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Abstract − Continuous and dense ZIF-7 membranes were successfully synthesized on α-Al
2
O
3
 porous substrate via

two-step crystallization technique. ZIF-7 seeding layer was first deposited on porous α-Al
2
O
3 
substrate by in-situ low

temperature crystallization, and then ZIF-7 membrane layer can be grown through the secondary high-temperature crys-

tallization. Two synthesis solutions with different concentration were used to prepare ZIF-7 seeding layer and mem-

brane layer on porous α-Al
2
O
3 
substrate, respectively. As a result, a continuous and defect-free ZIF-7 membrane layer can

be prepared on porous α-Al
2
O
3
 substrate, as confirmed by scanning electron microscope. XRD characterization shows

that the resulting membrane layer is composed of pure ZIF-7 phase without any impurity. A single gas permeation test of

H
2
, O

2
, CH

4
 or CO

2
 was conducted based on our prepared ZIF-7 membrane. The ZIF-7 membrane exhibited excellent

H
2
 molecular sieving properties due to its suitable pore aperture and defect-free membrane layer. 
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1. Introduction

Metal-organic frameworks (MOFs) with zeolite-like structural

and chemical properties are an emerging class of crystalline hybrid

materials [1-5]. MOFs have attracted more and more attention due to

their potential application in gas adsorption, gas separation, catalysis,

drug-delivery or chemical sensors based on their ultra-high specific

surface area and pore volume [6-9]. In MOFs, the metal clusters,

dubbed secondary building units (SBUs), are bound together via

multifunctional organic linkers to form one-, two- or three-dimen-

sional networks. After removing the trapped guest molecules, a robust

and porous crystalline material can be formed. MOFs can extend

extremely high accessible porosity by the same order of magnitude

or even higher compared with other zeolitic or mesoporous materi-

als [10]. So far more than 180 MOF-type materials with diverse

framework architectures and functional properties have been devel-

oped based on a diversity of organic linkers and metal clusters.

Amongst zeolitic imidazolate frameworks (ZIFs), a subfamily of

MOFs, have emerged as a novel type of porous crystalline material

which combines excellent properties from zeolite and MOFs [11-

13]. For instance, the topographical structure of ZIFs materials

resembles that of zeolite in which metal clusters are linked by imid-

azolate-related organic linkers. Hence, a variety of ZIFs with high

surface area, exceptional chemical and thermal stability have been

synthesized, e.g., ZIF-8 exhibits high specific area of up to 1810 m2/g

and high thermal stability of up to 550 oC [14]. Hence, ZIFs possess

excellent prospects in many areas [15,16].

Developing energy-efficient separation processes is an important

research topic in dealing with greenhouse gases (CO
2
), hydrogen or

toxic gases etc. Compared to conventional separation, the geometri-

cal configuration of supported membranes possesses significant

advantage in gas separation application [21]. Therefore, the versatility in

pore aperture and specific surface area enables ZIF-based mem-

branes to be very promising for separating small-sized gas mixtures.

For example, the pore size of ZIF-8 is ca. 0.34 nm, which is more

suitable for separating H
2 
(0.29 nm), CO

2
 (0.33 nm) and CH

4 
(0.38 nm)

than some zeolite membranes (LTA (0.41 nm), MFI (0.53~0.56 nm)

[17-20]. There have been many attempts to prepare ZIFs-related

membranes in the past several years. Particularly, some ZIF-based

membranes have been successfully fabricated and demonstrated

molecular sieving properties. Venna et al. synthesized ZIF-8 membrane

layer on porous α-alumina tube using secondary seeded growth method

which displays CO
2
 permeance as high as ~2.4×10-5 mol/m2·s. Pa

and CO
2
/CH

4
 separation selectivity of 4~7 [22]. Bux et al. prepared

ZIF-8 membranes with in-situ microwave-assisted solvothermal

method, and they found that the ZIF-8 membrane demonstrated an

optimized H
2
 selectivity with respect to other gases [23,24]. Huang

et al. suggested that 3-Aminopropyltriethoxysilane (APTES) can

help to form defect-free ZIFs membranes and thus developed ZIF-22

membranes with APTES as covalent linker. Liu et al. successfully

prepared ZIF-69 membrane on porous α-alumna support by in-situ

solvothermal method and they found that the CO
2
/CO permselectivity

of 3.5±0.1 and CO
2
 permeance of 3.6±0.3×10-8 mol·m-2·s-1. Pa-1 at

room temperature can be obtained [25]. ZIF-7 membranes were also

prepared using microwave-assisted method, and this membrane
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exhibits a promising H
2
 separation performance. Generally, the organic-

inorganic hybrid ZIFs have a more flexible framework structure

compared with the rigid zeolite, e.g., MIL-53 exhibits a very large

breathing effect [26]. Flexible framework of ZIFs enables some

gases to permeate the pores of ZIFs with smaller size, which impairs

the molecular-sieving performance. In this regard, ZIF-7 with smaller

pore size (ca. 0.33 nm) should find more promising potential in small

molecular gas separation compared with ZIF-8 (ca. 0.34 nm) [28].

As we know, most ZIF-7 membranes were synthesized through sec-

ondary seeded growth method [27]. Especially, the dip-coating method

is always used to deposit ZIF-7 seeding layer on porous substrate,

but with this method it is difficult to maintain high reproducibility

due to human manipulating factor. Hence, a simple, effective and

highly repetitive seeding coating method needs to be developed for

preparing ZIF-7 membranes on porous substrate.

Our aim was to use in-situ crystallization procedure to replace tra-

ditional dip-coating seeding method and simplify the seeding pro-

cess. Herein, two crystallization procedures were adopted to prepare

ZIF-7 membranes: one crystallization procedure was used to deposit

ZIF-7 seeding layer at room temperature, and the other was used to

grow ZIF-7 membrane at high temperature. In this article, we pres-

ent the synthesis, characterization, and separation performance of as-

prepared ZIF-7 membrane.

2. Experimental

2-1. Chemical materials

Zinc nitrate hexahydrate (Zn(NO
3
)
2
. 6H

2
O, 96%) was purchased

from Junsei Chemical Co., Ltd. and benzimidazole (98%) was pur-

chased from Aldrich Chemical Co., Ltd. All chemicals were used as

supplied without further purification. N,N-dimethylformamide (SHOWA

chemical Co., Ltd., 99.5%) was used as a solvent in solvothermal

synthesis.

2-2. Preparation of the substrate

The round α-alumina porous substrate for supporting ZIF-7 mem-

brane was homemade by an isostatic pressing method. Typically,

high purity alumina powders (Al
2
O
3
) were first pressed into green

discs with a thickness of 1.5 mm and a diameter of 25 mm with the

aid of a hydraulic press (Carver), and then sintered at 1380 oC for

40 h. Next, the substrates were sonicated for 10 min in DI water to

remove the loosed alumina particles and for 10 min in ethanol to

eliminate organic impurity. To further reduce the surface macropore

defects, an alumina sol was spin-coated onto the top surface of the

porous substrate. Afterwards it was again sintered at 500 oC for rein-

forcing alumina sol. Finally, the substrates were washed using DI

water and ethanol solution, respectively. After drying at 100 oC for

6 h, the porous α-alumina discs could be used as the substrates. 

2-3. Preparation of ZIF-7 membranes

In the experiment, a combined room-temperature crystallization

and high- temperature crystallization were used to grow ZIF-7 mem-

brane layer on the α-alumina substrate. Here two precursor solutions

with different concentrations were used in respective crystallization

processes. 0.25 g benzimidazole and 0.05 g zinc nitrate hexahydrate

were dissolved into 60 ml DMF solvent. After 30 min of vigorous

stirring a clear homogeneous solution can be obtained. The pre-

treated substrate was put into the Teflon-lined steel autoclave verti-

cally with a Teflon holder, avoiding crystal sedimentation. Then the

resultant synthesis solution was transferred into the autoclave. The

autoclave was maintained at room temperature for 24 h. Afterwards,

the disk was taken out and dried at 80 oC for 12 h. Secondary synthe-

sis solution was prepared by mixing 0.6 g benzimidazole and 1.14 g

zinc nitrate hexahydrate into 60 ml DMF. Then the solution was

poured into the autoclave. The autoclave was heated under autoge-

nous pressure in a conventional oven at 130 oC for 24 h. After syn-

thesis the membrane samples were taken out, rinsed frequently by

methanol, and then with chloroform and methanol for three times.

After drying at 50 oC overnight, the membrane can be used for char-

acterization and testing the gas permeation properties. For compari-

son, another membrane sample was also prepared using the synthesis

solution (dissolving 0.6 g benzimidazole and 1.14 g zinc nitrate hexa-

hydrate into 60 ml DMF), but the membrane sample was obtained

only through single-step crystallization (130 oC for 24 h). The post-

treatment method was similar to the ZIF-7 membrane prepared by

two-step crystallization.

2-4. Characterization of the samples

The surface morphologies and cross-section of ZIF-7 membranes

were observed with SEM (Hitachi, S-3500N). The phase structure of

ZIF-7 membrane layer was identified with X-ray diffractometer in

the 2θ range of 5~50o (PANalytical, X’pert-Pro). Thermal gravimet-

ric analysis (TA Instrument, TGA2950) was performed on ZIF-7

powder samples to investigate their thermal stability. FTIR was con-

ducted on Varian 2000 Fourier infrared spectrometer to investigate

the structural information of ZIF-7 powders from the crystallization.

Fig. 1. The homemade setup for single gas permeation.
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2-5. Gas permeation of ZIF-7 membranes 

Single gas permeability through ZIF-7 membranes was checked

on our homemade apparatus (Fig. 1). The permeance and ideal selec-

tivity of small gas molecules (H
2
, CH

4
, N

2
, and CO

2
) through ZIF-7

membrane or α-alumina substrates were determined at room tem-

perature. The feed-side pressure was adjusted by a reducing valve

and back pressure valve and the permeate side was kept constant at

normal atmosphere. At every permeation process, the measurement

system was stabilized for at least 2 h and the measurement was repeated

three times. Thus the data could be obtained by averaging the perme-

ation data.

3. Results and Discussion

3-1. XRD, TG, FTIR characterization of ZIF-7 membranes

Generally during the pre-coated seeding process, ZIF-7 seeding

particles should be synthesized in advance and then coated onto

porous substrate by a dip-coating method. To simplify the aforemen-

tioned procedure, the seeded α-Al
2
O
3
 substrate was obtained through

in-situ crystallization at room temperature. As we know, excessive

benzimidazole to zinc nitrate in synthesis solution can produce nano-

sized ZIF-7 particles. These ZIF-7 nanoparticles can be easily sucked

into the pores of porous substrate or formed directly in the substrate.

As a result, the diffraction intensity of ZIF-7 seeding layer was weak.

During the secondary growth process, the seeded substrate is exposed

to the more concentrated synthesis solution as mentioned in the

experimental section. Then a continuous and dense ZIF-7 membrane

layer can be formed on porous substrate.

X-ray diffraction measurement was performed to identify the phase

structure of ZIF-7 membrane and porous substrate. Fig. 2 shows the

XRD patterns of α-Al
2
O
3
 porous substrate, seeded porous substrate

and ZIF-7 membrane layer. As shown in Fig. 2-1 and Fig. 2-2, there

are subtle differences between α-Al
2
O
3
 substrate and the seeded sub-

strate, e.g., the seeded substrate exhibits some tiny characteristic

peaks at 7.80o and 15.98o which can account for the presence of ZIF-

7 nanocrystals. The distinct XRD patterns for ZIF-7 membrane can

be obtained after 12 h (Fig. 2,3). And XRD patterns of the ZIF-7

membranes are well matched with the reported ZIF-7 powders,

which exhibit the typical characteristic peaks of ZIF-7 at 2q=7.15o,

7.65o, 10.51o, 12.09o, 13.03o, 15.37o, 18.64o, 19.60o and 21.10o [29].

While the crystallization time is prolonged to 24hrs, the peak inten-

sity of ZIF-7 membrane further increases (Fig. 2~4). It can be con-

cluded that high-temperature crystallization (130 oC) can accelerate

the crystallization rate and improve membrane integrity. In addition,

four diffraction peaks at 25.7o, 35.0o, 38.02o and 43.33o in Fig. 2-4

are ascribed to α-Al
2
O
3
 substrate. However, their diffraction inten-

sity is much weaker than that of pure α-Al
2
O
3
 substrate due to the

formation of the continuous ZIF-7 membrane layer. 

After secondary growth, the residual ZIF-7 powders were collected

from the autoclave bottom and characterized with TG and FTIR. The

thermal stability of the as-synthesized ZIF-7 crystals is presented in

Fig. 3. There are two important weight losses from room tempera-

ture to 850 oC: approximately 5.0% weight loss occurs at 150~

250 oC, resulting from the removal of DMF solvent molecules from

the framework. The removal of those trapped guest molecules can

give rise to huge specific surface area for ZIF-7. Another important

weight loss, in line with around 50.0%, occurs between 500 oC and

600 oC, indicating the thermal decomposition of ZIF-7. In this pro-

cess, most organic components of ZIF-7 can be pyrolyzed and only

inorganic components such as ZnO may be left. TG analysis proves

that our synthesized ZIF-7 membrane is thermally stable up to nearly

500 oC. 

FT-IR was also conducted to check the organic groups of ZIF-7

powders from the autoclave bottom. Fig. 4 gives FT-IR spectra of

benzimidazole, zinc nitrate and ZIF-7 crystals, respectively. The C-

H stretch vibration of benzimidazole occurs near 3100~3000 cm-1.

Fig. 2. XRD patterns of α-alumina substrate, seeded substrate and

ZIF-7 membrane from two-step crystallization. 1-Pure α-

alumina substrate; 2-The seeded substrate; 3-ZIF-7 mem-

brane layer crystallized for 12hours; 4-ZIF-7 membrane

layer crystallized for 24 hours. Fig. 3. TG curve of the ZIF-7 powders from the autoclave bottom. 
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The C=C stretch band of aromatic ring of benzimidazole absorbs at

about 1600~1500 cm-1. For benzimidazole, the stretch band of N-H

group absorbs strongly at 3500~2500 cm-1, which is accompanied

by bend vibration of N-H group near 1650~1580 cm-1. As shown in

Fig. 4, the disappearance of strong and broad N-H band between

3250~2500 cm-1 means the deprotonation and the formation of ZIF-7.

Correspondingly, the medium bend vibration peaks of N-H group

near 1650~1580 cm-1 are absent in ZIF-7 FTIR spectra. Hence, FT-IR

characterization illustrates that benzimidazole linker has been fully

deprotonated during the crystallization and ZIF-7 is successfully

synthesized.

3-2. Surface and Cross-Section Microstructure of ZIF-7 Membranes

We used a scanning electron microscope to examine the micro-

structure of ZIF-7 membrane layer. Fig. 5 compares the microstructure

of ZIF-7 membranes prepared with two different synthesis methods.

SEM images of ZIF-7 membranes from two-step crystallization are

given in Fig. 5(a) and (b). It can be seen clearly that a dense and con-

tinuous ZIF-7 membrane is formed onto α-alumina porous substrate

via two-step crystallization, which is similar to the reported experi-

mental results [27]. The crystal size of ZIF-7 crystals is approxi-

mately 10 μm, and these crystals can agglomerate into a large group

or clusters, composing a compact and continuous membrane layer

without obvious defects. The ZIF-7 membrane from single-step crystal-

lization is also presented in Fig. 5(c) and (d). As shown in Fig. 5(c), a

continuous ZIF-7 membrane layer can also be formed which is

seemingly similar to the membrane synthesized by two-step crystal-

lization. However, the grain size of ZIF-7 membrane (single step

crystallization) is larger than that from two-step crystallization as

shown in Fig. 5(d). Consequently, the tiny defects existing in grain

boundaries are inevitable for ZIF-7 membrane from single-step crys-

tallization. In summary, two-step crystallization can produce better

membrane samples with smaller crystal size and fewer defects.

Fig. 6 shows the cross-section view of ZIF-7 membrane prepared

by two different synthetic methods. The cross-section microstruc-

ture of ZIF-7 membrane from two-step crystallization is shown in

Fig. 6(a) and (b). It can be seen that a continuous and dense ZIF-7

membrane can be grown on α-alumina porous substrate. The mem-

brane thickness is very uniform, which is about 30 μm. The adhe-

sion between porous substrate and ZIF-7 membrane layer is generally

Fig. 4. FTIR spectra of ZIF-7 powder from the autoclave bottom.

(a) denotes ZIF-7powders; (b) denotes benzimidazole; (c)

denotes zinc nitrate hexahydrate.

Fig. 5. The surface view of ZIF-7 membranes prepared by two-step

crystallization and single-step crystallization; (a) and (b) repre-

sent the surface morphologies of ZIF-7 membrane from two-step

crystallization; (c) and (d) represent the surface morphologies of

ZIF-7 membrane using single step crystallization.

Fig. 6. The cross-section of the ZIF-7 membranes from two-step

crystallization and single-step crystallization; (a) and (b) repre-

sent the cross-section of ZIF-7 membrane from two-step

crystallization; (c) and (d) represent the cross-section of ZIF-

7 membrane from single step crystallization.



344 Fang Li, Qiming Li, Xinxia Bao, Jianzhou Gui and Xiaofei Yu

Korean Chem. Eng. Res., Vol. 52, No. 3, June, 2014

weak due to different chemical properties. Here ZIF-7 seeding crys-

tals can be firstly imbedded in a-alumina substrate via in-situ room

temperature crystallization. Then strong attachment of ZIF-7 mem-

brane layer onto porous substrate can be obtained through the sec-

ondary growth at high temperature.

According to some published papers, excessive benzimidazole in

the synthetic solution can produce nanoscale ZIF-7 crystals [30-32].

In our experiment, 0.25 g benzimidazole and 0.05 g zinc nitrate

hexahydrate are dissolved into 60 ml DMF to prepare the seeding

synthetic solution, where benzimidazole is much excessive. After

30 min of stirring at room temperature, a homogeneous opaque solu-

tion can be obtained (see Fig. 7(b)). It can be checked that ZIF-7

nanocrystals cannot deposit in DMF solvent for more than one week.

For comparison, another synthetic solution was also prepared by

mixing 0.25 g benzimidazole and 1.14 g zinc nitrate hexahydrate

into 60 ml DMF, where zinc nitrate is excessive. After 2 h of stirring

at room temperature, white ZIF-7 crystals deposited at the container

bottom and the transparent solvent can be clearly observed as shown

in Fig. 7(a). The experimental result indicates that low stoichiomet-

ric ratio of benzimidazole to zinc nitrate can induce the formation of

large ZIF-7 crystals. Herein with the aid of high stoichiometric ratio

of benzimidazole to zinc nitrate, a uniform ZIF-7 nanocrystals is

formed at the surface of porous substrate. Then a regular and dense

ZIF-7 membrane layer can be grown on the seeded substrate via sec-

ondary high-temperature crystallization. Fig. 6(c) and (d) depict the

cross-section view of ZIF-7 membranes from single-step growth. It

can be clearly found that the uneven ZIF-7 membrane layer is formed

on the porous substrate. Note that the accumulation of ZIF-7 crystals

on porous substrate is relatively loose compared with Fig. 6(a), which

may result in some tiny defects in ZIF-7 membrane layer. Hence,

two-step crystallization is more effective to prepare ZIF-7 membranes

on porous substrate. 

3-3. Permeation Flux and Ideal Selectivity of ZIF-7 Membranes

Table 1 and Fig. 8 depict single gas permeation properties of ZIF-7

membrane from two-step crystallization. The whole test was fin-

ished on our homemade setup with H
2
, CO

2
, Ar, N

2
 and CH

4
 using

the Wicke-Kallenbach technique. The permeation data were calcu-

lated from volumetric flow rate at atmospheric pressure. It is shown

that a much larger preferential permeance of H
2
 can be obtained with

respect to other gases. The ideal separation factors of H
2
/CO

2
, H

2
/Ar,

H
2
/N

2
 and H

2
/CH

4
 are 12.25, 13.26, 13.43 and 15.58, respectively,

which is much higher than their corresponding Knudson separation

factor. The H
2
/CO

2
 ideal separation factor is close to the reported

results of Li et al. [27], and the H
2
/CH

4
 ideal separation factor is

higher than their reported results. It should be emphasized that our

in-situ crystallization method is much simpler than their precoated

seeding method. Thus, the ZIF-7 membrane prepared via two-step

crystallization displays excellent molecular-sieving properties. Table

2 gives the permeation data of ZIF-7 membrane from single-step

crystallization (130 oC for 24 h). It can be found that the ideal separa-

tion factors of H
2
/CO

2
, H

2
/Ar, H

2
/N

2
 and H

2
/CH

4
 are all lower than

Fig. 7. Photos of the seeding synthetic solution; (a) denotes the low

stoichiometric ratio of benzimidazole and zinc nitrate; (b)

denotes the high stoichiometric ratio of benzimidazole and

zinc nitrate. 

Table 1. Permeation properties of the ZIF-7 membrane synthesized

using two-step crystallization

Gas
Permeance

(10-7·mol·Pa-1·s-1)

H
2
 ideal selectivity

P
i
/P

H2

Knudsen constant

[M
i
/M

H2
]1/2

H
2
 25.15 1.00 1.00

CO
2

2.05 12.25 4.69

Ar 1.90 13.26 4.47

N
2

1.87 13.43 3.74

CH
4

1.61 15.58 2.82

Fig. 8. Permeance of the ZIF-7 membrane from two-step crystalli-

zation versus the kinetic diameter of small molecular gases.

Table 2. Permeation properties of the ZIF-7 membrane synthesized

using single step crystallization (130 oC for 24 hrs)

Gas
Permeance

(10-7. mol. Pa-1. s-1)

H
2
 ideal selectivity

P
i
/P

H2

Knudsen constant

[M
i
/M

H2
]1/2

H
2
 9.383 1.00 1.00

CO
2

3.113 3.01 4.69

CH
4

4.756 1.97 2.83

Ar 2.672 3.51 4.47

N
2

3.206 2.93 3.74
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their corresponding Knudson separation factor, suggesting that there

are some grain boundary defects in ZIF-7 membrane layer, which is

consistent with the aforementioned discussion.

Permeation flux for α-alumina porous substrate and ZIF-7 mem-

brane from two-step crystallization is also given in Fig. 9. With increas-

ing transmembrane pressure drop, N
2
 permeation flux through porous

α-alumina substrate increases remarkably, which indicates the pres-

ence of many macropore defects in α-alumina substrate. For ZIF-7

membranes prepared by two-step crystallization, the permeation flux

of N
2
, H

2
 and CO

2 
maintain relatively stable when increasing trans-

membrane pressure drop, which illustrates that no obvious macrop-

ore defects are present in the ZIF-7 membrane layer. As a result, the

two-step crystallization method can produce a high-quality ZIF-7

membrane without obvious defects.

4. Conclusions

A two-step crystallization method was successfully developed to

fabricate dense and defect-free ZIF-7 membrane on a-alumina porous

substrate. ZIF-7 nanocrystals were deposited on porous substrate by

in-situ room-temperature crystallization, and then, a high-tempera-

ture growth procedure was used to obtain dense ZIF-7 membrane layer.

Compared with single-step crystallization, two-step crystallization can

produce better ZIF-7 membrane. To produce ZIF-7 seeding nano-

crystals, excessive benzimidazole was used to prepare the first pre-

cursor solution. Single gas permeation test proved that our prepared

ZIF-7 membrane exhibits excellent molecule-sieving performance.

The ideal separation factor of H
2
/CO

2
, H

2
/Ar, H

2
/N

2
 and H

2
/CH

4
 are

all higher than their corresponding Knudson separation factor. 
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