate through 

the membrane is a function of the concentration difference (or, more in general, the chemical 

potential) at the very interface gas-membrane between upstream and downstream sides. When a 

highly selective and permeable membrane is employed, the concentration polarization takes place 

due to the fact that the permeation of the permeable component through the membrane is faster 

than the transport from the bulk to the membrane, thus, in a steady-state condition where the two 

fluxes have to be equal, the concentration at the interface is lower than that in bulk. This drastically 

reduces the driving force for the separation resulting in higher energy/membrane costs.123  

 

The above examples show that focusing on a few membrane parameters only can be 

counterproductive. The membrane synthesis and development cannot neglect the process 
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simulation, which provides the techno-economic analysis to minimize the overall cost for a given 

separation. The techno-economic analysis uses membrane performance parameters together with 

process variables to determine the optimal membrane configuration that minimizes the overall 

membrane and energy cost (Figure 1.9).  

The development of a different type of membranes with higher flux and moderate selectivity and 

vice versa could provide a higher degree of freedom to process simulation analyses to find optimal 

configurations and operating parameters expanding the domain of the minimization of objective 

function costs.   

 

 
Figure 1.9. Two-stage layouts (for illustrating purposes) for the implemented configurations: (i) single module 
(SS), (ii) multistage stripper (MS), (iii) multistage enricher (ME), (iv) multistage with recirculation and feed 
splitting (MRS). Reprinted with permission [124] 

 

1.12. Thesis outline 

This dissertation aims to address longstanding challenges in the zeolitic membrane fabrication by 

looking at all the major components of the “membrane separation process” (i.e., selective layer, 

support, and process simulation), providing a comprehensive tool from selective-layer synthesis to 

potential application. For the selective layer, we report the synthesis of ultrathin zeolitic membranes 

without resorting to the secondary growth process using crystalline 0.8 nm-thick nanosheets as 

building blocks. Concerning the support, we report the development of a low-cost, scalable, and 

high-temperature polymeric support that could lower the overall zeolite membrane cost with the 



Chapter 1 

29 
 

potential of serving as support across different materials-based membranes. Finally, a carbon-based 

membrane possessing the second-highest flux ever reported in the literature with a Knudsen 

H2/CO2 selectivity was developed, and a techno-economic analysis was performed to evaluate the 

impact on the overall cost for pre-combustion capture using different stage configurations. The 

effect of combining membranes with different permeance/selectivity on the pre-combustion 

capture was evaluated by combining the two developed membranes (i.e., zeolitic and NPC).  

 

Chapter 1. The challenge of separations is dealt with on a fundamental thermodynamic level. 

High-performance membrane-based separations are introduced as a potential means to approach 

the minimum theoretical work of separation. Current industrial applications for gas separation are 

discussed, and the limitations that hinder inorganic membranes for gas separation are highlighted. 

Current two-dimensional membranes are reviewed with special emphasis on zeolites and their 

transition from polycrystalline to 2D membranes. Potential applications for zeolite membranes are 

identified together with specific zeolitic frameworks capable of sieving H2 from CO2. Finally, 

guidelines on the ideal support for zeolite membranes to reduce the overall membrane cost are 

provided, and the need to use process simulation analyses as feedback on the membrane synthesis 

is emphasized. 

 

Chapter 2. The synthesis of 300 nm-thick zeolitic membranes using 0.8 nm-thick RUB-15 

nanosheets as building blocks is reported without resorting to the secondary growth 

recrystallization process. Nudged elastic band  (NEB) calculation guided our experimental work 

by computing the separation energies provided by the 6-MRs, which were promising for the 

H2/CO2 separation. Actually synthesized membranes confirmed the simulation studies as they gave  

H2/CO2 selectivities up to 100 in the temperature range of 25-300 °C, which make these pure 

zeolitic membranes the first able to carry out efficient pre-combustion capture. Moreover, this work 

contributed to expanding the limited library of exfoliated zeolitic nanosheets since this was the first 

report on the exfoliation of RUB-15. 

 

Chapter 3. We report the synthesis of a new polymeric support made of PBI-AM FUMION® on a 

cheap stainless steel mesh. The high-temperature polymer (up to 330 °C) was prepared via the 

NIPS process and served as a support for RUB-15 nanosheets. A new milder detemplation process 

was developed to allow the employment of the PBI-AM support. 330 °C for 8 h was sufficient to 

remove the occluded organic molecules instead of 500 °C for 1 h. In-situ XRD during calcination 

confirmed the successful detemplation and the interlayer silanol condensation. A second 
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detemplation method was developed, which drastically cut down the membrane's processing time 

and steps. The use of diluted acetic acid solutions directly on filtered membranes successfully 

removed the occluded organic molecules as confirmed by XRD. 

 

Chapter 4. A nanoporous carbon film (NPC) was fabricated by the pyrolysis of phase-separated 

block-copolymer/turanose film. The NPC was 100 nm thick and displayed a permeance of more 

than 2 million GPU with a H2/CO2 Knudsen selectivity in the temperature range of 25-300 °C. NPC 

membranes have been successfully used as a gas-permeable mechanical reinforcement for the 

crack-free synthesis of single-layer graphene membranes. Moreover, a techno-economic analysis 

of NPC membranes in pre-combustion capture with a two-stage process yielded extremely low 

specific membrane areas for H2 purification, which can significantly cut down the footprint of the 

separation process and the associated capital cost. Finally, process simulation was employed to 

evaluate the impact of membranes with different performances (i.e., high selectivity and moderate 

permeance and vice versa) by employing RUB-15 and NPC membranes. 

 

Chapter 5. A summary of the major achievements in synthesizing secondary-growth-free RUB-

15 membranes is reported together with a future perspective on how to further improve the 

fabrication of RUB-15 membranes and on alternative employment of RUB-15 nanosheets in 

broader fields. 
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 Chapter 2. Gas-sieving zeolitic membranes 
fabricated by condensation of precursor 
nanosheets 

Adapted with permission from Mostapha Dakhchoune, Luis Francisco Villalobos, Rocio Semino, 

Lingmei Liu, Mojtaba Rezaei, Pascal Schouwink, Claudia Esther Avalos, Paul Baade, Vanessa 

Wood, Yu Han, Michele Ceriotti, and Kumar Varoon Agrawal*, Gas sieving zeolitic membranes 

by the condensation of precursor nanosheets, Nature Materials, 20, 362–369 (2021). 

https://doi.org/10.1038/s41563-020-00822-2. Copyright © 2020, Springer Nature 

 
Abstract 
 
The synthesis of molecular-sieving zeolitic membranes by the assembly of building blocks, 

avoiding the hydrothermal treatment, is highly desired for improving reproducibility and 

scalability. Herein, we report exfoliation of the sodalite precursor RUB-15 into crystalline 0.8-nm-

thick nanosheets, hosting hydrogen-sieving six-membered rings (6-MR) of SiO4 tetrahedra. Thin 

films, fabricated by filtration of a suspension of exfoliated nanosheets, possess two transport 

pathways, 6-MR apertures and intersheet gaps. The latter were found to dominate the gas transport, 

yielding a molecular cutoff of 3.6 Å with H2/N2 selectivity over 20. The gaps were successfully 

removed by the condensation of the terminal silanol groups of RUB-15, yielding H2/CO2 

selectivities over 100. The high selectivity was exclusively from the transport across 6-MR, which 

was confirmed by the good agreement between the experimentally-determined apparent activation 

energy of H2 and that computed by ab initio calculations. The scalable fabrication and the attractive 

sieving performance at 250-300 ºC make these membranes promising for pre-combustion carbon 

capture. 

 

1. Introduction 

Zeolite membranes are attractive for energy-efficient molecular sieving under harsh chemical and 

thermal conditions.125–129 Although studied over close to 30 years,86,130 the adoption of zeolite 

membranes for gas and vapor separation has been hampered by the reproducibility issues in 

hydrothermal synthesis and the subsequent activation of the secondary-grown zeolite films on a 

porous support.83 In this respect, the synthesis of high-performance zeolitic films by the assembly 

https://www.nature.com/articles/s41467-018-04477-1#auth-4
https://www.nature.com/articles/s41467-018-04477-1#auth-7
https://www.nature.com/articles/s41467-018-04477-1#auth-7
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of crystalline building blocks,35,89,131 avoiding the secondary growth step, is extremely desirable. 

One strategy to achieve this is synthesizing and applying crystalline, high-aspect-ratio zeolite 

nanosheets51,132–136 as a building block137 for the zeolite film.  Nanometer-thick nanosheets can 

enable ultrathin zeolite membranes61 comparable to the thickness of the skin layer of the polymeric 

membranes.7 The availability of such nanosheets is expected to benefit other applications of 

growing importance, including catalysis,138–140 and ion-exchange membranes in fuel cells and 

batteries.141,142  

 

The synthesis of zeolite nanosheets can be achieved by the top-down35,132 as well as the bottom-

up143 approaches. Advances in the bottom-up approach or direct synthesis of unit-cell-thick 

nanosheets by the hydrothermal synthesis have resulted in unilamellar MFI143 and self-pillared 

pentasils (SPP)140. On the other hand, the top-down approach, which involves the synthesis of 

lamellar zeolite precursor followed by exfoliation, has been highly successful in yielding 

nanosheets hosting molecular-sieving pores from a number of zeolite frameworks, including 

MWW,35,132 MFI,35,144 NSI,134 FER,145, etc. These approaches have also been extended to non-

zeolitic layers yielding attractive performance, e.g., metal-organic frameworks nanosheets,36 

MXene,31,146, etc. Yet, the fabrication of high-performance membranes by a facile assembly of 

zeolitic nanosheets has remained elusive. 

For the synthesis of high-performance membranes by the assembly of microporous nanosheets, the 

following criteria must be satisfied, (i) synthesis of high-aspect-ratio nanosheets, (ii) preservation 

of microporous structure and sheet morphology during exfoliation, (iii) fabrication of compact 

nanosheet film on a porous support while eliminating large pinhole defects and sub-nanometer 

intersheet gaps. The last criterion is especially challenging because the intersheet gaps are intrinsic 

to the stacked nanosheet films and tend to dominate the overall molecular transport and, therefore, 

the molecular selectivity.30,53 Herein, we address these issues and report the fabrication of high-

performance H2/CO2 separation by a zeolitic membrane prepared by a reactive assembly of sodalite 

nanosheets hosting hydrogen-sieving six-membered rings (6-MR) of SiO4 tetrahedra. We report 

exfoliation of sodalite precursor, RUB-15,109 leading to a dispersed solution of crystalline 0.8-nm-

thick nanosheets (Figure 1.2a). The nanosheets were stacked in a thin film morphology by filtration 

leading to an intersheet gap with a molecular cutoff of 3.6 Å compared to that of 2.9 Å expected 

from the 6-MR apertures (Figure 1.2b). The gaps were successfully diminished by the condensation 

of the terminal silanol groups, which effectively blocked CO2 transport (Figure 1.2c), leading to a 

H2/CO2 ideal selectivity over 100 at 250-300 ºC. The scalable synthesis of high-temperature H2-
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sieving zeolitic membranes is expected to improve the energy efficiency of pre-combustion carbon 

capture.78,96,147–149 

 

2. Methods 

2.1. Materials 
 

The materials employed to synthesis bulk layered RUB-15 were purchased from commercial 

suppliers. Tetramethylammonium hydroxide, TMAOH, (25% in water, Sigma Aldrich), 

tetraethylorthosilicate, TEOS, (98% anhydrous, Acros), low-molecular-weight polystyrene (1360 

g/mol, Eastman), ethanol (99.9%, Fisher chemicals), hexadecyltrimethylammonium bromide, 

CTAB, (>98%, Sigma Aldrich), sulphuric acid, (95-97%, Merck). Chlorobenzene (99.8%, Merck). 

Toluene (99.8%). AAO supports (Smartmembrane and Puyuan nano). 

 

2.2. Synthesis of layered RUB-15. 
 

RUB-15 was synthesized via the hydrothermal synthesis route using a modified method reported 

by Gies and co-workers109 and Okubo and co-workers107. Typically, 112.5 g of TMAOH was mixed 

with 64.3 g of tetraethylorthosilicate and 128.8 g of deionized water, and the mixture was stirred 

for 24 h at room temperature. The mixture was then transferred into a rotary evaporator at 40 °C 

and 100 mbar until the liquid was completely removed.  The resulting crystals were stored at 4 °C 

overnight after which they were dried on a tissue paper at room temperature for 1 day. Next, they 

were transferred to a Teflon-lined autoclave for heating at 150 °C for up to four weeks. The 

resulting white powder was thoroughly washed with deionized water until the pH was below 9. 

The powder was dried at 70 ºC. 
 

2.3. Swelling of RUB-15 layers 
 

RUB-15 layers were swollen with hexacetyltrimethylammonium bromide (CTAB) at room 

temperature. Typically, 3.4 g of CTAB were dissolved in 200 ml of distilled water at neutral pH 

until the solution became transparent. Subsequently, 1 g of as-synthesized RUB-15 was added to 

the mixture and was stirred for 24 h. The resulting material was recovered by centrifugation, and 

the excess CTAB and TMAOH were removed by washing RUB-15 with 4 liters of deionized water. 

The swollen RUB-15 was dried in an oven at 70 °C. 
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2.4. Exfoliation of swollen RUB-15 
 

RUB-15 exfoliation was performed by the melt compounding technique as reported by Tsapatsis 

and co-workers with small modifications.35 Typically, 0.6 g of swollen RUB-15 and 15 g of 

polystyrene (1360 g/mol) were loaded in a co-rotating twin-screw extruder (Xplore micro 

compounder) under a nitrogen environment at 120 °C for 30 min with a screw speed of 150 rpm. 

The temperature was subsequently decreased to 60 °C for 60 min. Finally, the polymer/silicate 

nanocomposite was extruded at 90 °C. 

 

2.5. Purification of exfoliated RUB-15 nanosheets by DGC 
 

RUB-15 nanocomposite was dissolved in toluene with a nanocomposite concentration of 1.23%. 

50 ml PTFE tubes (Beckman Coulter) were filled with 25 ml of chlorobenzene. 25 ml of the 

nanocomposite solution was slowly added on top of the chlorobenzene. Centrifugation (Beckman 

Coulter Avanti J-26S XP) at 40000 g-force was carried out for 3 h to settle the nanosheets into a 

cake. The supernatant was discarded, and the nanosheets were mixed with 50 mL of ethanol. This 

centrifugation process was repeated twice to remove traces of chlorobenzene. In the end, the 

supernatant was discarded, and a cake of settled nanosheets was obtained. 

 

2.6. Acid-treatment of purified RUB-15 nanosheets 
 

The acid treatment was carried out by dispersing the nanosheets cake in a 0.2 M solution of sulfuric 

acid in ethanol. The mixture was kept under stirring at 80 °C for 16 h. Subsequently, the nanosheets 

were collected by centrifugation (40000 g-force for 3 h). The obtained cake was washed using 

ethanol (a repeated cycle of dispersion in ethanol followed by centrifugation) until the pH was 7. 

Finally, tip sonication (Sonopuls mini20) for 30 minutes and centrifugation at 10000 g-force for 10 

min were performed to remove large, unexfoliated particles. 

 

2.7. Assembly of nanosheets into a membrane 
 

AAO supports with 20 nm pores were bath sonicated for 30 min in 500 mL of deionized water. 

Membrane fabrication was carried out by filtration. In a typical experiment, 100 to 500 µL of the 

purified nanosheets solution were mixed with 12 mL of fresh ethanol and sonicated for ~25 min. 

The resulting solution was then centrifuged in 15 mL Falcon tubes at 5000 rpm for 10 min. Gently 

piped 10 mL from the supernatant were withdrawn and used as a solution for the filtration. The 
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pressure difference between upstream and downstream of the support was tuned in order to reach 

a flux of ~2.8x10-3 mL/s. 

After the filtration of the nanosheet solution on the support ended, the AAO was gently removed 

from the filtration setup and was dried at room temperature for 1 h. The sample was transferred to 

a convective oven at 70 °C to further remove the remaining ethanol. 

 

2.8. Preparation of calcined RUB-15-based nanosheets membranes 
 

As-filtered membranes were heated in a 3-zone furnace in air at 500°C for 1 h with a heating and 

cooling rate of ca. 60 °C/h. Occasional cracks (Figure 1.22 and Figure 1.23) were healed by 

refiltering a small amount of nanosheets (typically 10 µL diluted in 12 mL of fresh ethanol). A He 

trans-membrane pressure of 6 bar was applied, and no visible solvent flow was detected (filtered 

solvent was evaporating faster than the time needed for the solvent droplets to get out from the 

tubing system). After a few hours, only a small amount of the solution was filtered, suggesting the 

presence of only a few defects that could transport the solvent molecules. 

 

2.9. Preparation of calcined RUB-15-based nanosheets membranes using diluted sol-gel 
derived silica solution 

 

The extremely diluted solution was prepared according to the recipe adopted by Hedlund and 

coworkers,150 where they have used an ultrathin silica coating to block defects in MFI membranes 

for the CO2/H2 separation. The silica solution was prepared by the sol-gel method. A mixture of 

ethanol and tetraethylorthosilicate was vigorously mixed with a solution of water and nitric acid. 

The clear solution was refluxed for 3 h at 60 °C. The final molar composition was 1TEOS:3.8 

Ethanol:6.4 H2O:0.085 HNO3. The solution used for dip coating was prepared by diluting 19 times 

and filtering with a 0.2 µm syringe filter. The dip-coating was performed immersing and 

withdrawing the calcined membrane at a rate of 1 mm s-1 with a waiting time of 4 s. The membranes 

were finally calcined at 500 °C for 1 h with heating and cooling rates of 50 °C/h. 

 

2.10. Gas permeation 
 

Mixed and single gas permeation tests were carried out using a homemade permeation setup 

(Figure 1.1). Kalrez 7075 O-rings were used to seal membranes to allow gas permeation studies up 

to 300 ºC. Argon was used as the sweep gas. Flow rates of the gases were controlled by mass flow 

controllers (MFCs). The permeate gas concentration was analyzed in real-time by a mass 
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spectrometer (Hiden Analytical, HPR-20). Once the steady-state was reached, the permeate 

concentration data was recorded and averaged (typically 30-60 min for each gas measurement). 

The gas permeance Ji, the ideal selectivity αij, and the separation factor βij were calculated by the 

following equations (1-3). 

 

Ji = Xi/(A ∗ ∆Pi) (1) 

αij = Ji/Jj (2) 

βij = (Ci/Cj)permeate/(Ci/Cj)feed (3) 

 

where Xi is the flow rate of component i, A is the membrane area, ΔPi is the transmembrane pressure 

difference for component i, Ci and Cj are the concentrations of component i and j in the 

feed/permeate streams with i being the faster-permeating component. 

 

 
Figure 1.1. Schematic of the homemade permeation setup.  



 Chapter 2 

37 
 

 

2.11. Ab-initio calculations. 
 

The initial structure of the two-dimensional (2D) RUB-15 surface was taken from the Cambridge 

Crystallographic Data Centre (CCDC) [ref. no. 1620984]. We removed the TMAOH and water 

molecules from it and terminated the undercoordinated surface by adding H atoms to the dangling 

O. Convergence of the energy as a function of the wavefunction and charge density cutoffs as well 

as of the k point grid was explored. We used 55 Ry and 660 Ry as the wavefunction and charge 

density cutoffs, respectively. For the k points, we generally used a 1 2 2 Monkhorst-Pack grid (the 

x-axis corresponds to the direction perpendicular to the surface slab), except for computing the 

elastic constants (see details below). In order to reach numerical convergence for the relaxation 

calculations, mixing beta was set equal to 0.2 and mixing_dimension to 8. 

To assess the quality of our DFT description, we first computed the cell parameters. For this, we 

performed a vc_relax calculation, where both the nuclei positions and the cell parameters were 

allowed to relax to their optimal values. Cell parameters are within 1 % of the experimental ones, 

and the surface area error is of 0.24 %. 

 

2.12. Characterization 
 

Powder XRD patterns were collected using a Bruker D8 Advance using CuKα radiation (λ Cu Kα 

= 1.5406 Å). In-plane and out-of-plane (Figure 1.18a-b) diffraction measurements were conducted 

on a 9 kW Rigaku Smartlab diffractometer with a Cu target (45 kV, 200mA). The measurements 

were taken in parallel beam mode. The incident angle was set to 0.3°, and the incident slit height 

was 0.5 mm. A parallel slit collimator and analyzer of 0.5° respectively, were used. A Hypix 3000 

detector in 0D mode was mounted on the in-plane arm, which allowed the samples to remain 

stationary. 

 

SEM images were collected using an FEI Teneo scanning electron microscope at an acceleration 

voltage of 1-2 kV. Samples were imaged without using any conductive coatings. 

 

TEM images were collected using an FEI Tecnai G2 Spirit microscope operating with 120 keV 

incident electron beam. Low-dose HRTEM was performed on a Cs-corrected FEI cubed G2 Titan 

60-300 electron microscope at 300 kV, using a Gatan K2 direct-detection camera in electron 

counting mode. The HRTEM images were acquired with the dose fractionation function, and each 

image stack is composed of 120 frames with 0.05 s exposure for each frame, with a total electron 
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dose of ∼60 e– Å-2 . The raw image was denoised by using an Average Background Subtraction 

Filter (ABSF) filter. The CTF correction was performed base on the defocus value determined from 

the amorphous thon rings in the Fourier transform, and the projected electrostatic potential was 

simulated by the QSTEM software (QSTEM V2, 31; www.qstem.org). 

 

AFM measurements were done on a Bruker Dimension FastScan operated in the ScanAsyst mode 

with ScanAsyst-Fluid+ probes (resonant Frequency of 150 kHz, spring constant of 0.7 N/m, length 

of 70 µm, and width of 10 µm) at room temperature. 

AFM samples were prepared by spin coating of RUB-15 nanosheets on a freshly cleaved mica 

substrate. 

 

The Fourier transform infrared (FT-IR) measurements were carried out with a Spectrum Two FT-

IR spectrometer (PerkinElmer) in which both background and sample spectra were recorded 32 

times. 

 
29Si solid-state nuclear magnetic resonance (NMR) measurements of as-synthesized layered RUB-

15 (powder) were performed on a 400 MHz Avance III spectrometer. RUB-15 powder was packed 

into a 3.2 mm zirconium rotor and the experiments were run at a spin rate of 5 kHz and π/2 radio 

frequency pulse of 13.5 µs with a relaxation delay of 150 s. 

 

29Si solid-state NMR experiments for the as-filtered and the calcined nanosheet films were carried 

out on a 900 MHz wide-bore magnet equipped with an Avance Neo console and 3.2 mm low-

temperature cross-polarization magic angle spinning NMR probe. The membranes were packed 

into 3.2 mm rotors without any further processing. Experiments were run at a spin rate of 15 kHz. 

In order to obtain quantitative measurements on the amount of Q3 and Q4 sites, echo detected 

measurements (π/2-τ-π-τ) were done with an echo delay τ of 1 rotor period and a π/2 radio 

frequency pulse of 4.9 µs with a relaxation delay of 150 s. The echo was used to remove any 29Si 

background in the probe. In order to identify the kinds of Si bonding motifs present in the 

membranes, a higher sensitivity NMR measurement was done using cross-polarization (CP),151,152 

in which spin magnetization is transferred from 1H to 29Si. CP measurements were done using a 

contact time of 10 ms with a pulse repetition time of 0.5 s.153 

 

http://www.qstem.org/
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3. Results and discussions 

3.1. Gas diffusion through 6-Membered Si-tetrahedra rings 
 

The layered RUB-15 was first reported by Gies and co-workers as a potential precursor to 

sodalite.109 Okubo and co-workers successfully demonstrated the conversion to sodalite by a 

topotactic condensation of shifted RUB-15 layers,107,110 making RUB-15 promising for the 

synthesis of all-silica sodalite membrane. The as-synthesized RUB-15 layers have a chemical 

composition of [(N(CH3)4)8(Si24O52(OH)4)ˑ20H2O] where tetramethyl ammonium (TMA+) ions act 

as the organic structure-directing agent (OSDA). RUB-15 layers possess an orthorhombic lattice 

and an Iba2 space group symmetry with layers stacked along the a-axis with unit cell parameters 

a=27.905 Å, b=8.408 Å, and c=11.518 Å (Figure 1.3).  

 
The reflection conditions are as follows: hkl, h+k+l=2n; 0kl, k, l=2n; h0l, h, l=2n; and hk0, 

h+k=2n. The individual silicate layers in RUB-15 are composed of hemihedral cavities formed by 

atomically bridged arrays of 4- and 6-MR of SiO4 tetrahedra resembling one-half of the sodalite 

cage (Figure 1.2d). The 6-MR of sodalite is widely accepted to be permeable to H2.99,104,154 For 

example, using molecular dynamics (MD) simulations, van der Berg et al. reported the energy 

barrier for H2 diffusion across all-silica sodalite to be 32.9 kJ/mole.99 To calculate the energy barrier 

for the transport of H2 and CO2 across the 6-MR of RUB-15, we performed density functional 

theory (DFT) calculations using the open-source Quantum Espresso 6.1 software155 considering 

the GGA/PBE functional156 and applying the Grimme-D2157 scheme to take into account dispersion 

corrections (details in Supplementary Information). The structure of an isolated RUB-15 nanosheet 

terminated by silanol groups was allowed to relax in terms of both the position of the nuclei and 

the cell parameters, yielding b- and c-axis parameters of 8.49 and 11.44 Å, and α angle of 90.06°, 

within 1% of the experimental data.109 The stability conditions for a two-dimensional material were 

met, indicating that the isolated RUB-15 would be mechanically stable (Note 1 Appendix I, Table 

1.1). To compute the energy barrier for gas diffusion, nudged elastic band (NEB) calculations158 

were performed covering the path between the gas phase and the adsorption site located on the 

other end of the surface, across the pore (Figure 1.2e, Note 2 Appendix I). All nuclei were allowed 

to relax, including those forming the RUB-15 lattice. The climbing image scheme was used to 

obtain more reliable values for the activation energies, and the endpoints of the NEB configurations 

were kept fixed to the initially optimized values. The calculated activation energy, Eact, of H2 from 

its adsorbed state was 39±2 kJ/mole. The corresponding apparent activation energy, Eact-app, defined 

as the sum of adsorption energy and activation energy from the adsorbed state, was 33±2 kJ/mole. 
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A slight expansion of the 6-MR is observed when H2 is located at the center of the ring 

(Supplementary Movie 1), which seems to assist its diffusion. CO2 required a much larger Eact of 

117±5 kJ/mole, suggesting that RUB-15 is indeed promising for sieving H2 and other smaller 

molecules such as He and NH3 from larger molecules such as CO2, N2, and CH4.  

 
Table 1.1. Computed elastic constants of the RUB-15 nanosheet. 

Elastic constants  [GPa nm] 

C11 18.4 
C22 12.8 
C12 9.0 
C66 48.1 
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Figure 1.2. RUB-15 framework as an attractive candidate for the fabrication of hydrogen sieving membranes. a-
c, Illustration of processing of RUB-15 into H2 sieving membranes. a) RUB-15 layers are swollen to increase the 
d spacing from 14 to 31 Å. Melt compounder-based exfoliation yields 8-Å-thick single-layers which are 
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subsequently dispersed in polar solvents upon sulfuric acid treatment. b) Filtration-based assembly of the 
exfoliation nanosheets leads to an ordered stacking with a d spacing of 11.4 Å. The interlayer spacing is small 
enough to allow sieving of H2 from CH4 and N2 but not from CO2. c) Upon calcination, the neighboring terminal 
silanol groups condense, decreasing the d spacing to 7.4 Å, blocking the CO2 transport while H2 diffuses across 
the 6-MR apertures.  d) The structure of RUB-15 layer. Si and O are shown in yellow and red, respectively. H 
and interlayer guests are omitted for clarity. e) Potential energy along the minimum energy path coordinate for 
the adsorption of molecules on a single RUB-15 nanosheet (reaction coordinate value from -1 to 0) and the 
transport of H2 and CO2 across the 6-MR (reaction coordinate between 0 and 1). f) TEM image of as-synthesized 
RUB-15 layers. The corresponding ED pattern is shown in the inset. Scale bars in the panel and the inset 
correspond to 200 nm and 5 nm-1, respectively. g) Powder XRD patterns (λ Cu Kα = 1.5406 Å) from as-
synthesized RUB-15 as a function of the transformation time.  

 
 

 

 
Figure 1.3. Structure for the layered RUB-15. The bc planes are highlighted in green to illustrate the layered 
structure. Si: yellow; O2: red. H2 and interlayer guests are omitted for clarity. The unit-cell dimension along the 
a-axis is noted as 2.792 nm, whereas the thickness of each sheet is ca. 0.8 nm. 

 
3.2. Synthesis of single layer RUB-15 nanosheets 
 

The layered RUB-15 was crystallized by a pseudo-solid-state transformation of hydrated silicate 

double-four-ring by heating in a closed autoclave at 150 ºC,107 leading to layers with plate-like 

morphology (Figure 1.2f and Figure 1.4).   
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Figure 1.4. The morphology of as-synthesized RUB-15 layers.  SEM image of layered RUB-15 after a) one, b) 
two, c) three, and d) four weeks of hydrothermal synthesis. The scale bars correspond to 10 µm. 

 

 

Selected area electron diffraction (SAED) pattern indicated that as-synthesized layers were highly 

crystalline (inset of Figure 1.2f). This was confirmed by powder X-ray diffraction (XRD) studies 

with crystallinity improving by extending the transformation for two weeks or more (Figure 1.2g, 

Table 1.2 and Table 1.3).  
 

Table 1.2. Comparison of the reflections expected from RUB-15 against our experimental XRD data. 

 
Reflections 

hkl 

CCDC 1620984 

reflections  

2θ [°] 

XRD data 
2θ [°] 

|Δ(2θ) |          

[°] 

200 6.33 6.23 0.10 

110 10.99 10.84 0.15 

002 15.38 15.24 0.14 

202 16.65 16.5 0.15 

411 18.22 18.07 0.15 

112 18.94 18.78 0.16 

402 19.98 19.81 0.17 
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312 20.99 20.99 0.00 

121 22.73 22.59 0.14 

611 23.17 23.01 0.16 

321 24.48 24.55 0.07 

800 25.53 25.39 0.14 

022 26.23 26.13 0.10 

222 27.01 26.84 0.17 

413 28.57 28.41 0.16 

712 29.23 29.07 0.16 

123 31.71 31.56 0.15 

721 31.88 31.9 0.02 

820 33.36 33.2 0.16 

 
 

Table 1.3. Comparison of the reflections expected from RUB-15 against our experimental SAED data. 

 
Refelections 

hkl 
CCDC 1620984 

d spacing            
[nm-1] 

SAED Data 
  [nm-1] 

|Δ(d spacing) |     
[nm-1] 

002 5.759 5.60 0.16 
020 4.204 4.48 0.28 
022 3.395 3.27 0.13 

 

No significant changes were observed beyond two weeks, and therefore, the two-week samples 

were used for further experiments (Note 3 Appendix I, Figure 1.5 and Figure 1.6).  
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Figure 1.5. PXRD patterns (λ Cu Kα = 1.5406 Å) of the layered RUB-15, showing a peak representing the 200 
plane with corresponding Voigt fit for 1, 2, 3, and 4 weeks synthesis time. 
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Figure 1.6. PXRD patterns (λ Cu Kα = 1.5406 Å) of the layered RUB-15, showing a peak representing the 022 
plane with corresponding Voigt fit for 1, 2, 3, and 4 weeks synthesis time. 

 

The 29Si magic-angle spinning nuclear magnetic resonance (MAS NMR) confirmed the 2:1 ratio 

of Q3/Q4 ratio expected in the fully crystallized RUB-15 layers (Figure 1.7).  
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Figure 1.7. Solid-state 29Si MAS NMR spectrum from the as-synthesized RUB-15 layers revealing the two 
prominent peaks at Q4 (-107.23 ppm) and Q3 (-99.94 ppm).  

 

Thermogravimetric analysis (TGA) of the as-synthesized layers in air indicated that the material 

hosted ca. 40% of interlayer water and OSDA, consistent with the theoretical chemical composition 

(Figure 1.8). 

 

 
 
Figure 1.8. Thermogravimetric analysis of the as-synthesized RUB-15 layers with a heating rate of 5 °C/min in 
air flow from 25 ºC to 800 °C. The weight loss corresponds to i) non-structural water molecules, ii) water 
molecules hosted in gallery spacing, iii) OSDA, and (iv) weight loss associated with the silanol condensation. 
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The interlayer spacing between the as-synthesized RUB-15 layers, indicated by the 200 peak, was 

1.4 nm (Figure 1.9a). To weaken the interlayer interactions for the eventual exfoliation, the RUB-

15 layers were swollen with cetyltrimethylammonium bromide (CTAB). The swelling was carried 

out at room temperature and at a neutral pH to prevent any structural damage to RUB-15.  

 

 
 
Figure 1.9. Characterization of exfoliated RUB-15. a) Powder XRD pattern (λ Cu Kα = 1.5406 Å) from the 
surfactant-swollen and as-synthesized RUB-15. The inset shows corresponding illustrations. b) Low-
magnification TEM image of exfoliated nanosheets. c) Tapping-mode AFM topographical image of exfoliated 
RUB-15 nanosheets d) Height profile across a nanosheet shown in (c). e) High-magnification TEM image of the 
exfoliated nanosheets. f) SAED pattern of an exfoliated nanosheet along the [100] zone axis. g), Denoised 
HRTEM image of the exfoliated nanosheet lying flat on the 0kl plane. h) Fourier transform of (g). i) Left: 
simulated projected potential map along the [100] direction of RUB-15 with a point spread function width of 2 Å. 
Right: contrast transfer function (CTF)-corrected image of the highlighted area in (g) based on a defocus value 
of -260 nm that is determined from the thon rings in the Fourier transform pattern. Scale bars; b, 250 nm, c, 200 
nm, e, 100 nm, f, 3 nm-1, g, 5 nm, h, 2 nm-1, i, 2 nm. 
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A RUB-15/CTAB weight ratio of 1/3.4 ensured a 1.6-fold higher CTAB compared to the 

stoichiometric TMA+ in the gallery spacing. A successful swelling was confirmed with d spacing 

increasing from 1.4 to 3.1 nm, with a corresponding expansion of the gallery spacing from 0.6 to 

2.3 nm (Figure 1.9a). The peak at 2θ = 3° represents the first-order reflection of d spacing from the 

swollen layers, while the peaks at 2θ of 6 and 9° represent the second and third-order reflection 

peaks, respectively. At room temperature, a majority of the RUB-15 layers could be swollen.  The 

peak at 2θ of 6.3° was essentially the 200 peak of un-swollen layers (Figure 1.9a, Figure 1.10, and 

Figure 1.11).  

 

 
 
Figure 1.10. Wide-angle powder XRD (λ Cu Kα = 1.5406 Å) from the RUB-15 layers swollen at room 
temperature. 

 
A complete swelling could be achieved at 85 ºC, where this peak disappeared (Figure 1.11). 

Subsequently, the swollen layers were exfoliated by the polymer melt compounding route159 using 

a low molecular weight polystyrene (M.W. of 1360 g/mol). Briefly, the temperature of the 

polystyrene melt was varied to regulate the melt viscosity, and therefore, the diffusivity of the 

polymer chains in the swollen RUB-15 layers as well as the shear force between the entangled 

polymer chain and the nanosheets, which led to exfoliated RUB-15 nanosheets embedded in the 

polymer matrix. 
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Figure 1.11. Powder XRD patterns (λ Cu Kα = 1.5406 Å) from the RUB-15 layers swollen at 25 and 85 °C. 

 
The extraction and purification of the exfoliated RUB-15 nanosheets from the polystyrene matrix 

(Figure 1.12) were carried out by dissolving the matrix in toluene followed by density-gradient-

centrifugation (DGC).88  

 

 
 

Figure 1.12. Picture of the exfoliated RUB-15 embedded in the polymer matrix. Ca. 10 g were obtained by a 
single processing. The scale bar corresponds to 30 mm. 

 

The resulting nanosheets could be dispersed in ethanol after the ion exchange of CTAB with H+ by 

stirring the nanosheets in 0.2 M solution of sulfuric acid solution in ethanol at 80 °C for 16 h (Figure 

1.13). Extremely thin nanosheets with an average lateral size of 205 ± 62 nm, calculated by taking 



 Chapter 2 

51 
 

the square root of the average nanosheet area, were observed by transmission electron microscopy 

(TEM, Figure 1.14, and Figure 1.9b and Figure 1.9e).   

 

 
 
Figure 1.13. The Tyndall effect observed from the colloidal suspension of RUB-15 nanosheets dispersed in 
ethanol. The scale bar corresponds to 10 mm.  

 

The crystalline structure of the nanosheets was preserved during exfoliation as indicated by the 

SAED pattern along the [100] zone axis (Figure 1.9f), which also confirmed that the nanosheets 

oriented along a-out-of-plane axis. This is highly desirable for the fabrication of membranes with 

a short molecular diffusion path. Atomic force microscopy (AFM) images of exfoliated nanosheets 

confirmed that the nanosheets were indeed single-layer (Figure 1.9c-d) with a thickness of ca. 0.8 

nm, agreeing well with the structure of the nanosheets (Figure 1.3). 
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Figure 1.14. Lateral size distribution of the exfoliated nanosheets with a gaussian fit. To avoid the misjudgment 
of short and long edges of some irregular nanosheets, we proceeded with the area measurement of each nanosheet 
and then took its square root to obtain an average lateral size, which results in a single distribution. 

 

The structure of nanosheets was revealed with high-resolution TEM (HRTEM) imaging along the 

[100] crystallographic direction. HRTEM was performed under low-dose conditions that 

effectively limited electron beam-induced structural damage.160,161 The obtained HRTEM image 

(Figure 1.9g) reveals the high crystallinity of the nanosheet, and the corresponding Fourier 

transform confirms that it is of the RUB-15 structure and oriented along the [100] direction (Figure 

1.9h). The angle between the b* and c* directions in the Fourier transform deviates to ca. 89°, 

which can be attributed to the electron-beam damage as well as the contribution from lens 

distortions. We processed the HRTEM image by correcting the effect of the contrast transfer 

function (CTF) of the objective lens to make the image contrast more interpretable. The CTF-

corrected image (Figure 1.9i, right) agrees well with the simulated [100]-projected electrostatic 

potential map of RUB-15 (Figure 1.9i, left), showing an ordered arrangement of the 6-MR 

apertures, although the smaller 4-MR are not clearly resolved due to the limited information 

transfer of the image. The slight deviation from a right angle restricts the ability to superimpose 

the projection of the structure model on the CTF-corrected image to only onto a small domain 
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(Figure 1.9i, right). On the other hand, for the simulated [100]-projected electrostatic potential map 

of RUB-15, a better match with the projection of the structure model was obtained. 

 

3.3. Nanosheets membrane assembly and condensation 
 

The nanosheets could be assembled to form a thin film on a porous support (AAO, anodic 

aluminum oxide) using vacuum filtration (Figure 1.15a). Due to their high aspect ratio, the 

nanosheets rested flat on the supports with an a-out-of-plane orientation (Figure 1.15b), consistent 

with the TEM observation.  

 

 
 
Figure 1.15. Characterization of the as-filtered RUB-15 nanosheet film. a) Low- and b) high-magnification SEM 
images of the as-filtered nanosheet films. c) Corresponding cross-sectional image of the film. Left-side is the 
SEM image, and the right side is elemental mapping overlaid on top of the SEM image. Pt and Au were used as 
protective coatings. Al corresponds to the underlying alumina support. d) Single-gas permeation data as a 
function of temperature. The relative plot of ln (permeance) vs 1/T is reported in Figure 1.17. e)  Permeation as 
a function of the kinetic diameter of gases at 150 °C . f) Ideal gas selectivities from the as-filtered membranes at 
150 °C compared to the theoretical Knudsen selectivity. Scale bars; a, 5 µm, b-c, 500 nm. 

 

Pinhole-free and compact films with a thickness of ca. 300 nm could be prepared, as revealed by 

the cross-section prepared by focused-ion beam (FIB) (Figure 1.15c, left), while the energy 

dispersive X-ray (EDX) analysis on the same cross-section helped to identify the RUB-15 layer 

(Figure 1.15c, right). A uniform film could be obtained in a centimeter-scale area (Figure 1.16).  
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The stacking of nanosheets on top of each other led to an intersheet spacing of 11.4 Å (Figure 

1.18a), corresponding to a gallery spacing of ca. 3.4 Å.  

 

 
 

Figure 1.16. A picture of the assembled RUB-15 nanosheets on the AAO support. The scale bar corresponds to 
1 cm.   

 

This gallery spacing acted as a parallel transport pathway for the gases along with the 6-MR of the 

RUB-15 layer. As a result, a high H2/CO2 selectivity, expected from the NEB calculations, was not 

realized. Although the permeance of H2 from the as-filtered films was somewhat activated 

corresponding to an Eact-app of ca. 20 kJ/mole (Figure 1.17), the Eact-app was much lower than that 

calculated by NEB for H2 transport across 6-MR (33 ± 2 kJ/mole), confirming that the intersheet 

gallery spacing dominated the overall gas transport. Indeed, the molecular cutoff was closer to 3.6 

Å, and not around 2.9 Å as expected from the 6-MR (Figure 1.15d-f). Therefore, while the H2/CO2 

ideal selectivity was low, the H2/N2 and H2/CH4 ideal selectivities were above 20 (Figure 1.15f), 

much higher than the corresponding Knudsen selectivities (3.7 and 2.8, respectively). 
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Figure 1.17. Arrhenius plot showing temperature-dependence of H2 permeance from the nanosheet film before 
calcination, as reported in Figure 1.15d. 

 

The presence of reactive terminal silanol groups in the zeolite precursor nanosheets presents a 

unique opportunity for the reduction of intersheet gaps allowing one to block the nonselective 

molecular transport along the gallery spacing. The neighboring silanol groups can be condensed by 

simple heating to form covalent Si-O-Si linkages, which can reduce the intersheet gaps, thereby 

blocking the molecular transport along these gaps. Indeed, calcination of the as-filtered nanosheets 

film in air led to a shift of the periodic interlayer spacing from 11.4 Å to 7.4 Å (XRD data, Figure 

1.18a). It is noteworthy that the interlayer spacing post-calcination is slightly smaller than the 

nanosheet thickness and is attributed to the condensation reaction between neighboring layers, 

which produces a water molecule. The turbostratic arrangement of the assembled nanosheets 

prevents a complete/uniform condensation of the silanol groups, which explains the broadened 

interlayer-spacing peak. In-plane XRD on the as-filtered membranes showed three distinct peaks 

relative to the 002, 020, and 022 planes (d spacing adapted from lattice parameters of relaxed 

nanosheet structure, Table 1.4), which is in agreement with the nanosheet orientation along the a-

out-of-plane axis (Figure 1.18b). Upon calcination, the 020 and 022 plane reflections were 

distinguishable, indicating the preservation of in-plane periodic order. 
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Figure 1.18. Characterization of the calcined RUB-15 nanosheet film. Comparison of the out-of-plane a) and in-
plane b) XRD pattern (λ Cu Kα = 1.5406 Å). c) 29Si MAS solid-state NMR from the films of exfoliated nanosheets 
calcined at 400 ºC (bottom) and 500 ºC (top). The data were deconvolved with a symmetric Gaussian profile, and 
the relative percentages of the Q2, Q3, and Q4 peaks at -92.1, -101.1, and -110.8 ppm, respectively, are shown. d) 
TEM image of a calcined nanosheet film (left) and the corresponding SAED pattern (right). (e), Single-gas 
permeation data from the calcined nanosheets membranes as a function of temperature. (f) The plot of ln 
(permeance) vs. 1/T from data in (e) for H2 and CO2. g) Eact-app for H2 as a function of the H2/CO2 ideal selectivity. 
The horizontal band represents Eact-app from the NEB calculations. h) 100 h stability test with an equimolar 
H2/CO2 mixture feed in the presence of 4% water vapor at 200 °C. Scale bars in d are 1 µm (left) and 2 nm-1 
(right). 

 

Cross-sectional images of films before and after the calcination step revealed a slight decrease in 

the film thickness consistent with a decrease in the gallery spacing (Figure 1.19). A comparison of 

the Fourier-transformed infrared (FTIR) spectra from the as-filtered and the calcined films reveals 

that the broad peak around 3300 cm-1, associated with the O-H stretching vibrations of the silanol 

group of RUB-15,110,162 diminished after calcination (Figure 1.20). 
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Table 1.4. d spacing obtained by Gaussian fit to the peaks, corresponding R2, and comparison to the d spacing 
from DFT-calculations-derived lattice parameter. 

h k l 
d spacing extracted 
from Gaussian fit 

[Å]  
R2 for Gaussian fit 

d spacing based on DFT-
derived lattice 

parameter  
[Å]  

0 0 2 5.77 
± 0.03 

 
0.692 

5.72 
± 0.06 

0 2 0 4.31 
± 0.01 

 
 

0.936 

4.24 
± 0.04 

0 2 2 3.44 
± 0.01 

 
0.968 

3.41 
± 0.03 

 
 
29Si MAS solid-state NMR was performed on the layered RUB-15 and on the nanosheet films 

calcined at two different temperatures (i.e., 400 and 500 °C) to capture the evolution of silanol 

condensation (Figure 1.18c). As-synthesized layered RUB-15 displays a quantitative Q3/Q4 ratio 

of 2:1. 

 

 
 
Figure 1.19. SEM images of the cross-section of RUB-15 films, (a) as-filtered, and (b) post calcination.  The 
scale bars correspond to 200 nm. The cross-section specimen was prepared from the same as-filtered film by 
gently cutting the membrane in two parts. One part was imaged as it is (a), and the other part was calcined at 
500°C for 1 h and then imaged (b).  

 

 In comparison, upon calcination at 400 °C, the neighboring intra-sheets silanol groups (Si-OH) 

condensed, converting into Q4 species decreasing the Q3/Q4 ratio from 2 to 0.6. Q2 species were 

also detected, albeit with a small population, likely originating from the damages to the nanosheet 

during the exfoliation and processing steps.  
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Figure 1.20. FTIR of the as-filtered and after calcination RUB-15 membranes. 

 

When the heat treatment was carried out at 500 °C, a further and minor decrease in the Q3/Q4 was 

witnessed from 0.6 to 0.4, consistent with increased silanol condensation at a higher temperature. 

The three distinct Si bonding motifs (Q4, Q3, and Q2) were also confirmed by higher sensitivity 

NMR measurement using cross-polarization (CP), in which the spin magnetization is transferred 

from 1H to 29Si (Figure 1.21). 
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Figure 1.21. 29Si{1H} CP MAS solid-state NMR using a contact time of 10 ms with a pulse repetition time of 
0.5 s indicating the presence of Q4, Q3 and Q2 species at calcination temperatures of 500°C. 

 

To further probe the order in the calcined film, the film was transferred to a TEM grid by etching 

the support and lifting off the floating film by the grid.  Sheet-like morphology could be observed 

(Figure 1.18d, left), and the corresponding SAED pattern agreed with the turbostratic arrangement 

of RUB-15 nanosheets with no particular preference of rotation of nanosheets in the plane of the 

film (Figure 1.18d, right). The intensities of the diffraction spots were weaker than those from the 

as-synthesized nanosheets in agreement with the broader in-plane XRD and NMR peaks indicating 

that the order in the calcined film was somewhat reduced, likely from framework distortion arising 

from the condensation of disorganized silanol groups in the turbostratic layers.  

A survey of the morphology of the calcined film in the scanning electron microscope (SEM) 

revealed occasional cracks or peeling off of the film from the substrate (Figure 1.22).  
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Figure 1.22. SEM images of calcined membranes showing the occasional cracks in the calcined film due to the 
non-uniformity of the commercial AAO support. The scale bars correspond to 10 µm. 

 

Typically, we could observe 3-4 such incidences in a mm2 area (Figure 1.23). We attribute this to 

the non-uniformity of the commercial aluminum oxide support, which had patches with higher 

porosity. During filtration, these patches developed a thicker coating, and consequently, the thicker 

area developed stress-induced cracks during the calcination step. 

To avoid non-selective transport from cracks, we developed a curing step involving refiltration of 

the nanosheets coating on top of the calcined film. Since the flow of the solvent was predominantly 

through the cracks, the refiltration step plugged the defects within the nanosheets (Figure 1.24). 

Analysis of the gas transport across the cured calcined film revealed that the intersheet gaps were 

indeed diminished upon calcination, and the H2/CO2 ideal selectivity increased well above 25, an 

order of magnitude higher than that compared to the as-filtered film, reaching up to 100 for several 

membranes (Figure 1.18e-g).  
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Figure 1.23. SEM images of calcined films showing the occasional cracks. The scale bars correspond to 200 µm. 

 

Upon calcination, the Eact-app for the transport of H2 increased from 20 to 26.7 kJ/mole when the 

H2/CO2 ideal selectivity increased to 29.7 (Table 1.5).  The Eact-app progressively increased to 38 

kJ/mole, close to that predicted by the NEB calculations (33±2 kJ/mole) for transport across the 6-

MR, when there were less defects in the calcined membrane (Figure 1.18g). This confirmed that 

the transport in these membranes was dominated by the 6-MR path. As expected, a further decrease 
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in the number of defects, which led to an increase in the H2/CO2 ideal selectivity (to 100) 

accompanied by a decrease in permeance (Figure 1.25), did not lead to an increase in Eact-app.  

 

 
 
Figure 1.24. SEM images of the cured RUB-15 films. The scale bars correspond to a) 50 µm b) 300 µm c) 30 
µm and d) 5 µm. 

 

Following this strategy for the curing of defects, 7 separate membranes were prepared yielding 

H2/CO2 ideal selectivity in the range of 20-100 and H2 permeance in the range of 41-424 GPU at 

250-300 ºC (Table 1.5).   

Owing to the thermal stability of the zeolitic RUB-15 nanosheets and the activated transport, the 

H2 permeance is expected to increase to 300 – 2400 GPU at 400 ºC (Table 1.5). Overall, the H2/CO2 

separation performance reported from the RUB-15 membranes compares favorably with those from 

the state-of-the-art zeolite membranes reported in the literature (Figure 1.25). This, combined with 

the fact that the RUB-15 membranes were made by facile filtration of RUB-15 nanosheets avoiding 

the conventional hydrothermal film treatment, makes these membranes highly attractive for the 

pre-combustion carbon capture where a H2 permeance over 300 GPU and H2/CO2 ideal selectivity 

over 20 has been predicted to improve the energy-efficiency of the capture compared to that using 

the conventional absorption process.78 
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Table 1.5. H2/CO2 separation data as a function of temperature, corresponding Eact-app and the projected H2 
permeance at 400 ºC from 7 separate cured RUB-15 membranes by refiltering the RUB-15 nanosheets on top of 
as-calcined RUB-15 films. 

 Note: the project permeance at 400 ºC was calculated by using the activation energy data (column 5) and 
measured permeance (column 3) at a given temperature (column 2). 
 

Alternatively, we could also cure the defects by dip coating a thin layer of sol-gel derived silica 

solution (1 TEOS : 3.8 C2H5OH : 6.4 H2O : 0.085 HNO3; diluted by 19 fold; details in methods)163 

on top of the calcined RUB-15 film and curing the film at 500°C for 1 h. No significant change in 

film thickness was observed, and one could observe nanosheets coating beneath the silica layer 

(Figure 1.26). This strategy also led to an attractive sieving performance with H2/CO2 ideal 

selectivity in the range of 50-150 and H2 permeance in the range of 100-1000 GPU at 250 ºC from 

8 separate membranes (Table 1.6). 

 

 
 

Membrane 
# 

Temperatur
e                  

[°C] 

H2 
Permeance              

[GPU]               

H2/CO2    
selectivity 

Eact-app 
[kJ/mole] 

H2 permeance  
projected at 400 ºC 

[GPU] 
Membrane 1 250 211 29.7 26.7 830 
Membrane 2 300 424 27.5 29.2 1895 
Membrane 3 250 184 21.7 30 857 
Membrane 4 300 147 22.5 31.7 747 
Membrane 5 300 334 32.1 38.2  2369 
Membrane 6 200 67 105.6 37.1 449 
Membrane 7 200 41 103.8 38.5 295 



 Chapter 2 

64 
 

Figure 1.25. Comparison of the H2/CO2 separation performance from the RUB-15 nanosheet membranes 
compared with that from the state-of-the-art zeolite membranes at temperatures higher than 200 °C. Data from 
only those RUB-15 membranes that were prepared by refiltering RUB-15 nanosheets to heal the defects in the 
calcined films are included (i.e. RUB-15 films cured by silica coating are excluded). Hybrid zeolite membranes 
prepared by modifying zeolite films by organosilica were excluded since they do not present a single zeolite 
phase.164–169  

 

The membranes also performed well when fed with 50:50 volumetric H2/CO2 mixture thanks to 

the size-sieving transport (Figure 1.27). 

 

 

 
 
Figure 1.26. Top-view SEM images of the nanosheets film a) after filtration of nanosheets on a porous support 
and calcination, and b) after coating the film in (a) with the diluted silica solution. The scale bars correspond to 
1 µm. 
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Figure 1.27. Single-component and mixed-gas (50:50 volume) permeation data from membrane 10 (Table 1.6). 

 

In comparison to the single-component test, the H2 permeance did not change while the H2/CO2 

separation factor was slightly higher than the corresponding ideal selectivity. The membrane 

performance was stable during the 100 h continuous testing with an equimolar H2/CO2 mixture 

feed in the presence of 4% water vapor at 200 °C (Figure 1.18h). 

 
Table 1.6. H2/CO2 separation performance of the 8 separate cured RUB-15 membranes by dip coating a thin 
silica layer on top of as-calcined RUB-15 films. 

 
 
 

 

 

 

 

 

 

Membrane # Temperature                  
[°C] 

H2 
Permeance              

[GPU]               

H2/CO2    
selectivity 

Membrane 8 250 427 62.1 
Membrane 9 250 713 49.4 

Membrane 10 250 219 89.6 
Membrane 11 250 848 154.1 
Membrane 12 250 1182 47.4 
Membrane 13 250 108 48.4 
Membrane 14 250 184 21.7 
Membrane 15 250 211 29.7 
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4. Conclusions 

Overall, we demonstrate that the 6-MRs of sodalite precursor are indeed promising for the sieving 

of H2 from CO2. Chemically and thermally robust RUB-15 films are likely to find application in 

precombustion carbon capture, as the selective layer in the catalytic membrane reactors for the 

water–gas shift reaction, as well as the protective overlayer for Pd membranes. The film formation, 

calcination, and curing approach discussed here can be applied to fabricate high-quality zeolite 

films from a number of zeolite frameworks, for example, MWW, MFI, NSI, and so on, in which 

the precursors can be synthesized in the lamellar morphology. Scalable syntheses of such films 

without the complex hydrothermal treatment will improve the reproducibility of polycrystalline 

zeolite membranes and will bring them a step closer to large-scale deployment for gas and vapor 

separation. 

 

Appendix I 

Note 1. Mechanical stability of RUB-15 nanosheet 
 

We studied the stability of RUB-15 using the DFT framework by considering its mechanical 

properties. To compute the elastic constants, we first relaxed the nuclei positions to a high degree 

of accuracy, using a 1 4 4 Monkhorst-Pack k-point grid, keeping the lattice parameters fixed in 

their experimental values. Deformations were applied, the new energy of the system was computed 

after the relaxation of the nuclei, and the elastic constants were then computed from the resulting 

energy-strain curves. For a two-dimensional (2D) material in the xy plane, the strain energy per 

unit area can be expressed as a function of the components of the elastic modulus tensor170: 

 

 U(ε) =1
2
C11 εxx

2 + 1
2
C22 εyy

2 + C12 εxxεyy + 2 C66 εxy
2               (S1) 

 

using Voigt notation (1=xx, 2=yy , 6=) for the components of the tensor. ε is the strain. By exploring 

different degrees of strain in the x-direction, C11 can be obtained. Analogously, C22 can be obtained 

by repeating the procedure for different strain values in the y-direction only. C12 can then be 

computed when applying strains in the x and y directions at the same time, while for computing 

C66 it is necessary to apply a strain in the angle, leaving the lattice parameters constant. The 

following values for the strain ε were considered to determine C11, C12 and C22: -0.05, -0.03, -

0.01, -0.005, -0.002, 0, 0.002, 0.005, 0.01, 0.03 and 0.05. C66 was determined by applying strains 
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values of: 0, 0.001, 0.003, 0.005, 0.01, 0.03 and 0.05. For each strain explored, the energy per unit 

area, U, was plotted as a function of the strain, and the curve was fitted by a quadratic function. 

The parameters of these functions allow obtaining the elastic constants using equation S1. The 

results are shown in Table 1.1. For a 2D material to be mechanically stable, two conditions need to 

be fulfilled: C66 > 0 and C11C22 – C12C12 > 0. Both of them are valid for the 2D RUB-15, so we 

can conclude that the material is mechanically stable. 

 
Note 2. Nudged elastic band (NEB) calculations for activation energy 
 
The activation energy required for a gas molecule to go through the RUB-15 surface was computed 

by means of NEB, using the neb.x module of the Quantum Espresso 6.1. The Broyden scheme was 

used to minimize the energy of the path, and the two endpoint configurations were kept frozen after 

an initial relaxation prior to the NEB calculation. The auto climbing image scheme was considered. 

The calculation was considered to be converged when the norm of the force orthogonal to the path 

was less than 0.05 eV/Å for CO2 and less than 0.02 eV/ Å for H2 for all the configurations. The 

calculations were performed following the protocol detailed below: (1) the adsorption sites were 

computed by adding an H2/CO2 molecule respectively and relaxing the positions of all nuclei to 

achieve minimum energy, (2) two NEB calculations were performed, one covering the path 

between the gas phase and the adsorption site (negative reaction coordinate values in manuscript 

Figure 1d) and another covering the path between the two adsorption sites at both ends of the RUB-

15 surface (positive reaction coordinate values in manuscript Figure 1d. This part of the path 

features the passage of the gas molecules across the pore). 

 

Finally, the influence of the chosen functional in the activation energy values was investigated by 

means of hybrid calculations using the PBE0 hybrid functional. The values of the activation 

energies were found to be overestimated by the PBE functional by 3 and 12% for CO2 and H2, 

respectively, thus revealing that the method of choice yields reasonable results. 

 
Note 3. Comparison of the crystallinity of layered RUB-15 after 1-4 weeks of synthesis 
 

Although the crystallinity of the one-week synthesis appears to be low compared to longer 

synthesis times, the narrow full width half maximum (FWHM) indicates a good stacking of 

the nanosheets along the [100] direction (Figure 1.5). Larger differences in the degree of 

crystallinity can be appreciated by analyzing the FWHM of the 022 plane for which the one-

week sample shows a larger value of about 1/3 higher compared for example, to the two-weeks 

synthesis time (Figure 1.6). 
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 Chapter 3. Gas-sieving zeolitic membranes on 
scalable polymeric support obtained with mild 
calcination temperatures and in-situ acidic 
detemplation 

To be submitted. Mostapha Dakhchoune, Luis Francisco Villalobos, Pascal Schouwink, Claudia 

Esther Avalos, and Kumar Varoon Agrawal*. 

 
Abstract 
 
Abstract 
 
The scalable fabrication of zeolite membranes is limited by the need of expensive inorganic 

supports and complex post-synthesis processing steps such as the detemplation and activation of 

the zeolite crystals. Up to 90% of the zeolite membrane cost is represented by the inorganic support, 

resulting in one of the major hurdles to their commercialization. Replacing the inorganic support 

with a polymeric one would drastically cut down the membrane cost. However, the high 

temperatures required for the detemplation of zeolites, and in some cases for the envisioned 

application, are above the thermal stability of most polymers. Herein, the scalable synthesis of 

polymer-derived porous support together with two mild zeolitic detemplation processes for the 

synthesis of gas-sieving RUB-15 membranes are reported. Non-solvent induced phase separation 

of PBI-AM Fumion® polymer on a cheap stainless steel mesh resulted in a porous (20 nm) and 

smooth surface ideal for depositing zeolitic nanosheets. RUB-15 detemplation temperature was 

reduced to 330 °C from 500 °C with successful removal of the occluded organic molecules and 

silanol condensation between the nanosheets. Alternatively to the thermal detemplation method, a 

room-temperature, liquid extraction-based process using diluted solutions of CH3COOH in ethanol 

was developed. The extraction-based detemplation is highly scalable because it drastically cuts 

down the membrane's processing time and mitigates the creation of defects associated with the 

calcination step. The effectiveness of the mild calcination process together with the PBI-AM 

support yielded molecular sieving membranes capable of separating H2/CO2 with selectivities in 

the range of 20-35 and permeances up to 400 GPU under testing temperatures in the range 25-250 

°C. Permeation results on the membranes detemplated with in-situ acid treatment displayed similar 

results. 
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1. Introduction 

Zeolites are crystalline, microporous aluminosilicates with precise pore arrays in the range of gas 

molecules, which possess high chemical and thermal stability, making them ideal candidates for 

membrane-based gas separation. However, despite decades of excellent lab-scale demonstrations 

of high-performance membranes, their implementation on larger scales remains a longstanding 

challenge. 

 

A key limitation is represented by the prohibitive cost of the inorganic supports (ceramic, metal-

based, etc.), which often accounts for up to 90% of the total cost of the membrane.27,83,171,172 

Moreover, the large-scale fabrication of these inorganic supports poses serious engineering and 

technical challenges.  

 

Replacement with alternative, cheap materials would put zeolite membranes a step forward towards 

commercialization in gas separation applications. In this regard, polymeric supports could 

remarkably cut down the overall membrane cost. The synthesis of zeolite membranes on polymeric 

supports was successfully demonstrated on polyethersulfone (PES) for LTA and Faujasite 

frameworks.120,121 However, PES thermal stability is compromised at high temperatures, and this 

makes PES suitable only for frameworks that do not require the use of organic structure-directing 

agents (OSDAs) in their synthesis sols. On the other hand, most of the frameworks of interest for 

gas separation are synthesized with OSDA requiring a harsh thermal treatment (> 673 K) in 

oxidative atmosphere to activate the zeolitic pores by decomposing the occluded organic 

molecules.114 Although new approaches have been developed to detemplate the zeolitic framework 

such as rapid heat treatment (RTP)118 and UV/ozone-based,116,117 their employment with low-

thermally stable polymers would severely compromise their integrity.91 This screens out the 

majority of polymeric supports, leaving only a few thermally stable polymers, such as 

polybenzimidazole-based polymers, as potential candidates for the scale-up of zeolite membranes 

for gas separations. 

 

Polybenzimidazole (PBI) is a heterocyclic thermoplastic polymer with intrinsic H2/CO2 selectivity 

and high mechanical, thermal and chemical stability. PBI displays a low flux due to its densely 

packed chains leading to a low fractional free volume (FFV). The low-flux can be overcome by 

preparing porous PBI via non-solvent phase inversion (NIPS), making it suitable to be used as a 

support at the expense of the H2/CO2 selectivity. However, after the NIPS process, PBI becomes 
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brittle and shrinks considerably upon drying (up to 40% observed for hollow fibers), making its 

processing on a large scale a serious hurdle.173 The use of water as non-solvent in the NIPS process 

causes, upon drying, the collapsing (or densification) of the pores in the selective layer due to the 

capillary forces originated by the high surface tension of the water.174,175 A multiple-step solvent-

exchange strategy has been successfully employed to mitigate this phenomenon by going from 

water (surface tension at 25 °C equal to 72.71 mJ m-2) to methanol (surface tension at 25 °C equal 

to 22.09 mJ m-2) to isopropanol (surface tension at 25 °C equal to 20.92 mJ m-2) and finally to 

hexane (surface tension at 25 °C equal to 17.98 mJ m-2), preventing the pores from collapsing.176,177 

Although the porous structure was successfully preserved, the shrinkage of the PBI hollow fiber 

was still significant (~18%).177 Moreover, PBI is hard to dissolve in organic solvents, and if no 

additives are added to the solution, it precipitates out within a short time.   

 

Besides the support optimization, many zeolite-related hurdles are still there to overcome to bring 

zeolitic membranes to mature commercialization and implementation on a large scale. The major 

hurdles include overcoming the low reproducibility of the hydrothermal synthesis, controlling grain 

boundary defects, and removing the structure-directing agent (SDA) without damaging the 

membrane. Tsapatsis group has demonstrated partial independence from hydrothermal synthesis 

by synthesizing two-dimensional (2D) MFI nanosheets and using them as building blocks for the 

fabrication of ultrathin membranes by simple filtration onto a porous substrate. However, the 

unselective gas transport through the intersheet gaps was dominant compared to the transport across 

the ten-membered SiO4 ring (10-MRs), and a secondary growth step was necessary to achieve a 

high separation of xylene isomers.35,178 Recently, our group further improved the nanosheet-based 

processing by completely avoiding the secondary growth process in the fabrication of gas-sieving 

zeolitic membranes using exfoliated 2D RUB-15 nanosheets as building blocks.92 High H2/CO2 

performance through the 6-MRs was achieved by eliminating the non-selective intersheet gaps via 

silanol condensation of neighboring nanosheets. However, the adopted detemplation method based 

on a calcination process to remove the occluded organic molecules was still taking place at elevated 

temperature (500 °C), rendering the potential use of polymeric supports unfeasible [even 

temperature stable polymer such as PBI partially degrade at 500 °C]. Moreover, the difference 

between the thermal expansion coefficients of the zeolitic layer and the underlying anodized 

aluminum oxide support (AAO) leads to the formation of cracks in the zeolitic film during the 

high-temperature calcination step, which required a defect healing step to be selective.92 
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The development of milder detemplation methods that are compatible with the use of temperature 

stable polymeric supports (e.g., polybenzimidazoles and polyimides)179,180 would represent a useful 

advance towards the commercialization of zeolite membranes. This could be achieved by calcining 

at lower temperatures for a longer period of time or by using acids to remove the SDAs. For 

example, solvent extraction in acidic media [a mild detemplation method that was initially 

conceived for mesoporous materials and adapted to microporous silicates by Lami et al. has been 

successfully used to detemplate zeolite beta by using solutions of concentrated nitric acid (up to 13 

N).119 Davis and co-workers showed that harsher conditions and longer time treatments were 

required to remove OSDA partially from zeolitic pores that had comparable size to the OSDA. This 

means that the relationship between the sizes of the OSDA molecule and the zeolite pore plays a 

crucial role in the extraction and that small pore zeolites are less prone to benefit from this 

method.181,182  

 

Herein, we address two of the major hurdles limiting the scale-up of zeolite membranes by 

developing a temperature-stable hybrid polymeric-inorganic support and developing two mild 

detemplating routes compatible with such support. Briefly, we synthesized a PBI-based support 

using NIPS of PBI-AM Fumion® on a stainless steel mesh and developed a low temperature (330 

°C) and an acid-based detemplation process for RUB-15 nanosheet-based membranes compatible 

with the employment of the PBI-AM/stainless steel mesh support. To the best of our knowledge, 

this represents the first report of PBI-AM as membrane support. PBI-AM powder is easily 

dissolved in many organic solvents, and the NIPS process on a commercial stainless steel mesh 

yielded a 200 µm-thick PBI-AM layer with a smooth surface and uniform pore size in the range of 

20-30 nm with negligible transport resistance.  

The organic molecules trapped between RUB-15 nanosheets were removed via a mild calcination 

procedure (330 °C) that allowed the use of PBI-AM supports. In-situ X-ray diffraction of the 

calcination process confirmed the complete removal of organic molecules. In addition to the mild 

calcination procedure, we developed another route that was calcination-free (room temperature 

processing) for the removal of the guest organic molecules. This drastically cut down the number 

of processing steps and time to the final membrane. Non-acid treated RUB-15 nanosheets were 

filtered on the PBI-AM support, and once the RUB-15 film was fully formed, a 3M ethanolic 

solution of acetic acid was filtered to extract the organic molecules and eliminate the gallery 

spacing between the nanosheets.   

The effectiveness of the two mild detemplating processes and the PBI-AM/stainless steel support 

yielded molecular sieving membranes capable of separating H2/CO2 with selectivities in the range 
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of 20-35 and permeances up to 400 GPU under testing temperatures in the range of 25-250 °C. 

Permeation results on the membranes detemplated with in-situ acid treatment displayed similar 

results. 

 

2. Methods 

2.1. Materials 
 

The materials employed to synthesis bulk layered RUB-15 were purchased from commercial 

suppliers: Tetramethylammonium hydroxide TMAOH (25% in water, Sigma Aldrich), 

tetraethylorthosilicate TEOS, (98% anhydrous, Acros), N-Methyl-2-pyrrolidone NMP, (99%, 

Sigma Aldrich), low-molecular-weight polystyrene (1360 g/mol, Eastman), ethanol (99.9%, Fisher 

chemicals), hexadecyltrimethylammonium bromide CTAB, (>98%, Sigma Aldrich), sulfuric acid, 

(95-97%, Merck), chlorobenzene (99.8%, Merck), toluene (99.8%). PBI-AM Fumion® powder was 

purchased from Fumatech. Stainless steel mesh (pore size 20 μm, Part number #325X2300TL0014) 

was purchased from TWP Inc.  

 

2.2. Layered RUB-15 hydrothermal synthesis. 
 

Layered RUB-15 was synthesized via hydrothermal synthesis by adopting a modified recipe 

reported elsewhere.107,109 Briefly, 112.5 g of TMAOH was mixed with 64.3 g of 

tetraethylorthosilicate and 128.8 g of deionized water by stirring for 24 h at 25 °C in a 

polypropylene beaker. The mixture was then transferred to a rotary evaporator at 40 °C and 100 

mbar of pressure using 75 rpm, until the complete evaporation of the solvent was achieved. Wet 

crystals were dried in a tissue paper for a few hours and transferred to a Teflon-lined autoclave, 

and heated at 150 °C for 2 weeks. The obtained white powders were thoroughly washed with 

deionized water (DI) and dried in a convection oven at 70 °C.  
 

2.3. CTAB-based swelling of RUB-15 layers. 
 

Swelling of layered RUB-15 powder was carried out by stirring 3.4 g of 

hexacetyltrimethylammonium bromide (CTAB) in 200 mL of DI water until the solution turned 

transparent. 1 g of layered RUB-15 was then added, and the system was stirred for 24 h at room 

temperature. Next, the powder was collected, washed with abundant water, and dried at 70 °C. 
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2.4. RUB-15 exfoliation. 
 

RUB-15 exfoliation was performed by the melt compounding technique (Xplore micro 

compounder 15) as reported by Tsapatsis and co-workers with small modifications.35 In a typical 

experiment, 0.6 g of swollen RUB-15 was mixed with 15 g of low-molecular-weight polystyrene 

at 120 °C under a nitrogen environment. Next, the temperature was slowly decreased to 60 °C and 

then kept fixed for the whole experiment duration. The temperature of the extrusion was 90 °C. 

 

2.5. Nanosheets extraction from polymeric matrix. 
 

RUB-15 nanosheets embedded in the nanocomposite (polymeric matrix) were dissolved in toluene 

with a concentration of 1.23 w/w%. 50 mL in volume PTFE tubes were filled with 25 mL of 

chlorobenzene and gently added 25 mL from the nanocomposite solution in toluene. A 

centrifugation step of 4000 g-force and 3 h was performed (Beckman Coulter, Avanti J-26S XP), 

which settled down the cake of nanosheets while the supernatant, rich in polystyrene, was 

discarded. Fresh ethanol was added, and the centrifugation repeated once more to remove 

chlorobenzene traces. Note, for membranes prepared with acidic extraction, toluene was added 

rather than ethanol.  

 

2.6. Sulfuric acid treatment of RUB-15 nanosheets 
 

The cake resulting from the centrifugation step was dispersed in sulfuric acid solution in ethanol 

(0.2 M) and kept under stirring at 80 °C for 16 h. Following the acid treatment, a series of 

centrifugation steps (40000 g-force for 3 h) were performed until the solution pH was around 7. 

Nanosheets treated using this procedure will be referred to as acid-treated nanosheets. 

 

2.7. PBI-AM support preparation 
 

The dope solution was prepared by mechanically stirring an 8 w/w% solution of PBI-AM powder 

in NMP solvent. The solution was used as it is without further treatment. A water coagulation bath 

was heated at 60 °C, and a casting knife of 10 MIL (~ 250 µm) was used to cast the solution on the 

stainless steel mesh. Upon casting, the system was placed in the coagulation bath and left overnight. 

The supports were then washed with deionized water and let dry at room temperature. For the 

stabilization of the support structure, the PBI-AM was heated at 330 °C for 8 h. After the heat 

treatment, the supports were used without further treatment. 
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2.8. Assembly of nanosheets into a membrane with mild calcination temperature 
 

200 µL of purified acid-treated RUB-15 nanosheets were added to 12 mL of fresh ethanol and 

sonicated for 25 minutes. The solution was then centrifuged at 5000 rpm for 10 min in a Falcon 

tube, and the top 10 mL were gently piped out and used for the membrane assembly. Vacuum 

filtration was tuned to achieve a flow rate of ~ 2.8x10-3 mL/s. After the completion of the filtration 

(usually 20 min), the RUB-15@PBI-AM membrane was dried at room temperature for a few hours 

and then calcined at 330 °C for 8 h. The occasional-defective membranes were healed by refiltering 

a fresh dilute suspension of purified nanosheets in ethanol (1 mL of a solution diluted 10-fold with 

respect to the solution used to prepare the membrane) to clog defects. 

 

2.9. Assembly of nanosheets into a membrane with acidic extraction 
 

RUB-15 nanosheets were purified from the polymeric matrix as mentioned previously, and toluene 

was added rather than ethanol since no acid treatment was performed before the membrane 

fabrication. A small aliquot (300 µL) of nanosheets dispersed in toluene was mixed with 12 mL of 

fresh toluene and sonicated for 25 minutes. The suspension was used as it is without centrifugation 

and filtered through the PBI-AM support.  

 

Once the suspension in toluene was filtered, 10 mL of acetic acid in ethanol (3 M) was poured and 

filtered through without changing the vacuum conditions. Pure ethanol (20 mL) was used to wash 

away residues of the acetic acid. Finally, the membrane was removed and dried overnight at 70 °C. 

 

2.10. Gas permeation. 
 

Mixed and single gas permeation tests were carried out using a homemade permeation setup 

(Figure 1.1). Argon was used as the sweep gas. Flow rates of the gases were controlled by mass 

flow controllers (MFCs). The permeate gas concentration was analyzed in real-time by a mass 

spectrometer (Hiden Analytical, HPR-20). Once the steady-state was reached, the permeate 

concentration data was recorded and averaged (typically 30-60 min for each gas measurement). 

The gas permeance Ji, the ideal selectivity αij, and the separation factor βij were calculated by the 

following Equations (1-3). 
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Ji = Xi/(A ∗ ∆Pi) (1) 

αij = Ji/Jj (2) 

βij = (Ci/Cj)permeate/(Ci/Cj)feed (3) 

 

where Xi is the flow rate of component i, A is the membrane area, ΔPi is the transmembrane pressure 

difference for component i, Ci and Cj are the concentrations of component i and j in the 

feed/permeate streams with i being the faster-permeating component. 

 

2.11. Characterization 
 

Powder XRD patterns were collected with a Bruker D8 Advance using CuKα radiation (λ Cu Kα 

= 1.5406 Å). In-plane and diffraction measurements were conducted on a D8 Discover Plus TXS 

(Bruker). The measurements were taken in parallel beam mode. The incident angle was set to 2 °, 

and the incident beam was equipped with a 1 mm-hole together with a c1 mm-collimator.  

 

SEM images were collected using an FEI Teneo scanning electron microscope at an acceleration 

voltage of 1-2 kV. Samples were imaged without using any conductive coatings. Focused-ion beam 

was performed with a Zeiss XB 540. 

 
3. Results and discussions 

3.1. PBI-AM support fabrication and assembly of RUB-15 nanosheets 
 

The commercially available PBI-AM copolymer offers many advantages compared to PBI for the 

fabrication of porous polymeric supports. PBI-AM is more processable than PBI as it easily 

dissolves in several NIPS compatible solvents such as dimethylacetamide (DMAc), N,N-

dimethylformamide (DMF), N-Methyl-2-Pyrrolidone (NMP), and dimethyl sulfoxide (DMSO) 

without the need of additives. Moreover, upon drying, the porous structures of PBI-AM supports, 

formed using the NIPS process, retain their flexibility, and their pores do not collapse.  On the 

contrary, conventional PBI is very difficult to dissolve, and traces of undissolved polymer can be 

a source of defects in the fabrication of nanocomposite membranes. Additionally, porous PBI 

structures prepared via the NIPS process tend to collapse upon drying and become very 

brittle.176,183,184  
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We could dissolve PBI-AM in common organic solvents (NMP, DMAc, DMF, etc.) up to 10 w/w 

% by mechanical stirring at room temperature. PBI-AM supports were prepared via the NIPS 

process onto a low-cost woven stainless steel mesh (Figure 2.1a and Figure 2.3a). The woven 

stainless steel mesh employed in the process had an average pore opening of 20 µm, is mechanically 

robust, and can withstand high temperatures. The 20 µm openings were ideal to allow partial 

infiltration of the viscous polymeric solution (Figure 2.1a and Figure 2.3a, Figure 2.3g), effectively 

anchoring the porous PBI-AM to the stainless steel mesh. In this way, any macroscopic shrinkage 

and bending upon drying was avoided. On the contrary, free-standing films of PBI-AM, made by 

casting the PBI-AM solution on top of a glass plate, bent heavily upon drying and shrank ~10%. 

The regular surface of the metal mesh support guaranteed a uniform thickness of the casted film.  

When a casting blade of 10 MIL (~250 µm) and a PBI-AM 8 w/w% solution were employed, the 

average thickness of the porous polymer layer was 200 µm. The resulting structure yielded a 

smooth surface with ~20 nm pores and a cross-section with a macrovoid-free spongy layer from 2 

to 50 µm on the top and large macrovoids below it (Figure 2.1b and Figure 2.3b-e). The as-prepared 

supports were calcined in air at 330 °C for 8 h to ensure their thermal arrangement and structure 

stabilization prior to the deposition of RUB-15 nanosheets.91 We note that the porous structure of 

the PBI-AM/metal mesh films was retained after such a calcination step.  
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Figure 2.1. a) Illustration of the NIPS process of the PBI-AM polymer, including coating of the stainless steel 
mesh with 8% w/w solution in NMP, casting with 10 MIL blade, phase inversion in a water bath at 60 °C, and 
thermal treatment of the rearrangement and stabilization of the support at 330 °C. b) Solution processing of RUB-
15 nanosheets with conventional ex-situ acid treatment in sulfuric acid, filtration onto PBI-AM support and new 
calcination procedure at 330 °C for 8 h. c) New solution processing of RUB-15 nanosheets without the need of 
thermal treatment for the removal of the occluded organic molecules.    

 
RUB-15 nanosheets preparation was obtained following our previous report.92 Briefly, the layered 

morphology of RUB-15 was synthesized hydrothermally by a pseudo-solid-state transformation of 

hydrated silicate double-four-ring (D4R) at 150 °C.107,185 Tetramethylammonium hydroxide 

(TMAOH) SDA was ion-exchanged with cetyltrimethylammonium bromide (CTAB) to weaken 

the interlayer interactions between RUB-15 nanosheets, facilitating the polymer-based exfoliation 

with low-molecular-weight polystyrene (1360 g mol-1) with the melt-compounding technique.159 

Extraction and purification of RUB-15 nanosheets from the polymeric matrix were carried out 

using density-gradient centrifugations.88   
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The processing of RUB-15 nanosheets into H2/CO2 gas-sieving membranes using the scalable PBI-

AM supports, and the mild calcination approach is illustrated in Figure 2.1b. Starting with a highly 

stable dispersion of RUB-15 nanosheets in toluene [the good interaction between the apolar solvent 

and the CTAB tails guarantees a stable dispersion] (Figure 2.1b), the nanosheets were transferred 

into ethanol resulting in a foggy dispersion due to the nanosheets agglomeration caused by the 

unfavorable interaction between CTAB and the polar ethanol (Figure 2.1b). Mild sulfuric acid 

treatment in ethanol (0.2 M) removed some of the CTAB molecules from the surface of the 

nanosheet, and the newly exposed charged groups allowed the dispersion of the acid-treated RUB-

15 nanosheets in ethanol for a time scale of hours before resettling down. The hours-long stability 

was sufficient for the fabrication of membranes via filtration. A harsher acid treatment in a 4 M 

H2SO4 solution was needed to fully remove the CTAB molecules. Thermogravimetric analysis 

(TGA) on the mildly acid-treated nanosheets showed a weight loss percentage of 18.3%, while 

non-acid treated and harsh-treated (4 M H2SO4) nanosheets, the weight losses were 51.2 and 9.7%, 

respectively (Figure 2.2). This reveals that the milder acid treatment (H2SO4 0.2 M) partially 

removed the surfactant from the nanosheets, and a harsher treatment (H2SO4 4 M) was necessary 

to completely detemplate RUB-15 nanosheets. Even though it was possible to fabricate continuous 

RUB-15 films from completely detemplated nanosheet dispersions (H2SO4 4 M case), the resulting 

membranes were not selective. We hypothesized that the presence of CTAB during the filtration 

step is required to obtain a nanosheet packing adequate for membrane applications where intersheet 

gaps are minimized.  The mildly acid-treated nanosheets were successfully used to fabricate thin 

selective films (~150 nm) on the PBI-AM support via vacuum-filtration (Figure 2.3f-h) followed 

by a mild calcination step to remove the remaining CTAB molecules. The novelty in this procedure 

was the development of a mild yet efficient calcination procedure (330 °C instead of 500 °C), which 

allowed the employment of PBI-AM support (details in section 3.2). 
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Figure 2.2. Thermogravimetric analysis of RUB-15 nanosheets as a function of the acid treatment concentration. 
Red, blue, and green curves are RUB-15 nanosheets treated in an ethanolic solution of H2SO4 4 M, 0.2 M, and 
no acid-treated, respectively. 

 

Alternatively to the thermal removal of the occluded organic molecules, we developed a facile 

extraction process to remove CTAB molecules from already formed RUB-15 films with dilute 

solutions of acetic acid, which allowed a drastic cut-down of the overall membranes fabrication 

process. The OSDA extraction method using an acid treatment was previously reported and proven 

to be very effective on MFI (silicalite-1) and beta zeolite crystals when tetraethylammonium cation 

and the linear hexamethylenediamine OSDAs were used for the synthesis of beta and silicalite-1, 

respectively.182 However, only partial removal was achieved when bis-piperidinium and 

tetraalkylammonium templates were used for beta and silicalite-1, respectively, underlying the 

strong relation between pore size and OSDA size.181,182 Contrarily to silicalite-1, where the OSDA 

is located within the 10-MR pore of the zeolite along the b-axis, RUB-15 contains the OSDA-

exchanged surfactant on the outer surface of the nanosheets, rendering its extraction process doable 

under mild conditions. Figure 2.1c shows how directly from the nanosheets dispersed in toluene 

we could fabricate membranes on the PBI-AM support. Once the membrane was formed, a 3 M 

ethanolic solution of acetic acid was filtered through ensuring the removal of the CTAB. XRD 

studies confirmed the removal of the CTAB evidenced by a decrease in the d spacing to 8 Å, which 

is equivalent to the thickness of the nanosheet and expected when no CTAB is present (details in 

section 3.2). We note that the PBI-AM support was chemically stable under the toluene and 

environment 3 M ethanolic solution of acetic acid used for these steps. 
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Figure 2.3. a) SEM image of stainless steel with an average pore opening of 2 µm. Low- b) and high-
magnification. c) SEM images of the PBI-AM support showing the surface uniformity and the narrow pore size 
with an average size of 20 nm. d) SEM image showing the film cross-section with macro voids and ~200 µm in 
thickness. e) High-magnification SEM image of the dotted square in (d). f) Photograph of the PBI-AM support 
with RUB-15 nanosheets coated on top in the colorful central disc. g) SEM image of the boundaries between 
zeolitic film, PBI-AM support, and stainless steel mesh. h) High-magnification SEM image showing the good 
packing of the nanosheets. i) Focused Ion Beam-SEM image of the cross-section of RUB-15 film (~150 nm in 
thickness) on PBI-AM support. Carbon and gold layers were used to protect RUB-15 film from beam damage. 
Scale bars are: 200 µm in (a) and (b), 400 nm in (c) and (i), 100 µm in (d), 50 µm in (e), 0.5 cm in (f), 1 mm in 
(g), and 500 nm in (h). 

 

3.2. In-situ XRD of mild thermal detemplation  
 

In our previous report, RUB-15 membranes were calcined in air at 500 °C for 1 h, ensuring the 

complete removal of CTAB surfactant and the silanol condensation between nanosheets, which 

blocked the gas transport through non-selective pathways.92 However, such temperature does not 

allow the employment of polymeric supports such as PBI-AM (decomposition temperature > 400 

°C). Detemplation reaction time and temperature are two major variables that affect the SDA 

removal when using thermal treatments. For example, a longer detemplation process at mild 

temperatures (e.g., 300 °C for 8 h) could open the majority of MFI pores occluded by the SDA, 
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and a similar result was achieved with a shorter exposure at a higher temperature (e.g., 450 °C for 

4 h).61,91 

To explore the time-temperature dependence of the detemplation process of RUB-15 films and 

develop a mild calcination procedure compatible with PBI-AM, we performed in-situ XRD studies 

on RUB-15 films on PBI-AM (Figure 2.4a). XRD of the in-situ heat treatment demonstrated that 

the complete removal of CTAB and the silanol condensation were taking place at lower 

temperatures when the sample was kept for 8 h at 330 °C (Figure 2.4a). The d spacing remained 

constant around 11 Å (Note 1 Appendix I) up to 150 °C. In the range of temperatures of ~150-240 

°C, the d spacing between RUB-15 nanosheets layers increased by 0.5 Å, due to the higher kinetic 

activity of the trapped organic molecules between the layers (Figure 2.4a-b). From ~270 °C to ~310 

°C, a sharp decrease of the d spacing took place due to the fast degradation of the surfactant into 

combustion products (Figure 2.4a-b). The constant temperature at 330 °C for 8 h ensured the 

complete removal of the surfactant together with the silanol condensation between nanosheets 

(Figure 2.4a).   
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Figure 2.4. a) In-situ out-of-plane XRD (Cu Kα, λ = 1.5406 Å) on RUB-15@ PBI-AM film from 25 °C to 330 
°C in air atmosphere. b) Illustration of the nanosheets d spacing variation during the in-situ XRD performed in 
(a). c) Out-of-plane XRD (Cu Kα, λ = 1.5406 Å) of RUB-15@PBI-AM film in the as-filtered films and calcined 
with new calcination process d) In-plane XRD (Cu Kα, λ = 1.5406 Å) of RUB-15@PBI-AM film for as-filtered 
and calcined at 330 °C for 8 h. 

 

Careful (Note 1 Appendix I) ex-situ out-of-plane investigation of the as-filtered RUB-15 film and 

after the 330 °C for 8 h calcination showed good agreement with our previous report.  The interlayer 

d spacing (200 peak) shifted from 11.4 to ~7.6 Å after the mild calcination temperature indicating 

that all the CTAB was removed and only condensed RUB-15 nanosheets remained (Figure 2.4c). 
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RUB-15 nanosheet thickness is ~8 Å, and after the silanol condensation, the removal of a water 

molecule decreases the interlayer distance to the observed ~7.6 Å.  

 

To probe the crystallinity of the nanosheets upon calcination, in-plane XRD was performed on 

RUB-15 films before and after the 330 °C heat treatment (Figure 2.4d). Four distinct peaks were 

clearly visible in the as-filtered films relative to the 011, 002, 020, and 022 planes of RUB-15, 

which are in agreement with the nanosheets orientation along the a-axis. Upon calcination for 8 h 

at 330 °C, the same plane's reflections were distinguishable, indicating the preservation of the in-

plane nanosheet order.  

 

3.3. Gas separation RUB-15@PBI-AM calcined at 330 °C 
 

Gas transport analysis from RUB-15 membranes supported on PBI-AM (RUB-15@PBI-AM) and 

detemplated with the new calcination process confirmed that the developed process contributed to 

the elimination of the intersheet gaps. RUB-15@PBI-AM membranes after the mild calcination 

step yielded H2/CO2 selectivities in the range of 20-35 and permeances up to 400 GPU under testing 

temperatures in the range of 25-250 °C (Figure 2.5a-d). 

 

Single-gas permeation measurement of He (kinetic diameter 0.26 nm), H2 (0.29 nm), CO2 

(0.33 nm), N2 (0.36 nm), and CH4 (0.38 nm) showed a sharp cut-off in the permeance between 

small (He and H2) and large (CO2, N2, and CH4) molecules, indicating that the transport was based 

on a molecular sieve mechanism across the 6-MRs of RUB-15 nanosheets (Figure 2.5a).  

 

Nudged elastic band (NEB) calculations on RUB-15 nanosheets between the gas phase and the 

adsorbed state located on the other end of the pore surface estimate the apparent activation (EAA) 

energy barrier for H2 molecules equals to 33 ± 2 kJ mol-1.92 RUB-15@PBI-AM membranes 

followed a systematic trend in which higher selectivities were obtained at apparent activation 

energies close to what NEB calculations estimate(Figure 2.5c). Finally, the newly developed RUB-

15@PBI-AM membranes enriched the literature of pure zeolitic phase membranes capable of 

providing an efficient pre-combustion capture process if compared to conventional absorption-

based processes (Figure 2.5d).186 
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Figure 2.5. a) Single-gas permeation measurements He, H2, CO2, N2, and CH4 as a function of their kinetic 
diameter. b) Single-gas permeation measurements from the RUB-15@PBI-AM membranes as a function of 
temperature. c) EAA for H2 as a function of the H2/CO2 ideal selectivity. The horizontal blue band represents EAA 
from our previous NEB calculations.92 d) Comparison of the H2/CO2 separation performance from the RUB-15 
nanosheet membranes compared with that from the state-of-the-art zeolite membranes at temperatures higher 
than 200 °C. Hybrid zeolite membranes prepared by modifying zeolite films by organosilica were excluded since 
they do not present a single zeolite phase. a,187 b,188 c,166 d,167 e,168 f.189 

 
3.4. In-situ detemplation of RUB-15@PBI-AM membranes 
 

Alternatively to the thermal-based detemplation method, the use of a room-temperature liquid 

extraction-based process was developed. This approach allowed the facile removal of the CTAB 

molecules that are trapped within the interlayer spacings by simply filtering 10 mL of a 3 M 

solution of acetic acid in ethanol. First, the nanosheets dispersed in toluene were vacuum-filtered 
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to fabricate thin films on the PBI-AM support, and subsequently (before the membrane dries), 10 

mL of the acidic solution were added on top of the wet film and filtered.  

Out-of-plane XRD on the films obtained by the filtration of the nanosheets dispersed in toluene 

(Figure 2.6, green line) showed a sharper 200 peak compared to the conventional RUB-15 

nanosheets dispersed in ethanol and acid-treated with a 0.2 M solution of H2SO4. The full-width 

half-maximum (FWHM) of the films prepared from toluene (without CTAB removal) was 0.30 ° 

(Figure 2.6, green line), while the conventionally detemplated films (partial removal of the CTAB) 

displayed a FWHM of 1.31° (Figure 2.6, magenta line). We speculate that the highly concentrated 

CTAB molecules act as pillars for the nanosheets, increasing their order (Figure 2.6, top inset). 

Analogously, when the concentration of CTAB was scarce, a higher deviation from horizontal 

alignment occurs, resulting in a broader peak (Figure 2.6, top inset). Moreover, a larger d spacing 

of 13.4 Å is observed for the nanosheets in toluene, compared to 11.4 Å for acid-treated nanosheets 

(Figure 2.6), which is due to the different orientation of the CTAB molecules. 
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Figure 2.6. a) Out-of-plane XRD (Cu Kα, λ = 1.5406 Å) of as-filtered RUB-15 films. Comparison of the d 
spacing between membranes fabricated with acid-treated nanosheets with conventional method base on 0.2 M of 
sulfuric acid (magenta) and membranes fabricated with nanosheets dispersed in toluene and that did not undergo 
acid treatment (green). Cartoons are an illustration of possible nanosheets configuration.  b) Out-of-plane XRD 
(Cu Kα, λ = 1.5406 Å) of as-filtered RUB-15 film without any acid treatment (green) and film obtained by re-
filtering a 3 M solution of acetic acid in ethanol (red). c) In-plane XRD (Cu Kα, λ = 1.5406 Å) of RUB-15 films 
before (green) and after (red) the refiltration step with 3 M acetic acid solution in ethanol. d) Preliminary gas 
permeation data from a membrane detemplated with extraction method with an acetic acid solution, Permeances 
of He, H2, and CO2 together with ideal H2/CO2 selectivity are reported. 

 

After filtering a diluted solution (3 M) of acetic acid in ethanol, the d spacing shifted from 13.4 Å 

to 8 Å as confirmed by the shifting of the 200 peak reflection in Figure 2.6b. Surprisingly, a new 

peak appeared at around 2θ = 8.8 ° (d = 10 Å), which is under current investigation to determine 
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its origin. In-plane XRD was performed on the same samples to determine the in-plane crystallinity 

of RUB-15 nanosheets upon the acid treatment (Figure 2.6c). Films formed with nanosheets in 

toluene displayed three distinguishable reflections relative to the 002, 020, and 022 planes, and 

upon in-situ acid treatment with acetic acid, the same peak reflections were preserved. Analogously 

to the out-of-plane measurement, two new peaks have emerged whose investigation is still ongoing 

(Figure 2.6c). 

 

Preliminary results on a membrane fabricated with the new in-situ detemplation method showed a 

molecular sieving type of transport with a H2/CO2 selectivity of 15 and a H2 permeance higher than 

300 GPU (Figure 2.6d) at 300 °C. The newly developed method is a simple way of detemplating 

zeolitic membranes without resorting to the thermally driven process and could benefit other 2D 

nanosheets-based zeolites, where mismatches in the thermal expansion coefficients between 

support and zeolitic phase are the main source of defects formation. Moreover, the room 

temperature process and its short time (less than 20 minutes) are highly beneficial for the future 

scale-up compared to the slow heat treatments required in a typical calcination process. 

 

4. Conclusions 

Zeolite membranes commercialization is hindered by the prohibitive costs of the inorganic supports 

and their challenging manufacturing on a large scale. We have reported the first example of 

polymeric PBI-AM Fumion® support obtained by the NIPS process, which could withstand high 

temperatures (603 K) and was employed for the deposition of thin zeolitic films made of RUB-15 

nanosheets for the pre-combustion capture.  Zeolites that use mild calcination temperature for the 

detemplation process could benefit from the new support due to its narrow pores, smooth surface, 

and chemical and mechanical stability. Two new detemplation processes were developed to allow 

the safe employment of the PBI-AM support at low temperatures. First, a gentler calcination 

procedure was used, which was based on longer time treatments (8h) in favor of a milder 

calcination temperature (330 °C), and XRD studies confirmed the successful removal of the 

occluded organic molecules and silanol condensation. Second, an in-situ room-temperature, liquid-

extraction-based method that uses a diluted solution of acetic acid (3 M) in ethanol was sufficient 

to remove the organic molecules in the gallery spacing of RUB-15 nanosheets, cutting down the 

number of step and processing time for membrane fabrication. Films obtained from the mild 

calcination temperature yielded molecular-sieving membranes capable of sieving H2/CO2 mixtures 

and could be employed for the efficient pre-combustion capture. Preliminary results from the in-
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situ detemplated membranes showed the promise and the potential in delivering attractive H2/CO2 

selective membranes with only a few fabrication steps ideal for scale-up. 

 

Appendix I 

Note 1. The aim of the in-situ XRD experiment was to show the transient d spacing shifting and 

not to obtain the exact d spacing at the beginning and end of the experiment. The error in the d 

spacing can be up to ± 0.3-0.5 Å due to the homemade heating cell in which the alignment could 

not be as accurate as normal XRD measurements. Moreover, the slight wobbling of the stainless 

steel mesh could contribute to increasing the uncertainty in the measurement. For more accurate d 

spacing measurements, refer to Figure 2.4c. 
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Abstract 
 

Nanoporous carbon (NPC) film, fabricated by the pyrolysis of phase-separated block-

copolymer/turanose film, has been used successfully as a gas permeable mechanical reinforcement 

for crack-free synthesis of single-layer graphene membranes. However, a dedicated study on the 

nanostructure and transport properties of the NPC has been missing. Herein, we show that the NPC 

film has a perforated lamellar (PL) nanostructure where molecular transport is limited by an 

interlamellar spacing of ~2 nm. The unique PL nanostructure of the NPC film originates from its 

precursor, i.e., block-copolymer stabilized by hydrogen bonding with a carbohydrate additive 

where the latter also acts as the main carbon-forming agent.  This nanostructure is highly sensitive 

to the carbohydrate/block-copolymer, and gives away to a lacey structure below 2:1 ratio. 

Attributing to a thickness of 100 nm and the porous nanostructure, the NPC yields extremely rapid 

molecular transport. For gases, the transport takes place in Knudsen regime, with H2 permeance 

over two million GPU and H2/CO2 selectivity over 4.5 in the temperature range of 25 - 300 °C. A 

techno-economic analysis for the application of NPC membrane for pre-combustion carbon capture 

reveals that a two-stage membrane process can purify H2 with extremely low specific membrane 

area (0.076 m2 kgCO2
-1 s-1), which can significantly cut down the footprint of the separation process 

and the associated capital cost. 

 

1. Introduction 

Porous carbon films have obtained increasing attention because of their superior thermal and 

chemical robustness in harsh environments, high surface area, tunable pore-size-distribution, and 

electrical conductivity.190–192 Their superior properties have led to several applications, e.g., gas 

separation, catalysis, ultrafiltration, sensors, fuel cells, etc.193–196 One of the most studied carbon 

materials for membrane-based separation is carbon molecular sieves (CMS) comprised of slit-like 
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pores generated by partial graphitization of polyimides.197–199 They have been extensively 

investigated in the field of gas separation, where separation takes place based on the relative 

difference in the molecular size.200–202 Attractive gas pair selectivities for similar-sized molecules, 

e.g., for O2/N2, N2/CH4, CO2/N2, etc., by size-sieving have been reported with the CMS 

membranes.203,204 CMS are advantageous because they can be prepared on a large scale from 

polymeric membrane precursors and their performance and stability are typically superior to their 

polymer counterparts. Gas separation processes, which require high selectivity under harsh 

conditions, are particularly suitable for CMS membranes. Strategies to increase the permeance of 

CMS membranes would likely accelerate their implementation in applications where a high 

throughput separation is needed, e.g., carbon capture. Decreasing the thickness of their selective 

layer could be an effective strategy for increasing their permeance.193,205 Recently, Ingo and 

coworkers showed that the nanostructure of the selective layer could be sensitive to the thickness 

of the CMS film.206,207 Therefore, the synthesis of porous carbon films capable of providing a high 

molecular permeance is highly attractive. In this regard, the extremely thin (~0.5-3 nm) carbon 

nanomembranes formed by the crosslinking and pyrolysis of self-assembled monolayers (SAMs) 

of aromatic molecules are promising.208–210  The pyrolysis of SAMs forms ~1 nm-thick carbon 

membranes, and some of the crosslinked SAMs have been used to separate gases.210–212 Another 

class of carbon membranes that have received attention in the past are selective surface 

flow (SSFTM) membranes developed by Air Products, where the effective pore diameter is in the 

range of 0.5-0.6 nm, and the gas transport takes place by selective surface diffusion of more 

strongly adsorbing components.213  

 

In contrast to the abundantly studied carbon membranes hosting sub-1-nm pores, only a handful of 

reports are available on the study of gas selective carbon membranes hosting pores larger than 1 

nm.214–218 Most of the studies on mesoporous carbon membranes focused on their structure-

property relationship, porosity, and pore-size-distribution; however, the transport properties have 

not been given adequate attention.219 In this range of pore size, the transport of weakly adsorbing 

gases takes place primarily by Knudsen diffusion in contrast to molecular sieving (activated 

transport) and surface diffusion.213 The gas permeance, N, in the case of the Knudsen transport, can 

be expressed as:220 

 

𝑁𝑁 =
𝑑𝑑𝑝𝑝
𝑅𝑅𝑅𝑅𝑅𝑅

�
8𝑅𝑅𝑅𝑅

9𝜋𝜋𝜋𝜋𝑤𝑤
    (1) 
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where dp is the pore diameter, R is the universal gas constant, T is the temperature, δ is the 

membrane thickness, and Mw is the molecular weight of the gas. Eq. 1 shows that the permeance 

of gas is inversely proportional to the square root of its molecular weight.  

 

Herein, we study transport and accompanying separation data from 100-nm-thick NPC films 

prepared by pyrolyzing poly(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP) hydrogen-bonded 

with turanose where the latter acts as a carbon source. We probe the morphology, nanostructure, 

and chemical functionality of the NPC film and study the gas transport properties in the temperature 

range of 25 - 300 ºC. We show that the gas transport from the NPC film is indeed in the Knudsen 

regime where permeance conforms to the Mw
-0.5 and T-0.5 relationship, as shown in Eq. 1. Given the 

ultrahigh H2 permeance (2.9 million GPU) accompanying a Knudsen selectivity for H2/CO2 (4.7), 

we carried out a techno-economic evaluation of NPC film for H2 purification from its mixture with 

CO2 and show that the area needed for NPC film is negligible compared to those for the state-of-

the-art membranes for this separation.  

 
2. Methods 

2.1. Synthesis of nanoporous carbon film 
 

The synthesis of the NPC film was carried out using a modified method reported by Rodriguez et 

al.221 Typically, 0.2 g of turanose (Sigma Aldrich) was mixed with 0.1 g of PS-b-P4VP (Polymer 

Source Inc., 𝑀𝑀𝑛𝑛
𝑃𝑃𝑃𝑃= 11800 g mol–1; 𝑀𝑀𝑛𝑛

𝑃𝑃𝑃𝑃𝑃𝑃= 12300 g mol–1; polydispersity index of 1.08), and stirred 

in 2 g of dimethylformamide (DMF, Sigma Aldrich) for 1 h at 40 °C. The solution was then heat 

treated in a Teflon-lined autoclave at 180 °C for 3 h to improve the hydrogen bonding between 

turanose and the P4VP domain. The resulting solution was spin-coated on a smoothened 25-µm-

thick copper foil (99.98% purity, Alpha Aesar) at 1500 rpm to form a thin film. The coated film 

was dried at ambient conditions for 10 min and was subsequently pyrolyzed at 500 °C for 1 h in a 

reducing atmosphere (87% v/v Ar and 13 % v/v H2) with heating and cooling rates of 1 °C min-1. 

The wet-transfer technique was used to transfer the resulting carbon film from the Cu foil to a 

porous substrate.222 Briefly, a 20% (w/w) aqueous solution of sodium persulphate (Sigma Aldrich) 

was used to etch the foil. The floating NPC film was rinsed several times with deionized water to 

eliminate the residues from the etching step. Finally, the NPC film was scooped with a target 

membrane support (either a 50-µm-thick tungsten foil comprising of 2500 5-µm-sized holes in 1 
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mm2 area or a large-area polyethersulfone (PES) support with a pore size of 100 nm). The scooped 

films were dried overnight at room temperature. 

 

2.2. Characterization 
 

Scanning electron microscopy (SEM) images were taken with an FEI Teneo microscope operating 

with an acceleration voltage of 1-2 kV and a working distance of 2-6 mm. The NPC films were 

imaged without any conductive coating. Pore-size-distribution was done using ImageJ by analyzing 

370 pores imaged by SEM. Transmission electron microscopy (TEM) images were obtained with 

an FEI Tecnai G2 Spirit Twin microscope operating with a 120 kV incident electron beam.  

 

Thermogravimetric analysis (TGA) was performed with a Perkin Elmer TGA 8000 with heating 

and cooling rates that simulated the pyrolysis experiment. Due to the low concentrations of the 

carbohydrate and the copolymer in DMF, the TGA experiment was carried out by first evaporating 

DMF at room temperature. The Fourier transform infrared (FTIR) measurements were carried out 

with a Perkin Elmer Spectrum Two spectrometer in which both the background and sample spectra 

were recorded 16 times. The X-ray photoelectron spectroscopy (XPS) analysis was conducted on 

the NPC film using the monochromated Kα line of an aluminum X-ray source (1486.6 eV). The 

analyzer was set at a pass energy of 20 eV. During the measurements, the samples were electrically 

connected to the sample stage. The peak fitting was performed after a Shirley background was 

subtracted. X-ray diffraction (XRD) was performed with a Bruker D8 Advance instrument using 

CuKα radiation (λ =1.5406 Å). UV-Vis analysis was performed on a PerkinElmer LAMBDA 365 

spectrophotometer. Rejection was calculated as (1-Cperm/Cret)*100, where Cperm and Cret are the 

concentration of the permeate and retentate streams, respectively. 

 

2.3. Gas permeation measurements 
 

Single gas permeation measurements were performed with a constant-pressure variable-volume 

setup (Figure 4.1). The feed side of the membrane was maintained at a fixed pressure with a 

backpressure regulator (Swagelok), and the volumetric flow rate of the permeate stream was 

measured with a bubble flow meter. Temperature-dependent permeation studies, in the range of 

25-300 °C, were carried out by placing the membrane module in a convection oven. The 

permeances of H2, He, CH4, N2, CO2, and SF6 were obtained by measuring the time, tv, needed to 

have a certain volume of gas, Vi, in the bubble flowmeter using Eq. 2: 
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𝑁𝑁𝑖𝑖 =  
𝑉𝑉𝑖𝑖

𝑉𝑉�  𝐴𝐴 𝑡𝑡𝑣𝑣 𝛥𝛥𝛥𝛥
 

 
(2) 

  where 𝑉𝑉�  is the molar volume of the permeate, A is the membrane area, and ΔP the transmembrane 

pressure difference. The selectivity between gases i and j, αij, was obtained using Eq. 3. 

 

𝛼𝛼𝑖𝑖𝑖𝑖 =  
𝑁𝑁𝑖𝑖
𝑁𝑁𝑗𝑗

  (3) 

 

 

 
 
Figure 4.1. Schematic of the home-made permeation setup. 

 
2.4. Method for techno-economic analysis 
 

2.4.1. Model 
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The NPC membranes are investigated for pre-combustion carbon capture in the integrated 

gasification combined cycle (IGCC) process. The IGCC power plant operates with an air separation 

unit to produce oxygen. O2 and H2O are then fed to a fossil fuel gasifier at high temperature and 

pressure. The syngas produced in this way undergoes a number of treatment processes to remove 

the contaminants, i.e., particulate and sulfur compounds, and to convert CO and H2O into CO2 and 

H2. Finally, the treated gas is fed to the burner, which produces a hot, high-pressure gaseous stream 

that is sent to a gas turbine to generate electricity. However, burning the gas with high content of 

CO2 contributes to carbon emissions.  This is typically avoided by carrying out H2/CO2 separation 

(pre-combustion capture) before the gas enters the burner. This leads to an H2-rich stream for 

combustion and a CO2-rich stream, which is then cooled and compressed to obtain a liquid CO2 

stream for storage. The pre-combustion capture works in favorable conditions for membranes as 

the concentration and pressure of the feed stream are high. Therefore, membrane-based separation 

processes have been proposed in the literature as an alternative to the state-of-art physical 

absorption processes such as Rectisol® or SelexolTM to reduce the capital investment.78,223,224  

 

To design and simulate NPC-membrane-based H2/CO2 separation process, we adapted a technical 

model reported by our group.225 The model simulates different system configurations, e.g., single-

stage, double-stage with either an enricher cascade or a stripper cascade, and estimates the amount 

of each component recovered and their purity for a given membrane geometry. Conversely, for a 

given target value of recovery and purity of one component, the model calculates the needed 

membrane area for the selected configuration at the fixed operating conditions (pressures, 

temperature) to achieve the targets.  

 

Each stage of the membrane system is composed of a membrane unit with cross-flow configuration, 

which is discretized along the length in N discretization elements. The membrane unit is modeled 

under the following assumptions: (i) the transmembrane flux does not depend on the mixed 

composition in the permeate channel since the flux is collected immediately in each discretization 

element; (ii) the permeance of each component is independent of pressure; (iii) pressure drops and 

concentration polarization are negligible; (iv) the process is isothermal. 

 

In each discretization element, the flux 𝐽𝐽𝑖𝑖 [mol/(m2s)] of each component i through the membrane 

is defined as in equation (4), where 𝑁𝑁𝑖𝑖 [mol/(m2sPa)] is the permeance of the component, 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

[Pa] and 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [Pa] are the total pressures in the feed and permeate channel, respectively, and 𝑥𝑥𝑖𝑖
𝑓𝑓 
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[-] and 𝑥𝑥′𝑖𝑖
𝑝𝑝 [-] are the molar fractions of the component in the feed channel and in the permeate 

channel, just after crossing the membrane: 

 

𝐽𝐽𝑖𝑖 =  𝑁𝑁𝑖𝑖 �𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑥𝑥𝑖𝑖
𝑓𝑓 − 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑥𝑥′𝑖𝑖

𝑝𝑝� (4) 

 

Starting from the definition of the transmembrane flux in each discretization element, the model 

can estimate the profiles of total molar flow rates and molar fractions of each component in the 

permeate and feed channels by mass balances. 

 

The simulation of double-stage systems is based on the combination of the models of two single 

stages where the feed flow rate and the composition of the second stage are either those of the 

permeate produced by the first stage in the case of the enricher cascade or those of the first-stage 

retentate in the case of the stripper cascade. In addition, the double-stage systems investigated in 

this work include a recycle stream to improve the recovery. In the case of the enricher cascade, the 

second-stage retentate is recycled and mixed with the feed, whereas, in the stripper cascade, the 

second-stage permeate is recycled. To simulate a system with recycle, the model presents an 

iterative procedure that runs until the convergence criteria are fulfilled. In particular, the differences 

between the calculated and the guess recycle flow rate and composition have to be lower than a set 

tolerance. 

 

Finally, for the design of a system to achieve the given recovery and purity targets, the model has 

an optimization procedure that finds the membrane area for each stage corresponding to the 

minimization of the sum of the squared errors between the calculated and the required recovery 

and purity.  

 

Apart from the membrane area, another important term for the economic assessment is the electric 

power consumption of the membrane system. The power consumption is given by the sum of the 

compression and the cooling power. The compression power depends on the operating pressures 

in the channels of each membrane stage and in the down-stream operations (the H2-rich stream is 

sent to combustion, and the CO2-rich stream is sent to a condenser to obtain liquid CO2). The 

cooling power is required to cool down the CO2-rich stream before the condenser because the 

typical release temperature of the feed gas, is between 150 and 200 ºC. The power consumption of 

each compressor is defined in Eq. 5 where 𝑄𝑄𝑖𝑖𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [mol/s] is the molar flow rate entering the 

compressor, 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [-] is the efficiency of the compressor, γ [-], R [J/(mol K)] and T [K] are the 
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adiabatic index of the inlet stream, the gas constant, and the temperature, respectively, and 𝑃𝑃ℎ𝑖𝑖𝑖𝑖ℎ 

[Pa] and 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙 [Pa] are the outlet and the inlet pressures of the compressor. 

 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝑄𝑄𝑖𝑖𝑖𝑖,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 
𝛾𝛾

𝛾𝛾 − 1
𝑅𝑅𝑅𝑅 ��

𝑃𝑃ℎ𝑖𝑖𝑖𝑖ℎ
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙

�
𝛾𝛾−1
𝛾𝛾
− 1� (5) 

 

The main outputs of the technical model are used for the economic assessment, to estimate the 

capital and operating costs of the membrane process, the specific CO2 capture cost and the increase 

in the levelized cost of electricity (LCOE) due to the CO2 capture. The capital costs include the 

cost for the membranes and for the compressor, and the operating costs account for the cost of the 

total electricity demand and maintenance. The equations used for these estimations are reported in 

Micari et al.225 The CO2 specific cost ,𝐶𝐶𝐶𝐶𝐶𝐶2[$/tonCO2], is calculated as per Eq. 6 where CAPEX and 

OPEX [$/y] are the annualized capital and operating expenses and 𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 [ton/y] is the amount 

of CO2 produced per year. 

 

𝐶𝐶𝐶𝐶𝐶𝐶2 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

𝐶𝐶𝐶𝐶2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 (6) 

 

The LCOE with CO2 capture is calculated by taking into account the additional expenses due to 

the separation process and the net power produced, given by subtracting the power demand of the 

membrane system from the total power produced by the power plant. 

 

2.4.2. Inputs and parameters 
 

The simulations have been performed with reference to an IGCC power plant producing 556 MWel 

where the gas feed flow rate to be treated in the membrane unit is 565 ton/h.78 For simplicity, the 

feed gas has been considered as a binary mixture of CO2 and H2 with fractions equal to 40% and 

60%, respectively. The feed temperature and pressure are 150 ºC and 50 bar, respectively, as 

reported in the literature.78 The operating pressures in the membrane stages are optimized to reduce 

the specific CO2 cost while fulfilling the criteria concerning the recovery and purity targets. The 

membrane performance is simulated with H2 permeance of 4.5×106 GPU and the H2/CO2 

selectivity of 4.7 in agreement with the experimental data. The power of the compressors is 

calculated with an efficiency factor of 85%.  
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Once the CO2-rich and the H2-rich stream are produced by the membrane process, these have to be 

compressed for the downstream steps. In particular, the CO2-rich stream is compressed up to 110 

bar and cooled down to 20 ºC to be condensed, and the H2-rich stream is compressed up to 32 bar 

for the combustion. For the economic parameters, the membrane cost including the module, the 

housing, the piping and instrumentation, is considered as 100 $/m2. Also, the lifetime for 

membranes and compressors are taken as 5 and 25 years, respectively, and the electricity cost is 

taken as 0.05 $/kWh. 

 

3. Results and discussions 

3.1. Fabrication of nanoporous carbon membranes 
 

The NPC films were prepared by the soft-templating of the carbon precursor, turanose, using block-

copolymer (PS-b-P4VP) on a Cu foil.221. For this, first, a transparent solution of precursors in DMF 

was heat-treated at 180 °C for 3 h to promote the hydrogen-bonding interaction between turanose 

and the pyridine group of the P4VP block, upon which the color of the solution turned black. A 

control experiment where only turanose, dissolved in DMF, was heated at 180 °C for 3 h, the same 

color transition could be observed, indicating a partial degradation of the carbohydrate. The heat 

treatment step to promote hydrogen bonding of turanose and block-copolymer is crucial for 

controlling the morphology of the resulting films prepared by spin coating.226 NPC films prepared 

without this heat-treatment yielded non-uniform morphology (Figure 4.2), and ordered as well as 

disordered domains could be observed. 
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Figure 4.2. SEM images of the NPC film without the 180 °C heating step. a) Low-magnification showing white 
and black regions consisting in uniform and non-uniform NPC patterns, respectively. b) Zoomed image of the 
rectangular region in (a). c) and d) show the pattern transition from uniform (top-right) to irregular (bottom-left). 
Scale bars are 10 µm in (a), 1 µm in (b) and (c), 500 nm in (d). 

 

 

Thin films were prepared on a smoothened Cu foil where, upon drying, the hydrophobic and 

hydrophilic components are expected to undergo phase-separation.227,228 The pyrolysis of the 

precursor film gave way to a uniform NPC film (Figure 4.3a). The degree of order in the pyrolyzed 

structure depends on the capacity of the precursors to arrange in ordered and oriented nanostructure 

before the pyrolysis step. Russel and coworkers reported tunable ordering of the phase-separated 

domains by controlling the solvent evaporation from the casted polymer film by exposing the 

casted film to various solvent mixtures at high temperature.229 However, this process is complex 

and time-consuming, and therefore, we decided to directly pyrolyze the casted film.  

 

Figure 4.3b shows the top-view SEM image of the pyrolyzed films. The film was uniform over the 

entire coated surface (10 cm2) without any signs of cracks or defects. Pore opening, with an average 

size of ~20 nm (Figure 4.3f), could be observed on the top surface of the film. To probe asymmetry 

in the morphology of the NPC film due to evaporation-induced variation of DMF concentration at 

the drying front, the backside, and the cross-section of the NPC film were imaged. For imaging the 
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backside, the NPC film was suspended over a window of a TEM grid (Figure 4.3c). Corresponding 

images revealed that the backside also had a pore opening of ~20 nm. A cross-section image of the 

film indicated that the film was only 100-nm-thick (Figure 4.3d). Interestingly, the image indicated 

the presence of a lamellar morphology where porous sheets of carbon are arranged on top of each 

other. This was also evident from the TEM study where the sample was tilted by 60º with respect 

to the focal plane of the beam (Figure 4.3b) and is further confirmed by X-ray diffraction where a 

Bragg peak is observed (XRD, discussed later). This likely has origin in the perforated lamellar 

(PL) morphology reported for PS-b-P4VP films with P4VP phase hydrogen-bonded to a 

homopolymer. It is reported that PL morphology for block copolymer is stabilized by the hydrogen 

bonding with the homopolymer.230,231 We speculate that turanose stabilizes the PL morphology by 

hydrogen bonding with the P4VP block. Given that turanose (i) yields the majority of the carbon 

in the final film and (ii) degrades faster than the block-copolymer (TGA data, discussed later), the 

templating effect (PL morphology) is mimicked in the pyrolyzed carbon film.  

 

 

Figure 4.3. a) Schematic illustration of the process for preparing the NPC membrane, including dissolution and 
heat-treatment of the carbohydrate and the block-copolymer in DMF, spin-coating on Cu foil, and pyrolysis at 
500 °C in a reducing atmosphere. Blue domains are rich in the PS phase, while the grey domains are rich in the 
P4VP-turanose. b) Top-view SEM image of the NPC showing its nanoporous structure. c) SEM image of the 
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backside of the NPC film that was contacted the Cu foil. Inset shows the transferred film on the TEM grid, which 
was flipped to image the backside. d)  Cross-sectional SEM image revealing a thickness of ~100 nm. e) TEM 
image of the edge of NPC tilted at an angle of 60º with respect to the back focal plane. f) Pore-size-distribution 
showing an average pore opening of ~22 nm. Scale bars are 200 nm in (b) and (c), 10 µm in the inset of (c), 100 
nm in (d), and 50 nm in (e). 

 
3.2. NPC morphology as a function of turanose/copolymer ratio 
 

The synthesis of a porous carbon film by the pyrolysis of a block copolymer film is highly 

challenging.232 This is mainly because most block copolymers yield a low residual carbon mass 

upon pyrolysis. An additive that can preferentially interact with one of the blocks and has a high 

carbon yield can enable block copolymer as a template for the fabrication of a nanostructured 

carbon film. In the presented system, turanose has such a function. It preferentially interacts with 

the P4VP block via hydrogen bonding and has a high carbon yield upon pyrolysis. Therefore, 

choosing the right ratio between turanose and the block-copolymer is crucial to obtain a continuous, 

porous, and mechanically-sturdy structure. 

 

TEM images in Figure 4.4a-d reveal the morphological changes in the NPC film as a function of 

the turanose/block-copolymer ratio. As expected, when the ratio was decreased from 2:1 (w/w) to 

0.25:1, the film thickness reduced, and the porosity increased. However, even with the ratio of 1:1, 

the uniformity in the porous structure was reduced (Figure 4.3b). This indicates that the templating 

is not effective at the ratio 1:1 or below, likely from the structural collapse of the block-copolymer 

near the pyrolysis temperature. Indeed, the TGA data shows that the block-copolymer is removed 

at temperatures higher than 450 ºC (see next section). 
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Figure 4.4. TEM images showing the morphological changes in the NPC film as a function of the turanose/PS-
b-P4VP ratio. Scale bars correspond to 250 nm. 

 

3.3. Chemical composition and structure of the NPC film 
 

To understand the pyrolysis behavior of turanose and the block copolymer, TGA of precursor film 

as well as of turanose and block-copolymer powders were carried out with a heating rate of 1 

ºC/min, similar to that for the synthesis of the NPC film. For the former, the solvent was evaporated 

before conducting the TGA to obtain a reasonable amount of starting material in the TGA pan for 

pyrolysis. In this case, the weight loss below 200 °C can be mainly attributed to the removal of 

residual DMF, while above 200 ºC, weight loss kicks off from turanose degradation. It seems that 

hydrogen bonding of turanose with the block-copolymer delays the degradation of the block-



 Chapter 4 

102 
 

copolymer from ~350 to ~400 ºC. At 500 ºC, the degradation of turanose/block copolymer was 

complete, which results in a carbon framework of the NPC film. 

XRD data of the NPC films confirms our microscopy-based observation of a lamellar structure. An 

interlayer spacing of 5 nm, comprising of the thickness of individual lamella and the interlamellar 

spacing, is revealed (Figure 4.5b). Given the likely origin of the nanostructure with the PL phase 

of block-copolymer/turanose film, the thickness of the lamella is expected in the range of 2-4 nm, 

consistent with the thickness of the pore wall observed by TEM (Figure 4.3e and Figure 4.4). 

According to this, the interlamellar spacing is expected to be in the range of 1-3 nm. The absence 

of a strong Bragg peak in the wide-angle region confirms the absence of significant graphitic 

domains. This indicates that NPC film is composed of amorphous carbon.233  

 

FTIR spectroscopy was carried out to understand the chemical composition of the NPC film (Figure 

4.5c). The stretching vibration peaks around 1580 cm-1 can be assigned to the C=C bond of the 

aromatic ring 234, while the peak around 1700 cm-1 indicates the presence of C=O bond 235, likely 

originating from the opening of an aromatic ring.  The ensemble of peaks in the range of 900-700 

cm-1 is related to the bending vibration of C-H bond.235 The peak at ~1063 cm-1 was ascribed to the 

stretching vibration mode of the C-O bond.236 The very broad peak in the region of 1400-1150 cm-

1 hindered the identification of aromatic amine groups. This was resolved by the XPS data, which 

clearly showed the presence of C-N and C=N functional groups (Figure 4.5e) and confirmed the 

findings on C=O and C-O (Figure 4.5d, f) from the FTIR study. The concentration of O bonded as 

C=O and C-O was 1.86 and 5.25%, respectively. The concentration of N was 5.54%. The presence 

of these oxygen and nitrogen functional groups in the NPC film makes it hydrophilic. 
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Figure 4.5. a) Thermogravimetric analysis of turanose and PS-P4VP powder as well as that of precursor film of 
NPC. The final weights of the three curves are reported in Figure 4.6. X-ray diffraction (b) and  FTIR (c) of the 
NPC film. XPS of the NPC film with spectra for C1s (d), N1s (e), and O1s (f). 

 

 
 

Figure 4.6. Zoomed TGA data from Figure 4.5a. 



 Chapter 4 

104 
 

 
3.4. Gas transport properties from NPC membrane 
 

The permeation properties of H2, He, CH4, N2, CO2, and SF6 through NPC membranes, prepared 

by transferring the film on a macroporous tungsten support hosting 5-µm-sized laser-drilled holes, 

were analyzed using a permeation setup based on constant-pressure variable-volume measurement 

(Figure 4.1). Given that the pore openings in the NPC films are ~20 nm in size and the interlamellar 

spacing is expected around 1-3 nm, the transport of gases considered in this study is expected to 

take place by the Knudsen diffusion mechanism where the permeance of gas scales as Mw
-1/2 and 

T-1/2 (Eq. 1). Indeed, we found this relationship between these parameters suggesting a primarily 

Knudsen transport (Figure 4.7).  

 

 

Figure 4.7. a) Permeance of gases as a function of Mw-1/2. b) Ideal selectivities of H2 with respect to various gases 
and comparison with the Knudsen predicted values (black bars). c) Permeance of gases as a function of 
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temperature in the range of 25-300 °C. d) Permeance of gases from (c) displayed as a function of T-1/2. All data 
were collected at 3.2 bar feed pressure. 

 

A linear regression of the permeance with Mw
-1/2 and T-1/2 led to values of goodness of fit, R2, close 

to 1 (0.983 and 0.989, respectively, Figure 4.7a, d). As a result, the transport rate decreased for the 

gases with a higher Mw (H2 > He > CH4 > N2 > CO2 > SF6) and upon increasing the temperature 

(25-300 ºC). H2 permeance decreased by more than 1.6-fold when the temperature was increased 

from 25 to 300 °C. A similar decrease was observed for CO2 and the rest of the gases (Figure 4.7c). 

Figure 4.7b shows a comparison between the theoretical Knudsen gas selectivities and those 

obtained from the NPC film. The experimental and theoretical values are in good agreement for all 

the gas pairs. This led to the realization of attractive gas pair selectivities (H2/SF6, H2/CO2, H2/N2, 

H2/CH4, and H2/He selectivities of 8.8, 4.3, 3.4, 2.6, and 1.6, respectively). A large H2 permeance 

of ~2.9 million GPU was achieved, attributing to the small thickness (100 nm) of the NPC film in 

combination with its porous nanostructure. The enormous H2 permeance of ~2.9 million GPU 

positions NPC membrane as one of the most permeable membranes suited for H2/CO2 separation 

among membranes in the literature with selectivity > 4 (Figure 4.8). The only material that yields 

a higher H2 permeance (~22 million GPU)  and close to Knudsen H2/CO2 selectivity (3.8) is 

nanoporous single-layer graphene membrane, reported by Park and coworkers in 2014.237  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.8. Robeson plot for H2/CO2 comparing various types of membranes in literature. GO,30,238 PTMSP,239 
PEI,240 CMS,241 zeolite,242,243 zeolite precursor,92 graphene,237 silica,244 MOF,245 and SiC.246 

 



 Chapter 4 

106 
 

3.5. Interlamellar liquid transport 
 

To understand the limiting transport channel in NPC in the context of PL microstructure, we carried 

out molecular cut-off experiments probing the transport of solvents and molecules dissolved in a 

solvent. Water permeation behavior was measured by pressurizing the feed to 6 bar and measuring 

the volume of the permeate as a function of time. Interestingly, the water permeance was extremely 

high at the start of the measurement (8400 L m-2 h-1 bar-1) but dropped to a stable value of ~ 100 L 

m-2 h-1 bar-1 within an hour (Figure 4.13a). A similar behavior was observed for an organic solvent, 

hexane (Figure 4.9).  

 

 
 
Figure 4.9. Hexane permeance as a function of time with a feed pressure of 6 bar at 25 °C. 

 

This behavior indicates that the 20-nm-sized pore opening at the NPC surface of the film does not 

necessarily continue as cylindrical channel across the entire thickness of the film. Rather, they open 

to the underlying lamella, and in this way, the transport is limited by the interlamellar spacing.  

Given that the transport of liquid solvents takes place with the viscous diffusion regime where the 

flow rate is a quadratic function of the pore area (Eq. 7), a slight decrease in channel size upon 

compression can explain the permeance decrease.  

 

𝑄𝑄 =  
 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2

8 𝜋𝜋 µ 𝐿𝐿 
 ∆𝑃𝑃 (7) 
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where Q, Apore, µ, and L are the volumetric flow rate, the cross-sectional area of the transport 

channel, dynamic viscosity, and the film thickness, respectively.  

 

To understand the interlamellar spacing, we conducted filtration experiments probing size cut-off. 

When 6-nm-sized CdSe nanoparticles with a concentration of 30 mg L-1 in hexane were used, we 

observed a significant deposition of nanoparticles on top of the film, making it difficult to predict 

rejection (Figure 4.10 and Figure 4.11). Therefore, we filtered a smaller molecule, acid fuchsine 

dye (585.45 Da), with an approximate size of 1.5 nm 247.  

 

 
 
Figure 4.10. a) Thermogravimetric analysis of the quantum dots dispersion (QDs) in hexane with a heating rate 
of 5 °C/min. b) UV-Vis calibration curve of the QDs in hexane. 

 

 
 

Figure 4.11. Low a) and high b) magnification SEM images of NPC membrane supported on tungsten after the 
cut-off experiment with quantum dots (QDs). The agglomeration of the QDs at the tungsten pores was evident 
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from the brighter contrast given by the QDs metallic phase compared to the NPC phase. Scale bars are 30 µm in 
(a) and 500 nm in (b). 

 

 

To obtain a sufficient quantity of permeate volume, a large-area (~0.5 cm in diameter) NPC film 

was used. These membranes were prepared by transferring the NPC film on a self-standing PES 

support with an average pore size of ~1 µm (Figure 4.12). The dye was dissolved in acetonitrile 

with a feed concentration of 32 µM.  

 

 
 

Figure 4.12. NPC membrane supported on polyethersulfone (PES) membrane with an average pore size of 1 µm. 
The NPC-PES system was supported on a stainless steel mesh to provide mechanical reinforcement, as reported 
in our previous work.248 The gas sealing was ensured by using an epoxy resin. 

 

According to our calibration of dye concentration based on UV-Vis spectroscopy, the concentration 

of the dye in the permeate was 7.5 mM, corresponding to a rejection of 76% (Figure 4.13b). Given 

the small size of the dye, this experiment confirms that the 20 nm pores in NPC do not connect the 

top and bottom sides of the films and that the transport is limited by the interlamellar spacing of 

the NPC film. Based on the size of the dye, it is likely that the interlamellar spacing is ~2.0 nm in 

size. 
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Figure 4.13. a) H2O permeance as a function of time with a feed pressure of 6 bar at 25 °C. Top and bottom 
schematics represent the potential configuration of the NPC at the start and end of the experiment. b) Cut-off 
experiment with fuchsine acid in acetonitrile. The green spheres and blue lines are the calibration data and the 
fitting, respectively. The red spheres represent the data from the filtration experiments. 

 

3.6. Techno-economic analysis for pre-combustion carbon capture 
 

As mentioned above, the NPC membranes with an H2 permeance of ~2.9 million GPU appear to 

be extremely attractive for high throughput H2/CO2 separation. Motivated by this, we carried out a 

techno-economic analysis to better understand the opportunities in deploying the NPC membrane 

for the pre-combustion carbon capture. The schematics of a single-stage process and a double-stage 

process with an enricher cascade considered in this study are shown in Figure 4.14a and b. We also 

considered the case of double stage with stripper cascade; however, our preliminary analysis 

showed that the enricher cascade allows to cut down the membrane area and power consumption 

for the target CO2 recovery and purity. Therefore, only the double-stage process with an enricher 

cascade has been taken into account for comparison with the single-stage process. 
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Figure 4.14. a) Single stage and b) Double stage membrane with enricher cascade for the techno-economic 
analysis for the Integrated Gasification Combined Cycle (IGCC) processes.  

 

Table 4.1 lists the key findings of the analysis for both the single- and double-stage processes.  

Briefly, H2 and CO2 recoveries close to or higher than 70% could be obtained with the single stage. 

These are increased to 80% with the double stage. The biggest advantage of using the NPC 

membranes is reflected by the fact that a very small membrane area is required for the process 

(specific area of 0.0135 and 0.076 m2 kgCO2
-1 s-1 for single stage and double stage, respectively). 

As a result, while the literature reports total membrane area in the order of 20000 m2 for state-of-

the-art membranes H2 permeance of 300 GPU 78,223 for producing 0.5 million tons of H2-rich 

permeate per annum, in our case, the total area is only of the order of 10 m2. This is extremely 

attractive to cut down the capital cost and reduce the size of the capture unit. This makes it 

interesting to deploy these membranes for H2 separation where the footprint is a critical issue. 

Moreover, it makes it easier to scale-up the membrane for large-scale processes because the needed 

membrane area is extremely low.  

 

We note that a lower selectivity from NPC membrane in comparison with polymeric membranes 

(H2/CO2 selectivity in the range of 6-15) leads to a lower purity of the H2 and CO2 streams in the 

single stage. The purities are improved in the case of double stage; however, it leads to a higher 

power consumption as the required flow rate of the recycled stream increases. As a result, the 

LCOE increase changes from 14.5% for the single stage to 36.7% for the double stage. In 

comparison, the LCOE increase from the Selexol process is estimated to be 31%.186 Yet, as 

mentioned above, these membranes can be attractive when the footprint is an issue, e.g., separation 

processes in ocean or space 

 
Table 4.1. Table reporting the comparison between the single and double configurations. 
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To achieve higher CO2 recovery and H2 purity, we coupled RUB-15 membranes in two different 

configurations, as reported in Figure 4.15. The first one (Figure 4.15a) employs a single stage that 

combines both NPC and RUB-15 membranes, while the second configuration (Figure 4.15b) uses 

two different stages where the first one is NPC membrane and the second is RUB-15. The permeate 

from the RUB-15 stage is recycled back to the NPC stage.  

When a single stage was employed, targeted purity and recovery of hydrogen were achievable 

(Table 4.2); however, the minimization of the objective cost function was finding its minimum 

when the NPC area was tending to zero. This behavior is understandable since, at any increase of 

NPC area, the purity in the permeate was dropping dramatically due to the lower selectivity on 

NPC compared to RUB-15 membranes. Attempts to tackle this issue were performed by recycling 

the permeate in the NPC section, but no significant change was observed because all the separation 

duties were carried on by the RUB-15 section.  
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Figure 4.15. a) NPC and RUB-15 membranes combined in a single-stage configuration. b) NPC and RUB-15 
membranes combined in a two-stage configuration with recycling of permeate from the second stage to the feed 
of stage 1. 

 
Table 4.2. Data are relative to single-stage configuration with NPC and RUB-15 membranes. 

 
 

For the double-stage configuration, two operating conditions were explored, with the permeates 

pressure having the same values of 13 bar (Table 4.3 third column) and different values (Table 4.3 

second column) with the aim of achieving CO2 recovery and H2 purity of 90%. When the permeate 

pressure was equal, the driving force across the membrane was lower compared to the case with 

different permeate pressure. The lower driving force resulted in recoveries and purities below the 

target value; on the other hand, when the driving force was increased, both recovery and purity of 

90% were achieved. However, a higher increase in LCOE was observed, up to 40.3%. 

 
Table 4.3. Data are relative to double-stage configuration with NPC and RUB-15 membranes. 
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4. Conclusions 

Overall, we report a detailed characterization of NPC membranes and show that they are extremely 

attractive for ultrafast transport of gases and can be useful for pre-combustion capture and hydrogen 

production, especially where a small membrane footprint is highly desirable. The rapid transport is 

attributed to Knudsen diffusion mechanism through the perforated lamellar nanostructure of the 

NPC film, originating from the phase separation of PS-b-P4VP hydrogen-bonded with turanose. 

Because of its chemical and thermal robustness, a smooth surface, and small pore opening (20 nm) 

at the top surface, the NPC film is also attractive as high-flux support for the fabrication of ultrathin 

membranes. These properties also make NPC film a top choice for the mechanical reinforcement 

for high permeance two-dimensional membranes such as those made of nanoporous single-layer 

graphene.  
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 Chapter 5: Summary and perspective 

1. Summary of the thesis 

Climate change and resource scarcity are clear signs that a fundamental change is needed in the 

production process of any type of commodity. While it is well-acknowledged the importance of 

developing low-energy alternatives to thermally-driven processes, advancements in low energy-

separation technologies are highly dependent on the existence of suitable and performing materials. 

Zeolites have shown tremendous advancement in the catalysis field, dominating the market in 

recent years (15% market share).79 In contrast, only a few industrial applications in the dehydration 

of organic solvents have seen zeolites flourish as membranes.81,82 Two-dimensional zeolite-based 

membranes are extremely attractive for industrial separations since 1) they possess ordered 

nanopores that allow for high purities, 2) they can be assembled into very thin films that increase 

the productivity, and 3) they are thermally and mechanically stable under harsh operating 

conditions.  

 

However, the synthesis of cost-effective zeolitic membranes capable of yielding high-performance 

separations and that possess essential industrial features such as scalability and reproducibility are 

still a grand challenge. The major bottlenecks that have limited the commercialization of zeolite 

membranes for gas separation are: 

 

i) Fabrication method. The synthesis of high-performance zeolite membranes is 

generally obtained using a seeded secondary growth, where small crystals of the 

aimed zeolite are carefully deposited onto a porous support and hydrothermally re-

grown to fill the gaps between the crystals. The secondary growth process is hard to 

control and presents reproducibility issues.  The only strategy available to minimize 

the defects generated within the membrane is the fabrication of thicker films at the 

expense of low productivity and higher manufacturing costs.  

ii) Cost of the support. Up to 90% of the zeolite membrane cost is represented by the 

underlying inorganic support.27,83,172 Expensive and difficult to process ceramics 

and metals are generally used for supporting thin zeolite films.83 Moreover, the 

fragile nature of inorganic support represents many technical and engineering 

challenges for the scale-up.  
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While a plethora of excellent reports on a lab-scale has demonstrated the potential of zeolite 

membranes in the gas separation field, their spread to the industrial scale has been hampered by 

the listed challenges. 

 

In this thesis, we have identified H2/CO2 separation, which plays a central role in the industry (pre-

combustion capture, membrane reactor in water-gas shift reaction, etc.) and could grant zeolite 

membranes a window of opportunity where the polymeric membranes cannot be used because the 

operating conditions are too harsh for the majority of polymers. Yet, the synthesis of zeolitic films 

capable of H2/CO2 separation for high-temperature applications remains a grand challenge.92,249 

Zeolite frameworks possessing 6-MRs of SiO4 tetrahedra (e.g., sodalite) have the potential to sieve 

H2 from CO2 due to the appropriate gap in the 6-MRs, which falls between the kinetic diameters 

of H2 and CO2.92,99,100 However, membranes based on 6-MRs of sodalite framework for gas 

separation have not been reported yet. The main reason is that during the synthesis of sodalite films, 

the organic structure-directing agent (OSDA) gets trapped in the sodalite cage, and attempts to 

remove the OSDA tend to collapse the structure.107,108  

The tremendous potential of the sodalite framework, along with the scarcity of literature data 

exploiting the 6-MR for H2/CO2 separation, stimulated us to address this challenge. In this thesis, 

we circumvented these issues and were able to avoid the tedious hydrothermal synthesis (secondary 

growth) route by starting from the layered precursor of sodalite. Ultrathin zeolitic membranes were 

developed by first synthesizing 0.8-nm-thick crystalline nanosheets from the sodalite precursor 

RUB-15. The isolation of layers allowed for the removal of the OSDA prior to the condensation of 

the nanosheets to form sodalite. This strategy allows the compact assembly of the layers by 

filtration effectively and rendering the OSDA-free SOD framework available for H2/CO2 

separation for the first time. The proposed strategy was secondary-growth-free and highly 

reproducible.   

RUB-15 is a hydrous layered silicate composed of chains of 4-MRs of SiO4 tetrahedra that connect 

to form 6-MRs windows. The layered form of RUB-15 was hydrothermally synthesized. The 

OSDA could be easily replaced by a cationic surfactant which enlarged the d spacing of the layers 

from 14 to 30 Å facilitating the subsequent exfoliation process. A low-molecular-weight polymer 

was intercalated between the layers, and the external application of shear stress via melt-

compounding technique exfoliated RUB-15 layers into single layers. Our efforts contributed to 

expanding the limited library of exfoliated zeolitic nanosheets since this was the first report of the 

exfoliation of the sodalite precursor.  
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Well-dispersed and stable suspension of RUB-15 nanosheets was obtained in an environmentally 

friendly solvent, which allowed for the fabrication of ultrathin (300 nm) membranes onto porous 

supports. Detailed transport study of the as-filtered membranes revealed the presence of two 

different pathways: (i) through 6-MRs and (ii) through the intersheet galleries. The latter dominated 

the transport and yielded a molecular cut-off of 3.6 Å with H2/N2 and H2/CH4 selectivities above 

20.  

The intersheet gallery spacing was diminished by condensation of the terminal silanol groups 

present in the RUB-15 nanosheets. Upon calcination, defective [SiO3][O-] units were converted 

into silicon tetrahedra [SiO4], eliminating the interlayer transport pathway. Attractive H2/CO2 

selectivities (above 100) demonstrated an effective suppression of the interlayer transport and 

highlighted the H2-selective nature of 6-MRs in the temperature range of 25-300 °C. Overall, this 

represented the first report of high-performance two-dimensional zeolitic membranes without 

resorting to the secondary growth process and able to efficiently sieve light gases. Chemically and 

thermally robust RUB-15 films are likely to find application in pre-combustion carbon capture, as 

the selective layer in the catalytic membrane reactors for the water–gas shift reaction, as well as 

the protective overlayer for palladium membranes. Our work lays a strong foundation in the 

formation of secondary growth-free zeolitic membranes and could be applied to a wide range of 

layered zeolite frameworks (MWW, MFI, NSI, UTL, RWR, etc.). 

 

With regard to the support challenge, we have identified in polymers a potential solution for zeolite 

membranes. Polymeric supports are cheap, easily scalable, and could be engineered into suitable 

configurations (spiral wound, hollow fibers, etc.) based on the required separation criteria. 

However, polymeric materials cannot withstand the high temperatures and the oxidative 

atmospheres (required for most of the zeolite frameworks) for the detemplation process needed to 

free the zeolitic pores from the OSDA. High-temperature stable polymers such as 

polybenzimidazole are promising candidates to fabricate supports for zeolite membranes. 

However, their thermal stability, although high for polymeric standards, is not sufficient to sustain 

the current detemplation processes, which typically require temperatures of ~500 °C. The 

development of a milder detemplation process is imperative to enable the use of high-temperature 

polymers as supports. In line with this challenge, we have developed a new PBI-based support from 

commercially available PBI-AM FUMION® using the NIPS process on a commercial stainless 

steel mesh. PBI-AM overcomes many of the challenges faced by the conventional PBI, such as 

high degrees of shrinkage, problematic dissolution into organic solvents, and short-term stability 

of the dope solutions. To the best of our knowledge, this represents the first report of a polymeric 
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membrane made by NIPS using PBI-AM polymer. The quality of the support in terms of narrow 

and uniform pores (20 nm), smooth surface, low-transport resistance, thermal, chemical and 

mechanical stability, and ease of processing could span its use over other membrane-based 

materials. The maximum temperature at which the support could be used safely was 330 °C. This 

was still too low to be used in combination with the RUB-15 membranes, which are typically 

calcined at 500 °C. To overcome this, we fabricated thin RUB-15 films on the PBI-AM support 

and developed a milder calcination temperature at 330 °C for 8 h, which was sufficient to remove 

the occluded organic molecules and convert defective silanol nests into silicon tetrahedra [SiO4], 

yielding membranes with H2/CO2 in the range of 20-35 and permeances up to 400 GPU in the 

temperature range of 25-250 °C. 

 

To completely avoid the calcination procedure for the nanosheets detemplation, we employed a 

room-temperature, liquid-extraction-based detemplation method, where diluted solutions of acetic 

acid in ethanol were directly filtered on a preformed film to remove the occluded organic 

molecules. First, nanosheets dispersed in toluene were filtered on the polymeric PBI-AM support, 

and subsequently, the acidic solution was filtered on top. XRD investigation demonstrated the 

successful removal of the surfactant CTAB and the decrease of the interlayer spacing to 8 Å, which 

was equivalent to the thickness of the nanosheet. Preliminary results on gas separation performance 

displayed attractive H2/CO2 selectivities up to 15 and permeance up to 300 GPU. 

 

In the final part of the thesis, we highlighted the importance of membrane process simulation, 

which should serve as a guideline in the development of specific membrane performance. We 

explored the use of a carbon-based membrane that possessed over 2 million GPU of H2 permeance 

and a H2/CO2 Knudsen selectivity for pre-combustion capture in different configurations and in 

combination with RUB-15 membranes. The nanoporous carbon (NPC) membrane was fabricated 

by the pyrolysis of phase-separated block-copolymer/turanose film coated on a sacrificial support. 

The pyrolysis generated a 100 nm-thick film with high porosity and average pore size of 22 nm 

and could be tested in the temperature range of 25-300 °C. Techno-economic analysis of the NPC 

membranes in the pre-combustion capture with a two-stages membrane configuration yielded 

extremely low specific areas for H2 purification, which can significantly cut down the footprint of 

the separation process and the associated capital cost. At the same time, the coupling with RUB-

15 membranes allowed the achievement of the targeted purity and recovery, albeit at a higher 

LCOE increase. The great potential of the NPC membrane has also found extensive application in 

the single-layer graphene transfer, acting as a mechanical reinforcement for the graphene layer.  
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2. Perspective 

This thesis dealt with membrane-based gas separation by investigating the major key aspects such 

as the sieving material (top layer composed of RUB-15 nanosheets), the underlying support 

(bottom layer represented by PBI-AM polymer), and the process simulation to identify suitable 

operating conditions and the optimal membrane configurations. 

 

Large scale synthesis of zeolite membranes: Although we have provided tools to tackle each of the 

weak aspects in zeolite membranes helping to bring their commercialization one step closer, many 

efforts are still needed to bring their development to a real industrial scale. Successful centimeter-

scale membranes were reported on a lab scale; however, they are still far from the meter-scale 

needed for industrial applications. In addition, their performances have to be evaluated under real 

operating conditions where traces of other components (H2S, CO, etc.) and high pressure might 

compromise the lab-demonstrated performance. 

 

The synthesis of inorganic membranes on a large scale is very challenging because the presence of 

defects within the membrane is inevitable. At the same time, we should remember that the first 

polymeric membrane commercialized for gas separation (PRISM) used a defect-sealing layer to 

clog inevitable defects. The use of a rubber layer on the inorganic membrane could compromise 

their advantage of higher flux. In this thesis, we suggested a refiltering process where defects were 

selectively blocked by the same nanosheets zeolitic phase without affecting the flux of the non-

defective regions. 

 

Hollow fiber configuration: The developed polymeric support had high porosity and flux, smooth 

surface, ease of scalability, and thermal and mechanical stability, which make it ideal for many 

membranes-based materials. In our work, it was used in a flat-sheet configuration. However, for 

industrial applications, where high-pressures are used, a hollow-fiber configuration is highly 

desired. Thanks to the filtration-based fabrication method of RUB-15 membranes, the preparation 

on a curved surface should not represent a major hurdle. 

 

The ultimate zeolite membrane: The use of crystalline building blocks for membrane fabrication 

gives a higher degree of freedom compared to in-situ crystallized films. The rational tuning of the 

membrane thickness can be achieved by adjusting the solution concentration or by using a layer-
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by-layer deposition. The latter is extremely convenient when the deposition of a single layer of 

nanosheets is required.51  

Figure 5.1 shows a preliminary result that was obtained using Langmuir-Schaefer deposition of 10 

layers of RUB-15 nanosheets.  

 

 
 
Figure 5.1. a) Photographs of Layer-by-layer deposition of RUB-15 nanosheets on a silicon wafer. b) Zoom of 
the central disc in (a). R and S letters indicate the region with RUB-15 coverage and bare silicon wafer, 
respectively. 

 
The yellowish region (indicated by R) is composed of ten layers of RUB-15, while the blue region 

(indicated by S) is the bare silicon wafer support. The difference in color between blue and 

yellowish was obtained by using geometrically irregular masks that after each deposition were 

rotated. The different gradients in colors at the boundary between R and S region highlight the 

different deposited layers. The SEM image of the deposited nanosheets (image taken after 3 layers 

deposition) of Figure 5.1 is shown in Figure 5.2. 
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Figure 5.2. SEM image of RUB-15 nanosheets deposited via Langmuir-Schaefer on a silicon wafer. 

 
Future optimization work on layer-by-layer deposition could enable the synthesis of sub-10 nm 

membranes resulting in an order of magnitude higher permeance compared to the present work. 

On the other hand, thinner films would be more affected by the presence of defects; hence, extra 

care needs to be given to solution preparation and deposition environment, which should be dust-

free. 

 

Optimization of the fabrication process: Zeolitic nanosheets-based membranes require a long 

processing time and tens of steps to obtain the final solution with dispersed nanosheets. A time- 

and energy-consuming step is the centrifugation-based purification that occurs at 40000 g-force for 

3 h to isolate the nanosheets from the polystyrene matrix (Figure 1.12). For the potential scale-up, 

centrifugation might represent a hurdle in the processing chain, and the development of other 

purification-based methods is highly encouraged. 

A promising route that seemed to be successful from preliminary results is the use of a dialysis-

based purification. RUB-15 nanosheets are embedded in the polystyrene matrix and dispersed in 

toluene, where the polystyrene is dissolved. The hydraulic diameter of the polymer is orders of 

magnitude smaller than the average size of the nanosheets, which could freely diffuse through a 

100 nm porous membrane. By employing a system as in Figure 5.3a-c, we could continuously wash 

away the polystyrene as shown by the UV-Vis, where the peak characteristic of polystyrene (294 

nm) decreased continuously with time. This method yielded well-dispersed nanosheets in toluene. 

This new process, together with the new detemplation method that uses extraction rather than the 

preliminary acid treatment on the nanosheets followed by calcination, could drastically cut down 
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the processing time and energy and the number of steps to reach the final filtration-based 

fabrication step. 

 

 
Figure 5.3. a) Diffusion cell for RUB-15 nanosheets purification from the polymeric matrix using AAO 
membrane with pores of 100 nm. b) UV-Vis experiment on the solution containing toluene, polymer, and 
nanosheets showing the gradual decrease to ca. zero of the polymer concentration. c) TEM image of the purified 
nanosheets highlighting their good dispersion. 

 
Other promising applications for RUB-15 membranes: Besides membrane-based applications, 

RUB-15 nanosheets could be potentially used in catalysis and adsorption. Layered (unexfoliated) 

RUB-15 was previously used as a support for the loading of various metal nanoparticles displaying 

their excellent catalytic activity.250,251 In adsorption, layered RUB-15 was employed for the 

remediation of water streams containing radionuclides and heavy metals.252 Since both adsorption 

and heterogeneous catalysis are highly affected by the exposed surface area, the employment of 

exfoliated RUB-15 nanosheets would grant access to a higher population of active/adsorption sites. 

 

Recently, a relatively new concept in catalysis looks at the increase of catalytic reaction rate 

constants by engineering the chemical environment around the catalytic site rather than focusing 
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on the catalytic site itself. Higher orders of magnitude in constant rates could be achieved by 

engineering hydrophobic zeolitic pores in which the disruption of the order generated by a 

hydrophilic solvent could boost the energetics of adsorption and catalysis, yielding remarkable 

performance.253–255 Preliminary results of the layer-by-layer deposition showed that RUB-15 

nanosheets could be deposited on a flat surface (Figure 5.1 and Figure 5.2), and this could be used 

to reproduce the order disruption created in a zeolite pore. RUB-15 nanosheets could be deposited 

on a flat surface on which a metal nanoparticle was previously deposited, and the van der Waals 

gap between the hydrophilic RUB-15 nanosheet and the substrate would allow the intercalation of 

a single layer of ordered hydrophobic solvents. When the thermal/electrochemical reaction has 

initiated, the disruption of the order of the hydrophobic solvent layer around the active site could 

generate a similar effect. A similar concept using other 2D layered materials has been successfully 

employed.256,257 
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