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ABSTRACT

Preparation of Zeolitic Imidazolate Framework-8 (ZIF-8) Membrane on Porous
Polymeric support via Contra-Diffusion Method
Xiaoyu Tan
In the last decade, many attempts were made to put metal organic frameworks (MOFs) in
industrial applications, but most of these efforts weren’t successfully. As one of the few
MOFs produced on industrial scale, ZIF-8 has interesting pore size, huge internal surface
area and great thermal and chemical stability. Therefore, ZIF-8 might become the first
MOF, which will be applied in industrial separation processes.
In this thesis, a synthesis study is presented, which leads to a cheap and convenient way
to fabricate defect-free and thin ZIF-8 membranes on porous polymeric supports
showing high selectivity and high gas permeance. The ZIF-8 layers were produced via a
contra-diffusion method. Several polymeric membranes were employed as support in this
study, such as PAN, PEI, PSU, PA and PTSC. We studied the influence of the polymeric
support properties for the ZIF-8 membrane preparation and optimized the ZIF-8
preparation conditions. The ZIF-8 membranes were characterized via scanning electron
microscopy (SEM) and X-ray diffraction (XRD). For gas permeation test, we chose a
Wicke-Kallenbach apparatus to measure membrane’s gas permeance and selectivity. One
of the best ZIF-8 membranes exhibited a hydrogen permeance of 3.45 × 10-8 mol m-2 s-1
Pa-1 and an ideal selectivity of hydrogen over propane of about 500.
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Chapter 1
INTRODUCTION
1.1 Background Study of Gas Separation Membrane
1.1.1 Membrane Technology for Gas Separation
Gas separation is one of the most important processes for many industries. Since the
industrial revolution, researchers have never stopped the efforts to find better gas
separation technology. In the past two decades, the development of membrane
technology grew greatly and showed promising advantages comparing to conventional
separation techniques. Nowadays, membrane gas separation systems are already being
used in both industrial and domestic applications. An illustration of a membrane gas
separation is shown in Figure 1.1.

Figure 1.1 Typical illustration of membrane gas separation (hollow fiber).
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Comparing with the traditional gas separation methods (gas-liquid absorption, adsorption
temperature swing system, adsorption pressure swing system, cryogenic distillation),
there are several significant advantages in membrane separation system [1]:
(1) No moving parts, can easily achieved automatic operation;
(2) Much smaller footprint (both size and weight), suitable for offshore application;
(3) No regeneration steps, energy conservation;
(4) High system flexibility, could be custom designed;
(5) Quick installation and lower installation cost;
(6) Lower operation cost, no adsorbent loss, no need to change the fixed bed or replace
liquid adsorbents.
Typically, gas separation membranes are simply categorized into three groups, organic
polymeric membranes, inorganic membranes and mixed matrix membranes.
1.1.2 Polymeric Membranes for Gas Separation
The most popular membranes for various gas separation applications are organic
polymeric membranes. Comparing with other membrane materials, organic polymeric
membranes have several great advantages.
The polymeric membranes are desired due to the economic aspects, their feasible process
ability. In other words, polymeric membranes are very flexible, processable and
reproducible. Therefore, they can be easily fabricated into different shapes and functions.
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For gas separation applications, polymeric membranes are generally processed into
hollow fiber membranes (Figure 1.1) and flat sheet membranes (Figure 1.2). Especially,
the polymeric hollow fiber membranes are preferred by industry, mainly because they
have very high area to volume ratio (over 1000 m2/m3) [2]. Thanks to this benefit, the
cost of gas separation can be reduced significantly.

Figure 1.2 Illustration of gas separation via flat sheet polymeric membrane [3].
Other benefits of polymeric membranes are relatively high chemical stability and high
separation performances. Due to the economic reasons, polymeric membrane system is
the only membrane system that could be widespread to industrial scale for gas separation.
The commonly used polymeric materials for commercial gas separation applications
include polyimide, polyamide, polyester membranes, polysulfone, polycarbonate and
polypyrrolone [4].
Polymeric membranes have been deeply studied for over 40 years. Over these years,
plenty of excellent membranes have been synthesized as well as the theory behind the
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separation mechanism has become more understood. For example, the mechanism of gas
transport in polymeric membranes has been successfully described by solution-diffusion
model. This model explains that concentration gradient through the membrane is the
driving force of gas transport and that the gas transport process in polymeric membrane
actually consists of three steps [5]:
1. Gas adsorption or absorption at the upstream boundary.
2. Gas diffusion through the membrane.
3. Gas desorption at the downstream boundary.
The illustration of solution-diffusion model is shown in Figure 1.3.

Figure 1.3 Illustration of solution-diffusion model.
Although polymeric membranes are the most mature membrane material, they are still
facing its own limitation: so-called Robeson trade-off for gas permeability and selectivity
[6]. In the Robeson plot, the higher selectivity generally means the lower gas
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permeability of polymeric membrane and vise-versa (Figure 1.4). To improve polymeric
membrane’s performances, there could be four options considered: modify the existing
polymers; synthesize new polymers; apply new fabrication methods; and combine some
functional fillers with polymeric membranes. For the last idea, researchers obtained socalled mixed matrix membrane, this will be discussed in section 1.1.4.

Figure 1.4 Robeson trade-off plot for O2/N2 separation [7].
1.1.3 Inorganic Membranes for Gas Separation
In the last two decades, inorganic membranes are attracting more and more interest from
academia and industry. There are several kinds of inorganic membranes that could be
used in gas separation, including dense ion-conducting membranes, metallic membranes,
zeolites membranes, microporous carbon membranes and metal organic frameworks
membranes [8]. Generally, there are four significant advantages of inorganic membranes:
(a) Great thermal stability. Inorganic membranes can be used at very high temperatures.
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(b) Superior mechanical properties. Inorganic membranes are suitable for very harsh
working conditions (such as very high gases pressure).
(c) High chemical stability. Unlike the polymeric membranes, the inorganic membranes
can withstand corrosive gases.
(d) Excellent gas separation performance. Not only the selectivity of inorganic
membranes is higher than polymeric membranes, but also their permeability is in general
better.

For

example,

Figure

1.5

is

Robeson

trade-off

plot

of

CO2/N2 selectivity versus CO2 permeance. It shows that the performance of inorganic
membranes was much better than polymer membranes for this particular separation.

Figure 1.5 Robeson-type plot of CO2/N2 selectivity versus CO2 permeance for inorganic
membranes and polymer membranes [9].
The mentioned four advantages of inorganic membranes are so attractive that plenty of
researchers have tried to incorporate inorganic membranes for gas separation
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applications. However, inorganic membranes have also significant drawbacks. Foremost,
comparing with polymeric membrane system, inorganic membrane system is much more
expensive. Secondly, defect-free inorganic membranes are hard to fabricate, so that the
inorganic membranes have often defects. That means these membranes are sometimes
difficult to be reproduced [10].
1.1.4 Mixed Matrix Membranes for Gas Separation
Mixed matrix membrane (MMM) is a type of membrane that is formed by dispersing
various kinds of fillers in polymeric matrix. The typical illustration of MMM is shown in
Figure. 1.6.

Figure 1.6 Typical illustration of mixed matrix membrane (MOFs as filler) [11].
The main purpose of dispersing fillers in polymeric substrates is to combine the benefits
of both, the polymeric membrane and filler material, so that the obtained mixed matrix
membranes can offer superior performance. There are three major advantages of mixed
matrix membranes to be noted.
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As already mentioned inorganic membranes usually have better separation performances
than polymeric membranes but they are inflexible and intractable. When we combine
flexible and processable polymeric substrate with high selectivity and high permeability
inorganic membrane material, the new obtained mixed matrix membrane will retain both
polymeric membrane’s flexible and inorganic membrane’s excellent separation
performances [12]. Therefore, mixed matrix membrane could offer inorganic materials to
be easier used in membranes.
Secondly, comparing with polymeric membranes, inorganic membranes are much more
expensive. However, when we combined these two membrane materials, the cost of
mixed matrix membranes would be much lower than inorganic membranes but the
excellent separation properties should be preserved [13]. For this reason, the mixed
matrix membranes are economical preferred.
The performance of mixed matrix membrane depends strongly on its filler’s properties
and these fillers could be very various. For example, zeolites [14, 15], metal-organic
frameworks such as ZIF-8 [16,17,18], organic cage molecules [19] and organic polymer
frameworks [20], carbons such as carbon nanotubes [21,22] and carbon molecular sieves
[23, 24]. The structures of commonly used mixed matrix membrane fillers are shown in
Figure 1.7. All of these fillers have interesting properties but most of them cannot be
manufactured into practical membranes. However, if we use these materials as fillers in
mixed matrix membranes, the practical value of these materials could be achieved.

21

Figure 1.7 Structures of commonly used MMMs fillers [25].
The benefits of mixed matrix membranes caused that in recent years, more and more
researchers paid attention to develop mixed matrix membranes for gas separation.
Numerous interesting mixed matrix membranes were reported and some of these new
mixed matrix membranes offered high permeability and high selectivity for gas
separation, so that they even successfully broke the Robeson trade-off limitation [26].
However, up to now, the synthesis methods of mixed matrix membrane are still far from
scale-up applications. Especially, the inadequate adhesion at the polymer-to-filler
interface is a common problem which mixed matrix membranes are facing. As a
consequence, these mixed matrix membranes always show higher permeability with
significant selectivity lost [27,28].
1.2 Background Study of ZIF-8 Membranes
1.2.1 Metal-Organic Frameworks (MOF)
MOFs is a remarkable class of hybrid porous materials, they consist of metal center
(including metal ions and metal clusters) and organic linker [29, 30, 31]. Figure 1.8
shows the building blocks and basic structural unit of MOFs. Some fundamental
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principles of MOFs research are based on coordination chemistry and zeolites chemistry.
For example, the concept of Secondary Building Units (SBUs) which originated from
zeolite chemistry was adopted to illustrate the structural and topological information of
MOFs [32, 33]. Moreover, the synthesis methods of zeolites are also employed for MOFs
synthesis.

Figure 1.8 Illustration of the building blocks and structure of MOFs [34].
MOFs research has grown rapidly during the past two decades. There are two main
reasons why MOFs have attracted so great interest among the research community:
First of all, as hybrid porous materials, the structures and properties of MOFs are directly
dictated by its organic ligands and metal cluster centers. When these organic ligands and
metal centers are changed, different MOFs structures will be obtained. Therefore,
theoretically, there are infinite numbers of possible structures of MOFs [35]. Such kind of
endless possibilities offer chemists infinite opportunities to find interesting materials.
Secondly, MOFs are versatile materials. As crystalline porous materials, their pore size
can be easily tuned. That enables researchers to design their desired porous materials by
adjusting synthesis parameters of MOFs [36, 37]. Several important MOFs families were
developed, including: Zeolites Imidazole Frameworks (ZIFs), Micro-porous MOFs
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(MMOFs), Porous Coordination Networks (PCNs), Porous Coordination Polymers
(PCPs), and so on.
Many practical MOFs design methods have been developed and over 2,000 types of new
MOFs have been reported. Based on these discoveries, MOFs are obtaining more and
more potential for many sorts of applications, such as gas separation, gas storage,
selective sensing, catalysis, luminescence, drug delivery, and so on [38-51].
1.2.2 Zeolitic Imidazolate Frameworks
Zeolitic imidazolate frameworks (ZIFs) is a class of MOFs; several representatives of this
subclass are shown in Figure 1.9. All of them are composed of imidazolate linker (Hmim)
and tetrahedral metal ion center (such as Zn and Co) [52].

Figure 1.9 Representative crystal structures of ZIFs [53].
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ZIFs and zeolites have very similar topologies. As shown in Figure 1.9, the similar
bridging angles occur in these two types of materials; the bond angle of zeolites is
140~170°, and the bond angle of M-Hmim-M in ZIFs (M = Zn, Co) is about 145° [54].
Thanks to the similar structures with zeolites, ZIFs exhibit wonderful properties that
include the advantages from both zeolites and MOFs. For example, ZIFs not only retain
MOFs’ interesting pore size and big surface area, but also obtain the similar porosity, and
good stability just as zeolites.

Figure 1.10 The similar (145°) bridging angles in ZIFs and zeolites [54].
According to these interesting properties, ZIFs have great potential in many kinds of
industrial applications. For example, ZIF-8 can be fabricated into gas separation
membranes. The effective pore size of ZIF-8 is about 4.0~4.2 Å which is just between the
dynamic diameters of propane (4.3 Å) and propylene (4.0 Å) [55, 56]. This makes ZIF-8
a very attractive material to fabricate a molecular sieving membrane for
propane/propylene separation applications [57, 58].
1.2.3 Preparation of ZIF-8 Membranes
There are two way of employing ZIF-8 in membranes:
1. Mixed matrix membranes with ZIF-8 fillers.
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2. Continuous ZIF-8 membrane (generally it is dense ZIF-8 layer grown on a
support).
It was reported that when ZIF-8 was used as filler in mixed matrix membrane the gas
separation performances was greatly enhanced comparing to the pristine polymer [59].
However, the inadequate adhesion at the polymer-to-filler interface in mixed matrix
membrane always leads to performance degradation. Therefore, although mixed matrix
membranes show a credible way to achieve outstanding ZIF-8 membranes, researchers
are still trying to explore new ways to get further enhanced ZIF-8 membrane. Continues
ZIF-8 membrane could offer the desired properties for gas separation applications.
Several preparation methods have been proposed for obtaining continuous defect-free
dense ZIF-8 layers on a support; in general, they could be classified into 3 main groups:
1. In-situ growth methods [59-63]; 2. Secondary seeded growth methods [64-70]; 3.
Contra-diffusion methods [71-76].
Direct in-situ growth method is the simplest way to fabricate ZIF-8 membranes. It has
been used in ZIF-8 membrane preparation with both inorganic and organic substrates. For
example, Nagaraju et al. reported ZIF-8 preparation on porous polymeric membranes via
direct growth method [77]. Furthermore, combined with chemical or physical surface
modification of the support, direct in-situ growth method can lead to continuous ZIF-8
layer and it will be always attractive because of its simplicity of having one-step
procedure. However, by this method it is difficult to synthesize defect-free ZIF-8
membranes. It should be noted that even a pinhole size defect is a destroying
phenomenon for ZIF-8 membrane’s performance employed in gas separation application.
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To address this problem, other methods to obtain ZIF-8 continuous membranes have been
suggested. Secondary seeded growth method is one of them. Comparison between direct
growth method and secondary growth method is well shown in Figure 1.11.

Figure 1.11 Comparison between and direct growth method and secondary growth
method for MOFs membrane preparations [78].
The main difference between these two methods is that in secondary seeded growth
method the support is immersed in ZIF-8 growth solution with already pre-attached ZIF-8
seeds. These seeds serve as nucleation roots for better growth of final continuous ZIF-8
layer. Comparing with in-situ growth method, secondary seeded growth method showed
promising results for obtaining ZIF-8 layers on polymer supports and reduction of
defects. Pan et al. reported a ZIF-8 membrane that was fabricated by secondary seeded
growth method with propylene/propane selectivity over 50 [79]. That was one of the first
reported ZIF-8 membranes with excellent performances for propylene and propane
separation via secondary growth method. After that, Liu et al. [71] also reported synthesis
of ZIF-8 membranes with similar propylene/propane separation performance. However,
secondary growth method is not a perfect strategy. It requires relatively big amounts of
the reactants and many times higher temperatures (50 °C and more) and longer synthesis
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times (12 h and more). Moreover, ZIF-8 layer prepared by this method often suffers from
inadequate adhesion to the support.
Contra-diffusion method for preparation of ZIF-8 membrane was introduced five years
ago and it has attracted more interest due to its potential to synthesize ZIF-8 membrane
with no defects. In the contra-diffusion ZIF-8 synthesis process, zinc source solution and
Hmim solution are kept in two separated departments and the membrane is placed
between them. Thus ZIF-8 crystals can be only formed in the interface of these two
solutions. Thanks to the osmotic pressures, counter diffusion of zinc ions and Hmim
ligand continuously occur until the forming ZIF-8 crystals entirely plug all of the paths.
Eventually, a defect-free ZIF-8 layer is obtained because each defect is a path where
reactants can meet and ZIF-8 crystal is formed. Figure 1.12 shows the schematic diagram
of

contra-diffusion

approach

for

ZIF-8

membrane

synthesis

[73,

74].

Fig 1.12 Schematic diagram of contra-diffusion approach for ZIF-8 membrane synthesis
in polymeric substrates [73, 74].
ZIF-8 membranes on both inorganic substrates and organic polymer substrates were
obtained by this method. For example, Kwon and Jeong have reported the preparation of
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ZIF-8 membranes via contra-diffusion method on α-alumina porous substrate, where the
selectivity over 55 was achieved for gas mixture of propylene/propane [72]. J. Yao et al.
prepared ZIF-8 membrane on porous nylon support membrane via contra-diffusion
method, but they did not achieve good gas separation ability [80]. N. Hara et al. have
reported the preparation of ZIF-8 membranes in the pores of inorganic porous substrate
using the contra-diffusion method with a propylene/propane ideal selectivity of 59 [75].
They also prepared ZIF-8 membrane on the HKUST-1 polymeric membrane via contradiffusion method [76]. In 2014, Brown et al. reported the preparation of ZIF-8
membranes via contra-diffusion method (they named their preparation method as
interfacial microfluidic membrane processing “IMMP”). The ZIF-8 crystal layer was
prepared on inner surface of polymeric hollow fibers [73]. The propylene/propane
selectivity of 12 was achieved. Very recently, Wang et al. reported a method of vapor
phase modification to add amine groups on the polymeric membrane support and
decrease the pore sizes of the polymer membrane. This method leaded to very fast
formation of a defect-free ZIF-8 layer (60 to 120 min). The best ZIF-8 membrane of their
working exhibited C3H6/C3H8 selectivity as high as 27.8 [74]. In this thesis, we also
chose contra-diffusion method to prepare ZIF-8 membranes on polymeric supports.
1.3 Rationale and Objective
In the last decade, over 2000 types of MOFs been synthesized by chemists, but none of
them were widely used in industry so far. Actually, although a lot of researchers made
attempts to apply MOFs in industrial applications, most of these efforts failed. Therefore,
someone can think that MOFs is only a class of beautiful materials but without significant
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practical values. One possible explanation could be that many of MOFs are fragile
materials and are not very stable (both thermal and chemical) for industrial applications.
However, as breakthrough in MOFs field, ZIF-8 combined the advantages from both
zeolites and MOFs. Contrasting to most of MOFs, ZIF-8 not only has interesting pore
size, large internal surface area, but had also shown better thermal and chemical stability.
Recently it became also commercially available. All of these attractive properties caused
that ZIF-8 is considered as promising material for industrial applications. One of the most
interesting applications for ZIF-8 is fabricating ZIF-8 membrane for gas separation.
Up to now, most of excellent ZIF-8 membranes have been synthesized on inorganic
supports. However, there are some drawbacks for inorganic supported ZIF-8 membrane.
The most significant is the high cost of inorganic supports. Therefore several research
groups are developing ZIF-8 membranes on polymer supports.
In this work, we are aiming to synthesize high quality ZIF-8 membranes on different
polymeric supports. Such kind of ZIF-8 membranes should be processable, defect-free,
ultra-thin, with high selectivity and high gas permeance. Moreover, our synthesis
approach must be efficient, convenient, scalable and cheap. We assume that contradiffusion method is able to satisfy all of these requirements.
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Fig 1.13 Blueprint of this research.
The blueprint of this research is shown in Figure 1.13. The basic idea of this study is to
grow continuous ZIF-8 layer on a porous polymeric support via contra-diffusion method
to obtain defect-free and thin ZIF-8 membranes for gas separation application (such as
H2/C3H8 separation and others). Several kinds of polymeric supports have been used in
this study. The main objective of this research is to find the most suitable polymeric
support membrane and to optimize the reaction conditions for ZIF-8 membranes
synthesis on such a support.
1.4 Problem Definition
This thesis is addressing the following problem:
How to find a suitable polymeric substrate and optimize synthesis conditions to make an
ultra-thin but high quality ZIF-8 crystal layers on polymeric support via contra-diffusion
method?
Therefore, the main question could be evolved into several research questions as
following:
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(1) What is the influence of the polymeric substrates on the final ZIF-8 membrane’s
performance?

(2) What is the effect of the following parameters on the ZIF-8 layer quality?

. Concentration of the reactants (Hmim and Zn2+)

. The reaction temperature

. The reaction time

. The used solvent

. The orientation of polymeric support

1.5 Thesis Structure
This thesis consists of the following parts:
Chapter 1: Introduction and brief review of gas separation membranes and in particular
ZIF-8 membranes.
Chapter 2: Synthesis of ZIF-8 membranes on various polymeric substrates by contradiffusion method and evaluation of the influence of polymeric substrate’s properties on
the ZIF-8 membrane quality and performance.
Chapter 3: Optimization of preparation conditions on selected PTSC porous membrane.
The effects of reagent concentration, preparation time, preparation temperature, solvents
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and support membrane orientation on the obtained ZIF-8 membrane was studied in this
chapter.
Chapter 4: Conclusions.
Chapter 5: Recommendations for the future work.
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Chapter 2
Preparation of ZIF-8 Membrane on Various Polymeric Support Membranes
2.1 Introduction
As already mentioned, numerous reports for ZIF-8 membrane preparation on inorganic
supports can be found in literature. However, recently, more researchers are trying to
prepare ZIF-8 membrane on cheaper and flexible polymeric porous membranes. For
example, researchers have already reported to grow ZIF-8 layers on Nylon, PAN, PEI,
PES, PVDF. In some cases, researchers also modified the polymeric support membranes
to create more attractive substrates for ZIF-8 growing. For example, some of the
polymeric support membranes were modified with zinc oxide[81, 82], polyethyleneimine,
polydopamine [83-86] and 3-aminopropyl.
In this work, several kinds of flat sheet polymeric membranes were prepared via nonsolvent induced phase separation (NIPS) method. Moreover, polymer modification
methods were applied to create better polymeric supports for ZIF-8 growth. After that,
we adopted contra-diffusion method to prepare ZIF-8 layers on these polymeric support
membranes to study the relationship between polymeric supports and ZIF-8 membranes.
Specifically, polyacrylonitrile (PAN) and modified-PAN, polyetherimide (PEI) and
modified-PEI, polyamide-imidazole 6F-DABA(50)-ODA(50) (modified-PA), modifiedPSU (PSU-TrN) and graphene oxide-polyethersulfone (GO-PES) membranes were all
tested as supports for ZIF-8 growth. We selected these polymeric membranes for ZIF-8
growth because of their great membrane formation ability and their outstanding chemical

34
stability. Moreover, modified-PEI, modified-PAN, modified-PA and modified-PSU
membranes contained functional groups which are enhancing the ZIF-8 growth as well as
they serve as a link between ZIF-8 layer and the polymer support. Because pristine PEI
and PAN membranes were also used as supports for ZIF-8 membrane we could directly
compare the results to modified polymer supports and evaluate the effect of polymer
modification on ZIF-8 growth. In addition, because all the ZIF-8 membranes were
prepared at the same preparation conditions we could conveniently compare all the
performances of obtained ZIF-8 membranes on different polymeric membranes. From
our observations, we were able to specify which properties of polymeric membrane are
the most important for desired ZIF-8 growth and this guided us in the search for the most
suitable support in the next step.
2.2 Experimental Section
2.2.1 Materials
In this study, 2-methylimidazole (Hmim), zinc nitrate hexahydrate (Zn(NO3)2.6H2O),
methanol, ethanol, 3-aminopropyl-imidazole, N-methylpyrolidone (NMP), Hydrochloric
acid (HCl), Sodium azide (NaN3) and ammonium chloride (NH4Cl) were obtained from
Sigma-Aldrich. Solvent N,N-dimethylformamide (DMF) was supplied by FisherScientific. Methanol was obtained from Fluka Analytical. Polyacrylonitrile (PAN)
membrane was supplied by GMT Membrantechnik GmbH. Polyetherimide (PEI) was
also supplied by Sigma-Aldrich. Polyethersulfone (PES) was obtained from BASF.
Furthermore, polyamide-imidazole 6F-DABA-ODA (modified-PA) was supplied by
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Institute of Polymer Science and Technology (Madrid, Spain). All of these chemicals
were used as received without further purification.
2.2.2 Preparation of Polymeric Support Membrane
In total seven porous polymeric membranes were studied as supports for ZIF-8 layer.
These polymeric support membranes can be divided into two groups according to the
complexity of their preparation procedures:
The polymeric membrane or the polymer materials were commercially available. In the
case of using the polymers, first casting solution was prepared with desired concentration
of the polymer in organic solvent (such as DMF). After that, the polymer solution was
casted on polyester support and the film was obtained by precipitation in water bath
(NIPS method). The polymer materials were not available commercially. In this case, we
had to synthesize the polymers in our laboratory at first. And then, use these polymers to
fabricate membranes via NIPS method.
2.2.2.1 Preparation of Easily Fabricated Polymeric Support Membrane

(a) In this study, we choose commercial PAN support membrane for ZIF-8 layer
preparation, so that we didn’t prepare it in our laboratory. The structure of PAN is shown
in Figure 2.1.
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Figure 2.1 Structure of PAN.
(b) Polyetherimide (PEI) membrane was prepared in our laboratory via water induced
phase separation method (Figure 3.2). The structure of polyetherimide is shown in Figure
2.2.

Figure 2.2 Structure of PEI.
(c) Polyamide-imidazole 6F-DABA-ODA (modified-PA) membrane support was also
prepared via water induced phase separation method; the structure of this modifiedpolyamide is shown in Figure 2.3. This polymer is based on polyamide 6F-DABA-ODA.
It has been specially designed for ZIF-8 application because it contains many functional
imidazole groups that could be beneficial for adhesion of ZIF-8 layer to the polymer
support.
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Figure 2.3 Structure of polyamide-imidazole 6F-DABA(50)-ODA(50) (x=0.5, y=0.5).
(d) Modified polysulfone (PSU-TrN) membrane was also fabricated to support ZIF-8
layer via water induced phase separation method. This polymer contained 1,2,3-triazole
and OH group. Figure 2.4 shows the structure of this modified-PSU (PSU-TrN).

Figure 2.4 Structure of modified polysulfone (PSU-TrN).
2.2.2.2 Preparation of Modified-PAN Support Membrane

(a) Synthesis of PolyvinyltetrazoleGrafted Polyacrylonitrile (PVTcoPAN)
PVTcoPAN was synthesized as follows: 5 g of PAN powder and 120 ml DMF
(≥99.5%, Fisher Scientific) were added into the round bottom flask equipped with a
reflux condenser and stirrer. The polymer was then dissolved at 60°C in 3 hours under
constant stirring condition and the temperature was lowered to room temperature (room
temperature; 23°C). Thereafter, 6.5 g of NaN3 (≥99.0%, sigma-aldrich) and 5.36 g of
NH4Cl (≥ 99.6%, sigma-aldrich) were alternatively added to the polymer solution. The
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reaction was further carried out at 60°C for 4 hours. The reaction mixture after cooling
was precipitated in 500 ml aqueous solution of 0.25mol HCl (37%, sigma-aldrich). The
precipitated polymer in aqueous solution of HCl was left for 4 hours. Thus, light yellow
color polymer was obtained, which was collected on Whatmann 41 filter paper by a
vacuum filtration. The obtained polymer was washed about five times with deionized
water until pH of filtrate solution was reached to seven. The cleaned polymer was dried
under vacuum at 60°C for one day and kept in a zip bag for characterizations and
fabrication of membranes.

Scheme 2.1 Reaction route for preparation of PVTcoPAN via cycloaddition reaction.

Figure 2.5 Structure of PVT-co-PAN.
Table 2.1 The variation in elemental composition, degree of functionalization and
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intrinsic viscosity of unmodified and modified PAN.
Polymers

Time (h)

DF (%)

C (%)

H (%)

N (%)

 (Poise)

PAN

0

0

64.98



26.02

5.32

Modified PAN

4

4.2

63.84

5.60

27.94

5.02

(b) Procedure for Fabrication of Membrane
PVTcoPAN based porous membranes were prepared from by the NIPS method. The
12 wt% of PVTcoPAN was dissolved in 100 ml of DMF under mechanical stirring at
50°C for 24 hours to obtain the casting solution. The casting solution was further
ultrasonicated for 30 minutes and left unstirred for at least 6 hours to degas the solution.
The solution was further cast onto the polyester support fixed on a flat plate using a
casting knife with a gate height of 250 µm. After 30 seconds, the glass plate along with
polymer solution film was put in a DI water coagulation bath until the precipitation was
completed. The prepared membrane was taken out and immediately kept in another DI
water bath for 24 hours to remove traces of solvent. The cleaned membrane was dried at
room temperature for 24 hours to obtain dry membrane.
2.2.2.3 Preparation of Modified-PEI Support Membrane

(a) Synthesis of 3-Aminopropyl-Imidazole Functionalized Polyetherimide
PEI was functionalized with 3-aminopropyl-imidazole via at ring opening reaction at
room temperature. 3 g PEI (Mn = 53,000, Sigma-Aldrich) was dissolved in 20 ml DMF
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(99.5%, N,N-dimethylformamide, Fisher-Scientific) at 60 °C for 2 hours in a round
bottom flask under constant stirring. This solution was cooled to room temperature and
then one gram of 3-aminopropyl-imidazole (≥97%, Sigma-Aldrich) solution was added
dropwise. The resulting mixture solution was stirred under room temperature for four
hours. And then, this solution was further diluted by adding 20 ml DMF solvent. The
diluted solution of modified-PEI was precipitated in 200 ml absolute ethanol (96%,
Sigma-Aldrich). The precipitated polymer was collected on Whatmann 41 filter paper by
a vacuum filtration using a Büchner flask, which was again washed three times with
absolute ethanol to remove traces of any unreacted 3-aminopropyl-imidazole. The
purified polymer was kept under vacuum at 60°C for half of the day to attain dry
functionalized PEI.

Scheme 2.2 Synthesis route of 3-aminopropyl-imidazole functionalized PEI.

Figure 2.6 Structure of modified PEI.
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(b) Procedure for Fabrication of Membrane
3-aminopropyl-imidazole functionalized polyetherimide based porous membranes were
prepared from by the NIPS method. 25 g of modified PEI was dissolved in 75 ml of DMF
(25 wt%) in a round bottom under constant stirring at 50°C for 24 hours to obtain the
casting solution. The casting solution was further ultrasonicated for 10 minutes and left
unstirred for at least 6 hours to degas the solution. The solution was further cast onto the
polyester support fixed on a flat glass plate using a casting knife with a gate height of 200
µm. After 30 seconds, the glass plate along with polymer solution film was put into a DI
water coagulation bath until the precipitation was completed. The prepared membrane
was taken out and immediately kept in another DI water bath for 24 hours to remove
traces of solvent. The cleaned membrane was dried at room temperature for 24 hours to
obtain dry membrane.
2.2.2.4 Preparation of GO-PES Support Membrane

(a) Procedure for Fabrication of GO-PES Mixed Matrix Membrane
The mixed matrix membranes were fabricated from a blend solution containing PES
(polyethersulfone from BASF) and GOSiO2-NH2 nanosheets in NMP by the NIPS
method. The precise amount of GOSiO2-NH2 (6 wt% to the total weight of PES) was
added into NMP (N-methylpyrolidone from Sigma-Aldrich) solvent and then dispersed
by ultra-sonication in 1 hour using a bath sonicator. After that, 16 wt% PES was
dissolved by a continuous stirring for 24 hours at 50°C. The polymer blend solutions
were sonicated again for an additional 10 minutes and left unstirred for at least 6 hours to
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degas the solution. The solution was further cast onto the polyester support fixed on a flat
glass plate using a casting knife with a gate height of 250 µm. After 30 seconds, the
glass plate along with solution film was put into a DI water coagulation bath until the
precipitation was completed. The prepared membrane was taken out and immediately
kept in another DI water bath for 24 hours to remove traces of solvent. The cleaned
membrane was dried at room temperature for 24 hours to obtain dry membrane.

Figure 2.7 Structure of aminated GO nanosheets and polymer used in fabrication of
mixed matrix membrane by NIPS method.
2.2.3 Preparation of ZIF-8 Layer
We have chosen the contra-diffusion method to fabricate the ZIF-8 membranes. Figure
2.8 shows the contra-diffusion cell that was employed for ZIF-8 membrane’s preparation.
Such contra-diffusion cell is composed of two compartments and each of them has an
inner chamber equipped by jacket. Ligand solution and metal ion solution were placed in
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these compartments and polymeric membrane was placed between them. The jackets
allowed controlling the reaction temperature in the inner chambers.
(a)

(b)

Figure 2.8 Contra-diffusion cells for ZIF-8 membrane preparation.
In this chapter, all of the experiments were conducted at the same conditions. Polymer
membranes were left in the contra-diffusion cell for two days and at room temperature.
Methanol was used as solvent. Hmim solution concentration was 65g/L and
Zn(NO3)2.6H2O solution concentration was 15g/L. The active side of polymeric
membrane faced zinc solution (unless other support orientation would be specified). After
conducting the ZIF-8 growth, the membrane was carefully taken out from the diffusion
cell and washed by fresh methanol three times to remove excess zinc salts and ZIF-8
crystals before it was dried in air overnight.
2.2.5 Characterization
Scanning electron microscope (SEM) images of membrane’s surface and cross-section
were taken by PEI Quanta 600 PEC SEM, PEI Quanta 200 PEG SEM. The samples for
cross-section were prepared by fracturing after rapidly frozen in liquid nitrogen. Both
top-view and cross-section SEM samples were attached on aluminum sample stage with
conductive aluminum tape and coated with a 3nm gold film under vacuum to obtain high
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quality images. X-ray diffraction (XRD) patterns were taken by a diffractometer Bruker
D8 Advance, Cu radiation (scan range 10-40°, 40 kV, 40mA).
2.2.6 Gas Permeation Tests
Gas permeation measurements were conducted by continuous flow method and WickeKallenbach method. Figure 2.9 shows the difference between these two methods. For
constant feed pressure method, the tested gas is directly pressurized on ZIF-8 membrane
and the driving force of gas transport is transmembrane pressure difference. However,
there is no transmembrane pressure difference in Wicke-Kallenbach method. In this case,
there is sweep gas (Nitrogen) on the permeate side and the concentration of permeating
gas is quantified by gas chromatograph (GC). The flow rate of feed gas and sweep gas
were equally set to 30 ml/min in our measurements.

Figure 2.9 Comparison of two gas permeation methods for gas permeability
measurements: (a) constant pressure method; (b) Wicke-Kallenbach methods [87].
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All of the data were collected after reaching the steady-state at room temperature. The
volumes of the permeating gas were measured by gas chromatograph and bubble
flowmeter. The times were measureP by stopwatch. According to the known membrane
area A, volume of permeating gas Vi, time t, and transmembrane pressure difference 𝛥pi,
the membrane permeance Ji of single gas i and the ideal selectivity αi j of gas i over gas j
were calculated as following two equations respectively:
𝑉

𝐽𝑖 = 𝐴𝛥𝑝𝑖 𝑡
𝑖

𝐽

𝛼𝑖 𝑗 = 𝐽𝑖

𝑗

(1)

(2)

2.3 Results and Discussion
2.3.1 ZIF-8/PAN Membrane
The SEM images of commercial PAN and ZIF-8/PAN membrane can be seen in Figure
2.10. The pore size of original commercial PAN membrane is between 10 to 20nm
(Figure 2.10.a). The bottom side of commercial PAN is the polyester support and is
shown in Figure 2.10.b. After conducting the contra-diffusion ZIF-8 growth through
PAN, an inter-grown ZIF-8 layer was observed on PAN membrane’s surface. The ZIF-8
crystals of this layer were relatively small and some defects are obvious in the membrane.
Moreover, the polyester support of PAN membrane has been also covered by ZIF-8
crystals after two days preparation.
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The gas permeation tests of ZIF-8/PAN membrane showed that the hydrogen permeance
is 1.31 × 10-7 mol m-2 s-1 Pa-1, and its H2/C3H8 selectivity reaches 8.3 (for comparison: the
original commercial PAN membrane has H2/C3H8 selectivity of 2.8).

(a)

(b)

(c)

(d)

Figure 2.10 SEM images of PAN and ZIF-8/PAN membranes (a) Surface of original
PAN membrane; (b) Polyester support – bottom side of original PAN; (c) Surface of ZIF8/PAN membrane; (d) bottom side of ZIF-8/PAN membrane.
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When we changed the orientation of PAN support membrane so that the PAN layer faced
Hmim solution only a few of ZIF-8 crystals can be observed on the PAN surface (Figure
2.11). However plenty of ZIF-8 crystals occurred on polyester support side and the grown
crystals were relatively large. As expected, this membrane did not show interesting gas
permeation properties, because the gaps between polyester fibers are too large and so
very hard to be filled by ZIF-8 crystals. As a result, defect-free ZIF-8 layer cannot be
obtained on the bottom side. All in all, orientation of polymeric membrane in contradiffusion cell is very important for ZIF-8 membrane preparation. We found out that it is
needed to place the polymer membrane with active polymer side facing the zinc solution
to fabricate the desired continuous ZIF-8 layer.

(a)

(b)
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(c)

(d)

Figure 2.11 Scanning electron microscope images of the ZIF-8/PAN membranes:
(a)&(b) PAN side of ZIF-8/PAN membrane with different magnification; (c)&(d)
Polyether support side of ZIF-8/PAN membrane with different magnifications.
2.3.2 ZIF-8/Modified-PAN Membrane
The SEM images of modified-PAN and ZIF-8/modified-PAN membrane are shown in
Figure 2.12. Comparing with ZIF-8/PAN membrane, a much denser and continuous ZIF8 layer is observed (figure 2.12.b and c). The ZIF-8 crystals on this membrane are bigger
comparing to those on ZIF-8/PAN membrane. There are also no visible defects in this
membrane.
Moreover, Figure 2.12.d shows some of the ZIF-8 crystals that were synthesized inside
the modified-PAN support membrane. As we can see, these ZIF-8 crystals are grown
with this modified-PAN matrix. This phenomenon indicates that this polymeric material
has very good adhesion to the ZIF-8 crystals.
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(a)

(b)

(c)

(d)

Figure 2.12 SEM images: (a) Active side of original modified-PAN support membrane;
(b)&(c) ZIF-8 layer on modified-PAN membrane’s surface with different magnifications;
(d) ZIF-8 crystals inside modified-PAN support.
The permeation tests showed that the hydrogen permeance of ZIF-8/modified-PAN
membrane is 7.56 × 10-8 mol m-2 s-1 Pa-1, and its H2/C3H8 ideal selectivity is 21.4. That is
almost 3 times higher selectivity than for ZIF-8/ PAN membrane. However it can be
noted that the hydrogen permeance did not decrease much. That could be because of
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tetrazole functional groups’ presence in the modified-PAN making this polymer more
attractive for ZIF-8 crystals to attach to.
Table 2.2 summarizes the zinc binding ability of commercial PAN and modified-PAN
and gas permeation properties of ZIF-8/PAN and ZIF-8/modified-PAN. It clearly shows
that modified-PAN has around 4 times higher zinc binding ability than commercial PAN.
Moreover, under the same ZIF-8 preparation conditions, the ZIF-8/modified-PAN
exhibits better gas selectivity than ZIF-8/PAN membrane. Obviously, there is positive
correlation existing between zinc binding ability and obtained ZIF-8 layer performance of
polymeric support membrane.
Table 2.2 The zinc binding abilities of PAN and modified PAN, and gas permeation
properties of ZIF-8/PAN and ZIF-8/modified-PAN.
Support

Zinc binding

Name of ZIF-8

H2 permeance

membranes

ability (mg/cm2)

membranes

PAN

0.26

ZIF-8/PAN

1.31×10-7

8.3

Modified-PAN

1.1

ZIF-8/modified-PAN

7.56×10-8

21.4

(mol m-2 s-1 Pa-1)

H2/C3H8
selectivity

2.3.3 ZIF-8/PEI Membrane
The Figure 2.13 shows the SEM images of PEI membrane and ZIF-8/PEI membrane. The
pore size of original PEI membrane is between 70 to 110nm (Figure 2.13.b). The pore
sizes are much bigger than PAN support membrane. After ZIF-8 preparation, the polymer
side of PEI support was covered by ZIF-8 crystals (Figure 2.13.c). However, there are a
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lot of defects obvious between ZIF-8 crystals (figure 2.13.d). Because the ZIF-8 crystals
did not form a continuous dense layer on PEI support the hydrogen permeance of ZIF8/PEI membrane was 2.83 × 10-4 mol m-2 s-1 Pa-1, and its H2/C3H8 selectivity was only
3.3.

(a)

(b)

(c)

(d)

Figure 2.13 SEM images: (a)&(b) PEI side of membrane with different magnifications;
(c) & (d) PEI side of ZIF-8/PEI membrane with different magnifications.
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2.3.4 ZIF-8/Modified-PEI Membrane
The SEM images of the ZIF-8/modified-PEI (3-aminopropyl-imidazole functionalized
polyetherimide) membrane are displayed in Figure 2.14. After ZIF-8 preparation by
contra-diffusion, the active surface of PEI support was well covered by ZIF-8 crystals
(Figure 2.14.a). Comparing to the above ZIF-8/PEI membrane, this continuous ZIF-8
crystal layer is much denser and defects are not seen on SEM. Moreover, figure 2.14.b
shows the ZIF-8 crystal size of this membrane (from 1.6μm to 2.3μm) is also bigger than
that of ZIF-8/PEI membrane.

(a)

(b)

Figure 2.14 SEM images of the ZIF-8/modified-PEI membranes with different
magnification.
Furthermore, the result of gas permeation measurement also indicates the difference
between ZIF-8/PEI and ZIF-8/modified-PEI. The hydrogen permeance of ZIF-8/PEI
membrane is 2.83 × 10-4 mol m-2 s-1 Pa-1, and the H2/C3H8 selectivity of it is only 3.3. By
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contrast, the hydrogen permeance of ZIF-8/modified-PEI reduced to 1.44 × 10-7 mol m-2
s-1 Pa-1, and its H2/C3H8 selectivity went up to 12.6.
All

of these observations

prove that modified-PEI (3-aminopropyl-imidazole

functionalized Polyetherimide) membrane is a better polymeric support for ZIF-8 growth
than PEI. The improved performance of ZIF-8/modified-PEI is because modified-PEI
contains many functional imidazole side groups and the organic ligand of ZIF-8 is also
imidazole. So that modified-PEI support membrane can interact with ZIF-8 crystals very
well. As a consequence, we were able to obtain a much better ZIF-8 layer. The difference
observed between PEI and modified-PEI is similar to the difference between PAN and
modified-PAN.
2.3.5 ZIF-8/GO-PES Mixed Matrix Membrane
Figure 2.15 shows the SEM images of original GO-PES (graphene oxide–
polyethersulfone) mixed matrix membrane and ZIF-8/GO-PES membrane. The polymer
surface of GO-PES membrane was not very even (Figure 2.15.a) so that the ZIF-8 layer
of ZIF-8/GO-PES is also not so flat (Figure 2.15.b). Although the uneven surface of GOPES membrane may cause some defects of ZIF-8 layer, a continuous ZIF-8 layer still
occurred on GO-PES support membrane after contra-diffusion preparation. Moreover, the
ZIF-8/GO-PES membrane shows interesting gas permeation properties: the hydrogen
permeance was 3.93 × 10-7 mol m-2 s-1 Pa-1, and its H2/C3H8 selectivity was 18.9.
That could be caused by the presence of the functional GO fillers in this mixed matrix
membrane which increased the porosity and the hydrophilicity of membrane. Thus the
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contra-diffusion process was enhanced and the interaction between ZIF-8 crystals and
polymeric support was much better (both NH2 and COOH groups can bind ZIF-8
crystals). Eventually, a decent ZIF-8 layer occurred on GO-PES support.

(a)

(b)

Figure 2.15 SEM images of (a) GO-PES mixed matrix membrane; (b) ZIF-8/GO-PES
membrane.
2.3.6 ZIF-8/Polyamide-Imidazole 6F-DABA(50)-ODA(50) Membrane
Figure 2.16 displays the XRD patterns of modified-PA before and after ZIF-8 growth.
The ZIF-8/modified-PA (polyamide-imidazole 6F-DABA(50)-ODA(50)) membrane
exhibited significant ZIF-8 crystal signals on its surface which confirms formation of
ZIF-8 layer.
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Figure 2.16 X-ray patterns of ZIF-8 (simulated), modified-PA support and ZIF8/modified-PA membrane.
Figure 2.17 shows the SEM images of the modified-PA support membrane and ZIF8/modified-PA membrane. The pores of modified-PA support membrane can be clearly
observed; also some dark spots occurred in this image. This kind of dark spots indicated
that the skin layer of this membrane was very thin leading to very high gas permeance.
The hydrogen permeance of original modified-PA membrane was 7.50 × 10-7 mol m-2 s-1
Pa-1, and the H2/C3H8 selectivity was only 1.34. However, after ZIF-8 growth, the
modified-PA membrane was covered by a dense and continuous ZIF-8 layer (Figure
2.16.b) and the hydrogen permeance reduced to 5.81 × 10-7 mol m-2 s-1 Pa-1 while
the H2/C3H8 selectivity increased up to 38.
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(b)

(a)

Figure 2.17 SEM images (a) surface of modified-PA support membrane; (b) and ZIF8/modified-PA membrane.
2.3.7 ZIF-8/Modified-Polysulfone (PSU-TrN) Membrane
Figure 2.18 exhibited the SEM images of original PSU-TrN membrane and ZIF-8/PSUTrN membrane. As can be seen in Figure 2.18.a, PSU-TrN membrane was very porous.
After contra-diffusion step, ZIF-8 crystals covered the PSU-TrN membrane’s surface
(Figure 2.18.b) but this ZIF-8 layer was not sufficiently uniform or dense. Interestingly,
the ZIF-8 crystal layer consisted of two parts (Figure 2.18.c). The upper ZIF-8 layer was
loose and non-continuous. However, the bottom ZIF-8 layer is much denser and the
crystal size was relatively small (Figure 2.18.d). Therefore, although ZIF-8/modified-PA
membrane has an uneven ZIF-8 layer, this membrane also had a dense ZIF-8 layer. The
hydrogen permeance of ZIF-8/PSU-TrN membrane was 7.17 × 10-8 mol m-2 s-1 Pa-1, and
its H2/C3H8 selectivity was 10.3.
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(a)

(b)

(c)

(d)

Figure 2.18 SEM images (a) original PSU-TrN membrane; (b)&(c)&(d) ZIF-8/PSU-TrN
membrane with different magnifications.
2.4 Conclusions
In this chapter, ZIF-8 membranes were prepared on various polymeric supports. Table
2.3 summarizes the H2 permeance and H2/C3H8 selectivity of all the prepared ZIF-8
membranes. All of these membrane samples were prepared under the same reaction
conditions by contra-diffusion method. Therefore, the only factor that can result in
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different gas permeation performances is the different properties of these polymeric
support membranes.
Table 2.3 Gas permeation properties of ZIF-8 membranes with different polymeric
supports
Membrane

Gas permeation testing method

H2 permeance

H2/C3H8
selectivity

(mol m-2 s-1 Pa-1)
ZIF-8/PAN

Wicke-Kallenbach method

1.31×10-7

8.3

ZIF-8/modified-PAN

Wicke-Kallenbach method

7.56 ×10-8

21.4

Constant pressure feed method

2.84×10-4

3.3

ZIF-8/modified-PEI

Wicke-Kallenbach method

1.44×10-7

12.6

ZIF-8/GO-PES

Wicke-Kallenbach method

3.93×10-7

18.9

ZIF-8/modified-PA

Wicke-Kallenbach method

5.81×10-7

38.5

ZIF-8/PSU-TrN

Wicke-Kallenbach method

7.17×10-8

10.3

ZIF-8/PEI

The polymer material of the support can affect the ZIF-8 growth due to its two main
properties:
1. The ZIF-8 binding ability of polymeric support membrane.
2. The porosity of polymeric support membrane.
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Higher ZIF-8 binding ability will enhance the ZIF-8 layer performance. However, there is
no existed method to quantify such kind of ZIF-8 binding abilities for polymeric support
membranes. Therefore, in this study, we easily tested support membrane’s zinc binding
ability to analyze their ZIF-8 binding ability. Because zinc ion acts as the metal center of
ZIF-8 crystals, when polymeric membrane binds more zinc ions, this membrane will also
more bind ZIF-8. We mentioned this positive correlation between zinc binding ability
and ZIF-8 membrane performance in section 2.3.2. Moreover, because modified-PEI
membrane contains imidazole side groups (ligand of ZIF-8 crystal is also imidazole),
modified-PEI membrane should have much better interaction with ZIF-8 than PEI
membrane. As a result, ZIF-8/modified-PEI membrane shows higher selectivity than ZIF8/PEI membrane.
The same idea also dominated in modified-PA membrane, where imidazole side groups
were present in the Polyamide 6F-DABA(50)-ODA(50) to make this polymer membrane
a good fit for ZIF-8 application. Moreover, for the same reason, PSU-TrN was selected
for ZIF-8 preparation. PSU-TrN bears the 1,2,3-triazole ring and OH groups in its side
chains, and these functional groups can effectively coordinate to zinc ions. To sum up,
better ZIF-8 binding ability will result in better ZIF-8 membrane.
Furthermore, the porosity of polymeric membrane is also important for ZIF-8 layer
quality. That is because we prepared ZIF-8 membrane by contra-diffusion method. The
diffusion rate of zinc solution and Hmim solution directly influence the result of ZIF-8
preparation. If the porosity of polymeric membrane is too low, the diffusion rate will be
also quite low. So that we cannot obtain continuous ZIF-8 layer and the gas permeance of
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the final ZIF-8 membrane will also be undesired. Therefore, high porosity of polymeric
support membrane should also benefit ZIF-8 membrane performance.
In this study, GO-PES mixed matrix membrane was also used as support for ZIF-8
membrane. This membrane satisfied the two mentioned requirements for good polymeric
support. Graphene Oxide fillers increased the porosity of membrane and the functional
groups of GO fillers increased the ZIF-8 binding ability (both NH2 and COOH groups
can bind ZIF-8 crystals). So that the contra-diffusion process was enhanced during ZIF-8
preparation and the interaction between ZIF-8 crystals and polymeric support was much
better.
In conclusion of this chapter, the optimum polymeric support for ZIF-8 preparation by
contra-diffusion method should have good ZIF-8 binding ability as well as relatively high
porosity.
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Chapter 3
Preparation of PTSC Supported ZIF-8 Membrane
3.1 Introduction
According to the conclusion of Chapter 2, the appropriate polymeric support membrane
for ZIF-8 preparation should exhibit very high porosity and ZIF-8 binding ability.
Specifically, a strong ZIF-8 binding ability means an outstanding zinc ion binding ability.
For the further optimization of ZIF-8 membrane preparation conditions, an outstanding
polymeric support membrane is necessary.
According to the above two requirements, poly-thiosemicarbazide (PTSC) was selected
for ZIF-8 membrane preparation. As shown in Figure 3.1, this polymer contains two
thiosemicarbazide groups per monomeric unit, so that each monomeric unit has one
chelate site. Moreover, each of these chelate sites contains several groups that can
interact with metal ions. As a consequence, PTSC demonstrates a very high density of
adsorption sites, and such high densities results in a superior metal ion adsorption
property.

Figure 3.1 structure of Poly-thiosemicarbazide (PTSC)
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The dramatic metal ions binding ability of PTSC had been reported many times since it
was first synthesized in 1962 [88]. Campbell and Tomic first reported PTSC’s excellent
metal ions binding ability. They found this polymer could strongly interact with lead,
silver, copper, nickel, iron and mercury and form chemical complexes [89]. Recently, L.
F. Villalobos et al. applied PTSC to fabricate asymmetric membranes, and successfully
recovered gold from a diluted gold solution by permeating the solution through a PTSC
membrane [90]. They also demonstrated that PTSC could bind gold ions and other noble
metal ions even at extreme acidic conditions [91]. In summary, PTSC can be used as an
adsorber for many kinds of metal ions. It also shows an interesting binding ability for
zinc ions.
Furthermore, PTSC can be easily manufactured into membranes by a NIPS method. An
open and interconnected porous PTSC membrane can be obtained by this way. And such
a membrane is suitable for contra-diffusion ZIF-8 preparation applications.
Therefore, in this study, we fabricated a PTSC polymer into very porous asymmetric
membranes to utilize its interesting property for ZIF-8 membrane preparation via contradiffusion method. In addition, in order to obtain the best performances of ZIF-8/PTSC
membrane, the parameters of ZIF-8 membrane preparation, such as polymeric support
membrane orientation, solvent selection, preparation temperature, preparation time and
reagent concentration were systemically studied. And optimum preparation conditions of
ZIF-8/PTSC membrane are proposed in this working.
With the optimum preparation conditions, a ZIF-8/PTSC membrane which has smoothfaced, uniform, ultra-thin and defect-free ZIF-8 crystal layer was obtained. The thickness
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of this transparent ZIF-8 layer is 620 nm, which exactly falls in the range of visible
light's wavelength and leads to an obvious thin film interference phenomena, as such, this
membrane exhibited an unique colorful shiny appearance. This prepared membrane was
then tested via Wicke-Kallenbach apparatus and showed hydrogen permeance of 4.35 ×
10-8 mol m-2 s-1 Pa-1 and a high ideal selectivity for hydrogen over propane of 523.
3.2 Experimental Section
3.2.1 Materials
In this study, N,N’-diaminopiperazine was supplied by Ramidus, methylenebis (4phenylisothiocyanate) and dimethyl sulfoxide (DMSO) was supplied by Sigma–Aldrich.
Polyether support that used in PTSC membrane fabrication was supplied from GMT
Membrantechnik GmbH (Rheinfelden). Both zinc nitrate hexahydrate (Zn(NO3)2.6H2O)
and 2-methylimidazole were obtained from Sigma–Aldrich. Methanol was obtained from
Fluka Analytical. All chemicals were used as received without further purification.
3.2.2 Preparation of PTSC Support
In this study, PTSC was obtained from the reaction of 4-phenylisothiocyanate and N,N’diaminopiperazine in dimethyl sulfoxide (DMSO) solvent. After PTSC synthesized,
PTSC support was fabricated via water induced phase separation method. A typical
process diagram of this method is shown in Figure 3.1. Firstly, a PTSC solution which
consisted of 10 wt% 1,4-dioxane, 15 wt% PTSC, and 75 wt% DMSO was stirred at 60
degree celsius for 5 hours. The stirring is then turned off. And the solution was kept at the
same temperature for another 5 h until no more air bubbles are leaving the solution. Next,
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cast 150-m-thick polymer solution films on polyether supports carefully to get a
uniform PTSC solution layer. After that, the formed polyether support was immersed in a
water bath (DI water) immediately at room temperature for 12 hours. Then the formed
membranes were taken out from the water batch and dried in the air overnight under
room temperature. Finally, this dried PTSC membrane was cut in circles with diameter of
2.4 cm and taped with concentric circle aluminum tapes that have inner diameter 1.2 cm
and an external diameter 2.4 cm to make sure that they can be perfect fitting with contradiffusion cells for the next ZIF-8 layer preparation experiment. The membranes were
stored in plastic seal sample bags until use.

Figure 3.2 Diagram of PTSC support membrane preparation process: (a) PTSC polymer
solutions poured in a polyether support and casting knife; (b) PTSC polymer solution
films with a wet thickness of 150 m; (c) PTSC support membrane formed via NIPS
method. [91]
3.2.3 Preparation of ZIF-8 Layer
Contra-diffusion method was employed for ZIF-8 layer synthesis on PTSC support.
Figure 3.4 shows a glass contra-diffusion cell that was used for PTSC supported ZIF-8
membrane’s preparation in this study. Such contra-diffusion cell consisted of two similar
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parts and each part of them composed of an inner chamber and an external chamber. For
inner chambers, we can put different solutions in different sides to conduct contradiffusion experiment. Moreover, there are two external chambers that exactly covered the
inner chambers and these external chambers allow fluid flowing through it with different
temperature so that we can control the temperature of the inner chambers.
In this study, Hmim was dissolved in methanol to make Hmim solution and
Zn(NO3)2.6H2O was also dissolved in methanol to make a zinc solution. After solution
preparation, PTSC support was put in the joint of two chambers, Hmim solution was put
in left chamber and zinc solution was put in right one. And then, during the reaction time,
contra-diffusion of these two solutions occurred and ZIF-8 crystals were synthesized
continuously. After the ZIF-8 layer growth, this membrane was taken out from diffusion
cell carefully and washed with methanol several times to remove excess traces of salts
and ZIF crystals before it was dried in air overnight.
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Figure 3.3 Contra-diffusion cells for ZIF-8 membrane preparations, PTSC supports were
put in the joint of two cells, Hmim solution were put in left cell and zinc solution were
put in right cell.
To obtain the best performances of this ZIF-8 membrane, the influence factors of ZIF-8
layer preparation were systemically studied in this research. Typically, the most
important factors included: reagent concentration, preparation time, preparation
temperature, polymeric support orientation and solvent selection. Experiments that were
conducted for obtaining optimum preparation conditions are shown as follows:
(1) Reagent concentration directly influenced ZIF-8 membrane’s properties. In this study,
we chosen methanol as the solvent for 2-methylimidazole (Hmim) and
Zn(NO3)2.6H2O solutions. The different concentration of solution pairs including: a)
Hmim solution concentration was 3.25g/L, Zn(NO3)2.6H2O solution concentration
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was 0.75g/L; b) Hmim solution concentration was 6.5g/L, Zn(NO3)2.6H2O solution
concentration

was

1.5g/L;

c)

Hmim

solution

concentration

was

13g/L,

Zn(NO3)2.6H2O solution concentration was 3g/L; d) Hmim solution concentration
was 65g/L, Zn(NO3)2.6H2O solution concentration was 15g/L. All of these four
experiments were conducted in the room temperature for two days, moreover, the
activated PTSC layer faced with zinc solution and the polyether support faced with
Hmim solution.
(2) Reaction time is one of the most important factors for ZIF-8 membrane synthesis. For
the best membrane performance, the optimal reaction time is necessary. In this
research, a series of times were chosen to study the influence of reaction time,
including: 3 hours, 6 hours, 24 hours and 48 hours. All of these four experiments
were conducted at room temperature with the same concentration where Hmim
solution concentration was 6.5g/L, Zn(NO3)2.6H2O solution concentration was
1.5g/L. In addition, the PTSC support orientations in the contra-diffusion cell were
the same (activated PTSC layer faced with zinc solution and the polyether support
faced with Hmim solution).
(3) Reaction temperatures significant influence the diffusion rate and ZIF-8
crystallization rate. Furthermore, the PTSC support also exhibits different permeation
properties with different temperature. Therefore, reaction temperature should be
optimized in this research. According to the boiling point of methanol in one
atmosphere pressure is 64.7 degree centigrade. In this research, the reaction
temperature should be lower than 64.7 degree centigrade. Therefore, four different
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temperatures was chosen here: a) 25 degree centigrade; b) 35 degree centigrade; a) 45
degree centigrade; d) 55 degree centigrade. These four experiments were conducted
in the same reagent concentration (Hmim solution concentration was 65g/L,
Zn(NO3)2.6H2O solution concentration was 15g/L) for two days. Moreover, the
membrane orientation in these four experiments also the same (PTSC layer faced with
zinc solution and the polyether support faced with Hmim solution).
(4) Both methanol and water were commonly used in ZIF-8 synthesis. In this study, both
of them were used to prepare PTSC supported ZIF-8 membranes. These two
experiments were conducted in the room temperature for two days with the same
mass/volume concentration where the Hmim/solvent concentration was 65g/L and
Zn(NO3)2.6H2O/solvent concentration was 15g/L. In addition, the support orientation
was also the same, so that the activated PTSC layer faced with zinc solution and the
polyether support faced with Hmim solution.
(5) Different PTSC support orientation may lead to different ZIF-8 layers location.
There are two kinds of support orientation: activated PTSC layer faced with zinc side
and polyether support with Hmim side or on the contrary. In this study, both of these
two situations were conducted in experiments. Both of these two experiments were
conducted in the room temperature for two days with the same concentration where
Hmim solution concentration was 65g/L and Zn(NO3)2.6H2O solution concentration
was 15g/L.
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3.2.4 Characterization
The SEM images of PTSC support’s surface and cross-section were carried out with FEI
Nova Nano-SEM. Moreover, the SEM images of PTSC supported ZIF-8 membrane were
taken by PEI Quanta 200 PEG SEM. The SEM samples for cross-section were fabricated
by fracturing after rapidly frozen in liquid nitrogen. Both the top-view and cross-section
SEM samples were attached in aluminum sample stage with aluminum tape and coated
with a 3nm of gold film under vacuum to obtain high quality images. X-ray diffraction
(XRD) patterns were taken by a diffractometer Bruker D8 Advance, Cu radiation (40 kV,
40 mA scan range 10-40° ).
3.2.5 Gas Permeation Tests
In this chapter, single gas permeation measurements were conducted in a WickeKallenbach apparatus for all of our membrane samples. The typical schematic of this
Wicke-Kallenbach apparatus is shown as Figure 3.4. During the gas permeation testing,
pure nitrogen was employed as sweep gas. The flow rate of feed gas and sweep gas were
equally set to 30 ml/min. The flow rate of the permeating gas was measured by gas
chromatograph (GC) and bubble flowmeter. All of the measurements here were
conducted at room temperature.
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Figure 3.4 Schematic of Wicke-Kallenbach principle for gas permeation tests using a GC
for gas fraction measurement (GC: gas chromatograph; P: pressure sensor; R: regulator;
MFC: mass-flow controller) [87]
According to the known membrane area A, transmembrane pressure difference Δpi and
permeating gas flow rate Ni. the permeance can be calculated:
𝑁

𝐽𝑖 = 𝐴𝛥𝑝𝑖

𝑖

(3)

All of the experimental values were measured at steady-state. The ideal selectivity αi j of
gases i and gas j was calculated by their permeances:
𝐽

𝛼𝑖 𝑗 = 𝐽𝑖

𝑗

(4)
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3.3 Result and Discussion
In this section, the morphologies of PTSC support and typical ZIF-8/PTSC membrane are
discussed. Moreover, all of the experimental factors that we addressed in section 3.2 will
be discussed also. Results from SEM, XRD and Wicke-Kallenbach apparatus (for gas
permeation tests) as well as the interpretations of the data are presented here.
3.3.1 Morphologies of PTSC Support and ZIF-8/PTSC Membrane
In accordance to the principle of contra-diffusion method, the competent polymeric
support should be porous and chemical stably. Moreover, for ZIF-8 preparation
application, the proper polymeric support should have high density of adsorption sites to
bind zinc ions so that it can obtain adequate adhesion between polymeric support and
ZIF-8 layer. Preliminary studies have already indicated that PTSC was very stable in
Hmim solution and zinc solution. Moreover, as literature shows, PTSC has tremendous
potentiality to bind metal ions. Therefore, we just need to make this PTSC membrane
very porous. Figure 3.3 exhibit the surface and cross-section images of clean PTSC
support. It indicates that this PTSC support was very porous and the pore sizes of its skin
layer were between 10 to 20 nm. That means this PTSC support with tremendous
potentiality for ZIF-8 layer preparation, especially via contra-diffusion method.
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(a)

(b)

Figure 3.5 SEM images of PTSC membrane (a) top-view and (b) cross-section.
Thanks to the excellent properties of PTSC support and the remarkable benefits of
contra-diffusion method, the obtained ZIF-8/PTSC membrane exhibited much better
performance than all of the polymeric supported ZIF-8 membranes that we prepared in
Chapter 2. Figure 3.5 shows two SEM images of the cross-section of our best PTSC
supported

ZIF-8

membranes.

This

membrane

prepared

with

Hmim/methanol

concentration 6.5g/L and Zn(NO3)2.6H2O/methanol concentration 1.5g/L at room
temperature for two days. The activated side (PTSC layer) faced with the zinc solution
and the polyether support side faced with Hmim solution. A smooth-faced, uniform and
defect-free crystal layer could be identified by these two images. The thickness of this
ZIF-8 layer was around 620nm. And this PTSC support demonstrated great adhesion with
this thin ZIF-8 layer.
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(a)

(b)

Figure 3.6 SEM images of ZIF-8/PTSC membrane’s cross-section with different
magnification.
The EDX elemental mapping shown in Figure 3.7 revealed the elemental distribution of
zinc, sulfur and carbon atoms. As we see, a large quantity of zinc atoms concentrated
only on the PTSC support surface but not distributed homogenously throughout the PTSC
support. In the meantime, there are very seldom sulfur signals shown on the membrane
surface and almost all of the sulfur signals only appeared on PTSC support. First of all,
that’s because the chemical compositions of ZIF-8 and PTSC are different. ZIF-8 crystal
consists of zinc ions and Hmim ligand so that it contains zinc, carbon, nitrogen and
hydrogen atoms. However, according to its structure, PTSC composed of sulfur, carbon,
nitrogen and hydrogen atoms. Therefore, there are no zinc signals in PTSC support and
no sulfur in ZIF-8 layer and vice versa.
Secondly, for zinc atoms, because the activated PTSC layer faced with zinc solution and
polyether support faced with Hmim solution. As the cross-section image shown, Hmim
faced with much bigger pores than zinc ions (zinc ion solution faced with PTSC
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membrane’s skin layer where the diameter of pores is only 10 to 20 nm). Therefore,
Hmim will go through PTSC support much quicker than zinc ions. So that Hmim will
meet with zinc ions near the skin layer of PTSC support soon, and ZIF-8 crystals will
form immediately. These formed ZIF-8 crystals will continuously block the diffusion
pathways of PTSC support until a continuous ZIF-8 layer is formed and the diffusion
pathway be totally blocked. That’s why very scarce zinc atoms can be detected inside the
PTSC matrix. Because the ZIF-8 layer on support surface formed quickly and defect-free,
so it totally blocked the diffusion pathway and zinc ions have no chance to appear on
PTSC matrix.
However, different from zinc atoms and sulfur atoms, there are very strong carbon
signals appeared on both ZIF-8 layer and PTSC support. That’s because both the Hmim
ligand in ZIF-8 crystals and PTSC matrix contain a lot of carbon atoms. However,
comparing with the PTSC support, the carbon signals of ZIF-8 layer is more significant.
That’s because ZIF-8 crystal layer was dense and defect-free, but PTSC support was very
porous.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.7 Cross-section SEM image and X-ray element map of the PTSC membrane
after the contra-diffusion preparation for 2 days. (a) Scanning Electron image; (b) Zn
atom distribution; (c) Secondary electron image, 10 keV; (d) C map; (e) S map; (f) Zn
map.
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3.3.2 Influence of Preparation Temperature
Reaction temperature directly influences the diffusion rate and reaction rate. As we
mentioned in section 3.2.3, all of the experiments in these section were conducted at
different temperature with Hmim solution concentration 65g/L and Zn(NO3)2.6H2O
solution concentration 15g/L for two days. Moreover, activated PTSC layer faced with
zinc solution and the polyether support faced with Hmim solution.
The morphologies of membranes were studied via XRD and SEM here. Figure 3.8 shows
the XRD patterns of four ZIF-8 membranes that grown with different preparation
temperature. Figure 3.9 exhibits the surface images of these PTSC supported ZIF-8
membranes.
As Figure 3.8 shown, ZIF-8 crystals occurred on three membrane samples that we
prepared under 25 degree centigrade, 35 degree centigrade and 45 degree centigrade.
However, there are no visible ZIF-8 signals shown in Figure 3.8.4 that membrane was
prepared at 55 degree centigrade.
The sample that we made at 25 degree centigrade shows very strong ZIF-8 signals
(Figure 3.8.1). That indicates this membrane with the thickest ZIF-8 crystal layer.
However, when preparation temperature increased to 35 degree celsius, ZIF-8 peaks
became weaker and the location of these peaks also changed a lit bit (Figure 3.8.2).
Furthermore, when reaction temperature increased to 45 or 55 degree centigrade, the ZIF8 signal became even weaker (Figure 3.8.3 and Figure 3.8.4).
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Figure 3.8 X-ray diffractograms of ZIF-8 (simulated), PTSC support and ZIF-8/PTSC
membranes with different preparation temperatures. From top to down, including: (1)
25°C; (2) 35°C; (3) 45°C; (4) 55°C.
The SEM images of membrane’s top-view are exhibited in Figure 3.9. Sample 1 (Figure
3.9.a) shows a matte ZIF-8 layer. And plenty of unconsolidated ZIF-8 crystals were
exhibited on this membrane. With the preparation temperature increasing, ZIF-8 crystals
vanished from the membrane surface gradually. Finally, the ZIF-8 layers became
discontinuous and more and more bare PTSC support surfaces was shown (Figure 3.9.c
and Figure 3.9.d).
Generally, a higher temperature will increase diffusion rate and increase crystallization
rate. Therefore, a higher preparation temperature is usually preferred for this application.
However, in this study, higher reaction temperature resulted in worse ZIF-8 layers. That’s
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maybe because some of the membrane properties of our PTSC support were changed in
hot Hmim/zinc/methanol solution systems. Or higher preparation temperatures possibly
cause ZIF-8 layers to change location so that ZIF-8 crystals don’t accumulate in PTSC
support’s surface.

(a)

(b)

(c)

(d)

Figure 3.9 Top-view SEM images of the ZIF-8/PTSC membranes with different
preparation temperatures: (a) 25°C; (b) 35°C; (c) 45°C; (d) 55°C.
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Gas permeation properties of these PTSC supported ZIF-8 membranes are shown in
Table 3.1. As the gas permeation results shown, the hydrogen permeances of these four
membranes went down regularly. However, the selectivity of these four samples also
went down in turn. That’s maybe because some properties of PTSC supports were
changed in ZIF-8 membrane preparation.
According to results of gas permeation tests, SEM and XRD. We can determine that the
best preparation temperature for PTSC supported ZIF-8 membrane is 25 degree
centigrade.
Table 3.1 Gas permeation properties of PTSC supported ZIF-8 membranes with different
preparation temperatures
Name of membranes

Preparation temperatures

Hydrogen permeance

H2/C3H8

(mol m-2 s-1 Pa-1 )

selectivity

Blank PTSC support

-------

9.38 × 10-8

2.8

ZIF-8/PTSC-1

25°C

7.02 × 10-8

29.2

ZIF-8/PTSC-2

35°C

5.29 × 10-8

15.5

ZIF-8/PTSC-3

45°C

4.11 × 10-8

11.9

ZIF-8/PTSC-4

55°C

2.64 × 10-8

8.9
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3.3.3 Effect of Solvent
As we indicated in section 3.2.3, the difference between two most commonly used
solvents were studied in this section. All of the experiments in these section were
conducted at 25 degree celsius with Hmim/solvent concentration 65g/L and
Zn(NO3)2.6H2O/solvent concentration 15g/L for two days. Moreover, activated PTSC
layer faced with zinc solution and the polyether support faced with Hmim solution. The
morphologies of membranes were studied via XRD and SEM here. Figure 3.10 exhibits
the XRD patterns of four ZIF-8 membranes that grown with different solvents. Figure
3.11 shows the surface images of these PTSC supported ZIF-8 membranes.

Figure 3.10 X-ray diffractograms of ZIF-8 (simulated), PTSC support and ZIF-8/PTSC
membranes with (1) water solvent and (2) methanol solvent.
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As Figure 3.10 shown, the membrane sample that we prepared at water system doesn’t
show significant ZIF-8 crystal signals. However, the membrane sample with methanol
solvent shows strong ZIF-8 peaks (Figure 3.10.2). That means a methanol solvent system
can provide much better ZIF-8 morphology than a water system.

(a)

(b)

Figure 3.11 Top-view SEM images of the ZIF-8/PTSC membranes with different
preparation solvents: (a) water; (b) methanol.
Figure 3.11 exhibited the SEM images of membrane’s surface. Sample 1 (Figure 3.11.a)
shows a continuous ZIF-8 layer that was prepared with water solution. The crystal size is
relatively small, and the crystal shape is not so clearly. Sample 2 (Figure 3.11.b) shows a
lot of unconsolidated ZIF-8 crystals, but the crystal size is relatively big and the
morphology of ZIF-8 crystal is much better.
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Table 3.2 Gas permeation properties of PTSC supported ZIF-8 membranes with different
solvents
Name of membranes

Solvent selection

Hydrogen permeance

H2/C3H8

(mol m-2 s-1 Pa-1 )

selectivity

Blank PTSC support

-------

9.38 × 10-8

2.8

ZIF-8/PTSC-1

Water

6.51 × 10-9

8.5

ZIF-8/PTSC-2

Methanol

7.02 × 10-8

29.2

Gas permeation properties of these two PTSC supported ZIF-8 membranes are shown in
Table 3.2. The hydrogen permeance of ZIF-8/PTSC-1 membrane that was prepared in
water solutions was over 10 times lower than methanol one. Moreover, the selectivity of
this membrane is also lower than the membrane that was prepared in methanol solutions.
This may possibly because in the methanol solvent, the morphology of ZIF-8 crystal is
better. According to results of gas permeation tests, SEM and XRD, it clearly shows that
methanol is a better solvent to prepare PTSC supported ZIF-8 membranes via contradiffusion method.
3.3.4 Effect of Support Orientation
When we put PTSC support into contra-diffusion cells. Two possible support orientations
always existed: PTSC layer faced with zinc solution and the polyether support faced with
Hmim solution or on the contrary. In this section, both of them were studied. These two
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experiments were conducted at 25 degree centigrade with Hmim/methanol concentration
65g/L and Zn(NO3)2.6H2O/methanol concentration 15g/L for two days. The morphology
of membrane was studied via XRD and SEM here. Figure 3.12 shows the XRD patterns
of four ZIF-8 membranes that grown with different solvents. Figure 3.13 shows the
surface SEM images of PTSC supported ZIF-8 membranes.

Figure 3.12 X-ray diffractograms of ZIF-8 (simulated), PTSC support and ZIF-8/PTSC
membranes with different PTSC support orientation: (1) PTSC layer faced with Hmim
side and (2) PTSC layer faced with zinc side.
As Figure 3.12 shown, only the sample that PTSC layer faced with zinc solutions shows
ZIF-8 crystal signals. However, the membrane sample that PTSC faced with Hmim
solution only shows three huge PTSC signals (Figure 3.12.1). That means the ZIF-8 layer
didn’t occur on the PTSC surface in this case.
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(a)

(b)

Figure 3.13 Top-view SEM images of the ZIF-8/PTSC membranes with different PTSC
support orientations: (a) PTSC layer faced with Hmim side, (b) PTSC layer faced with
zinc side.
Figure 3.13 exhibited the SEM images of membrane’s surface. Sample 1 (Figure 3.13.a)
shows a clean surface of PTSC support. The activated PTSC layer of this membrane
faced with Hmim solution and there are almost no ZIF-8 crystals occurred. That means
maybe most of the ZIF-8 crystals were formed in support side. On the contrary, sample 2
(Figure 3.13.b) shows a lot of ZIF-8 crystals in the surface of PTSC support. That’s
because the activated PTSC layer faced with zinc solutions, so that the zinc ions and
Hmim molecules meet with each other and formed ZIF-8 crystals in this layer.
Gas permeation properties of these two PTSC supported ZIF-8 membranes are shown as
Table 3.3. The hydrogen permeance of ZIF-8/PTSC-1 membrane was about 4 times
lower than ZIF-8/PTSC-2. Furthermore, the selectivity of this membrane also lower than
ZIF-8/PTSC-2. That’s because the support orientation determine the location of ZIF-8
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layer. When ZIF-8 layer occurred on the surface of porous membrane, the layer of ZIF-8
will be thin and much more uniform. Therefore, both the selectivity and gas permeance
will increase. So that, the best support orientation in this research is activated PTSC layer
faced with zinc solution and polyether support faced with Hmim.
Table 3.3 Gas permeation properties of PTSC supported ZIF-8 membranes with different
support orientation
Name of membranes

PTSC support orientation

Hydrogen permeance

H2/C3H8

(mol m-2 s-1 Pa-1 )

selectivity

Blank PTSC support

-------

9.38 × 10-8

2.8

ZIF-8/PTSC-1

PTSC with Hmim

1.79 × 10-8

18.0

ZIF-8/PTSC-2

PTSC with zinc

7.02 × 10-8

29.2

3.3.5 Influence of Reagent Concentration
We chosen methanol as the solvent to prepare 2-methylimidazole (Hmim) and
Zn(NO3)2.6H2O solutions. Four recipes were taken in ZIF-8 membrane preparations as
we mentioned in section 3.2.3. All of these four experiments were conducted in the room
temperature for two days, moreover, the activated PTSC layer faced with zinc solution
and the polyether support faced with Hmim solution.
XRD and SEM were employed to get the morphology information of membrane samples
in this section. Figure 3.14 shows the XRD patterns of four ZIF-8 membranes that grown
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with different reagent concentrations. Figure 3.15 exhibits the cross-section SEM images
and Figure 3.16 shows the surface images of these PTSC supported ZIF-8 membranes.
As the XRD patterns (Figure 3.14) shown, all of these four membranes obtained ZIF-8
crystals on PTSC surface. However, comparing with the huge peaks of PTSC, most of
ZIF-8 signals are relatively weak. So most of the ZIF-8 peaks that located in between 15
degree and 30 degree were ate by PTSC peaks. That indicates these ZIF-8 layer should be
very thin. However, one of the membrane samples (sample 4) shows much stronger ZIF8 signals than other three samples. That’s because it was prepared with much higher
reagent concentration than others (20 times to sample 1; 10 times to sample 2; and 5
times to sample 3). Therefore, its ZIF-8 layer was much thicker and its ZIF-8 signal was
also much stronger than else.
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Figure 3.14 X-ray diffractograms of ZIF-8 (simulated), PTSC support and ZIF-8/PTSC
membranes with different reagent concentration: (1) Hmim concentration 3.25g/L,
Zn(NO3)2.6H2O concentration 0.75g/L; (2) Hmim concentration 6.5g/L, Zn(NO3)2.6H2O
concentration 1.5g/L; (3) Hmim concentration 13g/L, Zn(NO3)2.6H2O concentration
3g/L; (4) Hmim concentration 65g/L, Zn(NO3)2.6H2O concentration 15g/L.
Cross-sections SEM images of four different membrane samples are shown in Figure
3.15. The thickness of ZIF-8 layers can be determined by it. With the lowest preparation
concentration, sample 1 (Figure 3.15.a) obtained an uneven ZIF-8 layer, and the thickness
of its ZIF-8 layer was between 800nm to 2µm. However, with the reagent concentration
increasing, ZIF-8 layer’s thickness decreased a lot. For example, when the reagent
concentration was doubled, the thickness of ZIF-8 layer went down to 620nm (as Figure
3.15.b shown). Moreover, when we put four times reagent concentration, the ZIF-8
layer’s thickness farther decreased to around 220nm (Figure 3.15.c). But when we risen
the reagent concentration to 20 times, the thickness of ZIF-8 layer suddenly increased to
13µm, and a lot of defects appeared (Figure 3.15.d). These phenomena indicate that both
too low and too high reagent concentration were bad for ZIF-8 layer preparation.
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(a)

(b)

(c)

(d)

Figure 3.15 Cross-section SEM images of the ZIF-8/PTSC membranes for different
reactant concentrations: (a) Hmim concentration 3.25g/L, Zn(NO3)2.6H2O concentration
0.75g/L; (b) Hmim concentration 6.5g/L, Zn(NO3)2.6H2O concentration 1.5g/L; (c)
Hmim concentration 13g/L, Zn(NO3)2.6H2O concentration 3g/L; (d) Hmim concentration
65g/L, Zn(NO3)2.6H2O concentration 15g/L.
The SEM images of membrane’s top-view are exhibited as Figure 3.16. Sample 1 (Figure
3.16.a) shows an uneven ZIF-8 layer. The crystal sizes of ZIF-8 were quite large in this
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membrane. Generally, the diameters of ZIF-8 crystals were bigger than 2µm. Some small
defects can be observed between these big crystals.
With the reagent concentration increasing, crystal sizes of ZIF-8 decreased significantly
and ZIF-8 layer became much smoother than sample 1. For example, when the reagent
concentration was doubled, the ZIF-8 layer became very uniform and flat, the crystal size
of ZIF-8 also decreased a lot (Figure 3.16.b). When the reagent concentration was
doubled again, the membrane still shows small crystal size of ZIF-8, but a little bit of big
crystals appeared (Figure 3.16.c). When we risen the reagent concentration further, plenty
of individual ZIF-8 crystals occurred, and a lot of defects appeared (Figure 3.16.d).
According to these phenomena, we can find some experimental rules. Firstly, low reagent
concentration will lead to low diffusion rate and cause the ZIF-8 crystals growing up
slowly, so that the diffusion pathways will not be blocked so quickly. That’s why the
crystal size in this situation will be bigger. However, owing to the low reagent
concentrations, the defects of crystal layer are hard to be totally filled, so that it’s very
hard to obtain very perfect ZIF-8 layer.
Secondly, when we increasing reagent concentrations too much, the diffusion rate will be
much higher. Because the pores of polymeric support are not totally uniform, in some
area of PTSC support, the ZIF-8 crystals are synthesized very rapidly and big crystals
block most of diffusion pathway, but other area is still empty. In this situation, a perfect
ZIF-8 layer is also very hard to synthesize.
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(a)

(b)

(c)

(d)

Figure 3.16 SEM images of the ZIF-8/PTSC membranes for different reactant
concentrations: (a) Hmim concentration 3.25g/L, Zn(NO3)2.6H2O concentration 0.75g/L;
(b) Hmim concentration 6.5g/L, Zn(NO3)2.6H2O concentration 1.5g/L; (c) Hmim
concentration 13g/L, Zn(NO3)2.6H2O concentration 3g/L; (d) Hmim concentration 65g/L,
Zn(NO3)2.6H2O concentration 15g/L.
Figure 3.17 exhibits a series of membrane’s appearances with alumina tape. Figure 3.17.a
is an original PTSC support, which shows a shiny white PTSC layer. From Figure 3.17.b
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to Figure 3.17.e are PTSC supported ZIF-8 membranes that were prepared by different
reagent concentrations.
(a)

(b)

(c)

(d)

(e)

Figure 3.17 Appearances of ZIF-8/PTSC membranes with different preparation
concentrations: (a) clean PTSC membrane; (b) Hmim concentration 3.25g/L,
Zn(NO3)2.6H2O concentration 0.75g/L; (c) Hmim concentration 6.5g/L, Zn(NO3)2.6H2O
concentration 1.5g/L; (d) Hmim concentration 13g/L, Zn(NO3)2.6H2O concentration
3g/L; (e) Hmim concentration 65g/L, Zn(NO3)2.6H2O concentration 15g/L.
Figure 3.17.b shows a membrane which was prepared with Hmim concentration 3.25g/L
and zinc concentration 0.75g/L. The shiny appearance of PTSC support disappeared due
to a matte surface of ZIF-8 layer was formed (as Figure 3.16.a shown). And this matte
surface leaded to Diffuse Reflection phenomena. Likewise, Figure 3.17.e is a ZIF-8
membrane which was fabricated with Hmim concentration 65g/L and Zn(NO3)2.6H2O
concentration 15g/L, the shiny appearance also vanished due to its rough ZIF-8 layer
(Figure 3.16.d).
However, as we see, Figure 3.17.c exhibits a beautiful membrane which has unique shiny
colorful surface. This membrane was prepared with Hmim concentration 6.5g/L and
Zn(NO3)2.6H2O concentration 1.5g/L. Such kind of colorful surface is because this
membrane has an ultra-thin, uniform and defect-free ZIF-8 crystal layer which also with
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relatively smooth surface (Figure 3.16.b). As shown in its cross-section SEM image
(Figure 3.15.b), the thickness of this transparent ZIF-8 layer is around 620 nm, which
falls in the range of visible light's wavelength and lead to so-called Thin Film
Interference phenomena (as Figure 3.18 illustrated).

Figure 3.18 Illustration of thin film interference phenomena in ZIF-8/PTSC membrane
In this case, the minimum film thickness required for constructive interference is a
quarter of the visible light wavelength. Considering to the wavelength of visible light is
between 400nm to 700 nm, so that the thickness of ZIF-8 layer should be over 100 nm for
constructive interference to take place. Moreover, not only the thickness of ZIF-8 layer is
very important for constructive interference phenomena, but also a smooth ZIF-8 surface
is necessary to cause interference phenomena. Figure 3.17.d exhibits a slight colorful
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membrane surface. This sample was prepared with double concentration to previous one
(Figure 3.17.c). However, as shown in Figure 3.15.3 and 3.16.3, the thickness of this ZIF8 layer went down to 200nm and the surface of ZIF-8 layer became much rougher than
previous one, so that the interference phenomena became inconspicuous.
Gas permeation measurements of these PTSC supported ZIF-8 membranes were
conducted via Wicke-Kallenbach method. The results are shown in Table 3.4:
Table 3.4 Gas permeation properties of PTSC supported ZIF-8 membranes with various
reagent concentrations.
Name of membranes

Concentration of reagent

Hydrogen permeance

H2/C3H8

(mol m-2 s-1 Pa-1 )

selectivity

Blank PTSC support

-------

9.38 × 10-8

2.8

ZIF-8/PTSC-1

Hmim 3.25g/L, zinc 0.75g/L

8.68 × 10-8

11.6

ZIF-8/PTSC-2

Hmim 6.5g/L, zinc 1.5g/L

4.35 × 10-8

523.1

ZIF-8/PTSC-3

Hmim 13g/L, zinc 3g/L

8.36 × 10-8

75.7

ZIF-8/PTSC-4

Hmim 65g/L, zinc 15g/L

7.02 × 10-8

29.2

As the gas permeation result shown, according to that smooth, uniform and defect-free
ZIF-8 layer, ZIF-8/PTSC-1 membrane obtained selectivity 523 for H2/C3H8 separation
and hydrogen permeance 4.35 × 10-8 mol m-2 s-1 Pa-1. That means ZIF-8/PTSC-1
obtained high selectivity and high gas permeance together. However, the hydrogen
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permeance of clean PTSC support is 9.38 × 10-8 mol m-2 s-1 Pa-1 and H2/C3H8 selectivity
is only 2.82. Therefore, this thin ZIF-8 crystal layer didn’t decrease gas permeance a lot,
but increasing gas selectivity over 200 times. The best reagent concentration is Hmim
concentration 6.5g/L and Zn(NO3)2.6H2O concentration 1.5g/L.
3.3.6 Influence of Preparation Time
In this section, the influence of preparation time was studied. As we mentioned in section
3.2.3, all of the experiments in these section were conducted at room temperature with
Hmim solution concentration 6.5g/L and Zn(NO3)2.6H2O solution concentration 1.5g/L.
Moreover, activated PTSC layer faced with zinc solution and the polyether support faced
with Hmim solution.
XRD and SEM were employed to get the morphology information of membrane samples
in this section. Figure 3.19 shows the XRD patterns of four ZIF-8 membranes that grown
with different preparation time. Figure 3.20 exhibits the cross-section SEM images and
Figure 3.21 shows the surface images of these PTSC supported ZIF-8 membranes.
As Figure 3.19 shown, all of these four membranes got ZIF-8 crystals on polymeric
support surface. However, most of ZIF-8 signals are very weak, so that we need to check
them very carefully. That indicates all of these samples should have ultra-thin ZIF-8
crystal layers. Especially, the membrane which prepared for three hours exhibited the
weakest ZIF-8 signals. And only one sample which prepared for 48 hours shows obvious
ZIF-8 signals. Therefore, that membrane should have the thickest ZIF-8 crystal layer
among all of these membranes.
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Figure 3.19 X-ray diffractograms of ZIF-8 (simulated), PTSC support and ZIF-8/PTSC
membranes with different preparation times (from top to down, including: 3 hours, 6
hours, 24 hours, and 48 hours).
Figure 3.20 exhibits the cross-section SEM images of membrane samples. The thickness
of ZIF-8 layers can be determined by these images. With the shortest preparation time,
sample 1 (Figure 3.20.a) has the thinnest ZIF-8 layer, and the thickness of its ZIF-8 layer
was around 200nm. As the preparation time increasing in turn, the thickness of ZIF-8
layer went up to 310nm in sample 2 (Figure 3.20.b), 420nm in sample 3 (Figure 3.20.c)
and 620nm in sample 4 (Figure 3.20.d). Therefore, with the preparation time increasing,
ZIF-8 layer’s thickness increased consequently.
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(a)

(b)

(c)

(d)

Figure 3.20 Cross-section SEM images of the Zif-8/PTSC membranes with different
preparation times: (a) 3 hours; (b) 6 hours; (c) 24 hours; (d) 48 hours.
The SEM images of membrane’s top-view are exhibited as Figure 3.21. Sample 1 (Figure
3.21.a) shows a very flat, continuous and dense ZIF-8 layer. The crystal sizes of ZIF-8
were very small in this membrane. In fact, the diameter of ZIF-8 crystals was smaller
than 100nm.
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With the preparation time increasing, crystal sizes of ZIF-8 increased obviously.
However, all of these four membranes have very uniform and smooth ZIF-8 layer. When
the preparation was extended to 48 hours, the membrane still shows defect-free ZIF-8
layer (Figure 3.21.d).

(a)

(b)

(c)

(d)

Figure 3.21 Top-view SEM images of the ZIF-8/PTSC membranes with different
preparation times: (a) 3hours; (b) 6hours; (c) 24 hours; (d) 48 hours.
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According to these phenomena, we can find that the longer preparation time will increase
the crystal size and result in thicker ZIF-8 layer. That means even all of the pathways in
polymeric support be blocked by ZIF-8 crystals, some zinc ions and Hmim molecules are
still able to penetrate the PTSC support and the ZIF-8 crystal layer to form more ZIF-8
crystals. Therefore, longer preparation time will lead to thicker ZIF-8 layer and vice
reverse for sure.
Table 3.5 Gas permeation properties of PTSC supported ZIF-8 membranes with different
preparation time
Name of membranes

Preparation time

Hydrogen permeance

H2/C3H8

(mol m-2 s-1 Pa-1 )

selectivity

Blank PTSC support

-------

9.38 × 10-8

2.8

ZIF-8/PTSC-1

3 hours

6.07 × 10-8

115.0

ZIF-8/PTSC-2

6 hours

5.59 × 10-8

51.4

ZIF-8/PTSC-3

24 hours

4.93 × 10-8

70.1

ZIF-8/PTSC-4

48 hours

4.35 × 10-8

523.1

Gas permeation tests of these PTSC supported ZIF-8 membranes were conducted by
Wicke-Kallenbach set-up. The results are shown as Table 3.5. As the gas permeation
result shown, the hydrogen permeance of these four membranes went down regularly.
That’s because the ZIF-8 layer’s thickness of these membrane samples increasing in turn.
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But the selectivity relies on the ZIF-8 layer’s quality. Although all of these ZIF-8 layers
looks like perfect, some crystal defects were still existed. Therefore, the H2/C3H8
selectivity wasn’t increasing with the thickness of ZIF-8 layers increasing. The best
preparation time for this application is 48 hours.
3.4 Conclusions
In this chapter, we fabricated a porous PTSC support to prepare a superior performance
polymeric supported ZIF-8 membrane via contra-diffusion method. Original PTSC
membranes exhibited H2/C3H8 selectivity 2.82 and hydrogen permeance 9.38 × 10-8 mol
m-2 s-1 Pa-1. And our obtained PTSC supported ZIF-8 membrane with H2/C3H8 selectivity
523 and hydrogen permeance of 4.35 × 10-8 mol m-2 s-1 Pa-1.
This membrane has very unique shiny and colorful surface due to it having a uniform,
ultra-thin, defect-free and smooth-faced ZIF-8 crystal layers. The thickness of this
transparent ZIF-8 layers is 620 nm, which exactly falls in the range of visible
light's wavelength and leading to Thin Film Interference phenomena. Thanks to this
defect-free ultra-thin ZIF-8 layer, this membrane obtained high selectivity and
high gas permeance together. That means this ultra-thin ZIF-8 crystal layer didn’t
decrease the gas permeance of PTSC support a lot (only 60%), but increasing its gas
selectivity about two hundred times.
The factors of ZIF-8 layer preparation were systemically studied in this chapter,
including: reagent concentration, preparation time, preparation temperature, polymeric
support orientation and solvent selection. The results are shown as follows:
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(1) Both high reagent concentration and low reagent concentration are bad for ZIF-8
layer preparation. In this study, low reagent concentration will lead to insufficient driving
force to form dense and uniform ZIF-8 layer. In some cases, although the absolute
amounts of reactants are totally enough to form plenty of ZIF-8 crystals, due to the
technique features of contra-diffusion method, not all of these reactants can be involved
in ZIF-8 crystallization reaction. Therefore, such kind of reagent concentration is still too
low for ZIF-8 layer preparation. However, when the reagent concentrations are too high,
we also cannot fabricate perfect ZIF-8 layer. That’s because both of the diffusion rate and
reaction rate are very high in high reagent concentration case. Therefore, some ZIF-8
crystals occur on PTSC surface very quickly, and they block the diffusion pathways of
PTSC membrane immediately. Eventually, the obtained ZIF-8 layer is not so uniform and
also not so continuous.
(2) Preparation time directly determine the thickness of ZIF-8 membrane, In this study,
when we only changed the reaction time but all of the rest of preparation conditions were
the same, the thickness of ZIF-8 layer can be adjusted from 190nm to 620nm.
Theoretically, thicker ZIF-8 layer will cause lower gas permeance and better selectivity.
However, even the thickness of ZIF-8 layer was 620 nm, this ZIF-8 layer was still ultrathin so that the gas permeance of ZIF-8 membrane was still quite high.
(3) Contrary to popular belief, lower preparation temperature will lead to better ZIF-8
layer on this PTSC support membrane. That’s maybe because the properties of PTSC
support membrane are changed in hot Hmim/methanol solution. And such kinds of PTSC
membrane were misfit for ZIF-8 layer preparation. Furthermore, lower preparation
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temperature will provide a gentle environment for ZIF-8 crystallization process, so that
all of the ZIF-8 crystals on PTSC support can form much slowly and uniform ZIF-8 layer
can be obtained.
(4) Polymeric orientation can influence the location of ZIF-8 layer. Only if the ZIF-8
layer located on the activated surface of PTSC support membrane, a superior ZIF-8
membrane can be achieved. That’s because there are a lot of big holes inside of PTSC
support and plenty of horrible gaps between the polyether fibers in polyether support
side. Therefore, only if the ZIF-8 layer located in the activated surface (skin layer) of
PTSC membrane, a defect-free ZIF-8 membrane could be formed and great membrane
performance could be achieved.
(5) For solvent selection, the ZIF-8 membrane that prepared from methanol solutions
shows much better performance than that from water solutions. That’s mainly because
the morphology of obtained ZIF-8 layer with methanol system was much better than that
from water system.
All in all, the optimum preparation conditions of ZIF-8/PTSC membrane were
determined: Hmim/methanol concentration is 6.5g/L and Zn(NO3)2.6H2O/metanol
concentration is 1.5g/L at room temperature for two days preparation. In addition, the
activated side of PTSC support faced with the zinc solution and the polyether support
side faced with Hmim solution.
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Chapter 4
Conclusions
To prepare the superior polymeric supported ZIF-8 membrane via contra-diffusion
method, many of factors were systemically studied in this study. The whole research can
be simply divided into two parts: selection of polymeric support membranes and
optimization of ZIF-8 layer preparation conditions.
The properties of polymeric support membrane influence obtained ZIF-8 membrane’s
performances significantly. In this thesis, ZIF-8 membranes were prepared on various
kinds of polymeric supports. The results of polymeric supported ZIF-8 membranes
indicated two key properties of original polymeric membrane that influence obtained
ZIF-8 membrane a lot: firstly, the ZIF-8 binding ability of polymeric membrane;
secondly, the porosity of polymeric membrane.
Higher ZIF-8 binding ability of polymeric membrane will lead to better performance of
obtained ZIF-8 membrane. This inference was confirmed by the H2/C3H8 selectivity
differences between ZIF-8/PAN membrane and ZIF-8/modified-PAN membrane or ZIF8/PEI membrane and ZIF-8/modified-PEI membrane. Comparing with the commercial
PAN membrane, modified-PAN membrane contained a lot of tetrazole group. Likewise,
comparing with the PEI membrane, modified-PEI membrane has plenty of imidazole side
groups. These functional side groups can effectively coordinate to zinc ions and lead to
higher ZIF-8 binding ability. Eventually, better ZIF-8 layers and higher selectivity
membrane were obtained from modified polymeric support membranes.
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Moreover, the porosity of polymeric membrane is also quite important for ZIF-8
preparation. That’s because we prepared ZIF-8 membrane via contra-diffusion method. If
the porosity of polymeric membrane was too low, the diffusion process should be also
quite slowly, so that we cannot achieve a continuous ZIF-8 layer. Therefore, high
porosity of polymeric support membrane will benefit ZIF-8 membrane preparation.

(a)

(b)

(c)

Figure 4.1 Images of ZIF-8/PTSC membrane that prepared with optimum conditions: (a)
appearance of membrane; (b) cross-section SEM image; (c) top-view SEM image.
To sum up, the optimum polymeric support membrane for ZIF-8 membrane preparation
via contra-diffusion method should have good ZIF-8 binding ability and high porosity
simultaneously. Porous PTSC membrane satisfied above two requirements, so that it was
fabricated as a fit support membrane for further optimization of ZIF-8 preparation
conditions. The factors of ZIF-8 layer preparation were systemically studied in this
research, including: reagent concentration, preparation time, preparation temperature,
polymeric support orientation and solvent selection. The optimization preparation
conditions of ZIF-8/PTSC membrane were determined: Hmim/methanol concentration is
6.5g/L and Zn(NO3)2.6H2O/metanol concentration is 1.5g/L at room temperature for two
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days preparation. In addition, the PTSC layer faced with the zinc solution and the
polyether support side faced with Hmim solution.
Eventually, the ZIF-8/PTSC membrane that prepared with the optimum preparation
conditions exhibited smooth-faced, uniform, ultra-thin, defect-free and dense ZIF-8
crystal layers (as Figure 4.1 shown). The thickness of this transparent ZIF-8 layers is 620
nm, which exactly falls in the range of visible light's wavelength and lead to obvious Thin
Film Interference phenomena. Thanks to this defect-free ultra-thin ZIF-8 layer, this ZIF8/PTSC

membrane

obtained high

selectivity

and

good hydrogen permeance

together. Specifically, original PTSC support membranes exhibited H2/C3H8 selectivity
2.82 and hydrogen permeance 9.38 × 10-8 mol m-2 s-1 Pa-1. After covered by ZIF-8 layer,
this ZIF-8/PTSC membrane obtained H2/C3H8 selectivity 523 and hydrogen permeance of
4.35 × 10-8 mol m-2 s-1 Pa-1. That means this ultra-thin ZIF-8 crystal layer didn’t decrease
the gas permeance of PTSC support too much (only 56%), but increased its H2/C3H8
selectivity about two hundred times.
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Chapter 5
Recommendation for Future Work
For the future study of polymeric supported ZIF-8 membrane. We can focus on three
directions: (1) further optimize the preparation conditions of ZIF-8 layer; (2) find a better
polymeric support membrane; (3) combine other methods with the contra-diffusion
method. At least, the future working should involve the follows:
First of all, we should try lower preparation temperature, because lower temperature will
lead to gentle crystallization process and probably cause a more uniform, ultra-thin ZIF-8
membrane. The lowest preparation temperature we have ever tried in this study was room
temperature (23 degree centigrade). Therefore, in the next step, we will try 10 degree
centigrade and even lower.
Secondly, we should try to use isoporous block-copolymer membranes as support for
ZIF-8 layer preparation. Because they have high ordered pore structures and very high
porosity. Moreover, some of them shown quite good linking between polymers surface
and ZIF-8 crystals.
Thirdly, there are still tremendous potentialities in modified-PAN and modified-PEI
support membranes. We can fabricate thinner polymeric membrane by these materials.
Furthermore, we can use some pore formations (such as Polyethylene glycol) to increase
the porosity of these polymeric supports. After that, maybe we can prepare superior ZIF8 layer with these supports.
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Last but not least, we can combine some other ZIF-8 membrane preparation methods
with contra-diffusion method. For example, secondary crystallization method is a
potential candidate. We may get even better result after we combine the advantages of
these methods.
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