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ABSTRACT 

 In the present work, DD3R zeolite membranes were synthesized on α-alumina support using dip-coating and 

vacuum-assisted seeding secondary growth methods, respectively. DD3R seeds were synthesized using two different 

routes; (i) ultrasonic irradiation pretreatment coupled with hydrothermal heating for 1 day at 160 
◦
C and (ii) hydrothermal 

heating for 25 days at 160 
◦
C without ultrasonic irradiation pretreatment. Subsequently, the DD3R membranes were grown 

on the seeded support in 2 days at 160 
◦
C via hydrothermal heating method. The resultant membranes were characterized 

using X-ray diffraction (XRD) and field emission scanning electron microscope (FESEM). The XRD and FESEM results 

showed that all membranes demonstrated DD3R topology. The resultant membranes were subjected to gas permeation 

study and CO2/CH4 selectivity of 5.22 was obtained for the DD3R membrane synthesized via vacuum seeding method 

using DD3R seeds synthesized in 1 day. 
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INTRODUCTION 

CO2 is the major contributor to global warming, 

and over 30 billion tons of CO2 is added to the atmosphere 

each year [1]. In the recent years, micro-porous silica 

membranes [2], metal organic frameworks (MOF) [3], 

carbon membranes [4] and zeolite membranes [5,6] have 

been extensively reported for carbon dioxide separation 

from natural gas. Among micro-porous inorganic 

membranes, zeolite membranes including Zeolite-T [5,7], 

SAPO-34 [8], MFI [6], AlPO-18 [9] and DD3R [10] are 

the potential membranes material for CO2 separation from 

natural gas because of their characteristics such as 

molecular sieving property, hydrophobic surface and 

thermal stability.  

DD3R zeolite is a member of the clathrasils 

group having [SiO4]
-4

 tetrahedral linkage in their structure 

and 19- hedral cages interconnected with each other 

through 8-ring window pore system is aperture 0.36 x 

0.44nm. DD3R zeolite is an attractive candidate for 

CO2/CH4 separation because of its aperture size which can 

selectively removes CO2 from CH4. This excellent 

characteristic not only attractive for CO2/CH4 separation 

but also for separation of small molecule gases like CO2, 

CH4, H2 and other light hydrocarbons [11]. Tomita et al. 

[10] firstly reported the synthesis of DD3R zeolite 

membrane using 27 days via secondary growth method at 

160 
◦
C. CO2 permeance of 3.0 x 10

-7 
mol/ (m

2
 s Pa) and 

CO2/CH4 selectivity of 200 were obtained at room 

temperature. Meanwhile, Nakayama et al. [12] synthesized 

DD3R membrane in 27 to 30 days via secondary growth 

method at 160 
◦
C. They reported that CO2 permeance of 1 

x 10
-9 

mol/ (m
2
 s Pa) and CO2/CH4 selectivity of 10 were 

obtained at room temperature. Subsequently, Yajima et al. 

[13] synthesized DD3R zeolite membrane by modifying 

the method reported by Tomita et al. [10] in order to 

improve the membrane performance in CO2 separation. 

They successfully obtained uniform DD3R membrane 

between 25.5 days to 30 days with CO2/CH4 selectivity 

ranging from 3.1 to 72.  

As reported in the literature, two common 

methods have been applied for the synthesis of DD3R 

zeolite membranes, including i) insitu hydrothermal 

growth and ii) secondary seeded growth [14]. Various 

researchers [10,14-16] reported the successful cases for 

the synthesis of DD3R membranes using secondary 

growth method. Dip-coating [17], rub coating [18], spray 

coating [19] and spinning coating [20] are the common 

secondary growth methods reported in the literature. 

Among these secondary growth methods, most of the 

researchers [10,16,17] focused on dip-coating method due 

to its simplicity. Vacuum assisted seeding method is 

considered as effective and fast seeding method which has 

been successfully applied for the synthesis of ZSM-5, NaA 

and solidate membranes, respectively [21-22]. However, 

the synthesis of DD3R membrane using vacuum assisted 

seeding method is yet to be reported so far. 

In the present work, four DD3R membranes were 

synthesized using dip-coating and vacuum-assisted 

secondary hydrothermal growth methods. Two DD3R 

membranes were synthesized via dip-coating and vacuum-

assisted seeding methods, respectively using DD3R seeds 

prepared in 1 day. Similarly, for comparison purpose, 

another two DD3R membranes were synthesized via dip-

coating and vacuum-assisted seeding method, respectively 

using DD3R seeds prepared in 25 days. All the resultant 

membranes were characterized using XRD and FESEM. 

The performance of the membranes in CO2/CH4 separation 

was tested. 
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EXPERIMENTAL SECTION 

 

Materials 

The chemicals used in the present work are 

tetramethoxysilane ≥ 98% (TMOS), Ethylenediamine ≥ 
98% (EDA) and structure directing agent 1-

adamantaneamine ≥ 96% (1-ADA). TMOS and EDA were 

purchased from Merck Millipore Ltd (Malaysia) and 1-

ADA was purchased from Fisher Scientific Ltd 

(Malaysia). 

 

Synthesis of DD3R zeolite seeds 

DD3R zeolite seeds were prepared in one day by 

using hydrothermal heating coupled with ultrasonic 

irradiation method as described in our previous work [23]. 

The sample mixture was prepared by adding 40.46 g of di-

ionized water drop wise to a solution of 1.42 g of 1-ADA 

(≥ 96 %) in 4.85 g of EDA (≥ 98 %) at room temperature 
under continuous stirring for 1 h. Then, the solution was 

heated for 1 h at 95 ºC with continuous stirring at 200 rpm. 

After ice cooling for 20 min, 3.04 g of TMOS (≥ 98 %) 
was added into the solution under continuous stirring. The 

resulting solution was again stirred for 3 h at 95 ºC. The 

final molar ratio of the solution was 1-ADA: TMOS: 

EDA: H2O = 47:100:404:11,240. After that, the final 

solution mixture was treated under ultrasonic irradiation 

for 1 h. After ultrasonic irradiation, stationary 

hydrothermal synthesis was carried out in an oven at 160 

ºC for 1 day and it was coded as S1. Meanwhile, S2 was 

synthesized in 25 days using the similar method as 

described for S1 but without ultrasonic irradiation 

pretreatment.  

 

Seeding of the substrate 

Seed solution was prepared by dispersing 1 g of 

DD3R seeds, S1 and S2 into 100 ml of di-ionized water 

and coded as ST1 and ST2, respectively. Then, both seed 

solutions were sonicated for 2 h. The α-alumina disks pre-

coated with mesoporous layer were seeded by using dip 

coating and vacuum seeding methods, respectively. Dip 

coating method was carried out by dipping the α-alumina 

disks in the seed suspension (ST1) for 15 s and repeated 

for 5 times. The same procedure was repeated using 

solution ST2. After dip coating, both seeded supports were 

dried at 80 
◦
C for overnight. Subsequently, vacuum 

assisted seeding was applied on α-alumina disks pre-

coated with mesoporous layer. 

The duration for the vacuum assisted seeding was 

maintained for 5 min. After this, seeded support was dried 

in an oven at 80 
◦
C for overnight. The same procedure was 

repeated using ST2 seed suspension and total four seeded 

supports, coded as SS1-SS4 were preceded for membranes 

synthesis.  

 

Synthesis of DD3R membrane 

Table-1 shows the membranes synthesized in the 

present work using various conditions. The solution 

mixture used to synthesize DD3R zeolite membranes was 

prepared using the method as described by den Exter et al. 

[24]. The final molar ratio of the solution mixture was 

similar with those solution used to synthesis DDR3 

crystals. The seeded supports (SS1-SS4) were placed 

horizontally in a Teflon-autoclave filled with solution. 

Stationary hydrothermal heating was carried out in an 

oven at 160 ºC for 2 days. After cooling to room 

temperature, membranes (M1-M4) were washed using di-

ionized water and placed in an oven for overnight at 100 

ºC. After drying, membranes were calcined in a furnace at 

450 ºC with the ramping rate of 0.3 ºC per min for 8 h. 

After calcination, membranes were stored in the dessicator 

prior to performance testing.  

 

Table-1. Membranes synthesized in the present work 

under various conditions. 
 

 
 

Characterization and permeation study  

Resultant membranes were characterized by using 

XRD (Model; Philips 1710 diffractometer with CuKa 

radiation) and FESEM (Model: Zeiss Supra 55 VP). The 

performance of the membranes (M1-M4) in CO2 and CH4 

permeation was investigated at feed pressure of 2 bars and 

room temperature, using gas permeation test-rig. 

Permeance of CO2, CH4 and CO2/CH4 ideal selectivity 

were calculated by using equation (1) and equation (2) 

[25] as follows:  
 

        (1) 
 

       (2) 
 

Where ��  is a ratio of flux (Ji) to pressure drop 

(∆P) through the membrane. The flux of the membrane 

was calculated using bubble flow meter attached to 

permeate while � ��2��4  is the ratio of CO2 permeance to 

CH4 permeance.  

 

RESULTS AND DISCUSSION 

 

X-ray diffraction (XRD) 

Figure-1 shows the XRD pattern of all samples 

synthesized in the present work. All as-synthesized 

membranes showed the peaks at 2θ values of 9 o
, 17

 o
, 18

 o
, 
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19
 o

, 19.5
 o

, 20
 o

, 26
 o

, 36
 o

, 38
 o

 and 44
 o

. These significant 

peaks at 2θ values are consistent with those peaks reported 

in the literature for DD3R structure [10]. Referring to 

Figure-1, the presence of the significant peaks in the XRD 

pattern of the membranes (M1-M4) confirmed the 

formation of DD3R membranes. From these results, it is 

confirmed that the DD3R membranes (M1 & M2) can be 

synthesized in 2 days using DD3R seeds (S1) produced in 

1 day via ultrasonic irradiation coupled with hydrothermal 

heating method. These two membranes (M1 & M2) 

showed similar XRD pattern with the membranes (M3 & 

M4) synthesized by using DD3R seeds (S2) produced in 

25 days. It can be seen from Figure-1 that, all membranes 

(M1-M4) showed similar XRD peaks which concluded 

that the synthesis duration of DD3R membrane can be 

reduced significantly using seeds synthesized in 1 day (S1) 

via ultrasonic irradiation coupled with hydrothermal 

heating method. 

 

 
 

Figure-1. XRD pattern of all samples synthesized in the 

present work (S marks the peaks of alumina support). 

 

Field-emission scanning electron microscope (FESEM) 

Figure-2 shows the FESEM images of the DD3R 

membranes (M1-M4) synthesized in the present work. It 

can be seen from the FESEM images that DD3R 

morphology obtained in this study are comparable with 

those results reported in the literature [10,26]. Referring to 

Figure-2, M1 and M2 which were synthesized using 

DD3R seeds of S1 shows hexagonal morphology which is 

in coherence with the morphology of DD3R crystals 

reported by Zhou et al. [26]. Besides, M3 and M4 

membranes also showed hexagonal morphology while 

these membranes were produced by using DD3R crystals 

prepared from S2. The effect of different seeding method 

on the distribution of DD3R crystals on the surface of the 

membranes can also be observed in Figure-2. More 

uniform growth of crystals was obtained for M2 and M4 

which the seed layer were formed via vacuum-assisted 

seeding method. This result shows that vacuum-assisted 

seeding method could produce more uniform seed layer 

and thus enhanced uniform growth of DD3R membrane 

layer on the α-alumina support as compared to dip-coating 

seeding method. It can be also observed from Figure-2 that 

all DD3R membranes (M1-M4) showed similar 

morphology (hexagonal) which further confirmed the 

synthesis duration of DD3R membrane has been 

successfully reduced from 27 days to 3 days by using 

DD3R seeds synthesized in 1 day (S1) via ultrasonic 

irradiation coupled with hydrothermal heating method. 

The FESEM results obtained for all DDR3 membranes 

(M1-M4) were consistent with the XRD results discussed 

in the earlier section. 

 

 
 

Figure-2. FESEM images of all membranes synthesized in 

the present work. 

 

Gas permeation study  
Table-2 shows the performance of all DD3R 

membranes (M1-M4) synthesized in the present work.  

Referring to Table-2, M1 prepared via dip-coating using 

S1 seed solution showed higher CO2/CH4 ideal selectivity 

of 2.45 compared to M3 which was prepared via dip-

coating using S2 seed solution. Poor CO2/CH4 ideal 

selectivity of 1.60 was obtained for M3 could be due to the 

presence of intercrystalline defects and microcracks 

resulted from thermal shocks during calcination. On the 

other hand, M2 which was prepared via vacuum-assisted 

seeding method using S1 seed solution shows the highest 

CO2/CH4 ideal selectivity of 5.22 compared to M1, M3 

and M4. This result further show that vacuum-assisted 

seeding method could enhance uniform growth of 

membrane layer and thus, less defective membrane is 

formed. Referring to Table-2 also, M1 and M2 show better 

separation performance compared to M3 and M4. This 

result could be explained by the effect of ultrasonic pre-

http://www.arpnjournals.com/
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treatment on the morphology of the resultant DD3R seeds. 

Different morphology of the seeds could affect the growth 

of the membrane layer. DD3R seeds synthesized using 

ultrasonic pre-treatment coupled with hydrothermal 

method could enhance the growth of the membrane layer 

with minimum defects and thus better separation 

performance was obtained for M1 and M2 compared to 

M3 and M4. 

 

Table-2. Performance of the DD3R membranes 

synthesized in the present work. 
 

 
 

Comparison of permeation results with the literature 

Table-3 shows the CO2 permeance and CO2/CH4 

ideal selectivity of DD3R membranes synthesized in the 

present work and reported in the literature. It can be seen 

from Table-3 that DD3R membrane synthesized in the 

present work showed CO2/CH4 ideal selectivity of 5.22 

which is comparable with the CO2/CH4 ideal selectivity 

reported by Yajima et al. [13]. However, CO2/CH4 ideal 

selectivity obtained in the present work is lower than those 

results reported in literature [10]. This phenomenon could 

be mainly due to the different experiment conditions, e.g. 

temperature and pressure as well as the presence of defects 

on the membrane which affect the molecular sieving 

property of DD3R. 

 

Table-3. Performance of DD3R zeolite membranes in CO2 

separation. 
 

 
 

CONCLUSIONS 

 In this work, we concluded that the synthesis 

duration of DD3R membranes can be reduced by using 

DD3R seeds synthesized in 1 day. Thus, the overall 

synthesis duration of DD3R membrane has been 

successfully reduced from 27 days to only 3 days. DD3R 

membranes which were synthesized by using DD3R seeds 

prepared in 1 day via ultrasonic irradiation coupled with 

hydrothermal heating method provided comparable results 

(XRD, FESEM and permeation study) with the 

membranes which are synthesized by using DD3R seeds 

prepared in 25 days via conventional hydrothermal heating 

method. DD3R membranes synthesized via vacuum-

assisted secondary hydrothermal growth method showed 

higher CO2/CH4 selectivity as compared to the membranes 

synthesized via dip-coating secondary hydrothermal 

growth method. This result showed that DD3R seeds 

synthesized using ultrasonic pre-treatment coupled with 

hydrothermal method could enhance the growth of the 

membrane layer with minimum defects and thus, resulted 

in better separation performance. 
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