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ABSTRACT 

The natural gas consumption has grown from 5.0 trillion cubic feet (TCF) in 1949 to 27.0 

TCF in 2014, and is expected to rise to 31.6 TCF in 2040. This large demand requires an 

effective technology to process and purify natural gas, especially those inert gases, such as N2. 

Most of the N2 reject plants in US apply a cryogenic distillation process. However, this 

technology needs high-energy requirement, high operation cost and has high tendency to block 

equipment. Membrane separation offers the advantage of energy saving and flexibility for small 

N2-contaminated gas wells because of lack of suitable N2 rejection technology. Porous 

crystalline molecular sieve membranes are ideal candidates to remove natural gas impurities    

because of their exceptional molecular sieving effects, high thermal and chemical resistance. 

This work aims at developing molecular sieve membranes that can effectively and economically 

separate N2 from CH4. Specifically we focused on three types of porous crystalline molecular 

sieve membranes: SAPO-34, AlPO-18 and DNL-6. 

The best resultant SAPO-34 membranes were prepared at 230 °C for 6 h in a stainless 

steel autoclave and a Teflon-lined autoclave, which could separate N2 from CH4 with N2 

permeance as high as 2,600 Gas Permeation Unit (GPU) and a N2/CH4 selectivity of 7.4 and 

2,100 GPU and a selectivity of 8.6 at 23 °C for a 50/50 premixed N2/CH4 mixture, respectively. 

This observed separation performance is superior to those of the state-of-the-art membranes. If 

scaled-up, these SAPO-34 membranes are potentially viable for economic N2 rejection in natural 

gas processing. The resultant AlPO-18 membranes display N2/CH4 mixtures separation with 

unprecedented N2 permeance as high as 3,076 GPU and separation selectivities as high as 4.6. 

The resultant DNL-6 membranes were successfully prepared, but these membranes possess large 

concentration of defects, resulting in non-continuous membranes, or at best resulting in 
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membranes displaying limited separation performance for N2/CH4 mixture. We studied the 

separation mechanisms for SAPO-34 and AlPO-18 membranes for N2/CH4 gas mixtures. 

Difference in diffusivities in both cases was the dominant separation mechanism. 
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CHAPTER 1  

BACKGROUND AND MOTIVATION 

An increase in demand for clean energy worldwide has led to a search for alternative 

energies with less environmental impact, of which natural gas is an important option. Natural gas 

represents a good source of energy supply for a number of reasons, including economy, 

operation, and environment [1]. According to the US Energy Information Administration [2], 

natural gas consumption has grown from 5.0 trillion cubic feet (TCF) in 1949 to 27.0 TCF in 

2014, and is expected to rise to 31.6 TCF in 2040 [3], as shown in Figure 1.1. This large demand 

requires an effective technology to process and purify natural gas.  

 

Figure 1.1 U.S. Natural Gas Total Consumption. [2] 

1.1 Nitrogen Separation 

Natural gas is a fossil fuel formed when buried plants, gases, and animals are exposed to 

high temperature and pressure over thousands of years. However, a large part of the world’s 
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natural gas to date is currently unavailable for production because of limitations in separation 

technology [4]. The available natural gas consists primarily of methane (CH4), and also includes 

varying amount of other higher alkanes, carbon dioxide (CO2), nitrogen (N2), and hydrogen 

sulfide, as shown in Table 1.1. Those inert gases with large mole fraction, such as CO2 and N2, 

could decrease heat value of the natural gas and erode pipelines due to the formation of carbonic 

acid from CO2 in the presence of moisture. Therefore, it is necessary to purify the natural gas in 

order to improve its heat content and avoid erosion. 

Table 1.1 Typical Composition of Natural Gas. [5] 

Component Formula Typical mole fraction 

Methane CH4 
70-90% 

Ethane C2H6 

Propane C3H8 
0-20% 

Butane C4H10 

Carbon Dioxide CO2 0-8% 

Oxygen O2 0-0.2% 

Nitrogen N2 0-5% 

Hydrogen sulfide H2S 0-5% 

Rare gases Ar, He, Ne, Xe trace 

 

Figure 1.2 shows a generalized schematic to process natural gas. The number of steps and 

the type of techniques used depends upon the source and composition of the wellhead production 

stream. In the first step, gas-oil separators are employed to separate gas hydrocarbons from the 

heavier oil by gravity. The resulting gas flows into a condensate separator to remove free water. 
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However, this step cannot remove all the free water. The residue free water may form hydrates 

under specific temperature/pressure conditions, so a dehydration unit is included to further 

remove the free water. A contaminant removal unit follows to eliminate hydrogen sulfide, CO2, 

and water vapor to acceptable levels. Once processed, the stream is routed to a N2 extraction unit 

to remove the inert N2 to conform to pipeline specifications. A CH4 separation unit is 

incorporated to demethanize the gas stream, which separates CH4 from natural gas liquids. These 

liquids undergo a fractionation process by varying boiling points of the individual hydrocarbons 

in the stream. Not all of these units are required for a specific gas reservoir.  

 

Figure 1.2 Generalized Natural Gas Processing Schematic. [6] 

Approximately 14% of US natural gas contains >4% N2 [4]. However, most pipeline 

standards require that natural gas contains less than 4% inert gases. N2 dilutes the heating value 
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of the gas, resulting in lower British thermal units. Therefore, it is necessary to develop effective 

techniques to reject N2. 

1.2 Techniques for N2 Rejection 

N2 rejection is a challenging technical separation because of similar kinetic diameter of 

N2 (0.36 nm) and CH4 (0.38 nm). It also lacks a selectivity such as there is with CO2 or hydrogen 

sulfide in an amine plant. Several processes have been developed to treat natural gas to meet gas 

specifications [4]. Many of these high-N2 gas streams are diluted with low-N2 gas to meet 

pipeline specifications. If this is not practical, a N2 removal unit is required. This unit includes 

cryogenic distillation, pressure swing adsorption (PSA), lean oil absorption, or membrane 

separation [4]. 

1.2.1 Cryogenic Distillation 

Most of the N2 reject plants in the US apply a cryogenic distillation process [4]. This 

process employs low temperature thermodynamic distillation based on boiling points difference 

between CH4 (-162 C) and N2 (-195 C). As the mixture cools, CH4 will condensate before N2, 

allowing the two gases to be separated. Cryogenic plants are suited to large gas fields that can 

deliver 50-500 million standard cubic feet per day (scfd) of gas for 10-20 years [4]. The major 

disadvantages of this process are (1) high-energy requirement, (2) high operation cost, and (3) 

high tendency for blockage of process equipment. These large fields allow the high capital cost 

of the cryogenic plant to be defrayed over several years. However, many small N2-contamined 

gas wells are shut down for lack of suitable N2 rejection technology. 

1.2.2 Pressure Swing Adsorption 

In addition to cryogenic distillation process, PSA has been employed to adsorb N2 [7]. 

PSA is known to be one of the most economic and widespread processes for gas purification. 
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Typically, PSA employs a zeolite absorbent or activated carbon to selectively adsorb CH4 and 

higher hydrocarbons. The adsorbed gases are then regenerated from the absorbent with a 

combination of pressure and thermal changes to give a gas free of N2. However, there are 

drawbacks of this process, such as (1) limited gas stream adsorption, (2) discontinuous 

circulation, (3) complex design of the process and (4) difficulty in scale up. 

1.2.3 Lean Oil Absorption 

Lean oil absorption technology absorbs the CH4 away from the N2 in a heavy 

hydrocarbon and regenerates the absorbed CH4 either through staged pressure reduction or 

through thermally driven distillation [8]. This technique uses the difference in liquid-vapor 

equilibrium constants between N2 and hydrocarbons to selectively absorb the gaseous 

hydrocarbons in the condensate at room temperature (RT) and high pressure, leaving N2 

unabsorbed. The liquid fraction containing CH4 is then treated to give away N2-free gas as a 

product. However, this technique is a less competitive alternative with respect to cryogenic 

process because of the low efficiency [9].  

1.2.4 Membrane Technology 

Membrane separation offers the advantage of low-energy cost relative to the established 

gas separation processes. It has been widely used in various industrial separation applications for 

the last two decades [10]. Currently, industrial relevant gas separations are dominated by 

polymeric membranes. Recently, there has been great interest in development and application of 

inorganic membranes because of their appealing properties for molecular gas separations. 

A challenge of this process is to develop membranes with necessary N2/CH4 separation 

performance. Two types of membranes can be used in N2 rejection: CH4-selective or N2-selective 

membranes, as shown in Figure 1.3. 
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Figure 1.3 Membrane processes for N2 rejection using (a) CH4-selective membranes, and (b) N2-
selective membranes. [11] 

For CH4-selective membranes, CH4 is more permeable than N2 so that CH4 is 

concentrated in the low-pressure permeate side. The low-pressure CH4 needs to be recompressed 

to pipeline pressure before entering the pipeline, as shown in Figure 1.3a. Meyer and Henson 

[12]  evaluated the economics for CH4-selective membranes. Various single-, two- and three-

stage systems were analyzed in their study. The estimated costs were too high to be of 

commercial interest for the state-of-the-art CH4-selective membranes unless the CH4/N2 

selectivity could be increased to greater than 7 [12]. 

For N2-selective membranes, CH4 remains in the retentate stream (Figure 1.3b) at high 

pressure, and thus there is a significant saving in recompression cost as compared to CH4-

selective membranes. However, the state-of-the-art N2-selective polymeric membranes display 

low N2 permeabilities, typically less than 10 barrers (1 barrer = 10-10 cm3 

(STP)cm/(cm2scmHg)) at a selectivity of approximately 3, as shown in the “Robeson” plot 

[13]. N2-selective membranes have the potential to save the recompression cost by leaving CH4 

in the high-pressure in the pipeline. However, the start-of-art N2-selective polymeric membranes 

have low N2 permeance, indicated by “Robeson” plot [13], as shown in Figure 1.4. This plot 

describes the separation performance of membranes (separation selectivity vs. permeability). 
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Figure 1.4 Robeson plot for N2/CH4 mixture. [13] 

Recently, inorganic materials have been employed to make N2-selective membranes and 

shown N2/CH4 separation performance above so-called upper bound in “Robeson” plot [13]. 

These membranes include carbon molecular sieve membranes [14] and zeolite membranes SSZ-

13 and SAPO-34 [15, 16]. However, all these membranes cannot provide sufficient selectivity 

and N2 permeance for industry applications. Therefore, there is a need to develop highly 

permeable and selective membranes for N2/CH4 separation. 

1.3 Thesis Overview 

The main goal of this work is the development of crystalline microporous molecular 

sieve membranes, which offer the possibility of demonstrating high separation performance for 

N2/CH4 mixtures relevant to natural gas purification. 

The specific scientific objectives are to: 
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1. Develop continuous microporous crystalline molecular sieve membranes, 

including SAPO-34, AlPO-18 and DNL-6 membranes. 

2. Evaluate the separation performance of these membranes for N2/CH4 gas 

mixtures that are relevant to natural gas purification. 

3. Study the separation mechanisms of these membranes for N2/CH4 gas mixtures. 

4. Establish the basic structure/separation relationships of these membranes. 

1.4 Thesis Organization 

The thesis is organized as follows. Chapter 1 introduces the background of N2 separation, 

techniques for N2 rejection, and thesis overview. Chapter 2 provides a brief introduction to 

zeolites, introduction to SAPO-34 zeolites and membranes, including detailed literature review 

on in situ crystallization and secondary seeded growth of SAPO-34 membranes. In addition, 

literature reviews on AlPO-18 zeolites and membranes and DNL-6 zeolites are also described. In 

Chapter 3, a detailed description on the preparation of SAPO-34 seeds and SAPO-34 membranes 

is included. Moreover, the synthesis parameters, including water content in the gel, 

crystallization time, support pore size, and alumina source, are investigated and optimized. In 

addition, the effect of temperature and feed pressure on separation performance is also studied. 

Chapter 4 describes the optimization of SAPO-34 membrane synthesis employing diluted 

membrane gels at elevated temperature to obtain controlled thickness of the membranes. In 

addition, adsorption isotherms and effect of N2/CH4 composition on the separation performance 

are presented. In Chapter 5, the preparation of SAPO-34 membranes in Teflon-lined autoclave 

and stainless steel autoclave is included. Moreover, the autoclave cooling method after 

hydrothermal treatment, including cooling in water bath, ice/water bath and flowing water bath, 

is described, respectively. In addition, one-dimensional Fourier law analysis is included to 
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explain the results. Chapter 6 demonstrates the successful synthesis of AlPO-18 seeds and 

membranes. The separation performance and prevailing separation mechanisms of these AlPO-

18 membranes for N2/CH4 are presented. In Chapter 7, a detailed study of DNL-6 zeolites, 

including synthesis with additive, with longer crystallization time, with varied crystallization 

temperature and without additive, is described. Moreover, the preparation of DNL-6 membranes 

with P-123 DNL-6 seeds, pure DNL-6 seeds and SAPO-34 seeds is included. Chapter 8 

summarizes the major findings and provides recommendations for future work. 
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CHAPTER 2  

LITERATURE REVIEW 

The literature review includes a brief introduction to zeolite, SAPO-34 zeolites, SAPO-34 

membranes, AlPO-18 zeolites and AlPO-18 membranes, and DNL-6 zeolites. 

2.1 Introduction to Zeolites 

Natural zeolites were first discovered in 1756. During the 19th century, the microporous 

properties of natural zeolites and their applications in adsorption and ion exchange were 

gradually recognized [17]. Natural zeolites are found in volcanic or metamorphic rocks and their 

growth needs geological conditions, such as high temperature and pressure, certain pH (8-9), and 

thousands of years, as can be seen in Figure 2.1. Naturally occurring zeolites are rarely pure and 

contaminated by other minerals, metals, quartz or other zeolites [18]. For this reason, naturally 

occurring zeolites are excluded from many important commercial applications where uniformity 

and purity are essential. However, it was not until 1940s that a series of zeolites were 

hydrothermally synthesized through mimicking the geothermal formation of natural zeolites 

[17]. 

Zeolite are hydrated aluminosilicate minerals made from interlinked tetrahedral of 

alumina (AlO4) and silica (SiO4). These tetrahedral atoms (T-atoms), are coordinated to four 

oxygen atoms and linked to other T-atoms by sharing oxygen with a neighboring T-atom 

tetrahedron [17]. Zeolites are also defined as microporous solids with a relatively open, three-

dimensional (3D) crystal structure built from elements aluminum, oxygen, and silicon, with 

alkali or alkaline-earth metals plus water molecules trapped in the gaps between them. Figure 2.2 

is a typical schematic of a zeolite. It is characterized by a 3D alumminosilicate framework 
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Figure 2.1 A picture of natural zeolite natrolite. [18] 

consisting fundamentally of secondary building units of the 4-4-1 type, formed by TO4 (T = Si, 

Al) tetrahedral primary building units. The corner is occupied by a T-atom, while O atom sits 

between two T-atoms. The framework contains narrow four- and five-membered rings, as well as 

broad eight- and ten-membered rings constituting intraframework micropores (cages). These 

cages are capable of hosting extra-framework or exchangeable cations in association with mobile 

water molecules. In this figure, the “-” sign on the framework means a negative charge and the 

“x” sign means exchangeable cations which can balance the charges on the framework to form 

neutral charge framework [19]. Zeolites contain regular and uniform porous structures. To 

describe a porous structure, several parameters are used, including pore size and shape, channel 

dimensionality and direction, composition and features of channel walls, etc. Among these 

parameters, pore size and pore shape are the most important. According to the aperture size of 

pores, porous materials can be classified as microporous (aperture diameter <2 nm), mesoporous 

(aperture diameter of 2-50 nm), and macroporous (aperture diameter >50 nm), respectively [20]. 
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Figure 2.2 A typical schematic of a zeolite. [21] 

Zeolite formation is in a state when a chemical-equilibrium state is reached. This state is 

metastable and is known as the zeolite phase. This equilibrium process for zeolite phases is very 

similar to that of low-temperature hydrothermal synthesis reaction. There are over 200 synthetic 

zeolites that have been prepared by a process of crystallization of a silica-alumina gel in the 

presence of alkalis and organic templates [18]. Modern synthetic techniques involve the use of 

the organic templates that direct the assembly pathways and ultimately fill the pore space. The 

formation mechanism of zeolites under hydrothermal conditions is complex and not fully 

understood. The crystallization process involves several reaction steps, like molecular level self-

organization, nucleation, aggregation, and growth [22]. Two mechanisms have been proposed 

[23, 24]. One is the solution-mediated transport mechanism involving the dissolution of reagents 

followed by transport to the nucleation sites where the crystal growth takes place, and the other 

is the solid hydrogel transformation mechanism involving the reorganization of the solid phase 

from amorphous components to crystalline products. A combination of these two mechanisms 

may also be possible. 
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Zeolites exhibit very uniform pore size distribution, high specific surface area, high 

porosity, variable chemical composition and controllable acid-base properties [17]. These 

characteristics allow zeolites to be promising functional materials. Zeolites have been used for 

diverse applications, including adsorption, catalysis and gas separations [25-35]. Particularly, 

zeolite membranes have attracted intensive research efforts due to their potential applications in 

separation membrane, catalytic membrane reactor, chemical sensor, electrode, opto-electrical 

insulator, low dielectric constant material for electrical insulator, protection or insulation layer or 

as host for the organization of functional guest molecules [36]. Gas separation is one of the 

applications we focus. An ideal zeolite membrane combines the general advantages of inorganic 

membranes (temperature stability, solvent resistance) with shape selectivity. Due to their 

“molecular sieve” function, zeolite membranes can principally discriminate the components of 

gaseous mixtures dependent on their molecular size [37]. The molecular sieving principle 

requires a pinhole- and crack-free zeolite membrane. Zeolite membranes have been studied in air 

separation (N2/O2) [38], recovery of hydrogen from mixtures (H2/N2, H2/CO, H2/CO2, 

H2/hydrocarbon) [39], hydrocarbon separations (olefins/paraffins, linear/branched isomers, etc.) 

[40], and CO2 capture from natural gas, flue gas, biogas and syngas (CO2/air, CO2/CH4, CO2/H2) 

[41, 42]. 

2.2 SAPO-34 Zeolites 

Silicoaluminophosphates (SAPOs) are crystalline nanoporous materials formed by 

silicon, aluminum, phosphorus, and oxygen atoms in tetrahedral coordination and arranged in an 

orderly structure. The first reported SAPO was disclosed in 1984 [43]. This family of SAPO-n 

exhibits structure diversity with different frameworks, having properties both of 

aluminophosphates and low silica to alumina ratio zeolites [19]. SAPO-34 belongs to SAPO-n 
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family having the composition SixAlyPzO2 where x, y, and z represent the mole fractions of 

silicon, aluminum, and phosphorus and range from 0.01-0.98, 0.01-0.60, and 0.01-0.52, 

respectively, with x + y + z = 1 [19]. It has framework characteristics of natural zeolite chabazite 

(CHA) as shown in Figure 2.3. This molecular sieve includes eight-ring apertures with a pore 

diameter of ~0.38 nm that permit access to 3D channel and cage systems. This geometry allows 

small molecules to diffuse easily through the crystal structure. These anionic frameworks with a 

net negative charge depending upon how the silicon substitution into the frameworks [19]. 

 

Figure 2.3 SAPO-34 structure and pore opening. [44] 

SAPO-34 was first discovered in Union Carbide Coporation [43]. Typically, SAPO-34 is 

prepared by hydrothermally heating with Al, Si, P sources and appropriate templates. SAPO-34 

has been prepared by different templates, such as tetraethylammonium hydroxide (TEAOH) 

[19], morpholine [45], piperidine [46], diethylamine (DEA) [47, 48], triethylamine (TEA) [49, 
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50], isopropylamine [51], and TEAOH-dipropylamine (DPA) [52] and TEAOH-

cyclohexylamine [52]. The synthetic approaches includes different heat treatment methods, such 

as hydrothermal treatment, two-stage temperature varying hydrothermal treatment synthesis [45], 

microwave treatment [53], vapor phase transport method [54-56], and ultrasound irradiation 

synthesis [57]. However, the control of crystal size of SAPO-34 with high surface area, high 

crystallinity and preferential adsorption capacity is still challenging.  

Microwave treatment is a useful approach, which has been successfully used in zeolite 

and zeolite membranes synthesis. The first published article related to microwave synthesis of 

microporous zeolite appeared in 1993 [58], in which microwave-assisted crystallization of Y-

type and ZSM-5 zeolites could be achieved with much shorter timer and without undesired 

phases compared with conventional heating. 

Conventional heating relies a heat source on the outside and conducts the heat to middle 

from the outside. Instead, the microwave treatment, as shown in Figure 2.4, has the following 

advantages compared to conventional heating [59]: (1) the microwave heating has much higher 

heating rates than that of conventional heating; (2) the microwave treat chemical reactors 

remotely without direct contact between energy source and the reacting chemicals; (3) there is no 

wall or heating diffusion effects; (4) it can selectively heat because the chemicals and the 

contaminants do not interact equally with microwaves; (5) there are no “hot spots”. Microwave 

heating leads to more uniform crystals, which can potentially form thinner continuous 

membranes. However, this method can lead to a compositional difference of the synthesized 

zeolites. 
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Figure 2.4 Comparison of synthesis of zeolite membranes using microwave and conventional 
heating. [60] 

2.3 SAPO-34 Membranes 

SAPO-34 zeolite membranes have been extensively studied because of their exceptional 

molecular sieving effects, higher thermal and chemical resistance. SAPO-34 membranes have 

been successfully used mainly for CO2/CH4 [31, 61-65] and CO2/N2 separations [15, 35, 66]. 

Typically, a continuous polycrystalline layer of SAPO-34 membrane is prepared on a porous 

support to ensure mechanical strength [67]. The membranes are mainly prepared by in situ 

synthesis and secondary seeded growth, which will be discussed in detail as below. 

2.3.1 In situ Crystallization 

Figure 2.5 shows a general schematic of membranes prepared by in situ crystallization. A 

porous alumina support is wrapped with Teflon tape on the outside surface to prevent growth of 

membrane. Typically, two wrapped supports are placed vertically in a Teflon-lined autoclave 

filling with synthesis gel. The autoclave is heated in an oven for certain time at a desired 

temperature. After the heating, the supports are taken out from the cooled autoclave, followed by 
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a washing and drying process. Calcination with a desired temperature and certain heating and 

cooling rates is carried out to remove the organic templates. Table 2.1 summarizes literature 

review on SAPO-34 membrane synthesized by in situ crystallization. For those marked with NA 

in selectivity and permeance columns, Zhang et al. [31] evaluated H2/N2, CO2/N2 and n-C4H10/N2 

separation with maximum ideal selectivity of 6.4, 8.8 and 11.2, respectively. Chew et al. [68] did 

not test separation performance of any gases. Next, we discuss the main factors that affect in situ 

crystallization. 

 

Figure 2.5 General schematic of membranes preparation by in situ crystallization. 

The synthesis precursors, including alumina source, silica source, phosphate source and 

templates, affect the properties of final membranes. Typically, the Al source is aluminum 

isopropoxide (Al(O-i-Pr)3), the Si source is colloidal silica sol, the P source is phosphoric acid, 

and the template is TEAOH [31-34, 63, 64, 66, 68-73]. The main difference comes from the 
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composition of the starting gels. Lixong et al. [31] decreased the ratio of TEAOH/Al2O3 

compared with that from the patent [43], which can reduce crystallization time. Poshusta et al. 

[32] decreased the SiO2/Al2O3 ratio, but concentrated the gels. From then on, all others kept the 

same composition, except the water content [71]. 

The hydrothermal crystallization temperature was kept between 180-200 C for 6-50 h 

[31-34, 63, 64, 66, 69-73]. The microwave treatment temperature was kept between 180-200 C 

for 0.5-2 h [68, 71]. Compared to the conventional hydrothermal treatment, microwave treatment 

greatly shortened the synthesis time, while improved properties, such as smaller crystal sizes, 

narrower size distributions and denser membranes. Chew et al. [68] compared the thickness of 

SAPO-34 with 3 layers synthesized by hydrothermal and microwave at 200 C for 24 h and 2 h, 

respectively. The hydrothermal method has a thickness 3.6-5.5 m, compared with that of 

microwave 1-2 m. Note that less hydrothermal treatment time could not produce continuous 

membranes. 

The employed porous supports include -alumina (–Al2O3) disks [31, 68, 71], –Al2O3 

tubes [32, 33, 64, 66, 69, 70], and stainless steel tubes [34, 63, 64, 72, 73]. Disks are easy to 

prepare membranes but challenging to scale up to industrial scales compared to tubes. The 

stainless steel tube is too expensive for application, so –Al2O3 tube is more practical in 

industry. The in situ crystallization process is simple, but typically compromise the integrity and 

quality of the membranes [74]. 

2.3.2 Secondary Seeded Growth 

“Seeds” or crystals can be used to promote the formation of a well-intergrown membrane 

[75]. This method gives a better control of the membrane formation by separating the crystal 

nucleation and growth with a shortened crystallization time [76]. In addition, it ensures the 
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Table 2.1 Summary of literature review on SAPO-34 membrane synthesized by in situ for CO2/CH4 separation. 

Gel composition 
General 
synthesis 
conditions 

Calcination 
conditions 

Separation 
selectivity 
CO2/CH4 

CO2 permeance 
[GPU] 

Thickness 

[m] 
Ref 

1.0 Al2O3: 1.0 
P2O5: 2.0 SiO2: 
1.0 TEAOH: 170 
H2O 

180 C for 6-50 
h 

400/450 C for 
24 h 

NA NA NA [31] 

1.0 Al2O3: 1.0 
P2O5: 0.6 SiO2: 
1.07 TEAOH: 56 
H2O 

195 C for 20 h 480 C for 8 h 30 209 NA [32] 

1.0 Al2O3: 1.0 
P2O5: 0.6 SiO2: 
1.07 TEAOH: 56 
H2O 

185 C for 24 h 480 C for 8 h 36 508 10 [33, 66] 

1.0 Al2O3: 1.0 
P2O5: 0.6 SiO2: 
1.07 TEAOH: 56 
H2O 

185 C for 20 h 
450-480 C for 5 
h 

53 418 ~25 [64] 

1.0 Al2O3: 1.0 
P2O5: 0.6 SiO2: 
1.07 TEAOH: 56 
H2O 

185 C for 20 h 390 C for 4 h 31 ~900 NA [34] 

1.0 Al2O3: 1.0 
P2O5: 0.6 SiO2: 
1.07 TEAOH: 56 
H2O 

185 C for 20 h 400 C for 20 h 87 418 NA [73] 
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Table 2.1 Continued.  

Gel composition 
General 
synthesis 
conditions 

Calcination 
conditions 

Separation 
selectivity 
CO2/CH4 

CO2 permeance 
[GPU] 

Thickness 

[m] 
Ref 

1.0 Al2O3: 1.0 
P2O5: 0.15 SiO2: 
1.2 TEAOH: 55 
H2O 

200 C for 20 h 390 C for 10 h 170 358 NA [63] 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.2 TEAOH: 55 
H2O 

195 C for 20 h 390 C for 20 h 82 233 NA [69, 70] 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.2 TEAOH: 55 
H2O 

200 C for 24 h 390 C for 10 h 170 0.358 NA [72] 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.2 TEAOH: 55 
H2O 

180-200 C for 
0.5-2 h under 
microwave 

550 C for 5 h NA NA 1-2 [68] 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.2 TEAOH: 55 
H2O 

200 C for 2 h 
under 
microwave 

400 C for 15 h 30 1762 3-4 [71] 
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formation of the pure phase zeolite crystals on the support [77]. Figure 2.6 shows a general 

schematic of the membrane prepared by secondary seeded growth. The synthesized seeds are 

rubbed mechanically onto the inside surface of porous alumina supports, while the outside 

surface is wrapped with Teflon tape to avoid membrane growth. The seeded supports are 

immersed into synthesis gel in an autoclave with the gel slightly above the top of the supports. 

The autoclave is heated in an oven at a desired temperature for certain time. After the heating, 

the supports are taken out from the cooled autoclave, followed by a washing and drying process. 

Calcination at a desired temperature and certain heating and cooling rates is carried out to 

remove the organic templates. In Table 2.2, we summarize SAPO-34 membranes prepared via 

secondary seeded growth as well as their separation performance for CO2/CH4. 

 

Figure 2.6 General schematic of membranes preparation. 
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Table 2.2 Summary of literature review on SAPO-34 membrane synthesized by secondary seeded growth for CO2/CH4 separation. 

Gel composition 
General synthesis 
conditions 

Calcination 
conditions 

Separation 
selectivity CO2/CH4 

CO2 permeance 
[GPU] 

Thickness [m] Ref 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 77 H2O 

220 C for 23-24 h 
400 C for 
8 h 

133-170 1135-1762 1.3-1.5 [52] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 77 H2O 

220 C for 24 h 
400 C for 
8 h 

> 170 ~5974 6-7.5 [78] 

1.0 Al2O3: 1.33 P2O5: 
0.16 SiO2: 1.17 
TEAOH: 150 H2O 

170-200 C for 12-
72 h 

600 C for 
8 h 

~9 ~7467 10-20 [79] 

1.0 Al2O3: 1.0 P2O5: 
0.45 SiO2: 1.2 TEAOH: 
1.6 DPA: 100 H2O 

220 C for 2-6 h 
390 C for 
10 h 

NA NA ~5 [35] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 150 H2O 

220 C for 6 h 
400 C for 
4 h 

~55 ~2449 NA [62] 

1.0 Al2O3: 1.0 P2O5: 
0.32 SiO2: 1.0 TEAOH: 
1.6 DPA: 150 H2O 

220 C for 4-6 h 
400 C for 
4 h 

110-230 1404-1165 NA [80] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 150 H2O 

220 C for 6 h 
397 C for 
4 h 

NA NA NA [81] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 77 H2O 

220 C for 6 h 
400 C for 
4 h 

~142 1971 NA [82] 
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Table 2.2 Continued. 

Gel composition 
General synthesis 
conditions 

Calcination 
conditions 

Separation 
selectivity CO2/CH4 

CO2 permeance 
[GPU] 

Thickness [m] Ref 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 150 H2O 

210 C for 5-8 h 
400 C for 
4 h 

47-53 1493-1852 2-3 [83] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 66 H2O + 
morpholine 

170 C for 120 h 
550 C for 
5 h 

NA NA 23-26 [84-86] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 66 H2O + 
morpholine 

170-175 C for 48-
120 h 

550 C for 
5 h 

NA NA NA [77] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 150 H2O 

210 C for 5 h 
400 C for 
4 h 

10-72 1344-2061 4-5 * [87] 

1.0 Al2O3: 1.0 P2O5: 0.6 
SiO2: 1.2 TEAOH: 55 
H2O 

195 C for 24 h 
450 C for 
8 h 

15-61 254-7467 4.5-12 [88] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 77 H2O 

180 C for 2 h 
under microwave 

450 C for 
10 h 

95 3584 3 [89] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 155 H2O 

210 C for 5 h 
400 C for 
4 h 

78 1852 NA [61] 

0.85 Al2O3: 1.0 P2O5: 
0.3 SiO2: 1.75 TEAOH: 
155 H2O * 

220 C for 6 h 
450 C for 
6 h 

70 3584 3 [61] 
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Table 2.2 Continued. 

Gel composition 
General synthesis 
conditions 

Calcination 
conditions 

Separation 
selectivity CO2/CH4 

CO2 permeance 
[GPU] 

Thickness [m] Ref 

1.0 Al2O3: 0.8 P2O5: 0.3 
SiO2: 2.8 Et3N: 90 H2O 
+ CGIs 

180 C for 2 h 
under microwave 

400 C for 
4 h 

212-179 1075-6989 9-10 [90] 

1.0 Al2O3: 1.0 P2O5: 0.5 
SiO2: 1.5 TEAOH: 100 
H2O 

200 C for 24 h NA NA NA 0.85-1.2 [91] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 77 H2O 

220 C for 24 h 
550 C for 
8 h 

NA NA 4 [92] 

0.85 Al2O3: 1.0 P2O5: 
0.3 SiO2: 2.0 TEAOH: 
155 H2O * 

220 C for 6 h 
450 C for 
6 h 

100 1493 NA [65, 93] 

1.0 Al2O3: 1.0 P2O5: 0.3 
SiO2: 1.0 TEAOH: 1.6 
DPA: 100 H2O 

180 C for 4 h 
under microwave 

390 C for 
10 h 

109 4689 4 [94] 

*: Use Al(OH)3 source.
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SAPO-34 membranes prepared by secondary seeded growth are affected by many factors, 

including seeds, seeding methods, membrane gels, supports and hydrothermal conditions. In the 

following paragraphs, we summarize the effects of seeds, seeding methods, membrane gel 

precursors, supports, hydrothermal treatment and calcination. 

A. Seeds 

In the process of seeded growth, the size of the seeding crystals plays an important role 

on the gas separation performance of the molecular sieve membranes [78]. In this work, the 

authors concluded that smaller seeds have the potential to close pack more homogeneously than 

larger crystals. In general, microwave treatment of gels can produce more uniform distribution of 

SAPO-34 crystals. 

Carreon et al. [52, 78] employed different templates combinations, including TEAOH as 

primary template and cyclohexylamine, DPA or cyclohexylamine/DPA as the secondary 

template to produce rectangular, cubic crystals with size of 0.6-3 m. Sorenson et al. [81] 

employed the same recipe as Carreon et al.’s [52] with a TEAOH/DPA ratio 1.6 to get 0.7 m 

cubic crystals with hydrothermal treatment. Bing et al. [94] prepared 400 nm  400 nm  40 nm 

crystals with TEAOH/DPA template. Li et al. [82] employed TEAOH/DPA/cyclohexylamine 

templates combination to produce 0.7-4 m crystals. There are several reports [35, 80, 88] 

followed the same recipe to produce seeds. Tian et al. [79] synthesized 500 nm  500 nm  150 

nm crystals with adjusted gel composition by hydrothermal treatment. Das et al. [77, 84-86] 

employed morpholine as the template to produce 1-5 m crystals hydrothermally. Liu et al. [89] 

employed TEAOH/DPA combination to produce 400 nm cubic crystals, which had different 

compositions from Carreon’s [52]. Jabbari et al. [91] introduced TEAOH as the single template 

under hydrothermal treatment to get 1 m cubic crystals. 
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Most of these papers used aluminum isopropoxide as the alumina source, colloidal silica 

as the silica source and phosphoric acid as the phosphate source. Carreon et al. [52, 78] also used 

tetraethyl orthosilicate (TEOS) as the silica source, which produced 0.5 m crystals. Tian et al. 

[79] used hydrochloric acid to adjust the pH value of the precursor solution. Das et al. [77, 84-

86] used beohmite as the alumina source. 

Zhang et al. [62] employed single template TEAOH to produce nano-sheet like crystals 

(300 nm  300 nm  60 nm). These seeds were synthesized by microwave treatment at 180 C 

for 7 h, which has uniform distribution. A number of papers [61, 65, 83, 87] employed the same 

seeds as that of Zhang et al. [62] for seeding. Wu et al. [93] decreased TEAOH/Al2O3 ratio from 

4 to 2 to produce seeds, in which no crystals size was reported. Zhou et al. [92] used the same 

method as Wu et al. [93], who claimed can recover 500 nm cubic crystals. Shi [90] applied TEA 

as the template and crystal growth inhibitors to get 400-500 nm crystals by microwave treatment. 

B. Seeding 

An effective seeding method is critical to prepare thin defect-free zeolite membranes via 

hydrothermal synthesis. The permeation properties of the membranes strongly depend on 

attachment of seeds onto the support, during which the whole support surface should be covered 

uniformly [95].  

The simplest seeding method is mechanical rubbing. In this approach, dry SAPO-34 

seeds are rubbed onto the surface of the supports with a cotton-tipped swab. Most of the 

published papers [35, 61, 62, 65, 78, 80-82, 87, 91, 93] apply this method, which has resulted in 

continuous membranes. Dip coating is also an effective way to grow thin zeolite layers. This is 

achieved by dispersing zeolite particles in colloidal suspension, followed by drying and even 

calcination to attach seeds firmly. This method has been extensively explored [61, 77, 79, 84-86, 
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88, 91]. Spin coating has also been applied for seeding [89, 90, 94]. This method used the similar 

suspension as dip coating, but it employed a spinner to form seed layer instead of dipping. Note 

that this method only works for disks, not for tubes. In addition, there are other seeding methods, 

such as steam-assisted conversion seeding [92], electrophoretic deposition [91], and seeded 

synthesis gel [83]. In seeded synthesis gel, seeds were added to the synthesis gel before the gel 

was added to the autoclaves with the supports in it. To obtain membranes of higher quality and 

better reproducibility than that synthesized by dip coating or rub coating, the synthesis time was 

increased slightly [83]. This method is appropriate for tubular supports with small diameters. 

C. Membrane gel precursors 

Most of the SAPO-34 membrane gels used aluminum isopropoxide as the Al source, 

colloidal silica as the Si source, phosphoric acid as the P source and TEAOH as the primary 

template. Some papers [61, 65, 80, 87, 93] used aluminum hydroxide (Al(OH)3) as the Al source 

in addition to aluminum isopropoxide. Das et al. [77, 84-86] used boehmite as the Al source and 

morpholine as the template. Shi [90] applied pseudo-boehmite as the Al source, TEA as the 

template, and -cyclodextrin and Tween-20 as the crystal growth inhibitors (CGIs).  

D. Supports 

Different supports have been used during the preparation of SAPO-34 membranes. –

Al2O3 tubular supports with 100 nm pore size from Inopor GmbH have been widely used [61, 62, 

65, 87, 93]. These supports are relatively cheap and can sustain high pressure. In addition, 200 

nm pore size –Al2O3 tubular supports [35, 78, 83], 5 nm pore size –Al2O3 tubular supports 

[80], 200 nm pore size Al2O3 monolith supports [83], 2 m pore size macroporous –Al2O3 

tubular supports [92] and –Al2O3 with unknown pore size [91] were reported. Das et al. [77, 84, 

86, 92] used indigenous clay-Al2O3 as the support to synthesize membranes. In addition, there 
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were also –Al2O3 disks [88-90, 94] employed as supports, which was not easy for industrial 

applications. Mohammadi et al. [88] and Das et al. [85] used mullite disks and tubes as the 

supports, respectively. In other papers [52, 80-82], porous stainless steel tubes have been used as 

the supports, which would increase cost for applications. Tian et al. [79] also introduced stainless 

steel net as the support. 

E. Hydrothermal treatment and calcination 

The membrane synthesis has been carried out typically between 170-230 C for different 

time by hydrothermal treatment. After washing and drying, the membranes are calcined to 

remove the template sitting inside of the crystal cages. Zhang et al. [62] compared conventional 

and vacuum calcination, indicating that vacuum calcination would have slightly smaller 

selectivity but higher permeance. These membranes were then tested by permeation system to 

obtain selectivity and permeance data. 

2.4 AlPO-18 Zeolites and Membranes 

The preparation of aluminophosphate, known as AlPO4-n or AlPO-n, where n is an 

integer denoting the structure type, was firstly reported in 1982 [96]. The AlPO-n structure is 

composed of alternating AlPO4
- and PO4

- tetrahedral units [19, 97-102]. AlPO-18, a member of 

microporous AlPO, has an AEI framework topology and a 3D eight-ring channel system with a 

diameter of 0.38 nm [103], as shown in Figure 2.7. This pore size of this AlPO-18 zeolite makes 

it attractive for the separation of N2 (kinetic diameter 0.36 nm) from CH4 (kinetic diameter 0.38 

nm). 

2.4.1 AlPO-18 Zeolites 

There are a few reports on the synthesis of AlPO-18 zeolites [97-113]. Table 2.3 

summarizes literature review on AlPO-18 zeolites synthesis. Most of these AlPO-18 zeolites 
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Figure 2.7 Schematic of the framework structure of AEI. [44] 

were synthesized by hydrothermal treatment [97, 99-109, 111-113]. Dry-gel conversion method 

was also employed to synthesize AlPO-18 zeolites [110]. This method applied the initial gel with 

a molar ratio of 1.0 Al2O3: 1.0 P2O5: 1.34 TEAOH: 35 H2O, which was dried at 80 °C to form 

white solids. These solids were ground into fine powers. The powders were placed into small 

Teflon cups. The cup was placed in Teflon-lined autoclave with distilled water and heated in an 

oven at 180 °C to form AlPO-18 zeolites. The synthesis mainly employed TEAOH as the 

template, except that Zenonos et al. [113] did not mention the template used. Some reports [97, 

100] did not mention the gel molar ratio, which were not included in Table 2.3. Simulations on 

AlPO-18 zeolites have also been studied [98, 107]. 

2.4.2 AlPO-18 Membranes 

The pore properties of AEI framework indicate that AlPO-18 membranes are good 

candidate for membrane separation process [101]. Secondary seeded growth is applied to grow 
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Table 2.3 Summary of literature review on AlPO-18 zeolite synthesis. 

Gel composition General synthesis conditions Ref 

1.0 Al2O3: 1.0 P2O5: 1.34 TEAOH: 
0.33 HCl: 35 H2O 

150 °C for 7 d [103, 107] 

1.0 Al2O3: 1.0 P2O5: 1.34 TEAOH: 
0.36 HCl: 35 H2O 

150 °C for 7 d [102] 

1.0 Al2O3: 1.4 P2O5: 1.5 TEAOH: 50 
H2O 

200 °C for 20-60 h [104] 

1.0 Al2O3: 0.74 P2O5: unknown 
TEAOH: unknown H2O 

147-167 °C for 24-72 h [105] 

1.0 Al2O3: 3.16 P2O5: 6.32 TEAOH: 
186 H2O 

100 °C for 2-78 h [106, 112] 

1.0 Al2O3: 1.5-5.0 P2O5: 2.26-10 
TEAOH: 124-186 H2O 

150 °C for 3-9 d [108] 

1.0 Al2O3: 3.16 P2O5: 6.32 TEAOH: 
186 H2O 

150 °C for 10 m under 
microwave 

[109] 

1.0 Al2O3: 3.15 P2O5: 6.3 TEAOH: 
185 H2O 

200 °C for 3 d [101] 

1.0 Al2O3: 3.16 P2O5: 6.32 TEAOH: 
186 H2O 

150 °C for 20-48 h [99] 

1.0 Al2O3: 3.16 P2O5: 6.32 TEAOH: 
186 H2O 

150 °C for 20 h [111] 

1.0 Al2O3: 1.0 P2O5: 1.6 Template: 
60 H2O 

160 °C for 4 d [113] 

 
AlPO-18 membranes. Table 2.4 summarizes the separation performance of existing AlPO-18 

membranes. Carreon et al. [101] prepared the membranes on tubular porous stainless supports 

with 0.27 m pore size. Before hydrothermal treatment, dry and calcined AlPO-18 seeds were 

mechanically rubbed onto the inside surface of the supports, with the outside surface wrapped 

with Teflon tape. The membrane gel with a molar ratio of 1.0 Al2O3: 3.15 P2O5: 6.3 TEAOH: 

185 H2O was heated at 200 °C for 72 h. The resulting membranes were washed with DI water 

and dried overnight at 70 °C. A second layer was employed using the same procedure. The 

calcination was carried out in a conventional oven at 300 °C for 6 h and then 400 °C for 10 h, 

with heating and cooling rates of 0.6 °C/min. Wu et al. [111] and Wang et al. [112] prepared the 

AlPO-18 membranes on the outside surface of the macroporous α-alumina tubes with 1.3 m 
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average pore size, but the seeds used were uncalcined. Wu et al. [111] optimized the 

crystallization time. The membrane gel with a molar ratio of 1.0 Al2O3: 1.0 P2O5: 1.8 TEAOH: 

120 H2O was heated at 215 °C for varied crystallization time. The followed permeation test 

results showed that the best separation performance coming from the 10 h crystallization time. 

Wang et al. [112] optimized the membranes gels with a molar ratio of 1.0 Al2O3: 1.0 P2O5: x 

TEAOH: y H2O. These membrane gels were heated at 215 °C for 14 h. The best membrane 

obtained was from the synthesis gel with x = 2 and y = 160. The calcination of these membranes 

was carried out in air of a conventional oven at 450 °C for 6 h, with heating and cooling rates of 

0.6 °C/min. 

Table 2.4 Gas separation performance of existing AlPO-18 membranes. 

Mixtures Separation Selectivity  Permeance (GPU) Ref 

CO2/CH4 52-60 ~200 (CO2) [101] 
CO2/CH4 101 540 (CO2) [111] 
CO2/CH4 202 ~1940 (CO2) [112] 
CO2/N2 45 1880 (CO2) [112] 
H2/CH4 22 300 (H2) [112] 

 

2.5 DNL-6 Zeolites 

DNL-6 zeolite, is a SAPO zeolite, first reported in 2011 by Su et al. [114]. This zeolite 

has body-centered cubic symmetry structure of RHO, which is composed of -cages linking 

through eight-rings with pore size of 0.36 nm  0.36 nm, as shown in Figure 2.8. As a relatively 

new zeolite composition, DNL-6 has not been reported yet as continuous membranes. It has only 

been documented in crystal form. 

N2 (kinetic diameter: 0.36 nm) and CH4 (kinetic diameter: 0.38 nm) molecules can 

permeate through both SAPO-34 pores (0.38 nm) and defects larger than 0.38 nm. However, the 

kinetic diameters of N2 and CH4 are close to the pore size of the SAPO-34, which diminishes the 
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Figure 2.8 Schematic of the framework structure of DNL-6. [115] 

molecular sieving effects. The RHO structure DNL-6 zeolite has pore size of 0.36 nm, which 

might have the potential to improve molecular sieving effects as compared to the SAPO-34 

membranes. This pore size makes it attractive for the N2/CH4 separation. 

There are few reports regarding DNL-6 zeolite synthesis. Current DNL-6 crystal 

synthesis methods include hydrothermal treatment [114, 116], phase transformation [115, 117, 

118], solvothermal treatment [119] and dry gel method [120, 121].  

Su et al. [114] synthesized the novel DNL-6 zeolite for the first time. The authors 

employed a gel with a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: 0.2 CTAB: 

100 H2O, in which aluminum isopropoxide as the Al source, phosphoric acid as the P source, 

TEOS as the Si source, DEA as the template, and cetyltrimethylammonium bromide (CTAB) as 

the surfactant. The gel was transferred into a rotational stainless steel autoclave and heated at 
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200 °C for 24 h. Yang et al. [116] explored the synthesis of DNL-6 zeolite with different cationic 

surfactants, including dodecyltrimethyl ammonium bromide, CTAB, and octadecytrimethyl 

ammonium bromide. The synthesis procedure was similar to Su et al. [114]. However, the DNL-

6 zeolite is sensitive to the gel composition. A slight change in the molar composition would lead 

to other phases, like CHA and amorphous, which makes the synthesis of pure DNL-6 zeolite 

challenging. 

Phase transformation is another option to synthesize DNL zeolites. Researchers [122-124] 

have found that the crystallization of one phase of zeolites is followed by in situ transformation 

into other phases. Tian et al. [115] prepared the DNL-6 crystals with this method. SAPO-5, 

synthesized by hydrothermal treatment, was used as the precursor. The as-synthesized SAPO-5 

crystals were added into a solution mixture of organic amine and water. The resulting mixture 

was transferred into an autoclave and heated. During the transformation stage, the author 

observed a clear trend of how zeolite crystals transformed between SAPO-34 and DNL-6. With 

the increasing crystallization time, the zeolite transformed from SAPO-5 to SAPO-34, SAPO-34 

to DNL-6, and then DNL-6 to SAPO-34. An optimal time is needed to obtain pure DNL-6 since 

the mixture of crystals can be formed. Li et al. [117, 118] applied the same procedure to prepare 

DNL-6 crystals. 

Solvothermal treatment has also been employed to synthesize DNL-6 crystals. This 

method was firstly introduced into the zeolite synthesis by Bibby and Dale [125], in which 

organic solvents was used instead of water. This method is introduced because of the potential to 

prepare large crystals compared to that with water, but this is unfavorable during membrane 

synthesis, in which small crystals are required to close pack more homogeneously leading to well 

intergrown selective membranes [52]. One advantage is that this solvohydrothermal method can 



 

 34 

save cost of incomplete conversion of reagent by recovery of the unreacted gel and processing of 

the large amount of mother liquid generated. Fan et al. [119] synthesized pure DNL-6 crystals 

with this method. The method employed DEA as the solvent, instead of water, to synthesize 

zeolite. The gel with a molar ratio of 1.2 Al2O3: 0.9 P2O5: 0.5 SiO2: 9.0 DEA: 16.6 H2O was 

heated at 160 °C for 4 days. SEM image showed that DNL-6 has rhombic dodecahedral 

morphology with crystal size distribution of 2-5 m. However, this solvothermal treatment is not 

suitable for membrane preparation, which typically requires small crystals to close pack more 

homogeneously than larger crystals.  

Su et al. [120, 121] developed a novel dry gel method to produce DNL-6 using SAPO dry 

gel as the starting material. The precursor gel was prepared with a molar composition of 1.0 

Al2O3: 1.0 P2O5: 0.6 SiO2: 50 H2O, in which pseudo-boehmite as the Al source, phosphoric acid 

as the P source, and silica sol as the Si source. The mixture was stirred for 2 h and further milled 

to obtain a homogeneous gel. A spray-drying process was followed to produce dry SAPO gel. 

The resulting material was ground to fine powders and then dissolved in a mixture of DEA and 

water. The final mixture with a molar ratio of 1.0 Al2O3: 1.0 P2O5: 0.6 SiO2: 2.4 DEA: 18.6 H2O 

was transferred into a rotational stainless steel autoclave and then heated at 195 °C for 9 h. The 

as-synthesized products were washed and centrifuged to recover and then dried. 

In summary, the phase-transformation synthesis takes too long time to obtain pure DNL-

6, and it is not easy to control the formation of pure DNL-6. Compared to hydrothermal 

treatment, dry gel method is not a fully developed process. The well-developed hydrothermal 

treatment is still a useful synthesis method to synthesize DNL-6 crystals and potentially 

membranes.  
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CHAPTER 3  

SAPO-34 MEMBRANES FOR N2/CH4 SEPARATION: PREPARATION, 

CHARACTERIZATION AND SEPARATION PERFORMANCE 

Modified from a paper to be published in 

Journal of Membrane Science 

Shiguang Li1,2, Zhaowang Zong3, Shaojun James Zhou1, Yi Huang4, Zhuonan Song4, 

Xuhui Feng5, Rongfei Zhou5, Howard S. Meyer5, Miao Yu2, Moises A. Carreon2 

In this chapter, we describe the synthesis of SAPO-34 membranes by several routes 

towards N2/CH4 separation. Synthesis parameters, including water content in the gel, 

crystallization time, support pore size, and aluminum source, were investigated and optimized. 

The SAPO-34 membranes prepared by the optimized synthesis conditions displayed high N2 

permeance and moderate N2/CH4 selectivities. The effect of temperature and feed pressure on the 

membrane separation performance was also studied. These results of this study are described in 

detail in this chapter and have been published in the Journal of Membrane Science 487, 141-151, 

2015. 

3.1 Inorganic Membrane for N2/CH4 Separation 

Recently, some inorganic materials have been made into N2-selective membranes and 

shown N2/CH4 separation performance above the so-called upper bound observed for dense 

polymers [13]. Ning and Koros [14], using a carbon molecular sieve (CMS) membrane, obtained 

                                                 
1 Contributed simulation 
2 Corresponding author 
3 Contributed SAPO-34 seeds and membranes preparation and permeation test 
4 Contributed adsorption test 
5 Co-author for useful discussion 
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a N2/CH4 selectivity of 7.7 and N2 permeability of 6.8 barrers at 24 °C. Li et al. [15, 16] prepared 

membranes with SAPO-34 deposited as a continuous layer on stainless steel tubular supports. 

The membranes separated N2 from CH4 with a selectivity of 4 at 22 °C. The N2 permeance was 

2.1×10-8 mol/(m2sPa) (= 63 GPU (Gas Permeation Unit), 1 GPU = 3.348 × 10−10 

mol/(m2sPa)). Very recently, the N2/CH4 separation performance through the SAPO-34 

membranes has been improved by the same research group. The N2/CH4 selectivity was 5-7 and 

the N2 permeance was ~1 ×10-7 mol/(m2sPa) (= 300 GPU) for a feed pressure of 350 kPa as 

reported by Wu et al. [8], for membranes on alumina supports. They also prepared SSZ-13 

zeolite membranes for N2/CH4 separation and obtained a selectivity of 13 and N2 permeance of 

2.2 × 10-8 mol/(m2sPa) (= 66 GPU) at 20 °C at a feed pressure of 270 kPa. 

Compared to the SSZ-13 membranes, SAPO-34 membranes are more attractive in a real-

world N2 rejection for the natural gas processing because of their high N2 permeance. SAPO-34 

is a SAPO having the composition SixAlyPzO2 where x = 0.01-0.98, y = 0.01-0.60, and z = 0.01-

0.52 [126]. The SAPO-34 structure is formed by substituting silicon for phosphorous in the 

AlPO4, which has a neutral framework and exhibits no ion exchange capacity [126]. 

Most of the SAPO-34 membrane studies have been focused on separating CO2 (kinetic 

diameter: 0.33 nm) from CH4 (kinetic diameter: 0.38 nm) [34, 52, 61, 63, 64, 69, 72, 73, 82]. 

Compared to CO2/CH4 separation, the separation of N2/CH4 mixtures using SAPO-34 

membranes is much more challenging because the kinetic diameters of N2 (kinetic diameter: 0.36 

nm) and CH4 differ by less than 5% and both gases adsorb weakly on SAPO-34 crystals [73]. 

The objective of the current study was to develop SAPO-34 membranes towards N2/CH4 

separation and determine the potential of SAPO-34 membranes for N2 rejection in natural gas 

processing. 
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3.2 Experimental Methods 

The detailed alumina supports preparation process, SAPO-34 seeds and membrane 

preparation and characterization, and gas permeation measurements are included in this section. 

3.2.1 Membrane Preparation 

The SAPO-34 membranes were synthesized by secondary growth method onto the inside 

surfaces of porous -Al2O3 supports, with pore sizes of 50 nm, 100 nm and 200 nm, 

respectively. The 100 nm -Al2O3 supports are from Inopor GmbH while the 50 nm and 200 nm 

supports are from US Filters. All these supports have an inside diameter of 0.7 cm and an outside 

diameter of 1.1 cm and are asymmetric within the inner layer. Figure 3.1 shows a picture of the 

tubular alumina support used for membrane preparation. These supports tubes were cut as 6-cm 

long with effective areas between 6.5 and 7.3 cm2. To avoid bypass during permeation 

measurements, the ends of 6-cm-long, tubular supports were sealed with a glazing compound 

(Envision Glaze Clear IN1001, Duncan) to provide a sealing surface for O-rings, which was 

calcined at a heating rate of 1 °C/min and a cooling rate of 1 °C/min with a final hold at 950 °C 

for 5 min. Before synthesis, the supports were boiled in deionized (DI) water for 30 min. This 

cleaning step was carried out three times. The cleaned supports were then dried at 100 C 

overnight. 

A. Synthesis of SAPO-34 Seeds 

These SAPO-34 seeds were prepared with a molar composition of 1.0 Al2O3: 2.0 P2O5: 

0.6 SiO2: 4.0 TEAOH: 150 H2O. In the synthesis, aluminum isopropoxide (Al(i-C3H7O)3, 

Aldrich 99.99%) and DI water were stirred for 1 h to form a homogeneous solution, followed by 

addition of phosphoric acid (H3PO4, Sigma-Aldrich 85 wt.% aqueous solution) for another 2-h 

stirring. This mixing order was different from previous studies reported by Wu et al. [93] and 
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Figure 3.1 Alumina porous tubes employed as supports for the preparation of membranes. 

Funke et al. [65], where these three chemicals were added at the same time. Our procedure can 

dissolve Al(i-C3H7O)3 more easily. Next, Ludox AS-40 colloidal silica (Sigma-Aldrich 40% 

wt.% suspension in water) was added, and the resulting solution was stirred for another 3 h. 

TEAOH (Aldrich 35 wt.% aqueous solution) was then added, and the solution was stirred 

overnight at RT (~22 °C). The gel was placed in an autoclave and heated in a microwave oven 

(CEM Mars 5 Microwave Reaction System with XP-1500 plus control vessel) at 180 °C for 7 h. 

After the solution was cooled to RT, it was centrifuged at 3,300 rpm for 10 min to collect the 

seeds, which were followed by DI water washing. The process was repeated three times, and the 

resulting precipitate was dried overnight at 100 °C. 

B. Preparation of Gel for Growth of Membranes 

Several gel compositions containing Al, P, and Si sources, templates and H2O were 

mixed, stirred and aged for growth of membranes. Al(i-C3H7O)3 was used as Al sources, whereas 

H3PO4 and Ludox AS-40 were used as P and Si sources, respectively. TEAOH was used as 

pivotal template for the formation of SAPO-34 structure and DPA was employed as secondary 
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structure directing agent. The gel mole composition was 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 

TEAOH: 1.6 DPA: 150 H2O. To prepare the gel, Al(i-C3H7O)3 and DI water were stirred for 1 h 

to form a homogeneous solution, followed by addition of H3PO4 into the gel for another 2-h 

stirring. Then Ludox AS-40 colloidal silica was added, and the resulting solution was stirred for 

another 3 h. The TEAOH was then added, followed by addition of DPA (Acros 99%) after 1 h. 

The gel was stirred at 45-50 °C for 4 days before it was used in membrane growth. 

C. Preparation of SAPO-34 Membranes 

Figure 3.2 shows a general diagram of membrane preparation process. The inside of the 

supports was seeded by mechanical rubbing with the uncalcined SAPO-34 seeds. The outside of 

the supports was wrapped with Teflon tape to avoid growth of membranes on the outside surface. 

After seeding, the supports were placed in an autoclave filled with the membrane synthesis gel. 

Usually two seeded supports were placed in one autoclave, which was then filled with the 

synthesis gel to ~0.5 cm above the top of the supports. Figure 3.3 displays the Teflon-lined 

autoclave used for membrane synthesis. Hydrothermal treatment was carried out in a 

conventional oven at 220 °C for 6-24 h. After this step, the membranes were washed for 15 min 

by flowing tap water and dried at 100 °C for ~2 h. The membranes were calcined at 400 °C for 4 

h with heating and cooling rates of 0.8 °C/min under a weak vacuum (pressure of ~300 Pa). 

 

Figure 3.2 A general diagram of membrane preparation process. 
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Figure 3.3 Teflon-lined autoclave used for membrane synthesis. 

Six approaches were employed in the current study with synthesis conditions, including 

pore size of the support, gel composition, alumina source, and crystallization time, as shown in 

Table 3.1. 

3.2.2 Seeds and Membranes Characterization 

Seeds collected from the bottom of the Teflon liners after membrane synthesis were used 

in various analyses including powder X-ray diffraction (PXRD) using a Siemens Kristalloflex 

810 diffractometer operating at 30kV and 25 mA with Cu Kα1 radiation ( =1.5405λÅ).  Some 

SAPO-34 membranes were broken and analyzed by scanning electron microscope (SEM, JEOL 

JSM-7000F). 

3.2.3 Gas Permeation Measurement 

Figure 3.4 shows the permeation system used for single-gas and mixture permeations 

measurement in a flow system. The membrane was mounted in a stainless steel module and 

sealed at each end with silicone O-rings. The pressures on permeate and rententate sides of the 

membrane were controlled independently. Fluxes were measured using a bubble flow meter. For 
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Table 3.1 Membrane preparation conditions. 

Approach 
Support 
pore size 
(nm) 

Membrane synthesis conditions Number of 
membranes 
prepared 

Membrane gel 
composition 

Al source 
Crystallization 
time (h) 

1 100 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 77 H2O 

Al(i-C3H7O)3 24 2 

2 100 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 150 H2O 

Al(i-C3H7O)3 24 2 

3 100 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 150 H2O 

Al(i-C3H7O)3 6 3 

4 50 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 150 H2O 

Al(i-C3H7O)3 6 2 

5 200 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 150 H2O 

Al(i-C3H7O)3 6 2 

6 100 

1.0 Al2O3: 1.0 
P2O5: 0.3 SiO2: 
1.0 TEAOH: 1.6 
DPA: 150 H2O 

Al(OH)3 6 1 

 

mixture separation, a pre-mixed 50/50 N2/CH4 mixture was used as feed. The total feed flow rate 

was 100 standard cubic centimeters per minute (sccm). Further increasing of the flow rate to 200 

sccm, 400 sccm and 600 sccm can not increase separation performance, indicating that 100 sccm 

total feed flow rate has eliminated concentration polarization effects. To save permeation test 

cost, all the following membranes permeation test use 100 sccm as the feed flow rate if not 

indicated otherwise. The testing temperature was RT, the feed pressure was 223 kPa, and the 

trans-membrane pressure drop was 138 kPa. 
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Figure 3.4 Gas permeation test system: (a) general schematic and (b) permeation units. 

The compositions of the feed, retentate and permeate streams were measured, after 

reaching steady state, by a gas chromatograph (GC, SRI instruments, 8610C) equipped with a 

thermal conductivity detector (TCD) and HAYESEP-D packed column. The oven, injector and 

detector temperatures in the GC were kept at 40 C, 50 C and 150 C, respectively. 
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The permeance of the component i, iP , is defined as: 

 �� =  ��∆ ��,� (3.1) 

where iJ  is the flux through the membrane for component i. For the cross-flow configuration, 

because one component preferentially permeates through the membrane, the partial pressures in 

the feed and retentate are quite different. Therefore, a Log-mean pressure drop, ipln, , was 

calculated by: 

 ∆ ��,� =  �,�  −  �,�ln [ �,�  −  �,� �,�  −  �,�⁄ ] (3.2) 

where ifp , , irp , , and ipp ,  are partial pressures for component i, in feed, retentate, and permeate 

sides, respectively. The permeability is the permeance multiplied by membrane thickness. The 

ideal selectivity is the ratio of the single-gas permeance, and the separation selectivity, 
sep

ji / , is 

the ratio of the permeance for mixtures. 

3.3 Results and Discussions 

The SAPO-34 seeds characterization, membrane characterization and separation test, 

separation mechanisms and comparison with reported membranes are discussed in this section. 

3.3.1 Seeds Characterization 

Figure 3.5a shows an SEM image of the SAPO-34 seeding crystals prepared by 

microwave heating. These crystals are composed of nanosheets with lengths and widths between 

200 and 800 nm, and thicknesses between 50 and 220 nm based on SEM. XRD confirms the 

CHA topology typical of SAPO-34, as shown in Figure 3.5b. 
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Figure 3.5 (a) SEM image of the seeding crystals synthesized by microwave treatment; (b) XRD 
pattern of the resultant SAPO-34 seeds. 

3.3.2 SAPO-34 Membranes Characterization 

Figure 3.6 shows top and cross-section views of a SAPO-34 membrane synthesized at 

220 °C for 24 h onto 100-nm-pore -Al2O3 supports with a gel composition of 1.0 Al2O3: 1.0 

P2O5: 0.3 SiO2: 1.0 TEAOH: 1.6 DPA: 77 H2O by approach 1 as a baseline. The top view of the 

membrane confirms it is a well intergrown zeolite membrane. The cross-sectional view of the 

membrane suggests that this is a dense membrane, which has a thickness of ~8.2 m. 

Gas permeation tests for equimolar N2/CH4 mixture were carried out using the 

permeation system shown in Figure 3.4. Note that the N2 (kinetic diameter: 0.36 nm) and CH4 

(kinetic diameter: 0.38 nm) molecules can permeate through both SAPO-34 pores (0.38 nm) and 

defects larger than 0.38 nm. The SAPO-34 pores are selective, whereas the defects are non-

selective pathways [10-12]. By permeation test, the N2/CH4 mixture selectivity α was 2.8, and N2 

permeance was 320 GPU. This mixture selectivity is much larger than Knudsen selectivity 0.76, 

showing the molecular sieving effect. 
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Figure 3.6 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared by 
approach 1. 

A. Water Content Effect 

We explored different water contents from 77 to 150 by approaches 1 and 2. The SEM 

images of the diluted membrane surface and cross section are shown in Figures 3.6 and 3.7. The 

top views of both membranes showed well intergrown zeolite crystals. The crystals obtained via 

the approach 2 (Figure 3.7a) look more uniform than those prepared by approach 1 (Figure 3.6a). 

Moreover, as expected, the dilute gel led to a thinner dense zeolite layer (7.3 m) as shown in the 

cross-sectional SEM micrograph in Figure 3.7b. 

  

Figure 3.7 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared by 
approach 2. 
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Mixture (50/50 N2/CH4) permeations were measured for the membranes prepared by 

approaches 1 and 2. Note that the N2 (kinetic diameter: 0.36 nm) and CH4 (kinetic diameter: 0.38 

nm) molecules can permeate through both SAPO-34 pores (0.38 nm) and defects larger than 0.38 

nm. The SAPO-34 pores are selective, whereas the defects are generally not selective for light 

gas mixtures [34, 64, 73]. Table 3.2 shows that as the water mole ratio increased from 77 to 150, 

the N2/CH4 selectivity increased from 2.8 to 6.0, indicating the fraction of the defects of the 

membranes decreased. A diluted gel formed a thinner membrane layer, and thus the average N2 

permeance 370 obtained for the approach 2 was higher than that for the baseline. 

Table 3.2 Comparison of the N2/CH4 separation performance for membranes prepared by 
approaches 1 and 2. 

Approach Gel composition 

Membrane 
thickness 

(m) 

Number of 
membranes 
prepared 

N2/CH4 separation* 

N2 permeance 

(GPU) 
Selectivity 

1 
1.0 Al2O3: 1.0 P2O5: 
0.3 SiO2: 1.0 TEAOH: 
1.6 DPA: 77 H2O 

8.2 2 320 ± 120 2.8 ± 1.1 

2 
1.0 Al2O3: 1.0 P2O5: 
0.3 SiO2: 1.0 TEAOH: 
1.6 DPA: 150 H2O 

7.3 2 370 ± 52 6.0 ± 0.49 

*: All the +/- values are standard deviations. 

B. Crystallization Time Effect 

We also reduced crystallization time from 24 h to 6 h in approach 3. The shortened 

crystallization time led to a thinner dense zeolite layer (6.2 m) as indicated by the cross-

sectional SEM image in Figure 3.8b. Figure 3.8a of the SEM image of the membrane surface still 

shows well intergrown zeolite membranes. 
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Figure 3.8 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared through 
approach 3. 

When the crystallization time was reduced from 24 h to 6 h, the average N2/CH4 

selectivity was also improved from 6 to 7.3, as shown in Table 3.3.  While at the same time, the 

average N2 permeance increased by 19%. This was mainly because the membrane thickness 

decreased by 15%. 

Table 3.3 Comparison of the N2/CH4 separation performance for membranes prepared by 
approaches 2 and 3. 

Approach Crystallization time (h) 

Membrane 
thickness 

(m) 

Number of 
membranes 
prepared 

N2/CH4 separation* 

N2 permeance 

(GPU) 
Selectivity 

2 24 7.3 2 370 ± 52 6.0 ± 0.49 
3 6 6.2 3 440 ± 74 7.3 ± 0.21 

*: All the +/- values are standard deviations. 

C. Support Pore Size Effect 

Mechanical rubbing method was used in the current study to seed the SAPO-34 crystals 

onto the support. Achieving a high-quality seeding layer is critical because it affects the property 

of the resulting membrane. The quality of the seeding layer is usually influenced by the size 
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match between the seeding crystals and the support pores as wells as the roughness of the inside 

surface of the support. 

In this study, we compared the performance of different membranes synthesized on -

Al2O3 supports with pore size of 100 nm, 50 nm and 200 nm by approaches 3, 4 and 5, 

respectively. Intergrown zeolite membranes were formed for all these supports (Figures 3.8a, 

3.9a and 3.10a). The membrane thicknesses estimated from SEM analysis of the membrane 

cross-sections decreased with increasing pore size of the support. As shown in Table 3.4, among 

the three types of supports, the seeding crystals have been implanted the best onto the 100-nm-

pore support for secondary growth of a membrane as the highest N2/CH4 selectivity was 

observed for the 100-nm-pore supported membranes. With 200-nm-pore supports, the membrane 

gel was more likely penetrated into the pores of the supports, resulting a thin membrane. With 

50-nm-pore supports, the membrane gel was more likely to remain on the surface, resulting a 

thick membrane. The thick membranes were more likely to form cracking stress. 

  

Figure 3.9 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared by 
approach 4. 
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Figure 3.10 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared by 
approach 5. 

Table 3.4 Comparison of the N2/CH4 separation performance for membranes prepared by 
approaches 3, 4 and 5. 

Approach Support pore size (nm) 

Membrane 
thickness 

(m) 

Number of 
membranes 
prepared 

N2/CH4 separation* 

N2 permeance 

(GPU) 
Selectivity 

3 100 6.2 3 440 ± 74 7.3 ± 0.2 
4 50 7.7 2 580 ± 42 2.4 ± 0.9 
5 200 3.6 2 610 ± 25 3.2 ± 1.2 

*: All the +/- values are standard deviations. 

D. Alumina Source Effect 

In this study, Al(OH)3 in approach 6 was used instead of Al(i-C3H7O)3 as the Al source 

while keep all other synthesis conditions the same as approach 2. The SEM images of the 

membrane surface show poor intergrown zeolite crystals (Figure 3.11a). The membrane 

thickness was estimated from SEM analysis of the membrane cross-sections (5.6 m, Figure 

3.11b). N2 permeance as high as 2,600 GPU was obtained for this membrane, but the selectivity 

was only 2.3 (Table 3.5), indicating a poor quality of the membrane when using Al(OH)3 as the 

Al2O3 source. During the synthesis, we found that Al(i-C3H7O)3 was more soluble in aqueous 
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solution than Al(OH)3, which led to a more homogenous gel solution for membrane synthesis, 

and thus better membrane quality and integrity. 

  

Figure 3.11 (a) Top, and (b) cross-sectional SEM micrographs of a membrane prepared by 
approach 6. 

Table 3.5 Comparison of the N2/CH4 separation performance for membranes prepared by 
approaches 3 and 6. 

Approach Al source 

Membrane 
thickness 

(m) 

Number of 
membranes 
prepared 

N2/CH4 separation* 

N2 permeance 

(GPU) 
Selectivity 

3 Al(i-C3H7O)3 6.2 3 440 ± 74 7.3 ± 0.2 
6 Al(OH)3 5.6 1 2,600 2.3 

*: All the +/- values are standard deviations. 

3.3.3 Gas Permeation and Separation Mechanism 

The transport mechanism through zeolite membranes is based on adsorption-diffusion. 

Depending upon the type of zeolite, the mixture system, and the operating conditions, mixtures 

are separated by at least one of the following three mechanisms: 1) molecular sieving - larger 

molecules cannot fit into the pores, and thus the smaller molecules preferentially permeate; 2) 

differences in diffusivity - the smaller, less hindered type of molecule in a mixture diffuses faster 
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than the larger ones; and 3) competitive adsorption - one type of molecule is more strongly 

adsorbed on the zeolite and thus can dramatically inhibit permeation of the second molecule.  

Both N2 (kinetic diameter: 0.36 nm) and CH4 (kinetic diameter: 0.38 nm) can fit into the 

SAPO-34 pores (0.38 nm), which rules out the separation by molecular sieving. CH4 adsorbs 

more strongly than N2 on SAPO-34 crystals based on the heats of adsorption obtained from our 

collaborators in the same study, which I did not list. Thus, the preferential adsorption of CH4 

would favor separating CH4 over N2 in the mixture. On the other hand, the smaller molecule N2 

diffuses faster than the larger molecule CH4. For example, Li et al. [15] reported that the 

diffusivity of N2 was 24 times of that of CH4 through a SAPO-34 membrane prepared by the 

single-template method. The difference in diffusivity would favor separating N2 over CH4 in the 

mixture. Single-gas and mixture permeations were thus measured to determine the roles of 

differences in diffusivity and competitive adsorption. 

Figure 3.12 shows single-gas permeance of N2 and CH4 through membrane M-100nm-

6h-1 as a function of temperature. The M-100nm-6h-1 was one of the membranes prepared by 

approach 3. The N2 single gas permeance decreased with increasing temperature, whereas CH4 

permeance was almost constant. The highest N2/CH4 ideal selectivity was 8.4 (observed at 23 

°C) and it decreased to 6.2 at as the temperature increased to 75 °C. 

Similar to the single gas behavior, the N2 permeance for a N2/CH4 mixture (50/50) 

decreased with temperature, whereas the CH4 permeance was essentially independent of 

temperature for the membrane (Figure 3.13). Thus, the N2/CH4 separation selectivity decreased 

with increasing temperature, but was lower than the ideal selectivity. The highest N2 permeance 

for this membrane was 480 GPU and its highest N2/CH4 separation selectivity was 7.5. 
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Figure 3.12 Single gas permeance for N2 and CH4, and N2/CH4 ideal selectivity through SAPO-
34 membrane M-100nm-6h-1 as a function of temperature. 

 

Figure 3.13 Permeance and selectivity of a N2/CH4 mixture (50/50) as a function of temperature 
for SAPO-34 membrane M-100nm-6h-1. 

The N2 molecule permeates faster than the CH4 molecule in both single-gas and mixture 

permeation because N2 is smaller (diffuses faster). The higher heat of adsorption for CH4 than N2 

causes the preferential adsorption of CH4 in the N2/CH4 mixture. Thus, CH4 inhibits the 

permeation of N2 in the mixture. That is why the N2/CH4 separation selectivity was lower than 

the ideal selectivity (Figure 3.13). However, the gaps between these two selectivities were within 
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11%, indicating the preferential adsorption of CH4 in the N2/CH4 mixture does not dominate the 

separation. Difference in diffusivity played a more critical role than the competitive adsorption in 

the mixture. 

Figure 3.14 shows permeance and selectivity of a N2/CH4 mixture (50/50) at 23 °C as a 

function of trans-membrane pressure drop for the SAPO-34 membrane M-100nm-6h-1. The 

permeate side pressure was kept at 85 kPa. The N2 permeance decreased with pressure drop, 

whereas the CH4 permeance was essentially independent of pressure drop. As a result, the 

N2/CH4 separation selectivity decreased with increasing trans-membrane pressure drop.  

 

Figure 3.14 Permeance and selectivity of a N2/CH4 mixture (50/50) at 23°C as a function of 
trans-membrane pressure drop for SAPO-34 membrane M-100nm-6h-1. 

Note that these permeation tests mentioned above were conducted at Colorado School of 

Mines (Golden, Colorado, USA). The atmospheric pressure at that elevation is approximately 85 

kPa. Mixture separation was also carried out at a permeate side pressure of the standard 

atmosphere (101 kPa). The N2 permeance was 500 GPU and the selectivity was 8 at 23 °C for a 

trans-membrane pressure drop of 138 kPa.  
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3.3.4 Comparison to the Membranes Reported in the Literature 

Table 3.6 compares N2/CH4 selectivities and N2 permeance for our membrane with other 

N2-selective inorganic membranes reported in the literature. Among these materials, our SAPO-

34 membrane showed the highest N2 permeance. With the same type of material (SAPO-34), the 

N2 permeance is 67% higher than that reported by Wu et al. [93]. When comparing the two types 

of SAPO-34 membranes, one should consider the fact that they were synthesized by different 

routes. Wu et al. [93] used single template TEAOH in their synthesis, whereas in our study, dual 

templates (TEAOH and DPA) were used as structure directing agents. They used Al(OH)3 as the 

Al source whereas we used Al(i-C3H7O)3. In addition, the gel compositions, especially Si/Al 

ratios, were different. All these led to a different crystalline size as the thickness of our 

membrane was 2-3 times of that of their membrane (2-3 m). Interestingly, the permeance of N2 

was much higher for our SAPO-34 than Wu et al.’s membrane, even though our membrane was 

thicker. This may be due to the different framework compositions that affect adsorption-

diffusion properties of the SAPO-34 membrane. Maple and Williams [127] performed adsorption 

studies of N2 and CH4 on SAPO-34 and SAPO-18 crystals. They found that specific retention 

volumes and enthalpies of adsorption are highly dependent on pore structure and framework 

composition. 

Table 3.6 Comparison of N2/CH4 separations through inorganic membranes. 

Material α 
N2 permeance 

(GPU) 

Thickness 

(m) 
Ref 

Carbon molecular 
sieve 

7.7 ~0.1 70 ± 15 [14] 

SSZ-13 13 66 7.8 [93] 
SAPO-34 (a) 5-7 300 2.0 [93] 
SAPO-34 (b) prepared 
by approach 3 

8 500 6.2 This study 
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Nitrogen permeabilities (permeance × membrane thickness) for our SAPO-34 membranes 

were calculated using the N2 permeance obtained from the mixture permeation and the thickness 

measured by SEM. The calculated N2 permeability for our best SAPO-34 membrane was as high 

as 3,100 barrers. It is anticipated that the membrane can be made with a thickness less than 2 m 

(as reported by Wu et al. [93]) by further optimizing membrane synthesis conditions. This would 

lead to N2 permeance greater than 1,500 GPU, making SAPO-34 membranes viable for highly 

economic N2 rejection in natural gas processing. 

3.4 Conclusions 

SAPO-34 membranes have potential for N2 rejection in natural gas processing. The 

membranes separated N2 from CH4 with N2 permeance as high as 500 GPU and separation 

selectivity of 8 at 24 °C for a 50/50 N2/CH4 mixture. This separation performance is superior to 

those of the state-of-the-art membranes. The heat of adsorption was higher for CH4 than N2, 

leading to a preferential adsorption of CH4 over N2 in the N2/CH4 mixture. On the other hand, the 

N2 molecule diffused much faster than the CH4 molecule and difference in diffusivity played a 

more critical role than the competitive adsorption. As such, the SAPO-34 membranes were 

selective for N2 over CH4 in the mixture.  
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CHAPTER 4  

HIGHLY PERMEABLE N2/CH4 SEPARATION SAPO-34 MEMBRANES SYNTHESIZED 

BY DILUTED GELS AND INCREASED CRYSTALLIZATION TEMPERATURE 

Modified from a paper to be published in 

Microporous and Mesoporous Materials 

Zhaowang Zong6, Xuhui Feng7, Yi Huang8, Zhuonan Song8, Rongfei Zhou7, Shaojun 

James Zhou7, Moises A. Carreon9, Miao Yu9, Shiguang Li9 

 

In this chapter, the synthesis conditions for SAPO-34 membranes were further optimized 

towards N2/CH4 separation. Synthesis of SAPO-34 membranes with more diluted membranes 

gels has the potential to save membranes fabrication cost because this improvement is achieved 

by simply adding more water to the gel. All these results are discussed in this chapter, and have 

been published in Microporous and Mesoporous Materials 224, 36-42, 2016. 

4.1 Synthesis of Thinner SAPO-34 Membranes 

Thinner continuous membranes are highly desirable, as they can improve the separation 

performance, but challenging to prepare hydrothermally. Diluted gels have the potential to lead 

to thinner membranes. Current gel compositions for preparing SAPO-34 membranes are evolved 

from SAPO-34 catalyst synthesis, where the gel is of high concentration in order to get a high 

productivity of the synthesis gel. In contrast, membrane synthesis is in an opposite direction. In 

this study, we introduced diluted gel to prepare thinner SAPO-34 membranes at 230 °C, as 

                                                 
6 Contributed SAPO-34 seeds and membranes preparation and permeation test 
7 Co-author for useful discussion 
8 Contributed adsorption test 
9 Corresponding author 
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elevated crystallization temperature could improve the intergrowth of membrane [88]. The 

resulting membranes separated N2 from CH4 with N2 permeance as high as 1,300 GPU and a 

selectivity of 7.2 for a 50/50 N2/CH4 mixture. The effect of N2 concentration (at compositions of 

50 vol.% and below) and membrane reproducibility was also investigated. 

4.2 Experimental Methods 

The detailed SAPO-34 membrane preparation and characterization, and gas permeation 

measurements are included in this section. 

4.2.1 Membrane Preparation 

The membranes were synthesized by secondary seeded growth onto the inside surface of 

porous alumina supports with pore size of 100 nm, as described in Chapter 3. We employed the 

same seeds and membrane gel preparation process, except for the molar composition of the 

membrane synthesis gel. The gel mole composition was 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 

TEAOH: 1.6 DPA: x H2O (x = 150, 200, 250, 300, and 400). Hydrothermal treatment was carried 

out in a conventional oven at 230 °C for 6 h. After this step, the membranes were washed for 15 

min with flowing tap water and dried at 100 °C for ~2 h. The membranes were calcined at 400 

°C for 4 h with heating and cooling rates of 0.8 °C/min under a vacuum (pressure of 10 Pa). 

4.2.2 Characterization 

Same XRD and SEM techniques were employed to characterize the crystals and 

membranes synthesized, as described in Chapter 3. Gas adsorption isotherms were measured by 

a volumetric method using a home-built adsorption system. In these measurements, ultra-high 

purity N2 (99.999%, Airgas) and CH4 (99.999%, Airgas) were used. SAPO-34 crystals (~0.20 g) 

were first outgassed at 200 °C for 2 h. Helium was then introduced to calibrate the volume of 

adsorption cell containing SAPO-34 crystals. After volume calibration, the system was 
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evacuated, and then N2 or CH4 was introduced to the sample cell. The pressure change was 

measured using an ASHCROFT K17MO242C13000 model transducer. Based on the pressure 

change and volume calibrated, the amount of gas adsorbed at that equilibrium pressure was 

calculated.  

4.2.3 Gas Permeation Measurement 

We used exactly the same permeation systems and test conditions, as described in 

Chapter 3. All selectivities are permselectivities (ratios of permeance). The permeance were 

calculated as the fluxes divided by the partial pressure driving forces. Because the module has a 

cross-flow design, a logarithm of the mean partial pressure drop was used to calculate the driving 

force. 

4.3 Results and Discussion 

The SAPO-34 membrane synthesis and characterization, gas permeation and adsorption 

properties, effect of N2/CH4 compositions, membrane reproducibility, and potential for N2 

rejection in natural gas processing are discussed in this section. 

4.3.1 Membrane Synthesis and Characterization 

As compared to the SAPO-34 membranes reported by Wu et al. [93] for N2/CH4 

separation, five major improvements have been employed in the current study for SAPO-34 

membrane synthesis. Firstly, the membrane synthesis gel was diluted 1.3-2.7 times by adding 

more water to the gel. Note that the previous gel compositions for fabricating SAPO-34 

membranes were evolved from SAPO-34 catalyst synthesis where the gel was concentrated in 

order to get a high yield of the power. In contrast, membrane synthesis is in an opposite 

direction. The more the gel is diluted, the more the saving is in the chemical cost for membrane 

fabrication. In addition, diluted gels have potential to grow thinner membranes and thus higher 
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permeance. Secondly, in both studies by Li et al. [15, 16, 93] and Wu et al. [93], the SAPO-34 

membranes were prepared by single template TEAOH. In the current study, SAPO-34 

membranes were prepared by dual-template TEAOH and DPA. Carreon et al. [52] found that 

DPA acts as the secondary structure directing agent promoting the formation of smaller SAPO-

34 crystals. Mertens and Engels [128] reported that the addition of small amine molecules, such 

as DPA, can help to improve crystallization SAPO-34. Thirdly, Al(i-C3H7O)3 was used as Al 

source rather than Al(OH)3 reported by Wu et al. [93]; we found Al(i-C3H7O)3 is more soluble in 

aqueous solution than Al(OH)3, which leads to a more homogenous gel solution for membrane 

synthesis. Fourthly, the order of mixing chemicals was optimized for better dispersion of 

monomers into a colloidal solution. Fifthly, pervious SAPO-34 membranes were prepared with 

crystallization temperatures between 180 and 220 °C. In the currently study, crystallization 

temperature was slightly increased to 230 °C.  

The crystals used as seeds for the membrane preparation were slice-shaped crystals as 

described in our previous report [129]. The lengths and widths were between 200 and 800 nm, 

and thicknesses were between 50 and 220 nm. XRD confirms the CHA topology typical of 

SAPO-34. 

Previous SAPO-34 membranes have been prepared with water mole contents of 55-150. 

Even with a water content of 150, phase separation of gel occurred during the synthesis of the 

membranes on tubular supports, and settling of crystals to the bottom of the autoclave was 

observed. This decreases the quality of the membrane [82]. To avoid gel phase separation and 

settling of crystals to the bottom of the autoclave, water contents of 150, 200, 250, 300 and 400 

were investigated, and two membranes were prepared at each water content. The XRD patterns 

(Figure 4.1) of crystals collected from membrane synthesis were essentially identical as water 
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mole content increased from 150 to 400, and the peaks match with those for simulated SAPO-34. 

Moreover, the crystallinity did not show any decrease due to a 2.7 fold increase of water content. 

 

Figure 4.1 XRD patterns of powders collected from the bottom of the membranes with gel 
composition of 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 TEAOH: 1.6 DPA: x H2O.  

Some membranes were broken and analyzed by energy-dispersive X-ray spectroscopy 

(EDX) and SEM. The Si/Al and Si/P ratios of the surface of the membranes prepared by 

different water contents were essentially identical (Figure 4.2). These ratios (Si/Al = 0.18-0.19; 

Si/P = 0.23-0.25) were higher in the membranes than in the gel (Si/Al = 0.15; Si/P = 0.15), 

indicating under the current synthesis conditions, Si in the gels was preferentially incorporated 

into the SAPO framework. In contrast, when using single template of TEAOH and a 

crystallization temperature of 200 °C for SAPO-34 membrane synthesis, the Si/Al ratio was 

lower in the crystal (Si/Al = 0.13) than in the gel (Si/Al = 0.15) [72]. The differences in Si/Al 

and S/P ratios would affect specific retention volumes and adsorption enthalpies of N2 and CH4 
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in SAPO-34 crystals as reported by Maple and Williams [127], which would further affect the 

N2/CH4 separation performance of the SAPO-34 membranes. 

 

Figure 4.2 Si/Al and Si/P ratios for the membranes prepared with difference water mole contents. 

SEM images of the membrane surface (Figure 4.3 left column) show well-intergrown 

micron range zeolite crystals for SAPO-34 membranes prepared with different water contents. 

Cross-sectional SEM images of the membranes (Figure 4.3 right column) show zeolite layers. 

The thickness of the layer decreases from ~6.8 to ~2.7 m as water content increases from 150 to 

400, indicating that diluted gel forms a thinner membrane layer. 

4.3.2 Gas Permeation and Adsorption Properties 

Membranes prepared with different water contents were used to separate a premixed 

50/50 N2/CH4 mixture. The feed pressure was 223 kPa, and the pressure in the permeate side was 

85 kPa. The separation results at 23 °C for these membranes are shown in Table 4.1. N2/CH4 

separation selectivities were greater than 5.4 for membranes with water molar contents of 150, 

200, 250, and 300. The maximum average N2/CH4 selectivity was 7.2 obtained for the water  
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(a) 

  

(b) 

  

(c) 

  

(d) 

  

(e) 

  

Figure 4.3 Surface (left column) and cross-sectional SEM (right column) micrographs of SAPO-
34 membranes prepared with gel compositions of 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 TEAOH: 1.6 
DPA: x H2O: (a) x = 150, (b) x = 200, (c) x = 250, (d) x = 300, and (e) x = 400. 
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content of 300. The maximum average N2 permeance was 1,200 GPU obtained for the water 

content of 250. When the water content was increased to 400, the resulting membranes could not 

hold pressure for a trans-membrane drop permeation measurement, indicating the membranes 

had high concentration of defects. Although the SEM surface image of the membrane prepared 

with water content of 400 (Figure 4.3e left column) shows intergrown zeolite crystals, some 

crystals were as large as 2.7 m, which was about the SEM thickness of the membrane (Figure 

3e right column). Intercrystalline boundaries around these large crystals might have resulted in 

the high concentration of defects. 

Table 4.1 Membrane thickness and N2/CH4 separation performance. 

Water content 
Membrane SEM 

thickness (m) 

N2/CH4 separation 

N2 permeance (GPU) Selectivity 

x =150 6.8 670 ± 31 5.4 ± 0.9 
x = 200 6.3 670 ± 40 6.2 ± 0.7 
x = 250 4.2 1,200 ± 240 6.5 ± 0.3 
x = 300 3.0 880 ± 47 7.2 ± 0.1 
x = 400 2.7 NA NA 

*: Two membranes were prepared at each water content. Average permeance and selectivities are 
presented. All the +/- values are standard deviations. 

Adsorption isotherms and single-gas permeation were measured for N2 and CH4 to help 

explain the N2/CH4 separation mechanisms for the selective membranes. Adsorption isotherms 

showed that CH4 adsorbs more strongly than N2 on SAPO-34 crystals (Figure 4.4). The 

calculated ideal N2/CH4 adsorption selectivities are 0.25-0.55 in the pressure range measured. 

Thus, the preferential adsorption of CH4 would favor separating CH4 over N2 in the mixture. On 

the other hand, the smaller molecule N2 (0.36 nm) diffuses faster than the larger molecule CH4 

(0.38 nm). For example, Li et al. [15] reported that the diffusivity of the N2 is 24 times of that of 

the CH4 through a SAPO-34 membrane prepared by single-template. The differences in 
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diffusivity would favor separating N2 over CH4 in the mixture. Table 4.2 shows the measured 

N2/CH4 ideal selectivity through the membrane was 8.7 at a feed pressure of 223 kPa. At the 

same feed pressure, the mixture separation selectivity (7.2) was only slightly lower than the ideal 

selectivity (Table 4.2), indicating that differences in diffusivity played a more critical role than 

the competitive adsorption in the mixture. 

 

Figure 4.4 Adsorption isotherms of N2 and CH4 on SAPO-34 powder at 23 °C. [129] 

Table 4.2 Adsorption, ideal and mixture selectivities through a SAPO-34 membrane. [129] 

N2/CH4 Value Pressure (kPa) 

Adsorption selectivity 0.25-0.55 58-1,100 
Ideal selectivity through membrane 8.7 223 
Mixture separation selectivity through membrane 7.2 223 

 

4.3.3 Effect of N2/CH4 Composition 

In addition to 50/50 premixed N2/CH4 gas, we tested N2/CH4 separation performance for 

18.5/81.5 N2/CH4 and 33.8/61.2 N2/CH4 mixtures for the best membrane. For these mixtures, 

CH4

N2
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200 sccm flow rate was employed. The N2/CH4 selectivity almost kept constant in the N2 

concentration range tested (Figure 4.5). For the N2 permance, it increased from ~1,160 GPU to 

~1,300 GPU with the increasing N2 concentration. Figure 4.5 shows the separation performance 

of the SAPO-34 membranes as a function of N2/CH4 composition. These results demonstrate that 

even at low N2 concentration (typical of natural gas composition), membranes display high N2 

permeance and moderate N2/CH4 separation selectivities. 

 

Figure 4.5 Effect of N2/CH4 compositions on N2/CH4 separation performance. 

Table 4.3 compares N2/CH4 selectivities and N2 permeance for our membranes vs. other 

N2-selective inorganic membranes reported in the literature. Among these materials, the SAPO-

34 membranes prepared in the current study showed the highest N2 permeance, which is the 

critical factor to reduce the nitrogen separation costs in natural gas processing as discussed 

below. 

4.3.4 Membrane Reproducibility 

Reproducibility is an important pre-requisite for any membrane to be considered for 

potential industrial applications. As a representative example, Table 4.4 shows the separation 
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Table 4.3 Comparison of N2/CH4 separations through inorganic membranes. 

Material α 
N2 permeance 

(GPU) 

Thickness 

(m) 
Ref 

Carbon molecular sieve 7.7 ~0.1 70 ± 15 [14] 
SSZ-13 13 66 7.8 [93] 
SAPO-34 (a) 5-7 300 2.0 [93] 
SAPO-34  8 500 6.2 [11] 
SAPO-34 prepared in the 
current study 

6.5-7.4 880-1,300 3.0-4.2 This study 

 

performance for a premixed 50/50 N2/CH4 mixture of 3 membranes prepared independently. 

Membranes were highly reproducible, with almost identical separation selectivity and only slight 

variations on N2 permeance. Membrane synthesis conditions were 6 h, 230 C, with gel 

composition: 1.0 Al2O3: 1.0 P2O5: 0.3 SiO2: 1.0 TEAOH: 1.6 DPA: 300 H2O. All membranes 

calcined at 400 C for 4 h in vacuum with heating and cooling rates of 0.8 C/min. 

Table 4.4 Separation data illustrating SAPO-34 membrane reproducibility. 

Membrane  N2/CH4 selectivity 
N2 Permenance 
(GPU) 

1 7.1 830 
2 7.2 900 
3 7.1 850 

 

4.3.5 Potential for N2 Rejection in Natural Gas Processing 

Figure 4.6 compares our SAPO-34 membranes to polymer membranes presented in 

“Robeson” plot [13] for the N2/CH4 separation. The SEM thicknesses were used in the 

calculation of N2 permeabilities (permeance × membrane thickness) for our SAPO-34 

membranes. The data points for the SAPO-34 membranes are significantly above the upper 

bound. 
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Figure 4.6 Comparison to membranes presented in Robeson plot for N2/CH4. [4] 

The synthesized SAPO-34 membranes are viable for economic N2 rejection in natural gas 

processing, especially for small nitrogen-contaminated gas wells where cryogenic distillation 

costs about $2.40/MSCF for a plant capacity of 1 MMSCF/day. Note that many small N2-

contaminated gas wells have been shut down for lack of suitable small-scale nitrogen rejection 

technology. Lokhandwala et al. [130] reported the development of methane-selective membranes 

with high permeance and CH4/N2 selectivities of approximately 3–3.5 for treating natural gas 

containing high concentrations of N2. They concluded that multi-step/multi-stage membrane 

systems were the lowest cost N2 removal technology in many applications despite the design 

complexity and compression requirements. 

The synthesized SAPO-34 membranes are N2-selective. Aspen HYSYS software was 

used to model a one-stage membrane process for N2/CH4 separation [11]. The major economic 

evaluation bases are: 1) $4 per MSCF gas price to plant, 2) 4% N2 in the residue gas, 3) 

membrane module costs of $400/m2 in a skid, and 4) membrane lifetime of 15 years, provided by 

SAPO-34

of this study
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our collaborators in Gas Technology Institute. Membrane technology competes most directly 

against cryogenic distillation. One-stage membrane process is simple, contains no rotating 

equipment, and requires minimal maintenance.  

Figure 4.7 shows the N2 rejection costs as a function of N2 permeance for membranes 

with N2/CH4 selectivities of 8 and 15. Note that the cost here includes membrane processing cost 

and the revenue loss due to the CH4 loss to the permeate. For both selectivities, the cost decrease 

sharply as the N2 permeance increases from 100 to 500 GPU. As the N2 permeance increases 

further, the cost decreases more slowly. Therefore, it is critical to develop membranes with N2 

permeance approaching or exceeding 500 GPU to reduce the N2 rejection cost. 

 

Figure 4.7 N2 rejection cost as a function of N2 permeance for membranes with N2/CH4 
selectivities of 8 and 15. [11] 

The N2 permeance for the SAPO-34 membranes prepared in the current study was as high 

as 1,200 GPU. The membranes also had moderate N2/CH4 selectivities. The economic evaluation 

indicates the cost would be approximately $0.90/MSCF (Figure 4.7) if our SAPO-34 membrane 

technology were used for N2 rejection in the natural gas processing. Our membranes show 
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significant cost advantage over polymeric membranes, carbon molecular sieve membranes, the 

SAPO-34 membranes reported by Wu et al. (~$1.50/MSCF as shown in Figure 4.7) and the SSZ-

13 membranes [93] (greater than $3.20/MSCF due to the low N2 permeance of 66 GPU). 

Moreover, this cost is only 38% the benchmark technology cryogenic distillation for a plant 

capacity of 1 MMSCF/day (~$2.40/MSCF). 

4.4 Conclusions 

Diluted gels and increased crystallization temperature resulted in thinner SAPO-34 

membranes and thus higher permeance for N2/CH4 separation. The membranes separated N2 

from CH4 with N2 permeance as high as 1,300 GPU and selectivity of 7.4 at 23 °C for a 50/50 

N2/CH4 mixture. Furthermore, membranes were reproducible and effectively separated gas 

mixtures having low N2 content which are relevant compositions of natural gas. This separation 

performance is superior to those of the state-of-the-art membranes. These SAPO-34 membranes 

are viable for economic N2 rejection in natural gas processing. 
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CHAPTER 5  

SAPO-34 MEMBRANES SYNTHESIZED IN STAINLESS STEEL AUTOCLAVES FOR 

N2/CH4 SEPARATION 

Modified from a paper to be published in 

the Journal of Membrane Science 

Zhaowang Zong10 and Moises A. Carreon11 

 

In the chapter, we compared the separation performance of SAPO-34 membranes towards 

the N2/CH4 separation synthesized in the Teflon lined autoclaves vs the stainless steel autoclaves. 

We also investigated the cooling effects of the autoclaves after membranes synthesis by applying 

water bath cooling, ice/water bath cooling and flowing water cooling, respectively. Our resultant 

SAPO-34 membranes separated N2 from CH4 with N2 permeance as high as ~2,600 GPU with a 

N2/CH4 selectivity of 7.4 prepared in the stainless steel autoclave with water bath cooling. A 

more selective membrane with a N2/CH4 selectivity of 8.6 and N2 permeance of ~2,100 GPU 

was also prepared in the stainless steel autoclave, but with an ice/water cooling. These results are 

described in this chapter and have been published in the Journal of Membrane Science 524, 117-

123, 2017.  

5.1 Hydrothermal Treatment by Teflon Autoclave 

Generally, the SAPO-34 membranes are prepared in autogenous pressure autoclaves by 

hydrothermal treatment. Teflon-lined autoclaves have been conventionally employed for SAPO-

34 membrane synthesis [11, 31-35, 52, 61-64, 66, 69, 70, 72, 73, 77-88, 91, 93, 129, 131, 132]. 

                                                 
10 Primary author 
11 Advisor and corresponding author 
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The reported thinnest SAPO-34 membrane was ~2.3 m with N2 permeance of 860 GPU for 

N2/CH4 separation [132] and the N2 permeance of 1,200 GPU for doubled silicon content in the 

gel to obtain the N2/CH4 selectivity of 9-11.2 by using high-aspect-ratio seeds. Zong et al. [129] 

prepared SAPO-34 membranes by diluted gels with increased crystallization temperature with a 

N2/CH4 selectivity of 7.2 and N2 permeance as high as 1,300 GPU at 23 °C. 

Microwave treatment has been used to synthesize SAPO-34 membranes employing 

Teflon liners [68, 71, 89, 90]. Chew et al. [68] prepared 1-2 m thick membrane with three 

layers after microwave heating at 200 °C for 2 h, but no separation performance was shown. 

Chew et al. [71] also prepared H-SAPO-34 with 3-4 m thickness for CO2/CH4 separation after 

microwave heating at 200 °C for 2 h, which had CO2 permeance of ~1,700 GPU. Liu et al. [89] 

showed SAPO-34 membranes prepared by microwave-assisted heating at 180 °C for 2 h to 

obtain a thickness of ~3 m, in which no permeation test was carried out. Shi [90] prepared 9-10 

m thick SAPO-34 membranes with CO2 permeance of 1,075 GPU for the CO2/CH4 separation. 

In these previous studies, the highest N2 permeance that has been achieved is 2,600 GPU, but 

with a poor selectivity of only 2.3 using Al(OH)3 as alumina source [11]. However, to compete 

with the cryogenic distillation, a further increase of the N2/CH4 selectivity or the N2 permeance is 

needed to reduce the N2 rejection cost. 

5.2 Experimental Methods 

The detailed SAPO-34 membrane preparation and characterization is included in this 

section. 

5.2.1 Membrane Preparation 

The SAPO-34 membranes were prepared by secondary seeded growth method inside the 

surface of porous α-Al2O3 tubes with pore size of 100 nm. The seeds and membrane preparation 
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process were same as that described in Chapter 3. 

The synthesis gel for SAPO-34 membranes had a molar ratio of 1.0 Al2O3: 1.0 P2O5: 0.3 

SiO2: 1.0 TEAOH: 1.6 DPA: 300 H2O. The SAPO-34 membranes were prepared in two different 

autoclaves, Teflon-lined autoclaves (4744 General Acid Digestion Vessel, 45 mL, Parr 

Instrument) and stainless steel autoclaves (4713 General Purpose Pressure Vessel, 45 mL, Parr 

Instrument), to make a comparison of their separation performance. Hydrothermal treatment was 

carried out in a conventional oven at 230 °C for 6 h. After the synthesis, the autoclaves were 

taken out from the oven and cooled in water bath for 25 min, ice/water bath for 25 min and 

flowing tap water for 15 min down to RT, respectively. The washing, drying and calcination 

process were described in Chapter 4. Figure 5.1 shows the Teflon-lined autoclave and stainless 

steel autoclave used for the membrane preparation. 

 

Figure 5.1 Teflon-lined autoclave and stainless steel autoclave used for membrane synthesis. 

5.2.2 Characterization 

Same XRD and SEM techniques were employed to characterize the crystals and 

membranes synthesized, as described in Chapter 3. We used exactly the same permeation 

systems and test conditions, as described in Chapter 3. 
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5.3 Results and Discussion 

The membrane synthesis and characterization, gas permeation properties, comparison 

with reported membranes and potential for N2 rejection in natural gas process are discussed in 

this section. 

5.3.1 Membrane Synthesis and Characterization 

The SAPO-34 seeds for membrane preparation consisted of nanosheet crystals. The 

lengths and widths of these crystals were between 200 and 800 nm, respectively, and thicknesses 

were between 50 and 220 nm. XRD confirmed the typical CHA topology of the SAPO-34. The 

XRD patterns (Figure 5.2) of the SAPO-34 crystals collected from the bottom of the autoclaves 

after membrane synthesis were essentially identical for the stainless steel and the Teflon 

autoclaves with different cooling methods and all peaks matched with those from the simulated 

SAPO-34. Moreover, the crystallinity did not show any significant change for different 

autoclaves with the different cooling methods. 

  

Figure 5.2 XRD patterns of SAPO-34 crystals collected from the bottom of the membrane gels 
employing different cooling methods: (a) stainless steel autoclave and (b) the Teflon liner 
autoclave. 
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After been tested for gas mixture permeation, selected SAPO-34 membranes were broken 

and analyzed by SEM. SEM images of the membrane top surface (Figure 5.3 left column) 

showed that the zeolite crystals for the SAPO-34 membranes were well-intergrown. Cross-

sectional SEM images of the membranes (Figure 5.3 right column) clearly showed dense zeolite 

layers on the top of the supports. The thickness of the zeolite layer and the crystal sizes on the 

surface of the membrane were analyzed by SEM measuring tool, and are summarized in Table 

5.1. The SAPO-34 membranes prepared in the stainless steel autoclaves showed thickness of 1.7-

2.1 m, which were significantly thinner than those displayed by membranes prepared in the 

Teflon autoclaves (thickness of 2.8-3.4 m). For the stainless steel and Teflon autoclaves, the 

thickness did not vary significantly with the cooling methods.  

Table 5.1 Comparison of membrane thickness and membrane surface crystal size of the SAPO-
34 membranes prepared in the stainless steel autoclaves and the Teflon autoclaves cooled with 
water bath, ice/water bath and flowing water, respectively. 

Autoclave Cooling methods Crystal size ( m) Membrane thickness 
( m) 

Stainless steel 
Water 0.5-3.0 1.9 ± 0.1 
Ice/water 0.4-3.2 2.2 ± 0.1 
Flowing water 0.4-2.5 1.8 ± 0.1 

Teflon 
Water 0.3-4.2 2.8 ± 0.2 
Ice/water 0.7-4.9 3.0 ± 0.1 
Flowing water 0.3-4.1 3.0 ± 0.1 

 

In addition, the largest membrane crystal size of those membranes prepared in the 

stainless steel autoclaves was 2.5-3.2 m, which was also smaller than those prepared in the 

Teflon autoclaves with crystal size of 4.1-4.λ m. The crystals collected from the bottom of the 

autoclaves after membrane synthesis were also analyzed by the SEM, as shown in Figure 5.4. 

The largest crystal size for the stainless steel autoclaves was ~2.3 m and the Teflon autoclaves 

was 4.3 m, which were in the range of the membrane surface crystal size distribution. Smaller 
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(a) 

  

(b) 

  

(c) 

  

(d) 

  

(e) 

  

(f) 

  

Figure 5.3 Top (left column) and cross-sectional views (right column) of SEM of the SAPO-34 
membranes prepared in: (a) stainless steel autoclaves cooled with water bath, (b) stainless steel 
autoclaves cooled with ice/water bath, (c) stainless steel autoclaves cooled with flowing water, 
(d) Teflon autoclaves cooled with water bath, (e) Teflon autoclaves cooled with ice/water bath 
and (f) Teflon autoclaves cooled with flowing water. 

Zeolite layer 

1.9 μm 

Zeolite layer 

2.1 μm 

Zeolite layer 

1.7 μm 

Zeolite layer 

2.8 μm 

Zeolite layer 

3.4 μm 

Zeolite layer 
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crystal sizes are more likely to form thin membranes [43], which supports well the much thinner 

membranes formed in the stainless steel autoclaves vs. the Teflon liners. 

  

Figure 5.4 Top views of SEM of the SAPO-34 crystals collected from the bottom of the 
autoclaves after membrane synthesis prepared in: (a) the stainless steel autoclaves and (b) the 
Teflon autoclaves cooled with ice/water bath. 

5.3.2 Gas Permeation Properties 

Membranes prepared in different autoclaves with different cooling methods were used to 

separate a premixed 50/50 N2/CH4 mixture as described in experimental section. The separation 

results at 23 °C for these membranes are shown in Figure 5.5. The detailed separation results are 

summarized in Table 5.2. From Figure 5.5a, the N2/CH4 selectivities did not show any significant 

trend between the stainless steel autoclaves and the Teflon autoclaves. The largest selectivity of 

8.6 for the stainless steel autoclave was for the ice/water bath cooling, while for the Teflon 

autoclaves, the largest selectivity of 9.2 was for flowing water cooling. Figure 5.5b clearly shows 

that membranes prepared in the stainless steel autoclaves displayed much higher N2 permeance 

than those prepared in the Teflon autoclaves. For the water bath cooling, the N2 permeance in the 

stainless steel autoclave was ~2.2 times of that in the Teflon autoclaves. For the ice/water bath, 

the N2 permeance in the stainless steel autoclave was ~1.2 times of that in the Teflon autoclaves. 
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For the flowing water cooling, N2 permeance in the stainless steel autoclaves was ~1.5 times of 

that in the Teflon autoclaves. Membranes prepared in stainless steel autoclaves displayed 

separation indices π in the 0.34-0.46 mol/(m2∙s) range; while those prepared in the Teflon liners 

showed separation indices of 0.23-0.27 mol/(m2∙s). Separation index π [π= N2 permeance × 

(selectivity-1) × permeate pressure] has been used as a reliable quantitative parameter to predict 

zeolite membrane reproducibility [52]. Figure 5.5c shows that the separation indices π of the 

membranes prepared in the stainless steel autoclave were almost twice of that prepared in the 

Teflon autoclaves. 

Table 5.2 N2/CH4 separation performance of the SAPO-34 membranes prepared in the stainless 
steel autoclaves and the Teflon autoclaves cooled with water bath, ice/water bath and flowing 
water, respectively. 

Autoclave Cooling methods Separation 

Selectivity  

N2 permeance 
(GPU) 

Separation index 

π (mol/(m2s)) 

Stainless steel Water 7.4 ± 1.2 2,591 ± 242 0.46 ± 0.04 
Ice/water 8.6 ± 0.3 2,143 ± 90 0.46 ± 0.04 
Flowing water 8.0 ± 0.8 1,728 ± 158 0.34 ± 0.01 

Teflon Water 7.9 ± 0.2 1,189 ± 134 0.23 ± 0.02 
Ice/water 6.2 ± 1.8 1,801 ± 361 0.25 ± 0.04 
Flowing water 9.2 ± 0.1 1,160 ± 6 0.27 ± 0.00 

*: Two membranes were prepared at each condition. Average permeance, selectivities and 
separation indices are presented. All the +/- values are standard deviations. 

Comparing the separation performance of the membranes prepared in the stainless steel 

autoclaves vs the Teflon liners, is clear that the stainless steel autoclaves displayed better 

performance than those in the Teflon liners, especially for N2 permeance. The enhanced N2 

permeance can be explained by a simple one-dimensional Fourier heat law analysis:  
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Figure 5.5 Separation performance comparison between the stainless steel autoclave and the 

Teflon autoclave with different cooling methods: (a) separation selectivities (), (b) N2 
permeance and (c) separation index (π).  
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 � =  −� ���� (5.1) 

where qx is the heat flux rate, W/m2, k is the material’s conductivity, W/(mK), and dT/dx is the 

temperature gradient, K/m. Table 5.3 compares the calculations of the two different types of 

autoclaves employed for membrane synthesis. Since the flowing water cooling includes a 

convection component in the overall heat transfer process, it was not included in the calculation. 

The heat flux rate of the stainless steel autoclaves during membrane preparation was ~ two 

orders of magnitude higher than that of the membranes prepared in the Teflon liners. During the 

heating stage of membrane preparation, the stainless steel autoclaves took shorter time to reach 

to the final temperature, which was critical during the SAPO-34 membranes synthesis. Li et al. 

[72] suggested that small AFI impurities may be present especially in lower temperature regions. 

Therefore, the lower temperature was more favorable for the synthesis of the AFI impurities. In 

principle, the stainless steel autoclaves can largely reduce this staying (lag) time in the low 

temperature regime and promote the synthesis of pure SAPO-34. Furthermore, during the 

cooling stage, the larger heat flux rate can decrease the gel temperature faster, which 

consequently slows down the kinetics of crystal growth. The slow growth rate during the cooling 

step, led to a decrease of the membrane thickness (which was experimentally confirmed by SEM, 

Figure 5.3). For the stainless steel autoclaves, the heat flux rate of the ice/water bath cooling was 

10% higher than that of the water bath, but there were not significant change on the final 

membrane thickness. This same behavior was observed for the membranes synthesized in the 

Teflon liners. In the heat analysis, we have assumed a constant water bath temperature (although 

it changed slightly (<1 °C)) during the cooling stage since the weight of the gel and the mass of 

the autoclaves was negligible compared to that of the cooling water. 
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Table 5.3 Comparison of heat flux rate during the cooling stage after membrane synthesis for the 
stainless steel autoclaves and the Teflon autoclaves. 

Autoclaves 
k 

(W/(mK)) 

Wall thickness 
(cm) 

qx (W/m2) 

Water bath (22 °C) Ice/water bath (0 °C) 

Stainless steel 16 0.29 1.15106 1.27106 

Teflon 0.25 0.64 0.81104 1.98104 

 

5.3.3 Comparison with Literature and Potential for N2 Rejection in Natural Gas 

Processing 

Table 5.4 compares N2/CH4 selectivities and N2 permeance for the SAPO-34 membranes 

prepared in this study vs other N2-selective inorganic membranes reported in the literature. 

Among these materials, the SAPO-34 membranes prepared in the current study showed the 

highest N2 permeance, which is the critical factor to reduce the N2 separation cost in natural gas 

processing as discussed below. The previous “Robeson” plots [129, 132] showed that the data 

points were significantly above the upper bound, near to the right corner. To clearly compare 

these results, Robeson plots were not included. 

Table 5.4 Comparison of inorganic membranes employed for N2/CH4 separation. 

Material 
Separation 
Selectivity  

N2 permeance 

(GPU) 

Thickness 

( m) 
Ref 

Carbon molecular sieve  7.7 ~0.1 70 ± 15 [14] 
SSZ-13 13 66 7.8 [93] 
SAPO-34  5-7 300 2.0-3.0 [93] 
SAPO-34  8 500 6.2 [11] 
SAPO-34 5.7-11.3 281-1,200 2.3 [132] 
SAPO-34  6.5-7.4 880-1,300 3.0-4.2 [129] 
SAPO-34 prepared in 
the stainless steel 
autoclaves 

7.4-8.6 1,728-2,591 1.7-2.1 This study 

SAPO-34 prepared in 
the Teflon autoclaves 

6.2-9.2 1,160-1,801 2.8-3.4 This study 
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Figure 5.6 shows the N2 rejection cost as a function of N2/CH4 selectivity for membranes 

with N2 permeance of 500 GPU, 1,000 GPU and 2,000 GPU. The detailed cost simulation 

process was described elsewhere [11]. The cost here has included membrane processing cost and 

the revenue loss due to the CH4 loss to the permeate side. For all the N2 permeance, the cost 

decreases sharply as the N2/CH4 selectivity increasing from 6 to 12. As the N2/CH4 selectivity 

increases further, the cost decrease slowly. The N2 permeance for the SAPO-34 membranes 

prepared in the current study was as high as 2,600 GPU. The economic evaluation indicates that 

the projected N2 separation cost would be approximately $0.60/MSCF (Figure 5.6) if these 

SAPO-34 membranes were to be used for N2 rejection in the natural gas processing. This cost is 

lower than the best reported SAPO-34 membranes (Huang et al. [132] (~$0.70/MSCF)  and Zong 

et al. [129] ~$0.90/MSCF). Moreover, this cost represents only ~25% the benchmark technology 

cryogenic distillation for a plant capacity of 1 MMSCF/day (~$2.40/MSCF) and 75% for a plant 

capacity of 20 MMSCF/day ((~$0.8/MSCF). 

 

Figure 5.6 N2 rejection cost as a function of N2/CH4 selectivity for membranes with N2 
permeance of 500 GPU, 1000 GPU and 2000 GPU. [11] 

This study 

. 
. 

. 

Huang et al. [132] 

. Zong et al. [129] 
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5.4 Conclusions 

SAPO-34 membranes were synthesized in stainless steel autoclaves and the Teflon 

autoclaves with water bath, ice/water bath and flowing water cooling for N2/CH4 separation. The 

synthesis in the stainless steel autoclaves cooled with the water bath, ice/water bath and flowing 

water cooling resulted in thinner SAPO-34 membranes (as compared to the Teflon liners) and 

thus higher permeance for N2/CH4 separation, and slightly improved N2/CH4 selectivities. The 

membranes separated N2 from CH4 with unprecedented N2 permeance as high as 2,600 GPU and 

a N2/CH4 selectivity of 7.4 and 2,100 GPU and a selectivity of 8.6 at 23 °C for a 50/50 premixed 

N2/CH4 gas. The heat flux rate of the stainless steel autoclaves during membrane preparation was 

~ two orders of magnitude higher than that of the membranes prepared in the conventional 

Teflon liners. The higher heat flux rate slowed the kinetics of crystal growth, translating into 

thinner and more N2 permeable membranes. To our best knowledge, the observed separation 

performance is superior to those of the state-of-the-art membranes. If scaled-up, these SAPO-34 

membranes are potentially viable for economic N2 rejection in natural gas processing. 
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CHAPTER 6  

HIGHLY PERMEABLE ALPO-18 MEMBRANES FOR N2/CH4 SEPARATION 

Modified from a paper to be submitted to 

Industrial & Engineering Chemistry Research 

Zhaowang Zong12, Sameh K. Elsaidi13, Praveen K. Thallapally13, Moises A. Carreon14 

 

In this chapter, we demonstrate the successful synthesis of AlPO-18 membranes. 

Previously, we learned that CH4 adsorbs more strongly than N2 on SAPO-34 crystals, based on 

experimental evidence shown in Chapter 3. In this chapter, AlPO-18 has the potential to reduce 

the preferential adsorption of CH4 over N2 leading to enhanced separation performance. In 

addition, its pore size of ~0.38 nm is highly desirable to molecular sieve N2 from CH4. The 

results of this study are described in detail in this chapter and have been submitted for 

publication. 

6.1 AlPO-18 Membranes for N2/CH4 Separation 

AlPO-18 a member of microporous AlPOs, consisting of AlPO4
- and PO4

- tetrahedral 

units [19, 97-101] represents a suitable candidate to separate N2 from CH4. The AEI topology of 

AlPO-18 possesses a 3D framework with a crystallographic pore size of ~0.38 nm [19]. Based 

on the kinetic diameter of N2 (~0.36 nm) and CH4 (~0.38 nm), and the micropore size of AlPO-

18, this AlPO could potentially molecular sieve N2 over CH4 or at least make that N2 molecules 

could diffuse rapidly through the pores, while CH4 at most will diffuse slowly meaning that high 

N2 selectivities could be potentially achieved based on molecular diffusion difference. Carreon et 

                                                 
12 Contributed AlPO-18 seeds and membranes preparation and permeation test 
13 Contributed adsorption test, IAST calculation and column breakthrough 
14 Advisor and corresponding author 
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al. [101] reported the first example of continuous AlPO-18 membranes displaying molecular 

sieving properties for CO2/CH4 gas mixtures. Later reports by Zhou group [111, 112] confirmed 

the molecular sieving properties of AlPO-18 membranes for CO2/CH4, CO2/N2 and H2/CH4 

mixtures. 

6.2 Experimental Methods 

The synthesis of AlPO-18 seeds and membranes, and their characterizations are included 

in this section. 

6.2.1 Synthesis of AlPO-18 Seeds 

The gel composition employed to synthesize AlPO-18 seed crystals had a molar ratio of 

1.0 Al2O3: 3.16 P2O5: 6.32 TEAOH: 186 H2O, similar composition to the previous report [101]. 

In a typical synthesis, aluminum isopropoxide (Al(i-C3H7O)3, Aldrich 99.99%), DI water and 

tetraethylammonium hydroxide (TEAOH, Aldrich 35 wt.% aqueous solution) were mixed 

together for 2 h to form a homogeneous solution. Then phosphoric acid (H3PO4, Sigma-Aldrich 

85 wt.% aqueous solution) was added dropwise to this solution. The resultant solution was 

stirred for another 24 h at RT. The solution was transferred to a Teflon-lined autoclave (4744 

General Acid Digestion Vessel, 45 mL, Parr Instrument) under autogenous pressure and heated 

at 200 °C for 72 h in a conventional oven. After the solution was cooled to RT, it was 

centrifuged at 3,300 rpm for 5 min to collect the seeds, which were washed with DI water 

washing. The centrifugation-washing process was repeated three times, and the resulting seeds 

were dried overnight at 100 °C. 

6.2.2 Synthesis of AlPO-18 Membranes 

The synthesis gel used to grow the AlPO-18 membranes had a molar ratio of 1.0 Al2O3: 1 

P2O5: 1.8 TEAOH: x H2O (x = 90, 120, 150, 200). Membranes prepared with x = 120 showed the 
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best separation performance, and therefore we focused on this particular gel composition. Other 

gel compositions led to poor separation performance (x = 90 and 120) or the formation of 

discontinuous membranes (x = 200). To prepare the seeds, aluminum isopropoxide (Al(i-

C3H7O)3, Aldrich 99.99%), DI water and tetraethylammonium hydroxide (TEAOH, Aldrich 35 

wt.% aqueous solution) were mixed together for 1 h to form a homogeneous solution, followed 

by the addition of phosphoric acid (H3PO4, Sigma-Aldrich 85 wt.% aqueous solution). The 

resultant solution was aged at 40 °C for 2 h. The solution was transferred to a Teflon-lined 

autoclave (4744 General Acid Digestion Vessel, 45 mL, Parr Instrument) under autogenous 

pressure and heated at 215 °C for 10 h in a conventional oven. The membranes were then taken 

out of the autoclave and washed with DI water and dried overnight at 100 °C. Finally, the 

membranes were calcined at 450 °C for 10 h with heating and cooling rates of 0.6 °C/min in a 

conventional oven. 

6.2.3 Characterization of AlPO-18 Crystals and Membranes 

Same XRD and SEM techniques were employed to characterize the crystals and 

membranes synthesized, as described in Chapter 3. We also used exactly the same permeation 

systems and test conditions in Chapter 3. 

6.3 Results and Discussion 

The detailed AlPO-18 seeds characterization, membrane characterization, separation 

performance test, gas separation mechanisms and comparison with reported polymer membranes 

are discussed in this section. 

6.3.1 AlPO-18 Seeds Characterization 

The XRD patterns of the calcined AlPO-18 seeds are shown in Figure 6.1a, 

corresponding to AEI topology, of which is typical for structure of AlPO-18. The morphology of 
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the AlPO-18 seeds was inspected by SEM, as shown in Figure 6.1b. AlPO-18 seeds consisted of 

thin sheet like crystals displaying narrow size distribution with size below 1 m. These seeds 

exhibiting small and narrow size distribution (highly desirable for membrane preparation) were 

employed to grow AlPO-18 membranes. 

 
 

Figure 6.1 XRD patterns and SEM of AlPO-18 crystals employed as seeds for membrane 
preparation. 

6.3.2 AlPO-18 Membrane Characterization 

Figure 6.2 shows XRD patterns of the crystals collected from the bottom of the Teflon 

autoclaves after AlPO-18 membranes synthesis, corresponded to AEI topology typical AlPO-18. 

Figure 6.3 shows representative top and cross sectional views of SEM images of the AlPO-18 

membranes. The top view of SEM (Figure 6.3a) shows well intergrown rectangular AlPO-18 

crystals on the surface of the alumina support. The size of the surface crystals of membrane is 

clearly larger than that of the seeds, suggesting that secondary seed growth led to a 

recrystallization process. Cross sectional SEM image (Figure 6.3b) shows a ~2.4 m thick dense 

AlPO layer. 
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Figure 6.2 XRD patterns of the crystals collected from the bottom of the Teflon autoclaves after 
AlPO-18 membranes synthesis. 

  

Figure 6.3 Representative SEM images of AlPO-18 membrane: (a) top and (b) cross-sectional 
views. 

6.3.3 N2/CH4 Gas Mixture Test 

The synthesized AlPO-18 membranes were used to separate premixed equimolar N2/CH4 

mixtures. The feed pressure for the separation experiments was 223 kPa, and the pressure in the 

permeate side was 85 kPa. The separation results carried out at RT for these membranes are 
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shown in Table 6.1. All membranes were prepared independently using the same gel 

composition and same hydrothermal synthesis conditions detailed in the experimental section. 

AlPO-18 membranes displayed N2 permeance as high as 3,076 GPU, with N2/CH4 separation 

selectivities as high as 4.6. To our best knowledge this is the highest N2 permeance reported for 

any membrane for this particular binary mixture. The observed AlPO-18 thin layer may be in 

part responsible for the high observed N2 permeance. Although the separation selectivity is 

moderate, our preliminary economic evaluation for N2/CH4 separation [11] suggests that high N2 

permeance is essential to reduce the N2 rejection cost employing membrane technology. The 

separation index π was calculated to assess membrane reproducibility. This index [π= N2 

permeance × (selectivity-1) × permeate pressure] has been used as a reliable parameter to predict 

porous crystalline membrane reproducibility [52]. Separation index π was in the 0.11-0.25 

mol/(m2s) range, indicating good membrane reproducibility. 

Table 6.1 AlPO-18 membranes separation performance for equimolar N2/CH4 mixtures. 

Membrane Separation Selectivity  N2 permeance (GPU) 
Separation index π 
(mol/(m2s)) 

M1 4.6 1,463 0.15 
M2 3.8 3,076 0.25 
M3 4.4 1,356 0.13 
M4 3.0 1,867 0.11 

 

6.3.4 AlPO-18 Membranes with Other Synthesis Conditions 

We attempted to improve the separation performance of the AlPO-18 membranes. 

Synthesis parameters, including two-layered membranes, stainless steel autoclave, elevated 

crystallization temperature, and 200-nm alumina supports, were investigated. 
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Table 6.2 summarizes the separation performance of the two AlPO-18 membranes 

prepared on 200-nm alumina supports. The membranes were prepared using the same synthesis 

conditions, as described in experimental section, except for the supports used. These two AlPO-

18 membranes displayed N2 permeance ~2,700 GPU, with N2/CH4 separation selectivities 

between 2.5-2.8. The separation index was in the range of 0.12-0.13 mol/(m2s), suggesting good 

reproducibility. 

Table 6.2 AlPO-18 membranes separation performance on 200-nm alumina supports. 

Membrane Separation Selectivity  N2 permeance (GPU) 
Separation index π 
(mol/(m2s)) 

M5 2.8 2,607 0.13 
M6 2.5 2,700 0.12 

 
The two-layered membranes were prepared employing the same synthesis conditions, 

except that a second AlPO-18 layer was added on the first dried but not calcined layer. The 

membranes were also prepared in a stainless steel autoclave, instead of the Teflon-lined 

autoclave. We also prepared the membranes with 230 °C, instead of 215 °C. All these 

membranes were tested with the N2/CH4 gas mixture, but none of them can sustain more than 20 

psig feed pressure, suggesting that these membranes were not continuous. 

6.3.5 AlPO-18 Membrane Gas Separation Mechanisms 

Figure 6.4 shows the adsorption isotherms for N2 and CH4 measured at 298 K and 278 K 

for AlPO-18 crystals. The adsorption isotherms at 140 kPa (which corresponds to the 

transmembrane pressure employed during the separation experiments) revealed CH4 uptakes of 

12 and 15 cm3/g at 298 K and 278 K, respectively and N2 uptakes of 4.5 and 10 cm3/g, 

respectively. These results indicate that at the studied separation conditions of ~140 kPa and RT, 

AlPO-18 adsorbed ~2.7 times more CH4 than N2. The preferential adsorption of CH4 over N2 on 
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AlPO-18 may be explained by differences in polarizabilities of these two molecules. CH4 has 

higher polarizability (25.9×1025/cm3) as compared to N2 (17.4×1025/cm3) [133]. Therefore, it is 

likely that stronger electrostatic interactions between the AlPO-18 surface carrying partial 

charges [98] and the higher polarizability of CH4 promotes its preferential adsorption over N2. 

 

Figure 6.4 Single component CH4 and N2 adsorption isotherms for AlPO-18 collected at 298 K 
and 278 K. [134] 

Ideal adsorbed solution theory (IAST) was used to predict the selectivity of CH4/N2 

binary mixture based on the experimental single adsorption isotherms collected at 298 K. The 

adsorption selectivity for a 50/50 CH4/N2 binary gas mixture at 298 K, was ~6.9 (Figure 6.5). 

These results indicate that at the employed separation conditions, AlPO-18 crystals can adsorb 

more CH4 than N2, in agreement with the single adsorption isotherm results. 

To learn about the relative diffusivity differences between N2 and CH4, column 

breakthrough experiments were conducted at 298 K and 140 kPa, for a 50/50 N2/CH4 gas 

mixture over AlPO-18 crystals (Figure 6.6). Since the retention time of CH4 in the breakthrough  
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Figure 6.5 IAST calculated selectivity for 50/50 CH4/N2 gas mixture at 298 K for AlPO-18 
crystals. [134] 

is longer, N2 diffuses faster than CH4 (due to its the lower affinity to AlPO-18 as demonstrated 

by the single adsorption isotherms and IAST) as well as to its smaller kinetic diameter. 

Therefore, breakthrough column experiments suggest that difference in diffusivity favor the 

separation of N2 over CH4 in the gas mixture. 

 

Figure 6.6 Column breakthrough experiments for 50/50 N2/CH4 gas mixtures at 298 K and 140 
kPa for AlPO-18. [134] 
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Depending on the nature of the porous crystalline membrane, the mixture system, and the 

operating separation conditions, gas mixtures can be separated by one of the following three 

mechanisms [11]: (a) molecular sieving (larger molecules do not fit into the pores, while the 

smaller molecules preferentially diffuse through the pore structure); (b) differences in diffusivity 

(the smaller, less hindered molecule in a mixture, diffuses faster than the larger molecules) and 

(c) competitive adsorption (one type of molecule is more strongly adsorbed on the porous 

structure and  can inhibit permeation of the second molecule). Based on the moderate observed 

separation selectivities, as well to the fact that both molecules N2 and CH4 can fit within the 

pores of AlPO-18 crystals, it is unlikely that true molecular sieving could be a separation 

mechanism. Adsorption isotherms (Figure 6.4), and IAST (Figure 6.5) indicate that CH4 adsorbs 

more strongly than N2. Therefore, the preferential adsorption of CH4 would favor separating CH4 

over N2 in the mixture. On the other hand, breakthrough experiments (Figure 6.6) confirm higher 

diffusivity of N2 over CH4 favoring N2 selectivity. Thus, the difference in diffusivities would 

favor separating N2 over CH4 in the mixture. These results suggest that difference in diffusivities 

between N2 and CH4 played a more dominant role than competitive adsorption. 

6.3.6 Comparison Between AlPO-18 Membrane and Polymer Membranes 

Figure 6.7 compares our AlPO-18 membranes to polymer membranes presented in 

“Robeson” plot [13] for N2/CH4 separation. Membrane thickness of 2.5 m (estimated from 

SEM) was used in the calculation of N2 permeabilities in Barrer (permeance × membrane 

thickness). The data points for all studied AlPO-18 membranes are significantly above the upper 

bound. To our best knowledge these AlPO-18 membranes display the highest reported N2 

permeance for N2/CH4 gas mixtures.  



 

 93 

 

Figure 6.7 N2/CH4 separation performance of AlPO-18 membranes in the Robeson plot. [13] 

6.4 Conclusions 

In summary, we have successfully synthesized AlPO-18 membranes and demonstrated 

their separation ability for N2/CH4 gas mixtures. AlPO-18 membranes separated N2/CH4 

mixtures with unprecedented N2 permeance as high as 3,076 GPU and separation selectivities as 

high as 4.6. Competitive adsorption and difference in diffusivities were identified as the 

prevailing separation mechanisms. Our experimental evidence indicates that AlPO-18 

membranes were N2 selective because difference in diffusivities between N2 and CH4 played a 

more critical role than the competitive adsorption.  
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CHAPTER 7  

DNL-6 MEMBRANES FOR N2/CH4 SEPARATION 

In this chapter, we demonstrate the synthesis of DNL-6 seeds and membranes. In 

principle, DNL-6 zeolite having unimodal micropore size of ~0.36 nm should display “sharp 

molecular sieving effect” of N2 over CH4, leading to high separation selectivities. The results of 

this study are described in detail in this chapter. 

7.1 Microporous Crystalline Zeolite Membranes with Smaller Pore Size 

N2 (kinetic diameter: 0.36 nm) and CH4 (kinetic diameter: 0.38 nm) molecules can 

permeate through both SAPO-34 pores (0.38 nm) and defects larger than 0.38 nm. The kinetic 

diameters of N2 and CH4 are close to pore size of the SAPO-34, which diminishes the molecular 

sieving effects. Yu et al. [135] employed molecular layer deposition method to deposite a thin 

layer of aluminum alkoxide (pore size ~0.36 nm) onto the surface of SAPO-34 membrane, which 

increased H2/N2 ideal selectivity by 17 fold. This study confirms that zeolite with smaller pore 

size can improve molecular sieving effects. The DNL-6 zeolite, composed of α-cages linking 

through eight-rings pore size of 0.36 nm × 0.36 nm having body-centered cubic symmetry 

structure of RHO, should lead to more selective N2/CH4 membranes. The objective of the current 

study is to employ the well-developed hydrothermal treatment to synthesize DNL-6 crystals and 

the membranes for N2/CH4 separation. 

7.2 Experimental Methods 

The detailed DNL-6 seeds, membranes, and characterization and gas permeation 

measurements are discussed in this section. 
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7.2.1 General Seeds and Membranes Synthesis 

A. Seeds 

The DNL-6 seeds were prepared with a molar composition of 1.0 Al2O3: 0.8 P2O5: x SiO2: 

2.0 DEA: y Additive: 100 H2O by hydrothermal treatment [114]. In a typical synthesis, 

aluminum isopropoxide (Al(i-C3H7O)3, Aldrich 99.99%) and DI water were stirred for 1 h to 

form a homogeneous solution, followed by addition of phosphoric acid (H3PO4, Sigma-Aldrich 

85 wt.% aqueous solution) for another 2-h stirring. Next, TEOS (Aldrich 98%) was added, and 

the resulting solution was stirred for another 3 h. DEA (Sigma-Aldrich ≥λλ.5 wt.%) was then 

added, and followed by addition of the additive. The final solution was stirred ~ 2 h at RT before 

hydrothermal treatment. The gel was placed in a static Teflon autoclave and heated at desired 

temperature for certain time. The solution was cooled to RT after the reaction, and followed by 

centrifugation at 3,300 rpm for 10 min to collect the seeds, which were followed by DI water 

washing. The process was repeated three times, and the resulting precipitate was dried overnight 

at 100 °C. 

B. Membranes 

The membrane gel preparation was similar to that of the DNL-6 seeds gel. The inside 

surface of the supports was seeded by mechanical rubbing with the uncalcined DNL-6 seeds. The 

outside of the supports was wrapped with Teflon tape to avoid growth of membranes on the 

outside surface. After seeding, the supports were placed vertically in an autoclave filled with the 

membrane synthesis gel. Usually two seeded supports were placed in one autoclave, which was 

then filled with the synthesis gel to ~0.5 cm above the top of the supports. Hydrothermal 

treatment was carried out in a conventional oven at desired temperature for certain time. The 

whole autoclave was cooled in water for 25 min, and then the membranes were taken out from 
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the autoclave. The resulting membranes were washed for 15 min by flowing tap water and dried 

at 100 °C for ~2 h. The membranes were calcined at 400 °C for 4 h with heating and cooling 

rates of 0.8 °C/min in a conventional oven. 

7.2.2 Characterization and Gas Permeation Measurement 

Same XRD and SEM techniques were employed to characterize the crystals and 

membranes synthesized, as described in Chapter 3. We also used exactly the same permeation 

systems and test conditions in Chapter 3. All selectivities are permselectivities (ratios of 

permeances). The permeances were calculated as the fluxes divided by the partial pressure 

driving forces. Because the module has a cross-flow design, a logarithm of the mean partial 

pressure drop was used to calculate the driving force. 

7.3 DNL-6 Seeds Synthesis 

In this study, we explored the DNL-6 seeds synthesis with different additives, 

crystallization temperatures, and Si content in the gel to try to obtain pure DNL-6 crystals for 

further membrane synthesis. 

7.3.1 Synthesis of DNL-6 Crystals with Additives 

The synthesis gel with a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: x 

CTAB: 100 H2O was prepared with CTAB (Sigma ≥λλ%) as the surfactant, where x varied from 

0.08 to 0.2. The hydrothermal treatment was carried out at 200 °C for 24 h. The CTAB surfactant 

was reported by Su et al. [114] in synthesis of DNL-6 crystals, since in the case of no CTAB 

addition, only small amount of DNL-6 (RHO) phase observed, coexisting with large amount of 

SAPO-34 (CHA) phase. The CTAB is a quaternary ammonium surfactant, which has been 

widely used in synthesis of mesoporous nanoparticles [136-143]. CTAB form micelles in 

aqueous solutions, with critical micelle concentration (CMC) of 1 mM, which can help 
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synthesize mesoporous materials. In this study, we employed CTAB as the surfactant to mimic 

the synthesis of DNL-6 crystals as Su et al. [114], in which pure DNL-6 crystals were prepared. 

Figure 7.1 shows XRD patterns of the DNL-6 crystals synthesized with varied 

CTAB/Al2O3 ratios. The CTAB/Al2O3 ratio played a key role for the formation of SAPO-34 and 

DNL-6 phases. When the ratio was 0.08, the main topology was RHO, coexisting with small 

amount of CHA, as suggested by the XRD patterns. The crystallinity decreased for both phases, 

to almost amorphous when CTAB/Al2O3 ratio reached to 0.2. The optimal CTAB/Al2O3 ratio 

was 0.1, as almost pure DNL-6 phase was obtained. However, the CTAB concentration of 0.08 

CTAB/Al2O3 ratio was 45 mM, which was much larger than the CMC, leading to a formation of 

mesoporous phase. Therefore, gels with CTAB/Al2O3 ratio larger than 0.08 likely lead to the 

coexistence of mesoporous and microporous phases. 

 

Figure 7.1 XRD patterns of the synthesized DNL-6 crystals with CTAB. 

Another surfactant Pluronic P-123 (BASF) was introduced to synthesize DNL-6 phase. 

This P-123 is the tradename for a triblock copolymer with a CMC of 0.004 mM, which has 
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similar behaviors to those of hydrocarbon surfactants, and can also form micelles. P-123 has 

been used in the synthesis of mesopororous materials [144-149]. The synthesis gel with a molar 

composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: x P-123: 100 H2O was prepared, where x 

varied from 0.003 to 0.010. The hydrothermal treatment was carried out at 200 °C for 24 h. 

Figure 7.2 shows the XRD patterns of the DNL-6 crystals synthesized by P-123. The 

XRD patterns indicate that the as-synthesized crystals were still mixed with CHA and RHO 

phases. The P-123/Al2O3 ratio also played a key role in the formation of SAPO-34 and DNL-6 

phases. The optimal P-123/Al2O3 ratio was 0.006 to obtain main DNL-6 phase, while coexisting 

with small amount of CHA phase. When the ratio decreased to 0.003 or increased to 0.010, more 

CHA phase formed, as compared to RHO phase. SEM image of as-synthesized DNL-6 crystals 

(Figure 7.3) prepared by optimal 0.006 P-123/Al2O3 ratio, shows that rhombic dedecahedron 

crystals existed, suggesting DNL-6 phase formed. However, amorphous phase can be observed, 

indicating the impurities formed. The optimal P-123 concentration was 56 mM, which was much 

larger than the CMC, leading a formation of mesoporous phase, coexisting with the microporous 

phase. 

 

Figure 7.2 XRD patterns of the as-synthesized DNL-6 crystals with Pluronic P-123. 
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Figure 7.3 SEM image of the DNL-6 crystals prepared by 0.006 P-123. 

The presence of a polymeric additive, even at low concentration, can have a substantial 

effect on nucleation and/or crystal growth rates, as well as on crystal morphology [150-153]. 

Polyethylene glycol was employed to control zeolite growth [154]. In this study, we employed 

ethylene glycol (EG, Acros 99+%) in the synthesis trying to prepare DNL-6 crystals. The 

synthesis gel with a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: x EG: 100 

H2O. The hydrothermal treatment was carried out at 200 °C for 24 h. 

Figure 7.4 shows XRD patterns of the DNL-6 crystals synthesized by EG. The XRD 

patterns indicate that the as-synthesized crystals were mixed with CHA and RHO phases. The 

EG/Al2O3 ratio affected the formation of CHA and RHO phases. The optimal EG/Al2O3 ratio 

was 0.2 to obtain relatively more RHO as compared to CHA phase. When the ratio decreased to 

0.1, the relative amount of CHA to RHO phase increased, which was unfavorable. When the 

ratio increased to 0.3, the increasing amount of RHO was not observed, suggesting 0.2 ratio was 

optimal. 
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Figure 7.4 XRD patterns of the as-synthesized DNL-6 crystals with EG. 

7.3.2 Synthesis of DNL-6 Crystals with Longer Crystallization Time 

To eliminate the impurities existing during the DNL-6 synthesis process, the 

crystallization time was increased from 24 h to 48 h. Typically, an increasing crystallization time 

is a way to improve the crystallinity [155]. The synthesis gel with a molar composition of 1.0 

Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: 0.2 EG: 100 H2O. The hydrothermal treatment was carried 

out at 200 °C for 48 h.  

Figure 7.5 shows XRD patterns of the as-synthesized DNL-6 crystals with 48-h 

crystallization. Longer crystallization time eliminated the small peak ~6 degrees while increasing 

the crystallinity for both phases, but did not improve the purity of the DNL-6 crystals. 

7.3.3 Synthesis of DNL-6 Crystals with Varied Temperatures 

Crystallization temperature is an important effect, which affects the formation of a pure 

zeolite topology. In this study, we explored the temperatures effects. The synthesis gel was with 

a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: 0.2 EG: 100 H2O. The  
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Figure 7.5 XRD patterns of the as-synthesized DNL-6 crystals for 48 h with 0.2 EG. 

hydrothermal treatment was carried out at varied temperatures for 24 h.  Figure 7.6 shows the 

XRD patterns of the as-synthesized DNL-6 crystals with varied crystallization temperatures. 

There were few peaks for the sample prepared at 140 °C, suggesting that the crystallinity was 

low. When the temperature increased to 160 °C, the main product was RHO phase, coexisting 

small amount of CHA impurity. When the crystallization temperature was further increased, 

more impurity CHA phase generated. The optimal crystallization temperature to obtain DNL-6 

(RHO) phase was 160 °C. 

Based on the varied crystallization temperature results, we further investigated the effects 

of the SiO2/Al2O3 ratios, since the SiO2/Al2O3 ratio may affect the resultant zeolite topology. The 

synthesis gel was with a molar composition of 1.0 Al2O3: 0.8 P2O5: x SiO2: 2.0 DEA: 0.2 EG: 

100 H2O, where x varied from 0.2 to 0.4. The hydrothermal treatment was carried out at 160 °C 

for 24 h. Figure 7.7 shows XRD patterns of the as-synthesized DNL-6 crystals with varied 

silicon contents. When the ratio was 0.4, small amount of CHA phase was observed. When the 
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Figure 7.6 XRD patterns of the as-synthesized DNL-6 crystals with varied crystallization 
temperatures with 0.2 EG. 

ratio decreased to 0.3, all the peaks were almost identical to those of the simulated RHO phase. 

When the ratio further decreased to 0.2, no significant peaks were observed, suggesting low 

crysatllinity. The optimal SiO2/Al2O3 ratio was 0.3, which provided pure DNL-6 crystals based 

on XRD patterns. 

7.3.4 Synthesis of DNL-6 Crystals without Additive 

We investigated whether we can obtain pure DNL-6 crystals without any additive, since 

the as-synthesized crystals are likely to display mesoporous. A synthesis gel with a molar 

composition of 1.0 Al2O3: 0.8 P2O5: 0.3 SiO2: 2.0 DEA: 100 H2O was heated at 160 °C for 24 h. 

Figure 7.8 confirms that almost pure DNL-6 phase was formed, based on XRD patterns. Figure 

7.9 shows a SEM of the as-synthesized DNL-6 crystals. Rhombic dodecahedron crystals were 

observed, while no typical SAPO-34 cubic crystals could be seen. However, significant 

amorphous phase was observed. 



 

 103 

 

Figure 7.7 XRD patterns of the as-synthesized DNL-6 crystals with varied silicon contents. 

 

Figure 7.8 XRD patterns of the as-synthesized DNL-6 crystals without any additive. 
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Figure 7.9 SEM image of the as-synthesized DNL-6 crystals without any additive. 

The crystallization time was increased from 24 h to 48 h to improve the crystallinity. A 

synthesis gel with a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.3 SiO2: 2.0 DEA: 100 H2O was 

also heated at 160 °C for 24 h. Figure 7.10 shows XRD patterns of the as-synthesized DNL-6 

crystals with 48 h crystallization time. It was observed that the crystallinity of DNL-6 was 

increased, but a small peak ~9 degrees impurities generated. The longer crystallization time was 

not appropriate for the synthesis of pure DNL-6 phase. 

7.4 Synthesis of DNL-6 Membranes 

DNL-6 membranes preparation is described in this section. We attempted the membrane 

synthesis with different seeds, including DNL-6 seeds by P-123, pure DNL-6 seeds, and SAPO-

34 seeds. 

7.4.1 DNL-6 Membranes with P-123 DNL-6 Seeds 

The synthesis gel with a molar composition of 1.0 Al2O3: 0.8 P2O5: 0.4 SiO2: 2.0 DEA: 

0.006 P-123: 200 H2O was prepared. One 100-nm alumina support was seeded with the 
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Figure 7.10 XRD patterns of the as-synthesized DNL-6 crystals without any additive with longer 
crystallization time. 

uncalcined DNL-6 seeds synthesized with 0.006 P-123/Al2O3 ratio. The hydrothermal treatment 

was carried out at 200 °C for 24 h. The resulting membranes were washed with DI water and 

dried overnight at 100 °C. Two additional layers were added to form three-layered membrane. 

Calcination was carried out as described in experimental section. Figure 7.11 shows the XRD 

patterns of the as-synthesized crystals collected from the bottom of the autoclaves after 

membranes synthesis of each layer. The XRD patterns suggested that all the as-synthesized 

crystals from three layers were mixed with CHA and RHO phases. The relative ratio of DNL-6 

to SAPO-34 phase was decreased, as the increasing synthesis layer. The SEM images in Figure 

7.12 of the crystals from the first layer and the third layer also confirm the mixture existing. In 

the SEM images, rhombic dedecahedron shape suggested RHO phase, while cubic shape 

suggested CHA phase. 

Table 7.1 shows the separation performance of the synthesized membrane. The N2/CH4 

selectivity was 1.5, slightly larger than the Knudsen selectivity of 0.76, indicating that the 
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Figure 7.11 XRD patterns of zeolite crystals collected from the bottom of the autoclaves after 
membranes synthesis with P-123 seeds. 

  

Figure 7.12 SEM images of the as-synthesized DNL-6 crystals collected from the bottom of the 
autoclaves after membranes synthesis with P-123 DNL-6 seeds of (a) 1st layer and (b) 3rd layer. 

membrane had the potential to molecular sieve N2 over CH4. The N2 permeance reached to 2742 

GPU. Figure 7.13 shows representative SEM images of a DNL-6 membrane. The cross-section 

view of this membrane (Figure 7.13b) shows that the thickness of membrane was ~70 m, but 

with many cracking defects, as shown in Figure 7.13a. These defects can let the N2 and CH4 
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permeate through easily, leading to the low N2/CH4 selectivity. However, this membrane was not 

pure DNL-6 membrane, but mixed with CHA topology. 

Table 7.1 Separation performance of the three-layered membrane. 

Membrane 
Separation 
Selectivity 

N2 permeance 

(GPU) 

Separation index 

(mol/(m2s)) 

Three-layered membrane  1.5 2,742 0.04 

 

  

Figure 7.13 The top (a) and cross-sectional (b) SEM views of DNL-6 membrane by P-123 DNL-
6 seeds. 

7.4.2 DNL-6 Membranes with DNL-6 Seeds 

The DNL-6 crystals synthesized without any additive were employed as the seeds. Two 

100-nm alumina supports were placed in a Teflon autoclave. The hydrothermal treatment was 

carried out at 160 °C for 24 h. The resulting membranes were washed with DI water and dried 

overnight at 100 °C. Two more procedures were repeated to form three layers on the supports. 

Calcination was carried out as described in experimental section. XRD patterns of crystals 

collected from the bottom of the autoclave after DNL-6 membrane synthesis of each layer were 
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shown in Figure 7.14. These patterns confirm that the DNL-6 membranes synthesized were pure 

DNL-6 phase. Permeation test was followed after calcination, but these two membranes could 

not hold more than 20 psig pressure, suggesting that these membranes were not continuous. 

Figure 7.15 showes evidence that large cracking defects formed, leading to a defective and non-

continuous membrane. 

 

Figure 7.14 XRD patterns of crystals collected from the bottom of the autoclave after DNL-6 
membrane synthesis with pure DNL-6 seeds. 

  

Figure 7.15 The top (a) and cross-sectionnal (b) SEM views of DNL-6 membranes prepared by 
pure DNL-6 seeds. 
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7.4.3 DNL-6 Membranes with SAPO-34 Seeds 

We introduced the SAPO-34 seeds during DNL-6 membranes synthesis, since smaller 

seeds are more likely to form dense membranes with higher separation performance [78]. Two 

100-nm alumina supports were seeded with the SAPO-34 seeds synthesized in Chapter 3, and 

then placed vertically in one Teflon autoclave filled with DNL-6 membrane gel. This gel was in 

molar composition of 1.0 Al2O3: 0.8 P2O5: 0.3 SiO2: 2.0 DEA: 200 H2O. The hydrothermal 

treatment was carried out at 160 °C for 24 h. The resulting membranes were washed with DI 

water and dried overnight at 100 °C. One more layer was added to form two-layered membrane. 

The calcination was carried out at 400 °C for 4 h with heating and cooling rates of 0.5 °C/min in 

air. XRD patterns, as shown in Figure 7.16, suggest that the first layer was mainly the CHA 

phase, while the second layer was mainly the RHO phase but coexisting with the CHA phase. 

Table 7.2 shows that the N2/CH4 selectivity was between 1.0-1.3, with N2 permeance was 

between 900-1,700 GPU. Therefore, the separation performance of DNL-6 membranes was 

limited and inferior to the SAPO-34 or AlPO-18 membranes. 

 

Figure 7.16 XRD patterns of the crystals collected after DNL-6 membrane synthesis of each 
layer with SAPO-34 seeds. 
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Table 7.2 Separation performance of the DNL-6 membranes prepared by SAPO-34 seeds. 

Membrane Separation Selectivity  
N2 permeance 

(GPU) 

Separation index 

(mol/(m2s)) 

M3  1.3 923 0.008 
M4 1.0 1694 0 

 

7.5 Conclusions 

Pure DNL-6 crystals were synthesized by hydrothermal treatment without any additive. 

DNL-6 membranes were prepared by secondary seeded growth on 100-nm alumina supports, 

with DNL-6 crystals as the seeds. However, these membranes possess large concentration of 

defects, resulting in non-continuous membranes, or at best resulting in membranes displaying 

limited separation performance for N2/CH4 gas mixture.  
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CHAPTER 8  

SUMMARY OF RESULTS AND RECOMMENDATIONS 

8.1 Summary of Results 

We have developed continuous SAPO-34, AlPO-18 and DNL-6 membranes to separate 

N2/CH4 gas mixtures. The resultant SAPO-34 membranes separated N2 from CH4 with N2 

permeance as high as 2,600 GPU and a N2/CH4 selectivity of 7.4 and 2,100 GPU and a 

selectivity of 8.6 at 23 °C for a 50/50 premixed N2/CH4 mixture. The AlPO-18 membranes 

displayed N2/CH4 mixtures separation with unprecedented N2 permeances as high as 3,076 GPU 

and separation selectivities as high as 4.6. DNL-6 membranes displayed limited N2/CH4 

separation performance due to the large concentration of defects. Separation mechanisms over 

SAPO-34 and AlPO-18 membranes were studied, and included molecular sieving, difference in 

diffusivities, and competitive adsorption. 

The main conclusions from this work are as following: 

1. Continuous SAPO-34 membranes were prepared to separate N2/CH4 gas 

mixtures, using secondary seeded growth. SAPO-34 seeds synthesis process 

was improved to dissolve Al(i-C3H7O)3 more easily. Water content effect, 

crystallization time effect, support pore size effect, and alumina source effect 

on membrane synthesis were optimized. The best membranes were prepared on 

100 nm alumina tubular supports using Al(i-C3H7O)3 as the Al source, with 150 

H2O for 6-h crystallization time. The resulting membranes separated N2 from 

CH4 with N2 permeance as high as 500 GPU and separation selectivity of 8 at 

24 °C for a 50/50 N2/CH4 mixture. This separation performance is superior to 

those of the state-of-the-art membranes. Moreover, the N2/CH4 gas separation 
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mechanism was investigated, showing that the N2 molecule diffused faster than 

CH4 molecule and differences in diffusivity played a more critical role than the 

competitive adsorption, which made the SAPO-34 membranes selective for N2 

over CH4 in the mixture. 

2. SAPO-34 membranes with more diluted membrane gels were prepared at 

elevated crystallization temperature. Diluted gels and increased crystallization 

temperature resulted in thinner SAPO-34 membranes and thus higher 

permeance for N2/CH4 separation, while saving membrane fabrication cost. The 

resulting membranes separated N2 from CH4 with N2 permeance as high as 

1,300 GPU and a selectivity of 7.4 at 23 °C for a 50/50 N2/CH4 mixture. 

3. SAPO-34 membranes were synthesized in stainless steel autoclaves and the 

Teflon autoclaves with water bath, ice/water bath and flowing water cooling for 

N2/CH4 separation. The membranes separated N2 from CH4 with N2 permeance 

as high as 2,600 GPU and a N2/CH4 selectivity of 7.4 and 2,100 GPU and a 

selectivity of 8.6 at 23 °C for a 50/50 premixed N2/CH4 gas. 

4. AlPO-18 membranes were successfully prepared and evaluated for N2/CH4 gas 

mixtures. The resulting AlPO-18 membranes separated N2/CH4 mixtures with 

unprecedented N2 permeance as high as 3,076 GPU and separation selectivities 

as high as 4.6. Competitive adsorption and difference in diffusivities were 

identified as the prevailing separation mechanisms. Our experimental evidence 

indicates that AlPO-18 membranes were N2 selective because difference in 

diffusivities between N2 and CH4 played a more critical role than the 

competitive adsorption. 
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5. Pure DNL-6 crystals were synthesized by hydrothermal treatment without any 

additive. DNL-6 membranes were prepared by secondary seeded growth on 

100-nm alumina supports, with DNL-6 crystals as the seeds. However, these 

membranes possessed large concentration of defects, resulting in limited 

separation performance for N2/CH4 mixtures. 

6. Three different membrane compositions for N2/CH4 separation were prepared 

in this work. The separation performance indicated that SAPO-34 membranes 

displayed the best (overall) separation performance. AlPO-18 membranes 

displayed the highest N2 permeance, and DNL-6 membranes displayed limited 

separation ability for N2/CH4 mixtures. 

7. The SAPO-34 membranes showed separation performance is superior to those 

of the state-of-the-art membranes. The economic evaluation indicates that the 

projected N2 separation cost has the potential to compete with the benchmark 

technology cryogenic distillation. If scaled-up, these SAPO-34 membranes are 

potentially viable for economic N2 rejection in natural gas processing. 

8.2 Recommendations for Future Work 

In this section, some recommendations for future work regarding SAPO-34 membranes, 

DNL-6 membranes and AlPO-18 membranes towards N2/CH4 are given. 

1. SAPO-34 membranes. Our best membranes have showed high N2 permeance 

with moderate N2/CH4 selectivity. However, to increase the competitiveness of 

the membrane technology, further improvement of selectivity or/and 

permeance is necessary. Typically, thinner membranes lead to decreased 

selectivity and improved permeance. Our previous studies displayed an 
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inversed relationship that thinner membranes leading to increased selectivity 

and improved permeance. However, further thinner membranes will result in 

non-continuous membranes, because some intergrown zeolite crystals show the 

size as large as the thickness of the membranes. Those randomly oriented 

crystals affect the thickness of the resultant membranes. Grains growing 

randomly in different directions likely result in thicker membranes. In 

principle, slice-shaped crystals with a high aspect ratio are favorable to grow 

thinner oriented continuous membranes [132]. To grow thinner oriented SAPO-

34 membranes, we suggest that using the same slice-shaped seeds as Huang et 

al. [132], and applying the uniform SAPO-34 seeds preferentially oriented. In 

addition, we suggest to optimize the synthesis gel composition to grow the thin 

layer along preferential orientation, such as P/(Al + Si + P) ratio in the gel, as 

precursors with high concentration of phosphorous acid have the potential to 

grow along one direction [132]. 

2. AlPO-18 membranes. The AlPO-18 membranes have shown reasonable 

separation ability for N2/CH4 gas mixtures. However, the high N2 permeance 

and low N2/CH4 selectivity suggests that a concentration of defects exist on the 

membranes. The intergrown between the AlPO-18 crystals should be improved 

to form less-defect membranes. Smaller seeds have the potential to close pack 

more homogeneously than larger crystals [78]. In general, microwave treatment 

of gels can produce more uniform distribution of zeolite crystals. In addition, 

the use of dipropylamine and cyclohexylamine as the secondary structure 

directing agents can help to crystallize zeolites [128] and decrease its crystal 
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size [10]. We suggest applying microwave treatment to synthesize smaller and 

uniform AlPO-18 seeds, and adding dipropylamine or cyclohexylamine as the 

secondary structure directing agents to enhance membrane intergrowth. 

3. DNL-6 membranes. The DNL-6 membranes have been prepared, but with a 

high concentration of defects. The current DNL-6 seeds are still too large and 

contain amorphous phases to grow continuous membranes. The membranes 

need to be thinner, as thick membranes are more likely to form cracks during 

calcination because of the thermal stress. Similar to AlPO-18 membranes, we 

suggest to apply microwave treatment to synthesize smaller and uniform DNL-

6 seeds, and incorporate secondary structure directing agents to enhance 

membrane intergrowth. Furthermore, optimization of the crystallization time is 

needed to target thinner membranes. 
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Dear Dr. Elsaidi, 
 
I was writing to request co-author permission to reproduce the following articles in my 
PhD Thesis at the Colorado School of Mines. The manuscripts is: 
 
Highly permeable AlPO-18 membranes for N2/CH4 separation 
Z Zong, S.K. Elsaidi, P.K. Thallapally, M.A. Carreon 
Industrial & Engineering Chemistry Research 
 
Thank you and I hope all is well. 
 
Sincerely, 
 
Zhaowang Zong 
 

mailto:zzong@mymail.mines.edu
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From: Thallapally, Praveen K <Praveen.Thallapally@pnnl.gov> 
Date: Tue, Mar 28, 2017 at 2:10 PM 
Subject: RE: Co-author Permission to Reproduce Publications in a Graduate Student 
Thesis 
To: Zhaowang Zong <zzong@mymail.mines.edu> 
 
 
Sure, please go ahead. Do I need to do anything? 
 
Praveen 
Dr. Praveen K. Thallapally 
Chief Scientist 
Pacific Northwest National Laboratory 
900 Battelle Boulevard 
Richland, WA  99352 USA 
Tel:  509-371-7183 
Fax: 509-371-7249 
Praveen.Thallapally@pnl.gov 
www.pnl.gov 
Advisory Board Member: CrystEngComm 
https://rsc.org/cec 
 
Advisory Board Member: J. Coordination Chemistry 
http://tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=gco
o20 
 
 
-----Original Message----- 
From: Zhaowang Zong [mailto:zzong@mymail.mines.edu] 
Sent: Tuesday, March 28, 2017 1:09 PM 
To: Thallapally, Praveen K <Praveen.Thallapally@pnnl.gov> 
Subject: Co-author Permission to Reproduce Publications in a Graduate Student Thesis 
 
Dear Dr. Thallapally, 
 
I was writing to request co-author permission to reproduce the following article in my 
PhD Thesis at the Colorado School of Mines. The manuscripts is: 
 
Highly permeable AlPO-18 membranes for N2/CH4 separation Z Zong, S.K. Elsaidi, 
P.K. Thallapally, M.A. Carreon Industrial & Engineering Chemistry Research 
 
Thank you and I hope all is well. 
 
Sincerely, 
 
Zhaowang Zong 

tel:509-371-7183
tel:509-371-7249
mailto:Praveen.Thallapally@pnl.gov
http://www.pnl.gov/
https://rsc.org/cec
http://tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=gcoo20
http://tandfonline.com/action/journalInformation?show=editorialBoard&journalCode=gcoo20
mailto:zzong@mymail.mines.edu
mailto:Praveen.Thallapally@pnnl.gov

