
(

)



I 

Abstract 

 In Chapter 3, AlPO-18 membranes were prepared by using combined TEAOH and 

DIPEA templates, single TEAOH template and single DIPEA template, respectively. 

AlPO-5 impurity was formed by using n(DIPEA) from 1.0 to 1.2 when synthesized at 

478K for 48h. The corresponding gas permeation properties were also investigated. The 

as-synthesized AlPO-18 membranes through combined TEAOH and DIPEA templates 

displayed moderate CO2 single gas permeance with lowest CO2/CH4 ideal selectivity. 

The obtained AlPO-18 membranes by single TEAOH template displayed highest 
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CO2/CH4 selectivity however lowest CO2 gas permeance. The AlPO-18 membrane 

prepared with single DIPEA template displayed highest CO2 single gas permeance and 

moderate CO2/CH4 ideal selectivity. Meanwhile, gas permeation properties of both pure 

and impure AlPO-18 membranes were affected by measuring conditions of temperature 

and pressure. CO2 and N2 single gas permeances decreased dramatically by increasing 

temperature, while CH4 single gas permeance was almost independent of temperature. 

Pressure also decreased CO2 single gas permeance however slightly increased both N2

and CH4 single gas permeances. 

 In Chapter 5, gas permeation properties on PESU based flat mixed matrix membranes 

by filling CHA type SAPO-34, SSZ-13 and AEI type AlPO-18 zeolites were 

investigated. CHA type zeolites loaded PESU-MMMs showed higher gas separation 

performance than AEI type zeolites loaded PESU-MMMs. The PESU-MMMs by 

incorporating homogeneous SAPO-34-3 with the crystal size of 200 nm and SSZ-13 

with the crystal size of 400 nm showed a continuous interface with less defects. SAPO-

34 as the filler showed higher ideal selectivity and SSZ-13 as the filler displayed higher 

single gas permeability. Moreover, CO2 single gas permeability and CO2/CH4 ideal 

selectivity was increased by increasing the filler loading from 20 wt.% to 30 wt.% for 

SAPO-34 with 200nm crystals size.  



III 

 Finally, Chapter 7 summarized the main contents of this thesis. 
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Chapter 1 Introduction 



2 



3 



4 



5 

Mixed Matrix Membranes (MMMs), which is comprised by embedding inorganic 

fillers into a polymeric matrix, indicating one of the alternative candidate to overcome 

these limitations between polymer and inorganic membranes for gas separation. The 

Mixed Matrix Membranes(MMMs) were first reported in 1970s by Paul et al when 

filling 5A zeolite into a rubbery polydimethylsiloxane membrane [70], a delay time lag 

was investigated between different diffusions in CO2 and CH4 on the 

polydimethylsiloxane-based 5A MMMs. And the numerous efforts have been made 

since from the first investigation of the MMMs, and a lot of intensive researches were 

acquired in recent years [20,71 78].  

The ideal Mixed Matrix Membranes (MMMs) were developed by combining both 

the advantages of polymer matrix and the inorganic fillers, which can be own the 

flexible properties of the polymer as well as the higher permeability and selectivity of 

inorganic fillers [72]. Figure 4 shows the structure and schematic diagram of various 

morphologies of MMMs. In theoretical, there are only two phases in the MMMs and 

defect-free, while, the properties of the incorporated fillers and the connection with the 

matrix polymer will affect the properties of the nearby polymer, hence affect the 
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MMMs gas separation properties. The nonideal MMMs morphologies were also 

showed in Figure 4. Since the poor adhesion between the filler and the polymer matrix, 

the packing configuration of the vicinity polymer, the polymer chain dynamic and 

conformation, the force between the filler and the nearby polymer, the agglomeration 

of filler all-over affect the configuration of the morphologies of the all MMMs, and in 

some degree decrease the MMMs permeability or selectivity. The non-ideal 

morphologies normally can be classified into three types which described in Figure 4: 

the interfacial voids, the rigidified polymer layer and some pore blockages within the 

fillers [71,72,79]. The MMMs are normally classified into three different types 

according to the literatures: solid-polymer MMMs, liquid polymer MMMs and solid-

liquid-polymer MMMs [79,80], and there are only few studies working on the liquid-

polymer and solid-liquid-polymer MMMs [80 84], and most attentions were focus on 

solid-polymer membranes. The conventional fillers for solid-polymer MMMs were 

zeolites [76,85 87], CMS [88,89] and silica [74,90 92]. Meanwhile, some new 

materials such as carbon nanotubes [93] and MOFs [78] were adopted to be new fillers 

and the modification by changing the surface properties of the filler to improve the 

interfacial connections as new strategies in order to improve the gas separation 

properties of Mixed Matrix Membranes.  
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Chapter 2 Preparation and Characterization of CHA and AEI 

Zeolites 

Zeolites are one of the kind of crystalline microporous structure materials that 

consisted of TO4 tetrahedral units by sharing all the neighbor oxygen atoms to form 

regular cavities and channels in molecular dimensions [1 3], and T mostly equals to Si 

and Al atoms, it can be replaced by other heteroatoms like B, Mg, Ca, Ti, Be etc [1]. 

Different zeolites own the uniform and periodic pore structures, unique and particular 

pore sizes and specific surface areas, which have been widely used for catalysis, 

absorbent and separation [4]. In 1980s, a new class of crystalline materials, zeolite-like 

aluminophosphates (AlPOs) materials, were reported by Wilson et al [5]. The AlPOs 

crystalline own microporous structures that were only built with TO4 tetrahedral units 

of equimolar AlO4
- and PO4

+ tetrahedral, which formed a neutral open-framework and 

without ion-exchange ability [6]; and the silicoaluminophosphates (SAPOs), are the 

same class materials as AlPOs, while the T atoms were partially substituted by Si [7]. 

Among the AlPOs and SAPOs materials, the SAPO-34 [8 12] and AlPO-18 [13,14] 

have already attracted much attentions for light gas separations such as CO2/CH4, 

N2/CH4, H2/CH4 and CO2/N2 during these years. 

SAPO-34 and AlPO-18 zeolites, have the similar structural properties with a little 

difference in ring arrangement [15,16]. Thus made SAPO-34 has the structure of CHA 

and AlPO-18 has a structure of AEI [2]. The Pore architecture of CHA and AEI 

framework were shown in Figure 2-1 and Figure 2-2, respectively. Both of CHA and 

AEI-type zeolites have a three-dimensional pore system constructed by 8-membered 

intersecting channels, and formed a pore with a diameter of 0.38 nm [2]. The pore 

properties of CHA and AEI framework indicate SAPO-34 and AlPO-18 are good 

candidates for CO2 (kinetic diameter of 0.33 nm), N2 (kinetic diameter of 0.364 nm) 

and CH4 (kinetic diameter of 0.38 nm) separation.  

Another aluminosilicate zeolite SSZ-13, owns the same CHA framework as SAPO-
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34 [2], while without PO4
+ tetrahedral in the structure, the difference in SAPO-34 and 

SSZ-13 structure may display different gas permeation properties in gas separation 

process.  
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Chapter 3 Preparation and Gas Permeation Properties of AEI 

Zeolite Membranes 

The separation of CH4 from other components, such as N2 and CO2, typically 

present in natural gas wells is of importance since both decrease the energy content of 

the gas and CO2 is corrosive in the presence of moisture. Carbon dioxide can be 

removed 

 pressure and thus they are relatively expensive, and the selectivity of polymer 

membranes decreases at high pressure due to the plasticization from dissolved CO2. 

Cryogenic distillation allows the separation of N2 but energy costs are high [1]. 

Membrane separation with inorganic membranes that have molecular-sized pore and 

good thermal, hydrothermal stabilities are thus of interest for natural gas separation 

because energy requirements are low and they are not susceptible to plasticization. 

Several types of microporous membranes such as T [2], DDR [3], SAPO-34 [4,5], Si-

CHA [6], SSZ-13 [5,6], SAPO-17 as well as AlPO-17 [7], AlPO-18 [8,9] and the MOF 

material ZIF-8 [10] have been investigated for CO2 separation. The SAPO-34 [1,5,11

13], SSZ-13 [5], and AlPO-18 [14] zeolite membranes as well as carbon molecular 

membranes [15] have high CO2/CH4 selectivities and N2/CH4 selectivities that are 

above to the upper bound of the Roberson plot that is commonly used to compare 

polymers membranes [16].  

AlPO-18 is an aluminophosphate with the AEI-type framework that is formed from 

equimolar AlO4
- and PO4

+ tetrahedral units. It has three-dimensional, electrically 

neutral pores with a diameter of 3.8 Å indicated that it has the potential for separating 

CO2 (3.3Å) and N2 (3.64Å) from CH4 (3.8Å) by molecular sieving. The Carreon group 

[14,17] prepared the AlPO-18 membrane with the template TEAOH and showed that 

those membranes can separate both CO2/CH4 and N2/CH4 mixtures. The CO2/CH4 

separation was further improved by Wang et al [8] with a CO2 permeance of ~1940GPU 
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with the same template TEAOH. This permeance was still lower than the highest 

permeances reported for SAPO-34 membranes [4] but the N2 fluxes for N2/CH4

separation [14] were higher than those previously reported for SAPO-34 membranes. 

However, the N2/CH4 selectivity was lower than that of the SAPO-34 membranes [12].  
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Figure 3-3 Effect of measuring method for AlPO-18 membrane (a-3) fabricated on YU-A08 
support. 
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Figure 3-4 shows the SEM images of the AlPO-18 membranes prepared on 

different supports. It is obvious to see the plate-like crystals with the crystal size of ~1.0 

m was formed on surface of -Al2O3 supports, and the crystals on the surface were 

not compact that may lead to some defects. Many small gaps were easily found on the 

surface. F tube with a pore size of 1.25 m, which is similar to the crystal size itself, 

many crystals go into the inner of the support (Figure 3-4d). This made it difficult to 

form a continuous membrane layer. For the membrane prepared on NS-1 support 
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(Figure 3-4a and Figure 3-4b), the crystals on the surface were big enough compared 

with the support pore size. The membrane was formed with the thickness of about 1-

1.5 m. While, the membrane still was not compact, which may be the reason for the 

low selectivity. But for the membrane prepared on mullite support (Figure 3-4e and f), 

since the crystals on the surface are a little bigger (Figure 3-4e) than on -Al2O3

supports (Figure 3-4a and c), a selective continuous layer still does not form which can 

be easily see from the cross section in Figure 3-4f. The pore size of mullite support is 

~1.33 m that may lead no selective membrane. 

Figure 3-4 SEM images of the AlPO-18 membranes prepared on different supports by 

combined templates under 473K for 72h. (a) and (b): NS-1 support. (c) and (d): F-tube support. 

*(e) and (f): mullite support. 
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Herein, For the AlPO-18 membranes prepared with combined TEAOH and DIPEA 

templates, since high permeance membrane can be obtained, while, the selectivity is 

still much lower compared with the current AlPO-18 membranes. In order to improve 

the gas permeation properties of the AlPO-18 membrane, we try to prepare the AlPO-

18 membrane with using single TEAOH or DIPEA template.  
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 -2.37 -14.0 -6.82 -5.92 +0.11 
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support phase CO2 N2 CH4 H2 SF6 CO2/CH4 N2/CH4 H2/SF6

DIPEA-9 YUA-08 AEI+AFI 35.1 2.6 0.5 12.5 0.095 75.9 5.5 132.0 
DIPEA-10 YUA-08 AEI+AFI 34.8 2.5 0.5 12.0 0.082 76.2 5.5 150.0 
DIPEA-13 YUA-08 AEI+AFI 34.2 2.9 1.3 11.6 0.445 25.4 2.2 26.0 
DIPEA-14 YUA-08 AEI+AFI 52.1 4.4 0.9 21.7 0.229 55.1 4.6 94.8 
DIPEA-171 F tube AEI 20.0 4.2 2.6 18.4 0.833 7.6 1.6 22.1 
DIPEA-181 YUA-08 AEI 29.8 3.1 0.7 15.5 0.117 45.0 4.6 132.1 
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Figure 3-26 SEM images of membrane with gel composition of 1Al2O3:1P2O5:1.0 DIPEA: 
120H2O. 
Surface (a) and cross sectional (b) of membrane prepared on mullite support with 48h 
Surface (c) and cross sectional (d) of membrane prepared on mullite support with 36h 
Surface (e) and cross sectional (f) of membrane prepared on -Al2O3 with 36h 



64 

0.005

0.05

0.5

5

50

2.60 2.89 3.30 3.46 3.64 3.80 4.70 5.50

Pe
rm

ea
nc

e
10

7 [m
ol

/(m
2 

s P
a)

]

kinetic diameter[ ]

DIPEA-15 DIPEA-11

He
H2

CO2

O2 N2

CH4

SF6
CF4



65 

2.E-10

2.E-09

2.E-08

2.E-07

2.E-06

2 2.5 3 3.5

Pe
rm

ea
nc

e 
[m

ol
/(m

2
s P

a)
]

1000/T

He
H2

CO2

O2
N2

CH4

SF6

(a)

1

10

100

2 2.5 3 3.5

Id
ea

l s
el

ec
tiv

ity

1000/T

CO2/CH4

N2/CH4

(b)

H2/CH4

CO2/N2



66 

0

20

40

60

80

100

0

4

8

12

16

0.1 0.2 0.3 0.4
Id

ea
l S

el
ec

tiv
ity

 

Pe
rm

ea
nc

e
10

7 [m
ol

/(m
2

s P
a)

]

Pressure (MPa)

N2/CH4

CH4 x10

N2 x5

CO2/CH4

CO2



67 

Figure 3-31 PCO2 vs CO2/CH4 of AlPO-18 membranes under different synthesis conditions. 
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Test conditions 

SAPO-34 1.8-2.2 7.4-8.6 5.79-8.68 
Feed pressure: 223kPa, 

P=138kPa;296K 
[12] 

SAPO-34 3.0-4.2 6.5-7.4 2.95-4.35 
Feed pressure: 223kPa, 

P=138kPa;296K 
[13] 

SAPO-34 2.3 5.7-11.3 0.94-4.02 
Feed pressure: 275kPa, 

P=174kPa;295K 
[11] 

SAPO-34 6.2 8 1.67 
Feed pressure: 223kPa, 

P=138kPa;296K 
[1] 

SAPO-34 2.0-3.0 5-7 1.00 Feed pressure: 350kPa, 293K [5] 

SSZ-13 7.8 13 0.22 Feed pressure: 270kPa, 293K [5] 

Carbon molecular 
sieve1

70±15 7.7 ~0.0003 Feed pressure: 448kPa, 308K [15] 

AlPO-18 2.4 3.0-4.6 4.54-10.3 
Feed pressure: 223kPa, 

P=138kPa;296K 
[14] 

AP-21  

(Pure AEI) 
- 6.89 0.62 

Feed pressure: 110kPa, 
P=110kPa;298K 

This study

DIPEA-51 

(Pure AEI) 
4.0 4.07 2.18 

Feed pressure: 110kPa, 
P=110kPa;298K 

This study

DIPEA-101 

(AEI+AFI) 
4.0 6.05 2.82 

Feed pressure: 110kPa, 
P=110kPa;298K 

This study
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T 400 0.046  [2] 

DDR 200 3.00 
(with sweep gas) 

[3] 

ZIF-8 4~7 240  [10] 

SAPO-34 171 18.0 Feed pressure:  [4] 

Si-CHA1 54 17.0 P=100kPa;313K [6] 

SSZ-131 56 8.60 P=100kPa;313K [6] 

SAPO-17 53 11.0  [7] 

AlPO-17 25 5.23  [7] 

AlPO-18 220 6.50  [8] 

AlPO-18 120 2.0 
Feed p

(with sweep gas) 
[9] 

AlPO-18 60 0.66 P=138kPa;295K [17] 

a-31  

(Pure AEI)
13.7 18.04  This study

AP-21 

(Pure AEI)
91.7 8.64 Feed pressure:  This study

DIPEA-51 

(Pure AEI)
60.2 32.2  This study

DIPEA-101

(AEI+AFI)
89.6 41.7  This study
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Chapter 4 Preparation and Gas Permeation Properties of CHA 

Zeolite Membranes 
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Table 4-1 Single-gas and mixture permeances and CO2/CH4 selectivities at 270-kPa feed 

pressure and 298 K for SSZ-13 membranes.  

Membrane
Single-gas permeance

[mol/(m2 s Pa)]
Ideal 

selectivity
Mixtures permeance

[mol/(m2 s Pa)]
Separation
selectivity

CO2×107 CH4×109 CO2/CH4 CO2×107 CH4×109 CO2/CH4

SZ-1 2.2 1.4 156 2.1 0.77 280
SZ-2 2.2 3.4 66 2.6 2.7 95
SZ-3 2.1 2.0 110 2.2 1.4 155
SZ-4 2.0 2.2 92 2 1.6 125
SZ-5 1.8 1.2 152 1.8 0.63 276
SZ-6 2.1 2.5 85 2.1 1.6 136

Average 2.1±0.14 2.1±0.7 110±34 2.1±0.24 1.5±0.7 178±73
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Table 4-2 Single-gas and mixture permeances and selectivities at 298 K for N2 and CH4 for 

SSZ-13 membranes at 270-kPa feed pressure.

Membrane
Single-gas 
permeance

Ideal 
selectivity

Mixtures permeance
[mol/(m2 s Pa)]

Separation
selectivity

N2×108 CH4×109 N2/CH4 N2×108 CH4×109 N2/CH4

SZ-1 2.2 1.4 16 1.8 1.4 13
SZ-2 1.1 3.4 3 1.3 2.9 4
SZ-3 2.3 2.0 12 2.3 2.4 9
SZ-4 2.1 2.2 10 2.0 2.3 9
SZ-5 1.6 1.2 13 1.2 1.1 11
SZ-6 2.5 2.5 10 2.4 2.9 8

Average 2±0.5 2.1±0.73 10.8±4 1.83±0.46 2.2±0.7 9±2.8
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Figure 4-4: Nitrogen and CH4 permeances and N2/CH4 separation selectivity at 293 K for SSZ-

13 membrane SZ-1 as a function of N2 mole fraction in the feed at a 1.73-MPa feed pressure. 
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Chapter 5 Preparation and Gas Permeation Properties of PESU-

based Mixed Matrix Membranes with CHA and AEI Zeolite 

Particles 
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aluminosilicate type CHA zeolites, which at last resulted in the different 

compatibility among these mixed matrix membranes. For loading AlPO-18 zeolites, the 

intensities of the crystals are also increased. 
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Ideal selectivity -] 
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Ideal selectivity  [-] 
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Three AlPO-18 zeolites with different crystals sizes under 1 m, three SAPO-34 crystals 

with different crystals sizes under 500nm and one SSZ-13 with ~400nm crystal size 

were used as filler for fabricating PESU-based mixed matrix membranes (MMMs). 

CHA type zeolites SAPO-34 and SSZ-13 showed more effective over AEI type AlPO-

18 to fabricate PESU-based MMMs for gas separation. Compared with the smallest 

SAPO-34-1 crystals and the inhomogeneous SAPO-34-2, the MMMs by incorporating 

homogeneous SAPO-34-3 with the crystal size of ~200nm and SSZ-13 with the crystal 

size ~400nm showed a continuous interface with less defects.  

The MMMs using 30 wt.% SAPO-34-3 showed an increase of ~42.8% in H2 single gas 

permeability and 30.8% in CO2 single gas permeability, which result in the ideal 

selectivity of a 42.8% increase for H2/CH4 and 26.3% increase for CO2/CH4. And the 

MMMs using 20 wt.% SSZ-13 with the crystal size ~400nm showed an increase of 

~92.8% in H2 single gas permeability and 91.2% in CO2 single gas permeability, which 

result in a 14.2% increase for H2/CH4 ideal selectivity and 10.5% for CO2/CH4 ideal 

selectivity. In all, we can conclude that SAPO-34 as the filler showed higher ideal 

selectivity and SSZ-13 as the filler displayed higher single gas permeability. 
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Chapter 6 Preparation and Gas Permeation Properties of 6FDA-

based Mixed Matrix Membranes with CHA Zeolite Particles 
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Ideal selectivity -] 
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Permeability vs Selectivity of SAPO-34 loaded MMMs.  
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Chapter 7 Conclusions and Future Works 



142 

(3): The third part was to study gas permeation properties on PESU based mixed 

matrix membranes by filling CHA type SAPO-34, SSZ-13 and AEI type AlPO-18 

zeolites, which is shown in Chapter 5. Gas permeability of all test six gases are 

improved by loading these three type zeolites from compared with neat PESU polymer. 

While loading with the smallest SAPO-34 zeolites (~100nm) decreased the ideal 

selectivity due to the crystals aggregation, and loading 20 wt.% bigger and 

homogeneous SAPO-34 (~200nm) and SSZ-13 (~400nm) zeolites can improve both 

gas permeability and selectivity. Meanwhile, CO2 single gas permeability and CO2/CH4

ideal selectivity are increased by increasing the filler loading from 20 wt.% to 30 wt.% 

for SAPO-34 with ~200nm crystals size. 



143 



144 

List of publications  



145 

Acknowledgements 

Special appreciation 

thanks for leading me the membrane research load and the recommendation to study in 

Yamaguchi university. Moreover, appreciate my co-supervisor, Professor Rongfei 

Zhou, without you, I would not be me now. 

Thanks for all my dear officemates for giving me a lot of help and advice, my 

senior: Mr Masuda, Hayashi, Yamamoto, Liu, Ms Qiu and my colleagues Mr Saeda, 

Kajimura, Nakazono, Nakamura, Keshimoto, Hitaka, Aida, Hu and so on. Also, my 

dear friends Miriam, Paloma, Pablo, Catarina, especially for Miriam and Paloma, your 

encouragement that enlighten me when I felt bad. In addition, thanks for all the stuffs 

fering every help in my study and daily life.  

Last but not the least special thanks to my beloved family for 

100% supporting and endless love throughout my life. 


