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ABSTRACT 

 

Hydrogen based energy system is considered to be a promising solution to address the 

energy shortage and environment pollution issues. Due to the increasing demand of 

hydrogen, different processes have been developed to produce this useful molecule in 

an efficient and economical way, such as the water gas shift reaction (WGSR) which 

is one of the important approaches in industry at present. In the meantime, the by-

product CO2 generated in WGSR must be separated to produce the high purity 

product H2 and to reduce the greenhouse gas emission. Membrane gas separation 

technology provides an environmental friendly and low cost solution to separate the 

mixture products in WGSR. Derived from the membrane technology, membrane 

reactor (MR) is an integrated unit by combining the heterogeneous catalysis and 

membrane separation process, which owns the instinct advantages of simplified 

facilities and improved productivity in many applications. 

 

In this work, the objective is to develop a porous hybrid solid membrane reactor 

system for hydrogen production and separation in WGSR. Herein, zeolitic imidazolate 

framework-8 (ZIF-8) was firstly screened out from various proposed porous materials 

as the candidate membrane material of the MR for WGSR, since this new emerging 

material was a novel catalysts host and in the meantime the ZIF-8 membrane showed 

promising H2/CO2 and H2/CO separation performance. Later on, the applicability of 

ZIF-8 material was firstly examined from the practical perspectives of catalyst and 

membrane under different environments. The results showed the stability of ZIF-8 

strongly depends on the gas phase environment, whereas the ZIF-8 structure remained 

unchanged under inert atmosphere at 300ºC for 24 h. Subsequently, the ZIF-8 

membrane was successfully fabricated with a simple polishing procedure which was 

developed to repair the defect membrane. The gas separation performance of the well-

prepared ZIF-8 membrane was evaluated with respect to a simulated syngas stream in 

the presence and absence of steam. In addition, a synthesis method was developed for 
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a core-shell metal/ZIF-8 composite catalyst which consists of a ZIF-8 core 

incorporated with the metal nanoparticles and a ZIF-8 protect membranous layer 

formed from secondary crystallization. The catalyst exhibited high selectivity and 

anti-poisoning property in the alkenes hydrogenation reactions. Finally, WGSR were 

carried out in the conventional packed bed reactor and the ZIF-8 membrane based MR. 

MR advantages were demonstrated and the required improvement in MR 

development was discussed. This study concluded that the ZIF-8 membrane based 

MR could provide benefit on higher CO conversion and purified hydrogen in WGSR 

compared to the traditional packed bed reactor. However, the porous material ZIF-8 

may have bright application future in the applications of catalysis and separation 

membrane under the mild conditions, although progress modification of the ZIF-8 

structure is inevitable in the applications under harsh conditions, like MR for WGSR. 
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Nowadays, an incredible huge amount of energy is consuming around the world 

because of the rapid population growth and industry development. The current 

extensive exhaustion of fossil fuel including oil and coal, will potentially lead the 

human beings to a serious energy and economic crisis in the future. Based on the 

projections of the International Energy Outlook 2014 prepared by U.S Energy 

Information Administration, the world liquid fuels consumption will increase by one 

third from 87 MMbbl/d in 2010 to 119 MMbbl/d in 2040, as shown in Figure 1.1, 

while the crude oil price will continuously increase by 100% till then [1]. In the 

meantime, the pollution emissions, especially the greenhouse gas CO2, from the fossil 

fuel combustion is fearfully damaging the global environments and threatening the 

fragile ecological balance of the planet. According to the information provided by 

International Energy Agent, annul CO2 emissions from fuel combustion have been up 

to 32 GtCO2 in 2013 [2]. Hence, exploring the new energy source and improving the 

energy utilization efficiency is an extremely urgent mission we are facing at this 

moment. 

 

 

Figure 1.1 OECD and Non-OECD petroleum and other liquid fuels consumption, 

reference case, 1990-2040 (million barrels per day) [1]. 

 



3 

 

Plenty forms of substitutable energies, including the solar energy, tide energy, wind 

energy, nuclear energy etc. have been extensively developed and applied to alternate 

the traditional fossil fuel energy system [3]. However, the utilizations of these 

alternative energies are strongly limited by timeliness and producing areas. Therefore, 

the development of the proper energy carrier is essential before these substitutable 

energies could be widely generalized. Among various possible energy carriers, 

hydrogen is the most promising fuel with the advantages of high energy density, 

environment friendly combustion emission, abundant resource as well as ease of 

distribution [4 - 9]. The physicochemical properties of hydrogen are listed in Table 

1.1 and the Volumetric and gravimetric energy densities of common fuels are listed in 

Table 1.2. 

 

Table 1.1 The physicochemical properties of hydrogen. 

Atomic number 1 
 

Chemical formula of hydrogen molecular H2  

Molecular weight  2.02 g / mol
 

Density, at 101.33 kPa and 273.15 K 0.0899 g / L 

Liquid Density, at 101.33 kPa and 273.15 K 70.97 g / L 

Melting point, at 101.33 kPa 14.01 K 

Boiling point, at 101.33 kPa 20.28 K 

Kinetic diameter of hydrogen molecular 0.289 nm 

Specific heat capacity, at 101.33 kPa and 298 K 14300 J / (kg·K) 

 

Table 1.2 Volumetric and gravimetric energy densities of common fuels. [10] 

Materials 
Energy per kilogram 

(MJ/kg) 

Energy per liter 

(MJ/L) 

Hydrogen (liquid) 143 10.1 

Nature gas (liquid) 53.6 22.2 

LPG propane 49.6 25.3 

Gasoline (petrol) 46.4 34.2 

Diesel 45.4 34.6 
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To date, hydrogen is largely utilized in the hydro cracking process in the petroleum 

industry, and consumed in the fertilizer synthesis, food industry and other areas [9, 

11]. Most of the commercial hydrogen product is produced from the steam reforming 

reaction (SRR) of nature gas shown in Eq. 1-1 and coal gasification (CG) shown in Eq. 

1-2 followed by water gas shift reaction (WGSR) shown in Eq. 1-3 [9, 12]. Herein, 

SRR is a strongly endothermic reaction and WGSR is an exothermic reversible 

catalytic reaction as the chemical equations listed below [13 - 15]. 

 

CH4 + 𝐻2𝑂 ↔ 𝐶𝑂 +  3𝐻2              ∆𝐻298
0 =  206 𝑘𝐽  𝑚𝑜𝑙                     (1-1) 

 

𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 +  𝐻2                     ∆𝐻298
0 = 131.3 𝑘𝐽  𝑚𝑜𝑙                   (1-2) 

 

CO + 𝐻2𝑂 ↔ 𝐶𝑂2 +  𝐻2                 ∆𝐻298
0 = −41.09 𝑘𝐽  𝑚𝑜𝑙                (1-3) 

 

In WGSR, the downstream mixture contains H2, CO2, the unreacted CO, water vapour 

and trace amount of sulphur-containing substances etc. The capture and separation of 

the main by-product CO2 and unreacted CO are the critical step to produce the 

purified hydrogen and to eliminate the greenhouse gas emission in this process [9, 16, 

17]. 

 

Compared to the traditional separation methods, membrane gas separation technology 

provides the benefits of low energy consumption, small footprint and environmental 

friendly properties [18 - 22]. Hence, membrane technology has attracted extensive 

researchers and engineers’ interests on H2 purification and CO2 capture [9, 23 - 28].  

The inorganic membranes, which have outstanding permeability and promising 

thermal/chemical stabilities are considered as the best candidates to utilize under the 

harsh application conditions, like in WGSR. Especially the microporous crystalline 

membranes, such as zeolite and metal organic frameworks (MOFs), are the most 

promising option for high temperature gas separation because of the excellent gas 
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separation performance with molecular sieve mechanism and the relative low price to 

other inorganic membranes [29 - 34] On the other hand, these microporous materials 

have been successfully functionalized with the incorporated nanoparticles in their 

pores, cavities or channels and these grafted nanoparticle/porous support composites 

have been proved of excellent catalysts in some reactions [35 - 38].  

 

Hence, the concept of a porous hybrid solid catalytic membrane reactor system 

formed by combining the two distinct functions, gas separation and catalysis reaction, 

is a promising and meaningful solution for hydrogen production. In this study, the 

objectives are (1) to investigate and synthesis the appropriate microporous materials 

of the hybrid catalytic membrane for hydrogen production and separations, (2) to 

conduct research on the synthesis and characterizations of the porous gas separation 

membrane and the nanoparticles incorporated porous catalysts and (3) to carry out the 

WGSR with the integrated porous hybrid membrane reactor system. In conclusion, 

the aim of the study is to develop a solid membrane reactor system for WGSR with 

the new material for hydrogen production and separation.  

 

This dissertation is filed and constructed with eight chapters. The brief descriptions of 

the chapters are listed below. 

 

Chapter 1: A brief introduction of this study, including the motivations, the general 

backgrounds, aim of the thesis and the overview of the whole dissertation were 

explained in this chapter. 

 

Chapter 2: The background knowledge of this study was reviewed. This chapter 

emphatically introduces the general information of water gas shift reaction, the 

development progress of the microporous materials, the utilization of the membrane 

technology and the fabrication and applications of membrane reactors. 
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Chapter 3: The fabrication methods and characterization results of various 

microporous materials were described in this chapter. After considering the gas 

separation and catalysis performance of the synthesized materials, zeolitic imidazolate 

framework-8 (ZIF-8) was selected as the raw material for the hybrid membrane 

reactor. 

 

Chapter 4: Thermal stability of ZIF-8 under inert and oxidative environments from the 

practical perspective was evaluated. The synthesized ZIF-8 samples were firstly 

treated under various environments at different temperatures and then characterized 

with x-ray diffraction (XRD) and scanning electron microscopy (SEM). Later on, the 

ZIF-8 thermal behaviour analysis was conducted with thermo-gravimetric analysis 

(TGA). Finally, hydrogen reduction and CO oxidation of Au/ZIF-8 was performed to 

verify the structure stability. 

 

Chapter 5: The synthesis method of the well-integrated ZIF-8 membrane and the 

repair procedure to avoid undesired membrane defects were presented in this chapter. 

The gas separation performance of the well-prepared ZIF-8 membrane with respect to 

a simulated syngas (50% H2, 25% CO2 and 25% CO) in the presence and absence of 

steam were investigated. The thermal stability on the use of ZIF-8 membrane for H2 

separation under wet conditions was also examined. 

 

Chapter 6: The performance of the ZIF-8 based membrane reactor for water gas shift 

reaction was demonstrated. The improvements of WGSR conducted with the 

membrane reactor compared to traditional packed bed were presented. The limitation 

of employing ZIF-8 membrane reactor in WGSR was highlighted. 

 

Chapter 7: A synthesis method for core-shell metal/ZIF-8 composite was reported in 

this chapter. Subsequently, the selective catalytic performance of the prepared 
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composites in the hydrogenation reaction was characterized. Furthermore, the anti-

poisoning property of the synthesized catalysts was demonstrated. 

 

Chapter 8: The key findings of this study were concluded and the future study was 

proposed. 
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2.1 Water Gas Shift Reaction (WGSR) 

 

2.1.1 General Information 

 

Water gas shift reaction (WGSR) is a traditional chemical process which has been 

employed to produce hydrogen from the hydrocarbons since hundred years ago [1 - 4]. 

While, the produced hydrogen is conventionally used in the fertilizer industry, 

petroleum industry, food industry, the power generation and transportation technology 

which is rapidly developed in recent years. At present, WGSR is still employed 

widely for the decarburization of fuel gas and adjusting the CO/H2 ratio to conduct the 

syngas which is generated from gasification [5]. Nowadays, WGSR is also found 

emerging significant application in fuel cell processing and has attracted extensive 

research attention again [4, 6 - 8]  

 

WGSR is taken place from CO and steam to produce CO2 and H2 under the catalyst 

environment, as Eq. 1-3 expressed. The equation shows WGSR is an exothermic 

reversible reaction, which means the equilibrium constant of the reaction would 

decrease with increasing the reaction temperature, as shown in Figure 2.1. In the 

meantime, the high reaction temperature is still kinetically favourable for the fast 

reaction rate in WGSR. Therefore, the reaction temperature is a trade-off factor 

between kinetics and thermodynamics in WGSR [9 - 11]  Meanwhile, the pressure 

would not seriously influence the reaction equilibrium theoretically because there is 

no volume difference before and after the reaction [1, 3]. 



14 

 

 

Figure 2.1 Equilibrium constant of WGSR as the function of temperature. It is derived 

from the experienced equation Kp=exp[((4577.8)⁄T)-4.33] [3]. 

 

In order to obtain the high CO conversion while maintaining the reaction rates, the 

industrial WGSR is always conducted with a series of adiabatic steps, normally 

combined with high temperature shift (HTS) and low temperature shift (LTS). 

Practically, the effluent gas including around 3-5% of CO from the high reaction rate 

step, which is the HTS (350˚C-550˚C), is then introduced to the LTS (190˚C-250˚C), 

under which step is the thermodynamic favor conditions, the purer hydrogen and 

higher CO conversion (up to 99.7%) could be achieved then [1 - 4]. 

 

2.1.2 Water Gas Shift Catalysts 

 

As aforementioned, the industrial WGSR is normally carried out in two steps: high 

temperature shift and low temperature shift. Correspondingly, the catalysts utilized in 

the two steps, HTS and LTS are different: where Fe-based catalysts for the HTS and 

Cu-based catalysts for the LTS [2, 3]. 
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High temperature shift and Fe-based catalysts 

 

Fe2O3-Cr2O3 is the conventional catalyst for HTS and has been commercialized for 

over 60 years. The HTS catalyst was named Fe-based or iron-chromium catalyst 

because their main compositions are iron and chromium. Normally, these iron-

chromium oxide catalysts contain 80-90 wt% Fe2O3, 10 wt% Cr2O3 with little amount 

of MgO, CuO and other remaining volatiles, whereas the chromium in the catalyst 

plays the role of the stabilizer for iron oxide crystallites and the structure promoter to 

enhance the catalytic activity [12 - 16]. In some cases, the HTS catalysts could be 

deactivated by thermal sintering and chemical deposition on the catalysts surface. 

Hence, in order to protect the catalyst, the inlet temperature in HTS is always 

maintained around 350˚C, while the temperature would increase along the reactor and 

can reach 550˚C maximally at the end of the reactor. On the other hand, it is important 

to control the space velocity at around 3-9 seconds and to operate at a reasonable 

steam to CO ratio in HTS [2, 17]. A higher steam/CO ratio in HTS leads to a higher 

CO conversion of around 97%, but higher cost in the same time, whereas the lower 

steam/CO ratio would cause coke formation, methanation and Fischer-Tropsch 

reactions, these possible side reactions are listed in Table 2.1 [10, 18, 19]. 

 

Table 2.1 Possible undesired side reactions of HTS under low steam/CO ratio [19]. 

2CO ↔ C +  CO2 

CO + H2 ↔ C +  H2O 

CO + 3H2 ↔ CH4 + H2O 

4CO + 2H2O ↔ CH4 + 3CO2 

CO2 + 2H2 ↔ C + 2H2O 

CO2 + 4H2 ↔ CH4 + 2H2O 

C + 2H2 ↔ CH4 
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Low temperature shift and Cu-based catalysts 

 

ZnO-CuO-Al2O3 is customarily employed as the LTS catalyst with certain 

compositional concentrations. The typical industrial LTS catalysts are composted of 

32-33 wt% ZnO, 34-53 wt% CuO and 15-33 wt% Al2O3. The copper acts as the active 

species in the catalyst, while ZnO provides the catalyst support and Al2O3 is almost 

inactive [2, 3, 20 - 23]. Since WGSR is thermodynamically favored at lower 

temperature, the CO concentration could be reduced to lower than 0.1% after LTS 

carried out at the temperature lower than 300˚C. However, the serious concern of LTS 

is the catalyst deactivation during the practical operation, which is caused by the 

thermal sintering [24] and the sulphur poisoning [2, 25]. Herein, the anti-poisoning 

catalyst is highly desired in WGSR and ZnO applied in the LTS catalyst could act to 

protect the Cu catalyst [24]. 

 

Noble metal catalysts 

 

Due to the inherent limitation of the existing commercial WGSR catalysts, the noble 

metal catalysts, including Pt group-based catalysts and Au-based catalysts have been 

developed in order to meet the specific requirements in fuel cell applications [1, 26 - 

29]. Wheeler et al compared the catalytic performance of these noble metals in 

WGSR and found the catalytic activities are in the order of Ni>Ru>Rh>Pt>Pd. These 

Pt group-based catalysts are quite active at the temperature of 250-400 ˚C and have a 

better tolerance to the poisoning substance which is highly desired for fuel cell [1, 

28]. In the past 10 years, the gold catalyst has attracted many research interests since 

the extraordinary activity of the support Au was found for CO oxidation [30]. In the 

meantime, the Au-based catalysts were also found with excellent catalytic activities in 

WGSR, especially in the LTS temperature range of 180-250 ˚C, as shown in Figure 

2.2 [31]. Again, the Au particle size and dispersion were also reported seriously 

affecting the catalytic activity in WGSR. Hence, the particle size control plays a 
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crucial role during the Au-based catalysts preparation [27]. However, the high price of 

the noble metals limits the applications of these catalysts and most of the employed 

noble metal catalysts were in the forms of deposited on partially reducible oxides, like 

TiO2, iron oxides and mixed oxides [27 - 30].  

 

 

 

Figure 2.2 CO conversion in WGSR over Pt-group and Au based catalysts [31]. 

 

2.2 Microporous Materials – Zeolites and Metal organic frameworks (MOFs) 

 

2.2.1 Zeolites 

 

In 1756, the first zeolites were found by the Swedish mineralogist Cronstedt. He 

called these mineral materials with the Greek word “zeolites” which literally means 

“boiling stone” [32]. However, the first artificial synthesized zeolites were not 

developed until 1800s’ and the systematic study of zeolite was actually started from 

20
th

 century when many various zeolite structures were found and applied in 

industries since then [33]. 
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The definition of zeolite is the crystalline, microporous aluminosilicates with 3D 

structure complex. The general formula of zeolite is (SiO2)x(AlO2)yzMOxaH2O, which 

implies the zeolite compositions primarily includes silicate, alumina and other 

elements such as sodium, manganese, titanium etc. [33]. Till now, there are 229 

unique zeolite frameworks have been identified, and over 40 naturally occurring 

zeolite frameworks are known [34]. The most common zeolite structures are 

framework type A (LTA), framework type Y (FAU), framework type P (NaP-GIS) 

and framework type MFI (ZSM-5, silicate-1, TS-1) as shown in Figure 2.3 [34].  

 

 

(a)                                              (b) 

 

(c)                                              (d) 

Figure 2.3 The frame structures of the most common zeolites; (a) LTA, (b) FAU, (c) 

GIS and (d) MFI[34]. 
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Generally, the laboratory synthesis of zeolites is carried out by hydrothermal methods. 

In which approach, the desired amount of silica source, aluminum source, alkali and 

other demanded components are mixed in the autoclave and heated in the auto-

generated pressure. The organic structure directing agents (SDA) plays an important 

role of controlling the formations of the zeolite frameworks since the first 

crystallization always happens around these organic templates. Herein, the synthesis 

temperature is always limited to the decomposition point of the organic template and 

the stirring is also an important factor in some zeolite synthesis procedures [33, 35, 

36]. 

 

Zeolites are widely used in chemical industry due to their promising pore structures 

and the thermal and chemical stabilities. Firstly, zeolite is the valuable commercial 

catalysts/catalyst hosts for many important reactions in oil and gas industries [37, 38]. 

In addition, zeolite membranes are considered a promising solution for the energy 

efficient separation of gas and solutions [39 - 41]. Especially for the LTA, MFI and 

FAU membranes, with the suitable pore sizes to separate many important molecular 

pairs, have been extensively studied in the past decades. Furthermore, zeolites are also 

found important applications in the industries of adsorption, sensor and hydrogen 

storage etc. [42 - 44]. 

 

NaP zeolite – GIS 

 

NaP zeolite has a gismondine (GIS) – like frameworks with the intersecting channels 

of 0.31×0.45 nm and 0.28×0.48 nm in the directions of [100] and [010], respectively, 

as shown in Figure 2.4 [34]. The eight-ring structured channels with the micro-size 

pores enable NaP – GIS zeolite to separate the small gas molecular pairs, like 

hydrogen and helium [45]. In addition, it is also used as the extraction detergent to 

remove and immobilize the toxic elements, heavy metals and ammoniums from the 

waste spices [46]. 



20 

 

 

Figure 2.4 The pore profile of NaP-GIS zeolite in Angstroms [34]. 

 

Several publications could be found about the studies of the NaP - GIS zeolite 

synthesis and applications. Mouhtaris et al. reported their synthesized NaP - GIS from 

sulphocalcic lignite fly ash, however impurities were found in their products [47]. 

Albert et al. successfully synthesized highly crystallized NaP - GIS zeolite with the 

low silica compositions [48]. Sharma et al. synthesized a knobby surfaced NaP – GIS 

zeolite and evaluated hydrogen adsorption ability of the synthesized samples [49]. 

Dong et al. fabricated the NaP – GIS gas separation membrane through the in-situ 

hydrothermal method on a porous -alumina support and examined hydrogen 

separation performance of the membrane [45]. Huo et al. evaluated the thermal 

stability of the NaP – GIS zeolite and found the zeolite structure would convert to 

phillipsite phase after high temperature treatment [50]. 

 

MFI zeolite  

 

In MFI structure, there are two intersecting ten-ring pores, with the dimensions of 

0.51×0.55 nm and 0.53×0.56 nm in the directions of [100] and [010] respectively, as 

shown in Figure 2.5 [34]. The two most important MFI zeolites are ZSM-5 and 

Silicate-1. ZSM-5, abbreviation of Zeolite Socony Mobil-5 was first developed by 

Mobil Oil Company as a heterogeneous catalyst in petroleum industry in 1975 [51], 

while Silicate-1 is an alumina free MFI molecular sieve structure [52]. The MFI 

zeolites are outstanding catalysts in many reactions by utilizing their catalytic 
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activities and molecular sieve screening abilities, especially in the hydrocarbon 

isomerization reactions [53, 54]. In addition, the MFI zeolite membrane becomes very 

popular for gas separation because of the thermal stability and suitable pore size of the 

framework [10, 39, 41, 55 - 57].  

 

 

Figure 2.5 The pore profile of MFI zeolite in Angstroms [34]. 

 

Many works have been conducted towards the MFI zeolite synthesis and applications. 

Young et al. used ZSM-5 catalysts for selective xylene isomerization reaction in early 

1980s’ [54]. Besides, many ZSM-5 supported metal catalysts were prepared for 

various selective catalytic processes, including the propane dehydrogenation [58], 

benzene methylation [59] and steam reforming [60] etc. Aside from catalysts, Vos et 

al. reported their works on fabricating silica membrane for gas separation, and later on 

they further reported their methods to improve the performance of this hydrophobic 

MFI zeolite membrane [61, 62]. Gas separation ZSM-5 membrane was fabricated and 

modified with chemical crack deposition method to promote the performance for 

hydrogen purifications [63]. The ZSM-5 based membrane reactor for WGSR showed 

considerable and stable performance under the harsh reaction conditions [64].   

 

2.2.2 Metal Organic Frameworks - MOFs 

 

Metal organic framework (MOF), is defined as the crystals composite with the ionic 

nods netted by the organic ligands. The solids which are classified as MOFs usually 
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possess the inherent properties like incredible high surface areas (>3000 m
2
/g), nano-

porosity with tunable structures, varieties of pore sizes and topologies as well as 

robustness with strong bonding etc. [65 - 70]. A specific MOF geometrical structure 

could be designed by decorating with different ligands, ionic nods and sorts of 

connecting methods, as shown in Figure 2.6 [71]. Diverse MOF materials have been 

identified since the first prototype MOF-5 was developed a decade ago, while 

numbers of MOFs have already been commercialized in the market, such as Zeolitic 

imidazolate framework-8 (ZIF-8) [66]. Although MOFs have not been extensively 

used in industry yet because of the high production cost [68], the bright future of the 

materials has been widely accepted considering their outstanding properties and 

application potentials. 

 

 

 

Figure 2.6 The schematic diagram of MOF formation [71]. 

 

Many research efforts have been made on MOF development in past years, and in the 

meantime many new MOF are continuously emerging for various interesting 

industrial applications. Currently, many methods, including conventional 

hydrothermal synthesis, microwave-assisted synthesis, electrochemical synthesis, 
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mechano-chemical synthesis and sono-chemical synthesis etc. have been employed 

for MOF synthesis [67]. Except for the common synthesis aspects like temperature, 

pH and pressure, the factors such as adding mineralizers, precursors, solvent and 

insolvent directing agents etc. are also considered in the synthesis process in order to 

obtain the specific structures [72]. For example, different conditions have been used, 

through conventional synthesis or microwave synthesis, with or without additives of 

sodium formate and from different ionic resources (ZnCl2 or Zn(NO3)2), to synthesis 

ZIF-8 particles and films, . The result shows that these changes would dramatically 

affect the ZIF-8 crystallinity, morphology and thermal stability [73, 74]. Hence, an 

appropriate synthesis method is essential to produce the reliable MOF product for a 

specific application. Stock and Biswas reviewed the developed synthesis methods and 

the influencing factors in MOF synthesis process [72]. 

 

Nowadays, MOF materials are extensively studied in the application areas of 

separation and adsorption, catalysis, hydrogen storage, drug delivery, optical 

application and sensors etc. Benefits from the adjustable pore sizes, some MOF 

materials were utilized to fabricate the molecular sieve membrane for gas and liquid 

separations [75, 76]. In addition, MOF nanoparticles could be incorporated to 

polymeric membrane to form the mixed-matrix membrane (MMM) with the enhanced 

adsorption and molecular filtration [77]. Likewise, MOF solids are also considered as 

the remarkable catalyst materials. On one hand, the metal nods and the organic 

ligands in MOF structures could act as the catalysts in some reactions. On the other 

hand, MOF could also be employed as the catalyst support deposited with other 

catalytic elements in its cavities so as to improve the catalytic performance [78, 79]. 

As shown in Figure 2.7, there are roughly three states that the catalyst particles 

deposited on/in the MOF microstructures. In the states of Metal/MOF as shown in 

Figure 2.7a, the deposited particles are larger than the cavity of the structure and 

attached on the surface of the MOF pores. Figure 2.7b and Figure 2.7c are defined as 

Metal@MOF, in which particles are distributed throughout the structure, while larger 
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particles with a broad dimension distribution in structure (b) and the particles well 

isolated in the pore frames with the narrow dimension distributions in structure (c). 

The formation of these states could be seriously affected by the loading methods, 

including chemical vapor deposition, solution impregnation, solid grinding and 

encapsulation etc. [80, 81].  

 

 

 

 

 

 

 

 

 

 

Figure 2.7 States of the ionic catalyst particles in MOF structure, (a) Metal/MOF and 

(b) & (c) Metal@MOF [80]. 

 

Zeolitic Imidazolate Frameworks – ZIFs 

 

Despite many MOF materials are reported very stable and robust under many 

conditions, their structure stabilities are still very sensitive to high polar solvent, acid 

and hydrothermal treatment, and this instability limits the viability of MOF materials 

in many chemical industrial applications. Zeolites, by contact, are more stable than 

MOF materials under harsh conditions benefit from their tetrahedral Si(Al)O4 

covalent bonds in the frames. Herein, the MOF material which owns better stability 

with the zeolite-like Si (Al)-O-Si (Al) structure is highly desired. Zeolitic imidazolate 

frameworks (ZIFs) materials, a subclass of MOFs, are composed with the transition 

metals linked by the imidazolate (IM) bridging ligands. Coincidently, the M-IM-M 
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bond angel in ZIF structure is 145º, the same with the angle of Si (Al)-O-Si (Al) in 

zeolite frames. By owning this zeolite structure similarity, ZIF materials were found 

to be exceptional chemical and solvent stability [82]. Aside from the robustness, ZIF 

also have the general property advantages of most MOF materials, like high surface 

area and the tunable structures. Up to now, over 150 ZIF structures have been 

developed with variety numbers of zeolite-like topologies. Some of the representative 

ZIF structures are shown in Figure 2.8 [83]. 

 

 

Figure 2.8 Representative ZIF crystal structures [83]. 

 

The inherent properties enable ZIF materials a promising candidate for many 

applications, like separation and adsorption, catalysis and drug delivery etc. Among 

these applications, separation membrane and catalysis are considered the most 

promising utilizations of ZIF materials. Many ZIF membranes have been developed 

through different synthesis methods and been employed for gas and liquid separation 

[84, 85]. Herein, ZIF-7 and ZIF-8 are the most studied for gas separation membrane, 

especially for H2 purification and propylene/propane separation [86, 87]. ZIF material 

based catalysts were synthesized and used in many important reactions. For examples, 



26 

 

Wang et al. reported an encapsulation strategy for incorporating platinum (Pt) 

nanoparticles within the matrix of ZIF-8 and the catalytic performance of this Pt/ZIF-

8 was examined in alkene hydrogenation reaction [88]. Jiang et al. reported a simple 

grinding method for depositing gold (Au) nanoparticles onto ZIF-8, and this Au/ZIF-8 

composite exhibited an outstanding catalytic performance in the CO oxidation 

reaction [89]. Li et al. prepared the nickel/ZIF-8 composite by chemical vapor 

deposition method and the catalyst was employed in hydrolysis reaction of ammonia 

borane [90]. The TEM images of their metal/ZIF samples are shown in Figure 2.9. 

 

 

Figure 2.9 TEM images of some metal/ZIF catalyst samples; (a) Pt/ZIF-8 [88], (b) 

gold/ZIF-8 [89] and (c) Ni/ZIF-8 [90]. 

 

2.3 Gas Separation Membrane 

 

2.3.1 General Information 

 

A membrane is a layer of material which serves as a selective barrier between two 

phases and remains impermeable to specific particles, molecules, or substances when 

they exposed to the action of a driving force. Some components are allowed passing 

through the membrane into a permeate stream, whereas others are retained by it and 

accumulate in the retentate side [91, 92]. Nowadays, membrane technology is wildly 

employed in diverse application fields, including water treatment, bio-filtration, oil 

and gas industry and agriculture etc. [93]. Gas separation membrane technology is 

gradually developing and spreading in gas industry because of the operation 

c a b 
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simplicity and less energy demand etc. comparing to the conventional gas separation 

methods, like pressure swing adsorption and cryogenic distillation. The estimate 

market for gas separation membrane is growing very quickly of around 15% annually 

and roughly utilized in the application fields of nitrogen generator, carbon dioxide 

capture, hydrogen recovery and vapor removal [94]. 

 

The gas permeation process in different membrane is controlled by different 

mechanism, including Knudsen diffusion, molecular Sieving, solution-diffusion, 

surface diffusion and capillary condensation etc., where the molecular sieving and 

solution diffusion mechanism are the most common mechanism in applications. As 

shown in Figure 2.10a, gas molecular is separated by their molecular size over the 

nano-scale membrane pores through molecular sieving mechanism, which is the 

dominant mechanism for inorganic membrane. However, gas separation process in 

most dense polymeric membranes is dominated by solution-diffusion mechanism 

which is based on the different solubility and diffusivity of the gas molecules in 

polymer chain as shown in Figure 2.10b [93].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Schematic diagram of (a) molecular sieving and (b) solution-diffusion 

mechanism. 
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In general, membrane could be divided into two categories by configuration, 

symmetric membrane and asymmetric membrane. The symmetric membrane is 

formed uniformly in the cross-section whereas the asymmetric membrane is usually 

combined with a thin, dense layer acts as the selective layer on top and a thick, porous 

layer as the bottom support. In addition, membrane could be categorized to nature 

membrane and synthetic membrane by materials, where the synthetic membrane is 

further divided into inorganic membrane and polymeric membrane. Generally, the 

polymer materials are more flexible and easier to form membrane into different 

patterns comparing to the inorganic materials. However, most of the polymeric 

membrane’s application is seriously limited by the thermal instability and low 

permeability. Mixed-matrix membranes (MMM) have been developed by mixing the 

inorganic materials into the polymeric matrix to improve the separation factor and 

permeability. MMM is a practical product because it composites the advantages of the 

two materials. Nevertheless, it seems that more aspects need to be considered during 

their fabrication process. It is also important to note that the selection of the 

membrane material and formation strongly depends on the application and practical 

environments in the specific industry [95]. 

 

Since the first membrane was found by Nollet in 1748, this technology has been 

studied for more than 200 years, from tiny lab scale test to very large industrial scale 

applications. Today, many of these industrial applications process hundreds of square 

meters membrane area to meet the permeation and separation requirements. Hence, it 

is necessary to incorporate this large amount of membrane to an easy-handled packed 

membrane module. Correspondingly, several of membrane module appearances have 

been launched to meet the market demands, including the plate and frame module, 

tubular module, capillary module, spiral wound module and hollow fiber module. 

Each of the appearance has their unique features and shortages when applied in 

practical sites, as summarized in Table 2.2, whereas the hollow fiber module and the 
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spiral wound are the two common types that are usually selected for the large amount 

capacity in industry [96]. 

 

Table 2.2 The features of different membrane modules. 

 
Price 

Packing 

Density 
Clean 

Pressure 

Drop 

Mechanical 

Resistance 

Hollow fiber module Low High Difficult High Good 

Spiral wound module Medium Medium Medium Medium Good 

Capillary module Medium Medium Easy Medium Week 

Plate and frame 

module 
High Low Easy Medium Week 

Tubular module High Low Easy Low Week 

 

2.3.2 Inorganic Membranes 

 

The inorganic membrane exhibits excellent gas separation performance, especially 

under the harsh conditions due to their structure robustness. Various inorganic 

membranes have been developed and utilized in different application fields, including 

the zeolite membrane, metallic membrane, ceramic membrane, MOF membrane etc.  

 

Dense metallic membranes, like Pd membrane, with excellent hydrogen selectivity 

were developed for high temperature hydrogen separation and purification [97]. The 

protons and electrons in the metallic membrane could capture and carry the 

dissociated hydrogen molecular from the feed side, and subsequently release the 

association H2 at the permeate side. Although, metallic membrane possesses 

promising H2 selectivity, their high cost and brittleness are the inevitable drawbacks 
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of commercialization. In contrast, zeolite membranes could provide outstanding gas 

separation performance with a relative low price. These membranes generally possess 

very uniform micro pore size [40, 41]. For example, the developed LTA membrane 

with the pore size of 0.41 nm is a feasible option for vapor removal from alcohol 

through prevaporation [98]. Recently, MOF membrane has extensively studied and 

examined for gas separation [75, 76]. The tailored pore structure enables MOF 

materials to be the candidates for different gas pairs separations, for instant, ZIF-7 

with the pore size of 0.27 nm is a good choice for H2 separation while ZIF-8 with the 

pore size of 0.34 nm is a good choice for propylene/propane separation [86, 87]. 

Besides, the organic ligands of the structure make MOF materials more compatible 

with the organic polymers and thus are easier to incorporate into the polymer matrix 

for MMM [77]. 

 

Despite many studies conducting on inorganic gas separation membrane, there are not 

many commercialized inorganic gas separation membrane being used in industry at 

this moment. This is because the current fabrication method makes the inorganic 

membrane very difficult for large scale production and handling. Besides, some 

emerging crystalline membranes (silicate-1 and MOFs) are still not hydrothermal 

stable enough to be utilized under the demanded conditions. Hence, further membrane 

material modification and novel technical fabrication methods are highly demanded 

before inorganic gas separation membrane is feasible for large scale industry 

application. 

 

2.3.3 Membranes Reactors 

 

According to the definition of IUPAC, a membrane reactor (MR) system is a unit 

combines the functions of catalytic reactions and membrane separation process. 

Although the membrane reactor concept has already been proposed in 1950s’, the 

considerable development of this technology has only been achieved in the last 30 
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years that benefit from the emerging inorganic materials and high temperature 

membrane system [9].  

 

The MRs could be classified into two types according to placements of membranes 

and catalysts, as shown in Figure 2.11. The packed bed membrane reactor (Figure 

2.11(a)) is constructed with the packed catalyst layer and the inert membrane layer, 

while the catalytic membrane reactor has the catalytic active membrane layer, whether 

the catalyst is incorporated in the porous membrane structure (Figure 2.11(b)) or the 

membrane has the inherent catalytic activity (Figure 2.11(c)) [99]. There are mainly 

three MR configurations according to the functions, which are the extractor, 

distributor and active contactor, as shown Figure 2.12. For example, in the MR for 

water gas shift reactions, the membrane separation process is usually utilised to 

improve the catalytic reaction conversions, either to shift the thermodynamic 

equilibrium or to enhance the reaction rate by selective removal of product H2 [9 - 11]. 

The distributor type membrane reactor is usually used to enhance the reaction 

selectivity. For example, the membrane could control the oxygen concentration and 

distribution in the reaction chamber of MR resulted with the high product selectivity 

and reactant conversions in the partial oxidation reactions [99].  

 

 

 

Figure 2.11 The two membrane reactor types: (a) packed bed membrane reactor; (b) 

and (c) catalytic membrane reactors. [99] 
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Figure 2.12 The three main membrane functions in a membrane reactor [99]. 

 

Up to now, various chemical reactions have been conducted in membrane reactor 

process, including the dehydrogenation reactions, hydrogenation reactions, partial 

oxidative reactions and catalytic decomposition reactions etc. [9]. Herein, water gas 

shift reaction, a well-known exothermic reaction to produce the hydrogen was also 

extensively carried out in different membrane reactors. There are many advantages by 

using a MR for water gas shift reaction, including 1) a higher CO conversion with 

respect to the equilibrium, 2) higher recovery of the concentrated hydrogen product 

and 3) the capture of the greenhouse gas CO2 etc. [9-11]. Kikuchi et al. fabricated a 

palladium membrane reactor with Fe-Cr catalyst for high temperature water gas shift 

reaction and obtained 100% CO conversion at 400 °C under 5 atm [100]. According 

to Brunetti et al., the employment of MR could reduce the amount of catalyst 

requested in the conventional packed bed reactor due to the improvement on the 

reaction kinetic [101]. 
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Pd dense membrane based membrane was firstly used for water gas shift reaction to 

produce high purity hydrogen due to the extremely high selectivity [100]. However, 

the Pd metal is very expensive and the membrane is very sensitive to the sulfur 

poisoning [10]. Zeolite membrane based water gas shift reaction membrane reactors 

were studied with silicate-1 membrane and modified ZSM-5 membrane because these 

membranes own higher permeance, but they also have the relative low H2/CO2 

selectivity comparing to the dense metal membranes [10, 63, 64]. Recently, MOF 

materials were found as a promising option for hydrogen separation membrane with 

the tailorable pore size and mild synthesis conditions comparing to Zeolite 

membranes [86, 87]. However, the thermal instabilities of MOF membranes make 

them inapplicable under the high temperature water gas shift reaction conditions [10].  

 

In addition, the performance of MR system also highly depends on the operation 

conditions coupling with the engineering properties of membrane and catalysts. Basile 

et al. and Giessler et al. investigated the effects of the water to CO molar ratio on the 

equilibrium conversions and they reported that the higher water/CO ratio would 

enhance the CO conversion, but excess water would seriously decline the membrane 

performance [9, 102]. Brunetti et al. found that higher operation pressure would 

enhance the CO conversion and improve the catalyst efficiency in WGSR MR 

because of the enhanced separation performance of the membrane process [101]. 

Giessler et al. reported their findings on the effect of space velocity (SV) and they 

claimed that MR conversion increased at higher SV comparing to the traditional 

packed bed reactor [102].  Battersby et al. also found the same trend that the higher 

SV resulted better improvement of MR performance in WGSR, however, these 

improvements of CO conversion by using MR was indistinctive with only about 10% 

higher than packed bed reactor [9]. This is because these studies were all conducted 

with the high SV in order to maximize the H2 separation performance of the 

membrane. However, in the meantime, the high SV had weakened the MR function of 

adjusting the gas compositions in the reaction chamber.  
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3.1 Introduction 

 

Porous solids have attracted many research interests because of their outstanding 

performance in the applications of catalysis, adsorption, separation and ion exchange 

etc. Many of their distinguishable properties benefit from their highly ordered pore 

structures, whereas these porous materials could be classified to micro-porous (less than 

2 nm), mesoporous (2 nm – 50 nm) and macroporous (larger than 50 nm) according to 

the range of the pore size [1]. 

 

Zeolite, first found by Swedish mineralogist Cronstedt, is the most used porous 

materials in industry at this moment [2]. The definition of zeolite is the crystalline, 

micro-porous aluminosilicates with 3D strecture complex, which has the compositions 

primarily includes silicate, alumina and other elements such as sodium, manganese, 

titanium etc. [3]. Till now, there are 229 unique zeolite have been found and identified 

from both naturally and artificial synthesized [4]. In the recent years, a new emerging 

group of materials, called metal organic frameworks (MOFs) has become very attractive 

in the porous material research society. The solids defined as MOFs are mainly 

composed with the ionic end nods and the organic ligands, while these materials usually 

possess the inherent properties like incredible high surface area, nano-porosity with 

tenable structures, varieties of pore sizes and topologies as well as the robustness with 

strong bonding etc. Interestingly, the specific MOF geometrical structure could be 

designed and synthesized by decorating with different ionic and organic ligands pairs [5 

- 10].  

 

Nowadays, both Zeolite and MOFs have been the important porous materials in the 

research and industries for their promising application potentials in many areas, like 

catalysis and gas separations. Herein, the zeolite material of GIS-NaP and the MOF 

material ZIF-8 were extensively studied in the applications of the catalysis and gas 

separation membranes. They both have the intersecting channels with the micro-size 

pores enable them the promising structures for catalyst host and the molecular sieve gas 

separation membranes. Besides, they were reported as the robustness and thermal stable 

structures which could be employed in many harsh conditions [11 - 15]. MIL-47, a 

member of MOFs family, which compose vanadium nods connected by terephthalate 
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linkers, is also a noticeable porous material with excellent gas adsorption properties and 

promising structure stability [16 - 17].  

 

Hence, these porous solids (GIS – NaP, ZIF-8 and MIL-47) were firstly selected as the 

candidate materials of the membrane reactor and catalyst host in this study. In this 

chapter, the micro-porous materials of ZIF-8, GIS - NaP and MIL-47 were prepared 

through the hydrothermal synthesis method and the crystallization mechanisms of these 

materials were examined. Then, the composite catalysts with these porous material 

supports were prepared and characterized with various methods. Finally, ZIF-8 was 

selected as the raw material of the membrane system after considering its fabrication 

feasibility and the application potentials in catalysis and gas separation membrane 

processes 

 

3.2 Methodology 

 

3.2.1 Materials 

 

Zinc nitrate hydrate (>99.99%), 2-methylimidazole (Hmim), methanol (>99.8%), 

sodium formate, sodium metasilicate, sodium hydroxide (>98%), sodium aluminate, 

vanadium (III) chloride (97%), terephthalic acid (98%), gold (III) chloride trihydrate 

(>99.99%), sodium borohydride (>98%) were purchased from Sigma–Aldrich. 

Deionized (DI) water was used to prepare all required samples and solutions. All of the 

chemicals were used as received without any further treatment. 

 

3.2.2 Characterization Methods 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images were recorded using a JEOL 700F and a Philips CM-200, respectively. X-ray 

diffraction (XRD) patterns of the samples were collected using a Philips PW1700 

instrument equipped with a Co Ka radiation source. 

 

3.2.3 Sample Preparation 
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3.2.3.1 ZIF-8 Synthesis 

 

Typically, ZIF-8 synthesis solution was prepared by dissolving Zn(NO3)2 ·6H2O and 2-

Hmim in solvent (methanol or DI water), and then the zinc nitrate solution was mixed 

with the 2-Hmim solution under stirring. This solution was then hydrothermally treated 

in an oven at various temperatures for different synthesis durations. The synthesis 

conditions of these ZIF-8 samples are listed in Table 3.1. Finally, the product solids 

were washed and collected by centrifuge and then dried overnight in an oven at 80°C. 

 

Table 3.1 Synthesis conditions of the ZIF-8 samples. 

 

Sample  
Molar ratio Temperature  

( °C ) 

Synthesis Duration 

( hours ) (Zn
2+ 

: 2-Hmim : HCOONa : MeOH) 

ZIF-8 - 1 1 : 4 : 0 : 330 room 4 

ZIF-8 - 2 1 : 4 : 0 : 500  room 4 

ZIF-8 - 3 1 : 4 : 0 : 1000 room 4 

ZIF-8 – 4 1 : 4 : 0 : 1000 room 24 

ZIF-8 - 5 1 : 2 : 0 : 330 80 4 

ZIF-8 – 6 1 : 4 : 0 : 330 80 4 

ZIF-8 – 7 1 : 10 : 0 : 330 80 4 

ZIF-8 – 8 1 : 4 : 0 : 330 120 4 

ZIF-8 – 9 1 : 2 : 0 : 330 80 1 

ZIF-8 – 10 1 : 2 : 0 : 330 80 2 

ZIF-8 – 11 1 : 2 : 0 : 330 80 8 

ZIF-8 – 12 1 : 2 : 0 : 330 80 24 

ZIF-8 – 13 1 : 4 : 0.5 : 330 80 4 

ZIF-8 – 14 1 : 4 : 2 : 330 80 4 

ZIF-8 – 15 1 : 4 : 4 : 330 80 4 

ZIF-8 – 16 1 : 4 : 8 : 330 80 4 

ZIF-8-17*[18]  1 : 70 : 0 : 1238 room 0.1 

* Solvent is DI water  
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3.2.3.2 GIS - NaP Zeolite Synthesis 

 

GIS - NaP zeolite was prepared by dissolving Na2SiO3 and NaOH in DI water, and then 

Na2AlO3 was added to the above solution under vigorous stirring. After aged in the air, 

the solution was hydrothermally treated in an oven at various temperatures for different 

synthesis durations. The synthesis conditions of the GIS - NaP samples are listed in 

Table 3.2. Finally, the product solids were washed until pH = 7 ~ 8 and collected by 

vacuum filtration and then dried in overnight an oven at 50 °C. 

 

Table 3.2 Synthesis conditions of the GIS - NaP samples. 

 

Sample  
Molar ratio 

 (Al2O3 : SiO2 : Na2O : H2O) 

Ageing 

 ( hours ) 

Temperature  

( °C ) 

Synthesis Duration 

 ( hours ) 

GIS - 1 1 : 10 : 14 : 800 24 100 2 

GIS - 2 1 : 10 : 14 : 800 24 100 4 

GIS - 3 1 : 10 : 14 : 800 24 100 6 

GIS - 4 1 : 10 : 14 : 800 24 100 8 

GIS - 5 1 : 10 : 14 : 800 24 100 10 

GIS - 6 1 : 10 : 14 : 800 24 100 12 

GIS - 7 1 : 10 : 14 : 800 24 100 20 

GIS - 8 1 : 10 : 14 : 800 24 100 24 

GIS - 9 1 : 15 : 14 : 800 1/12 100 24 

 

 

3.2.3.3 MIL-47 Synthesis 

 

MIL-47 was synthesized according to the method of Barthelet et al [16]. In general, 

1.663 g terephthalic acid and 6.712 g VCl3 were dissolved in 72.036 g DI water under 

stirring. The mixture was then carefully poured into a Teflon-lined autoclave and treated 

at 473 K for 48 hours. The resulting product was washed and collected with vacuum 

filtration and then dried in a furnace at 573 K for 24 hours.  



46 

 

 

3.2.4 Preparation of Gold (Au)/support Composites 

 

The Au incorporated porous material composites were prepared by dispersing the 

micro-porous support suspensions (methanol) in 2 ml of metal precursor solution 

(HAuCl4 in methanol) and the mixtures were continuously stirred for 2 hours. 

Subsequently, a 0.15 mmol/ml sodium borohydride/methanol solution was added to the 

precursor/support mixture under vigorous stirring for 30 min at room temperature. The 

resulting solids were washed and collected by vacuum filtration and then dried 

overnight in an oven at 80°C. 

 

3.3 Results and Discussions 

 

3.3.1 Characterization of Synthesized ZIF-8 Samples 

 

As shown in Figure 3.1, all the samples have identical XRD patterns, and these XRD 

patterns are consistent with the simulated ZIF-8 patterns which indicate the standard 

ZIF-8 structures of all the synthesized samples. However, the appearances of these ZIF-

8 samples are quite different and Figure 3.2 shows the SEM images of these synthesized 

ZIF-8 samples, from where we can find the appearance variations of these ZIF-8 

crystals synthesized from different conditions. As shown in Figure 3.2a, Figure 3.2b and 

Figure 3.2c, the average particle size of ZIF-8 crystals synthesized under room 

temperature decreased from 180 nm (ZIF-8 - 1) to 70 nm (ZIF-8 - 3), indicating the 

synthesis solution concentration would dramatically influence the growth of the ZIF-8 

crystals. This is because when the synthesis solution concentration is diluted, it is more 

difficult for the nutrients to meet and to grow surround the ZIF-8 nuclei during the 

synthesis [19]. ZIF-8 - 3 had a comparable average particle size to that reported by 

Cravillon et al [20]. While, Figure 3.2d shows the particle size of ZIF-8 - 4 was over 

100 nm by prolonging the synthesis duration to 24 hours. In addition, the particle sizes 

were found around 1 µm, 200 nm and 100 nm in Figure 3.2e, Figure 3.2f and Figure 

3.2g of ZIF-8 - 5, 6 and 7 respectively, synthesized at 80 °C for 4 hours but adjusting 

the bridging ligands concentration in the synthesis solutions. This finding implies that 
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the higher concentration of the bridging ligands in the synthesis solution, the smaller 

size of the product particles could be obtained. The result is identical to the conclusions 

reported by others that the excess bridging ligands would depress the ZIF-8 growth 

because of the ligands competition and deprotonation [20, 21]. Whereas the sample 

ZIF-8 - 1, 6 and 8 (Figure 3.2h) synthesized under the same conditions but at room 

temperatures, 80 °C and 120 °C, respectively, the particle size was found increased with 

the higher reaction rate at higher temperature. Besides, the crystal growth mechanism 

was also evaluated by comparing the samples of ZIF-8 - 9 to ZIF-8 - 12, which were 

synthesized for different durations. Figure 3.2i to Figure 3.2l present the changing trend 

of the particle morphology as the synthesis time prolonged, from where we can find that 

the particle shape varied as the time-resolved and the rhombic dodecahedral shape ZIF-

8 crystals formed after 12 hours. Aside from the particle size growth, the smaller 

crystals in sample ZIF-8 - 9 also disappeared in sample ZIF-8 - 12 because the Ostwald 

ripening has taken place during the longer synthesis duration. By comparing the SEM 

images of sample ZIF-8 - 6 and ZIF-8 - 13 to ZIF-8 - 16 shown in Figure 3.2f and 

Figure 3.2m to Figure 3.2p, we can find the particle size dramatically increased with 

higher sodium formate ratio in the synthesis solution. Even more, the ZIF-8 particles 

were found agglomerated and grew to a large chunk in sample ZIF-8 - 15 and 16 as 

shown in Figure 3.2o and Figure 3.2p. This size increment is believed caused by the 

fully deprotonated of 2-Hmim with the appearance of sodium formate in the synthesis 

solution reported by McCarthy et al [21]. Sample ZIF-8 - 17 was synthesized through 

the frequently-used aqueous synthesis method and its SEM image is shown in Figure 

3.2q. The particle size of ZIF-8 - 17 is around 80 nm, which is very similar to that 

reported by Lai et al [18]. 
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Figure 3.1 XRD patterns of the synthesized ZIF-8 samples. 
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Figure 3.2 SEM images of ZIF-8 samples; images (a) to (q) corresponding to ZIF-8 - 1 

to ZIF-8 - 17. 

 

3.3.2 Characterization of Synthesized GIS - NaP Samples 

 

Figure 3.3 illustrates the XRD patterns of the stimulated and synthesized GIS – NaP 

samples. The identical patterns of the sample GIS - 1, 2 and 3 indicate that the obtained 

products were well crystallized after 2 hours synthesis at 100 °C. However, the XRD 

patterns of these samples were not consistent with that of the stimulated GIS – NaP, but 

it was NaX zeolite phase. The chartered peaks of GIS – NaP arose in the XRD patterns 

of sample GIS - 4 and 5 after the synthesis lasted 8 hours at 100 °C, although the NaX 

phase still existed in these specimens. Samples of GIS - 6, 7 and 8 obtained after 12 

hours crystallization at 100 °C have the same XRD patterns with the stimulated GIS – 

NaP, which confirms the single GIS – NaP zeolite phase without any other impurity 

phase. In GIS - 9, the SiO2 ratio was slightly increased and the aging procedure was 

omitted comparing to other samples. The XRD patterns of GIS - 9 still shows standard 

GIS – NaP structure which means the aging procedure does not affect the zeolite 

synthesis in this condition. Hence, we can conclude that the synthesis duration should 

be longer than 12 hours to obtain the pure single phase of GIS – NaP zeolite. 

 

SEM images of the synthesized GIS – NaP samples are presented in Figure 3.4, which 

also provide the growth mechanism for the GIS – NaP zeolite crystallization. As shown 

in Figure 3.4a and Figure 3.4b, the isolated particles were well dispersed in GIS - 1 and 

2, while the average sizes of the particles were around 500 nm. In contrast, the particles 

in Figure 3.4c were still isolated but started to aggregate after 8 hours crystallization of 

GIS - 4. After 12 hours synthesis, the obtained sample of GIS - 6 presented a sphere 

shape which was composed of nano-size crystals as shown in Figure 3.4e. On the base 

（p） （q） 
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of GIS - 6, the sphere crystals further grew to larger agglomeration with a knobby 

surface of GIS - 7 after 24 hours, as shown in Figure 3.4f. These study results are 

similar to the findings reported by Sharma et al. [22] and provide very meaningful 

information for the control synthesis of GIS – NaP zeolite and its membrane fabrication. 

 

 

Figure 3.3 XRD patterns of the synthesized GIS - NaP samples. 
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Figure 3.4 SEM images of GIS - NaP samples, (a) GIS - 1, (b) GIS - 3, (c) GIS - 4, (d) 

GIS - 6 and (e) GIS - 8. 

 

3.3.3 Characterization of Synthesized MIL-47 Samples 

 

The XRD patterns and SEM image of synthesized MIL-47 are shown in Figure 3.5a and 

Figure 3.5b. Comparison of the synthesized MIL-47 and the stimulated MIL-47 XRD 

patterns as shown in Figure 3.5a, confirms the pure phase MIL-47 crystals obtained 

with our synthesis procedure. The SEM image in Figure 3.5b reveals the synthesized 

MIL-47 particles have a uniform particle size distribution of around 1 µm. 

(a) (c) 

(d) (e) 

(b) 
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Figure 3.5 XRD patterns (a) and SEM image (b) of synthesized MIL-47. 

 

3.3.4 Characterization of Synthesized Gold/support Samples 

 

The TEM images of the gold (Au)/ZIF-8, Au/MIL-47 and Au/GIS samples are given in 

Figure 3.6. The gold particles with the average size of 2 – 5 nm were evenly distributed 

in the Au/ZIF-8 samples with 1, 2.5 and 5 wt% gold loadings as shown in Figure 3.6a, 
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Figure 3.6b and Figure 3.6c. However, for a higher Au loading (5 wt%), even though 

most of the gold particles were still very small and isolated, the Au aggregations of 

different degrees started to be found in Figure 3.6c of sample 3. In general, the isolated 

gold nano-particles were successfully incorporated and well distributed in the ZIF-8 

support of the Au/ZIF-8 samples with the gold loading lower than 5 wt%. In contrast, 

large gold clusters were observed attaching on the particles surface, rather than in the 

support MIL-47 structure in Figure 3.6d and Figure 3.6e of sample Au/MIL-47. 

Although, there were also small amount of fragmentary gold particles in the shell area 

of the MIL-47 particles, most of the gold were unable to load into the MIL-47 support. 

Similarly, large gold particles in Au/GIS sample were found aggregated and located on 

the edges of the GIS - NaP support in Figure 3.6f. The XRD patterns in Figure 3.7 show 

that the prepared Au/ZIF-8, Au/MIL-47 and Au/GIS all preserved their support 

structure of ZIF-8, MIL-47 and GIS – NaP, respectively. However, there was no 

obvious gold diffraction peaks in these samples because of the low gold content and the 

small size of the loading gold particles [15]. These results indicate that, comparing to 

MIL-47 and GIS – NaP, ZIF-8 is the most appropriate support for the gold nano-

particles in the impregnation preparation method.  

 

  

    

Figure 3.6 TEM images of Au/ZIF-8 with 1 (a), 2.5 (b) and 5 (c) wt% Au loading, 

Au/MIL-47 (d and e), and Au/GIS (f). 
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(d) (e) (f) 
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Figure 3.7 XRD patterns of Au/ZIF-8 (a), Au/MIL-47 (b) and Au/GIS - NaP samples 

(c). 

 

3.4 Conclusion  

 

The micro-porous materials of ZIF-8, GIS - NaP and MIL-47 were successfully 

prepared through the hydrothermal synthesis method in this study. Besides, the 

influence of the additive sodium formate in ZIF-8 synthesis was evaluated, and the 

crystallization mechanism of ZIF-8 and GIS – NaP particles were systematically 

investigated. In addition, the supported Au nanoparticles composites were prepared with 
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the three synthesized porous supports and ZIF-8 was found the most appropriate 

material in this preparation. In conclusion, according to the literature review and the 

results of this chapter, ZIF-8 was selected as the candidate raw material of the 

membrane reactor for water gas shift reaction in this dissertation, because 1) ZIF-8 

synthesis is controllable and the formations of the produced ZIF-8 could be varied from 

nano-particles to integrated films, 2) ZIF-8 membrane shows considerable performance 

for gas separation, especially for hydrogen separation and purification, 3) ZIF-8 was 

found as a good metal catalysts support with the capacity of controlling the metal 

particles distribution in its structure. 
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4.1  Introduction 

 

Metal-organic frameworks (MOFs) are a new class of materials that have received 

considerable attention in recent years, primarily because of their high specific surface 

area and pore volume. Also known as porous coordination polymers, these materials 

consist of infinite crystal lattices that feature metal-ion vertices and organic bridging 

ligands [1 - 7].  Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal-organic 

frameworks composed of tetrahedrally coordinated metal ions connected by organic 

imidazole ligands.  They are considered “zeolitic” because of their metal-imidazole-

metal angle being similar to the 145° Si-O-Si angle observed in zeolites and because of 

their zeolite-like topologies [8 - 11]. 

 

Zeolite imidazole framework-8 (ZIF-8) has attracted extensive research interest because 

of its simple synthesis and various formulations [10, 12 - 18], its outstanding thermal 

and chemical stability [8, 19, 20], and its potential applications in catalysis [21 - 24] and 

gas separation [9, 15, 16, 25, 26]. In many industrial processes, harsh conditions such as 

high temperatures, high pressures, and the presence of oxidants are required. However, 

systematic information regarding the structural stability of ZIF-8 under these conditions 

is still insufficient.  Although the authors of numerous previous reports have suggested 

that ZIF-8 is a structurally sound material on the basis of thermogravimetric analysis 

(TGA) results for ZIF-8 under air and nitrogen atmospheres [2, 4, 5], we believe the 

commonly used temperature-increasing method in TGA result in misleading because it 

overlooks possible structural changes in the materials during long-term isothermal 

heating.  Here, we report a systematic study of the thermal stability of ZIF-8 in the 

presence of air, argon, and steam, to provide a more realistic assessment of the 

structural stability of ZIF-8 in industrial gas-phase applications. TGA was performed 

under isothermal conditions to investigate the trends of ZIF-8 decomposition under air 

and nitrogen atmospheres at different temperatures. The stability of ZIF-8 as a catalyst 

support was examined in reaction of the hydrogen reduction of Au in ZIF-8 and the CO 

oxidation reaction over the reduced Au/ZIF-8.   
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4.2 Experimental 

 

4.2.1 Materials 

 

Zinc nitrate hydrate (> 99.99%), 2-methyimidazole (Hmim), methanol (> 99.8%) and 

gold (III) chloride trihydrate (> 99.99%) were purchased from Sigma - Aldrich 

Chemical Co. Instrument-grade hydrogen, air and argon were purchased from BOC. 

Deionized (DI) water was prepared in a lab-based water-purification apparatus. All the 

chemicals were used as received without any further treatment. 

 

4.2.2 Sample Preparation 

 

ZIF-8 was prepared according to the synthesis method reported by Pan et al. [13]. Zn 

and Hmim solutions were first prepared by dissolving 1.17 g Zn(NO3)2·6H2O and 22.7 

g Hmim in 8 g and 80 g of DI water, respectively. The Zn solution was then added to 

the Hmim solution under vigorous stirring for 5 min at ambient temperature.  The solid 

precipitated from the mixture was filtrated through vacuumed filtration and washed with 

water 3 times. Finally, the solids (ZIF-8) were dried in an oven at 65 °C overnight (ZIF-

8-D65) or at 100 °C for 3 h (ZIF-8-D100) and collected. 

 

The 2 wt % Au loading Au/ZIF-8 was synthesized by impregnating ZIF-8 particles 

(0.06 g/ml ZIF-8 in 4.4 ml methanol) with 0.8 ml of HAuCl4 in methanol and the 

mixture was stirred for 3 h, and the Au-containing solid was subsequently collected by 

filtration. The sample was finally treated in 10% H2 in Ar at 200 ºC for 2 h, 400 ºC for 5 

h or 10 h. 

 

4.2.3 Thermal Stability Tests and Characterization 

 

Thermal stability tests were performed using a temperature-controlled tubular furnace 

(MTI-GSL1500X) with flowing air, Ar, or steam.  After the tube furnace was purged 

with Ar, the ZIF-8-D65 samples (~ 0.1 g) were heated from ambient temperature to the 

target temperature at 15 K/min. The flow rate of air, Ar, or steam (H2O/Ar molar ratio 
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1:1) was 25 ml/min. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) images were obtained on a JEOL 700F and a Philips CM-200, 

respectively. To examine the crystal phase transformation of ZIF-8 under different 

conditions, X-ray diffraction (XRD) analysis was conducted using a Philips PW1700 

instrument equipped with a Co- havior of ZIF-8 

under air and nitrogen flows was assessed using a SDT Q600 thermogravimetric 

analysis (TGA) system with a temperature ramp rate of 5 K/min and isothermal 

methods.      

 

4.2.4 CO Oxidation Reaction 

 

The Au/ZIF-8 catalyzed CO oxidation was conducted in a stainless steel fixed bed 

reactor (i.d. 10 mm). In a standard process, 0.025 g Au/ZIF-8 catalyst was loaded into 

the reactor at ambient temperature and the reactor was heated to a desired temperature at 

a rate of 30 K/min. A mixture of gas which contained CO (0.3 sccm), O2 (3 sccm) and 

Ar (10 sccm) was introduced to the packed bed reactor. The reactor temperature was 

controlled using a vertical tubular furnace (MTI-GSL1100) and is monitored by a 

thermal couple probe extended into the catalyst bed. The reactor effluent was 

transferred into a gas chromatograph (Buck Scientific 910 GC) to measure reactants and 

product concentration by thermal conductivity after chromatographic separation in a 

capillary column (MXT-  

 

4.3 Results and Discussion 

 

4.3.1 Structure of ZIF-8 

 

The average size of the ZIF-8 particles formed by the rapid synthesis method [13] was 

approximately 100 nm (Figure 4.1a). The TEM image (Figure 4.1b) shows that the 

crystals exhibit a rhombic dodecahedron shape, which is a common ZIF-8 morphology 

reported in the literature [13].  Figure 4.2a shows that the XRD patterns of the samples 

ZIF-8-D65 and ZIF-8-D100 are consistent with the simulated ZIF-8 pattern, which 

suggests that no phase transformation occurred during the drying process. The relative 
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intensities of the characteristic peaks of ZIF-8-D65, e.g., at 2θ ≈ 5° and 11°, however, 

differ between the ZIF-8-D100 pattern and the simulated ZIF-8 pattern.  This difference 

is assumed to be caused by insufficient drying, which leaves excess guest molecules 

remaining in the pores, including residual solvent molecules and organic ligands, which 

interact with the ZIF-8 structures. We verified this attribution by conducting TGA 

experiments under increasing temperature. As shown in Figure 4.3, the TGA results 

reveal that ZIF-8-D65 exhibited a weight loss of approximately 30% under flowing air 

and nitrogen as the temperature was increased to 200 °C. The weight-loss percentage 

was higher than the reported value of 11.8% [13], which indicates the presence of 

excess residues in the ZIF-8 structure after the sample was dried at 65 °C overnight. In 

addition, Figure 4.3 also demonstrates that the ZIF-8 structure is stable up to 350 °C 

under flowing air and to almost 500 °C under flowing nitrogen. Beyond that point, the 

structure began to collapse quickly, and, finally, 20% of the ZIF-8-D65 sample’s initial 

weight remained after it was heated to 800 °C under either atmosphere. On the basis of 

this result, we confirmed that the ZIF-8 structure is more stable under an inert gas 

atmosphere than under an air atmosphere. Notably, however, the temperature-increasing 

method commonly used in TGA does not follow the detection of possible structural 

changes in the material during long-term isothermal heating.  

 

  

 

Figure 4.1 (a) SEM and (b) TEM images of the synthesized ZIF-8 samples. 

(a) (b) 
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Figure 4.2 XRD patterns of the synthesized ZIF-8 samples and the simulated pattern of 

ZIF-8. 

 

Figure 4.3 TGA results for the ZIF-8-D65 sample. 
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4.3.2 Thermal Stability Tests 

 

The thermal stability of the ZIF-8 samples was examined at temperatures from 200 °C 

to 500 °C under air, argon and steam atmospheres. The powder XRD patterns of the 

treated ZIF-8 samples are shown in Figure 4.4; these patterns indicate the stability of 

ZIF-8 under different treatment conditions. The XRD patterns in Figure 4.4a of the ZIF-

8 samples treated in air at 200 °C for 24 h and at 300 °C for 5 h indicate that the 

samples did not undergo obvious structural alterations compared to the reference ZIF-8 

(simulated XRD pattern). However, after the sample were heated in air at 300 °C for 24 

h and at over 400 °C for 5 h, the peaks in the XRD patterns of the ZIF-8 samples 

disappeared, with  the concomitant emergence of characteristic peaks of zinc oxide. 

These results indicate that ZIF-8 is inappropriate for long-term use in air atmospheres at 

temperatures greater than 300 °C, even though the TGA results in Figure 4.3 indicate 

that the ZIF-8 structure is stable to greater than 350 °C under flowing air. In contrast, 

the structures of the ZIF-8 samples heated at 300 °C for 24 h and at 400 °C for 5 h 

under an argon atmosphere were well maintained, as shown in Figure 4.4b, which 

demonstrates that the ZIF-8 structure is stable under these conditions. Nevertheless, the 

characteristic XRD peaks of ZIF-8 also disappeared after treatment at 500 °C for 5 h 

under an argon atmosphere. Zinc oxide peaks were not obvious because of the lack of 

an oxygen source in the inert-gas environment. This result is similarly inconsistent with 

the TGA results obtained using increasing temperature method, which suggested that 

ZIF-8 is thermally stable to 500 °C under nitrogen, as shown in Figure 4.3. In addition, 

the ZIF-8 structure of the sample treated under steam at 300 °C for 5 h was maintained, 

although the characteristic peak intensities in the XRD pattern decreased, indicating a 

dramatic loss of crystallinity, as shown in Figure 4.4c. This loss of crystallinity is most 

likely caused by hydrolysis between the ZIF-8 ligands and the ambient moisture, which 

accelerates the decomposition of the ZIF-8 structure [27]. The samples were fully 

decomposed after exposure to steam at temperatures greater than 400 °C for 5 h.  

Accordingly, we concluded that ZIF-8 was least stable in the steam atmosphere 

compared to the other two atmospheres. 
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Figure 4.4 XRD patterns of the ZIF-8-D65 sample treated in (a) air, (b) Ar and (c) steam 

atmosphere at various temperatures and for various durations. 

 

The SEM images corresponding to these treated ZIF-8s are presented in Figure 4.5 and 

reveal variations in the appearance of the particles after the various treatments. As 

shown in Figure 4.5a and Figure 4.5d, the samples did not show any obvious variation 

in appearance compared to the original ZIF-8 samples shown in Figure 4.1a after being 

treated in air at 300 °C for 5 h or in argon at 300 °C for 24 h. In contrast, particles with 

an irregular flocculent shape were observed in the SEM images in Figure 4.5b, Figure 

4.5c, and Figure 4.5f, which correspond to the samples treated in air at 300 °C for 24 h, 

in air at 400 °C for 5 h, and in steam at 400 °C for 5 h, respectively. Notably, the 

samples treated in argon at 400 °C for 5 h (Figure 4.5e) still exhibited the rough 

appearance of the original ZIF-8; however, the particles size was decreased and became 

more uniform because of the partial decomposition of the structure. In general, the SEM 

images agreed well with the XRD results and confirmed the thermal stability trends of 

ZIF-8 in the described environments. 
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Figure 4.5 SEM images of the ZIF-8-D65 samples treated at (a) 300 °C for 5 h, (b) 300 

°C for 24 h, (c) 400 °C for 5 h in air, (d) 300 °C for 24 h,  (e) 400 °C for 5 h in Ar and 

(f) 400 °C for 5 h in steam. 

 

The thermal stability tests indicate that the ZIF-8 is most stable under the argon (inert) 

atmosphere, where no oxide component exists, followed by the air atmosphere; it 

exhibited the worst stability under the steam atmosphere. However, the thermal stability 

of ZIF-8 does not depend only on the treatment temperature and environments; it also 

depends on the exposure time under respective conditions. Thus, the TGA results 

acquired using the increasing-temperature method should be recognized as insufficient 

to evaluate the thermal stability of ZIF-8.  

 

Therefore, to probe the trend of the decomposition of the ZIF-8 structure under the 

various treatment processes, isothermal TGA tests were conducted under flowing air 

and nitrogen atmospheres at different temperatures. As presented in Figure 4.6, all the 

samples exhibited a sharp 30% drop from their original weight during the first minutes 

as a result of the volatilization of the residual water and organic ligands from the ZIF-8 

structure, as previously explained regarding Figure 4.3. After these residual molecules 

were removed, the weight of the samples remained approximately constant at 300 °C 

under air and at 400 °C under nitrogen, with only a slight decrease in weight (an 

additional 10% of the original weight) after heating for 10 h. These results confirm that 

（a） （b） （c） 

（d） （e） （f） 
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the ZIF-8 structures can be maintained in these environments for at least 10 h. In 

contrast, the weight of the samples at 400 °C under flowing air and at 500 °C under 

flowing nitrogen exhibited substantial weight losses, with only 30% of the original 

weight remaining after exposure for 4 h; this behavior is identical to the behavior shown 

in Figure 4.3. These results suggest that the temperature thresholds for ZIF-8 to 

maintain its structure in oxidative and inert environments are 400 °C and 500 °C, 

respectively. Although the primary crystal structures of the samples heated at 300 °C in 

air and 400 °C in argon for 10 h were maintained, the shape of the resulting ZIF-8 

particles as likely to diminish to a certain extent because of the weight loss, as shown in 

Figure 4.5e, whereas the ZIF-8 structure was fully collapsed when heated for 24 h at 

300 °C in air, as previously described.  

 

On the basis of these results, we conclude that the ZIF-8 material is suitable for long-

term use in applications that involve operation under an inert gas environment at 

temperatures below 400 °C or under air or humid environments at temperatures below 

300 °C.  

Figure 4.6 Isothermal TGA of the ZIF-8-D65 samples in Air and N2 at 300 - 500 °C. 
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4.3.3 Hydrogen Reduction of Au in ZIF-8 and CO Oxidation over the Reduced 

Au/ZIF-8 Catalyst 

 

Comprehensive studies of nano-sized Au catalysts have been conducted as Au exhibits 

excellent catalytic activity toward CO oxidation [28]. Various materials such as metal 

oxides, zeolites and activated carbons have been used as the supports for Au catalysts 

[21-23, 28, 29]. In this section, we assess the structural stability of ZIF-8 under the 

typical preparation conditions of supported Au catalysts (Au/ZIF-8). Au/ZIF-8 was 

prepared through impregnation of ZIF-8 with gold precursor solution (HAuCl4/ZIF-8), 

followed by hydrogen reduction at 220 °C  for 2 h (Au/ZIF-8-220°C-2h), 400 °C for 5 h 

(Au/ZIF-8-400°C-5h) or 400 °C for 10 h (Au/ZIF-8-400°C-10h). The selected Au/ZIF-8 

was used to catalyze CO oxidation during which the structural stability of the catalyst 

and its catalytic performance were evaluated. 

 

The TEM images of the HAuCl4/ZIF-8, Au/ZIF-8-220°C-2h, Au/ZIF-8-400°C-5h and 

Au/ZIF-8-400°C-10h samples are given in Figure 4.7. Figure 4.7a and Figure 4.7b show 

that the size distribution (average 100 nm) and the crystal shape of HAuCl4/ZIF-8 are 

very similar to the original ZIF-8 sample (as shown in Figure 4.1a). On the other hand, 

Figure 4.7c and Figure 4.7d show the general morphology of Au/ZIF-8-220°C-2h and 

that Au particle with size larger than the pore diameter (1.16 nm) of ZIF-8 were formed. 

The latter suggests that these Au particles should be located on the external surface of 

ZIF-8 instead of the channel or within the framework. Some large Au particles with size 

close to 20 nm resulted from aggregation were also observed (Figure 4.7d). The 

morphology of the ZIF-8 support changed noticeably after reduction of HAuCl4/ZIF-8 

at 400 ºC for 5 h (Au/ZIF-8-400°C-5h) as shown in Figure 4.7e and Figure 4.7f. The 

size of Au/ZIF-8-400°C-5h particles decreased slightly as the edges of ZIF-8 support 

disappeared; while spherical Au particles were also observed. The fragmentary particles 

(Figure 4.7e) could be due to the partial decomposition of ZIF-8 crystals under heated 

conditions. Figure 4.7f shows that the average Au particles size in Au/ZIF-8-400°C-5h 

(approximately 8 nm) was larger than those in Au/ZIF-8-220°C-2h and were distributed 

evenly on the ZIF-8 structure. Furthermore, Figure 4.7g and Figure 4.7h reveal that the 

Au/ZIF-8-400°C-10h particles were almost completely decomposed with obvious 
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aggregation of Au particles. The TEM images indicate that ZIF-8 was not able to 

maintain the Au particles in its structure at 400 °C under H2/Ar atmosphere. The XRD 

patterns in Figure 4.8 show that HAuCl4/ZIF-8, Au/ZIF-8-220°C-2h and Au/ZIF-8-

400°C-5h preserved their ZIF-8 structure (compared to the reference patterns), 

indicating that the supported Au catalyst synthesis procedure via impregnation and the 

subsequent hydrogen reduction at 220°C for 2 h and at 400 °C for 5 h did not alter the 

crystal phase of the ZIF-8 support. The peak intensities of Au/ZIF-8-400°C-5h sample 

associated with ZIF-8, however, decreased slightly, which indicates a loss of 

crystallinity to some extent. The results from hydrogen reduction indicate that the Au 

nano-particles were successfully loaded onto the ZIF-8 support in both Au/ZIF-8-

220°C-2h and Au/ZIF-8-400°C-5h samples. Although the ZIF-8 structure was 

reasonably stable at 400 °C under H2/Ar atmospheres for as long as 5 h, the Au particles 

were not completely immobilized under this condition due to weak affinity with the 

ZIF-8 surface which led to severe aggregation.  

 

CO oxidation was carried out to verify the stability of the Au/ZIF-220°C-2h catalyst 

under an oxidative reaction environment (Figure 4.9). The results show that the catalyst 

gave a steady CO conversion of 15% in average at 300 °C whereas the catalyst activity 

decreased very rapidly at 400 °C. This indicates potential structural stability of ZIF-8 at 

300 °C or below although a minor decrease in conversion was still observed at the 

initial stage (from ca. 20% to 16% between 2 and 4 h). The large difference between the 

initial CO conversion at 300 °C and 400 °C (20% vs 90%) could be attributed to: 1) a 

much faster reaction kinetic at 400 °C and 2) the presence of active Au/ZnO interface 

resulted from rapid decomposition of ZIF-8 to ZnO at 400 °C [29]. The CO conversion 

at 400 °C after 2 h decreased significantly to ca. 20% or below due to the loss of 

available Au/ZnO interface as Au particles become larger. 
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Figure 4.7 TEM images of HAuCl4/ZIF-8 (a and b), Au/ZIF-8-220°C -2h (c and d), 

Au/ZIF-8-400°C -5h (e and f) and Au/ZIF-8-400°C -10h (g and h). 

 

 

The XRD patterns of the Au/ZIF-8-220°C-2h samples after prolonged period (20 h) of 

CO oxidation at 300 °C and 400 °C show that the remaining materials are Au and ZnO 

resulted from complete decomposition of ZIF-8 (Figure 4.10). The TEM images reveal 

that most Au particles remained uniform in size (average 15 nm) and were distributed 

evenly in the decomposed structure after long-term reaction at 300 °C (inset of Figure 

4.10), while large Au particles (ca. 50 nm) and some fragmentary particles from the 

support were observed after exposure to oxidative reaction environment at 400 °C for 

20 h. These results confirmed that progressive modification of the ZIF-8 structure is 

inevitable during long-term operation at heated conditions, which are consistent with 

the previous conclusions from the thermal stability tests.  

 

（a） （b） （c） 

（d） （e） （f） 

（g） （h） （c） 
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Figure 4.8 XRD patterns of HAuCl4/ZIF-8, Au/ZIF-8-220°C-2h and Au/ZIF-8-400°C-

5h. 

 

 

 

Figure 4.9 CO conversion verse time curves in catalysed CO oxidation over Au/ZIF-8-

220°C-2h at 300°C and 400°C. 

2-Theta (Degree)

10 20 30 40 50

In
te

n
s
it
y 

(a
.u

.)

ZIF- 8 simulated

HAuCl4 /ZIF-8

Au/ZIF- 8 - 400
o
C - 5h

Au/ZIF-8 - 220
o
C - 2h

Time on stream (h)

2 4 6 8 10 12 14

C
O

 c
o
nv

er
si

o
n 

(%
)

0

20

40

60

80

100

Au/ZIF-8-220°C-2h-400°C 

Au/ZIF-8-220°C-2h-300°C 



74 

 

 

 

Figure 4.10 XRD patterns and TEM images of Au/ZIF-8-220°C-2h after 20 h CO 

oxidation at 300°C and 400°C. 

 

4.4 Conclusions 

 

A comprehensive study was performed to investigate the thermal stability of ZIF-8 

under various gaseous environments and to investigate the feasibility of using ZIF-8 in 

gas-phase applications. In this study, we determined that ZIF-8 exhibits its greatest 

stability in an inert environment, under which conditions the structure is well 

maintained when heated at 300 °C for 24 h; the next-best stability was observed for 

ZIF-8 in an air atmosphere, and the worst stability was observed for ZIF-8 under a 

steam atmosphere. Many TGA results reported in literature regarding the thermal 

stability of inorganic-organic frameworks could be misleading as the measurement was 

often carried out for only a short period of time at high temperatures. In this work, 

isothermal TGA experiments were performed to examine the ZIF-8 decomposition 

trend in air and nitrogen at different temperatures, these results indicated that the 
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thermal stability of ZIF-8 depends not only on the treatment conditions but also on the 

exposure time. We concluded that TGA results could accurately represent the thermal 

stability of ZIF-8 only if they are recorded isothermally. Furthermore, hydrogen 

reduction of Au in ZIF-8 and Au/ZIF-8 catalyzed CO oxidation were carried out to 

verify the structural stability of the framework under general synthesis conditions of 

supported metal catalysts and oxidative reaction environment, respectively. In 

summary, ZIF-8 is suitable for use in catalytic reactions and gas-separation processes at 

temperatures below 300 °C in the presence of air or water and under inert gas 

environments at temperature over 400 °C. The structural information of ZIF-8 obtained 

in this work is important and should be considered before one intends to use this 

framework material in practical situations.   
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5.1  Introduction 

 

Biomass is an environmentally friendly renewable energy source that is widely 

considered as a promising substituent for fossil fuel. Gasification is one of the most 

attractive biomass conversion technologies for the production of valuable energy 

products from multiform biomass feedstocks. The primary product of gasification is the 

producer gas or syngas, which contains hydrogen, carbon monoxide, carbon dioxide, 

and water vapor. Biomass–derived syngas can be used for power generation, synthesis 

of Fisher-Tropsch liquid fuel, and other forms of energy after further chemical 

transformations [1 - 4]. It is noted that the control of the H2/CO molar ratio and the 

production of concentrated H2 are highly desirable for effective utilization of the syngas 

[5, 6]. New Zealand has abundant biomass resources, including woody waste, 

agricultural waste, and other commercial crops. Hence, biomass conversion is a 

promising energy option for New Zealand [7, 8]. In this aspect, a dual fluidized bed 

(DFB) steam gasifier has been developed as means to produce syngas from biomass 

resources effectively [1, 3, 4]. In this study, we aim to use the membrane-based 

separation, which is a promising gas separation technology compared to other 

traditional methods [9, 10], to produce concentrated H2 stream in this biomass-derived 

syngas system. 

 

As a member of metal organic frameworks (MOFs), zeolitic imidazolate frameworks 

(ZIFs) are novel emerging porous materials composed of divalent metal nodes linked by 

imidazolate bridging ligands [11 - 16]. ZIF materials are regarded as “zeolitic” because 

their 145° metal-imidazolate-metal angles are very close to the zeolite Si–O–Si angle 

[14, 17 - 21]. In addition to the general property advantages of most MOF materials, 

such as the adjustable pore size and the high surface area, ZIFs have high chemical and 

thermal stability [14, 22, 23]. Over 150 ZIF structures have been developed by 

incorporating different metals and functional ligand groups, which has resulted in a 

variety of zeolite-like topologies and special chemical functionalities. 

 

The structure robustness and other advantages make ZIFs promising materials in many 

application areas, including separation and adsorption [22, 24 - 26], catalysis [27 - 30], 
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and drug delivery [31]. Among these applications, the most promising utilizations of 

ZIFs are in separation membranes [32 - 36] and selective sorbents [37]. For example, a 

supported ZIF-7 membrane was prepared in Caro’s group for hydrogen separation and 

exhibited separation factors for H2/N2 of 13.6 and H2/CO2 of 18 [32]. A ZIF-8 

membrane was fabricated in aqueous solution and was successfully employed to 

separate a propylene/propane mixture by Lai’s group [38]. In addition, a counter-

diffusion method was employed for the facile synthesis of ZIF-8 membranes, which 

showed good propylene/propane separation performance [39]. A 3-

aminopropyltriethoxysilane (APTES) - modified ZIF-90 membrane was developed by 

Huang et al. with a CO2/CH4 separation factor of 4.7, which is promising in the 

application of CO2/CH4 separation [40]. 

 

ZIF-8 membrane synthesis methods have been investigated and developed under 

different conditions for many separation applications. In particular, ZIF-8 has a 

relatively high chemical and thermal stability compared to other MOFs [14]. The pore 

size of ZIF-8 (~0.34 nm), which is larger than the kinetic diameter of H2 (0.289 nm) and 

CO2 (0.33 nm), but smaller than CO (0.376 nm), N2 (0.364 nm) and CH4 (0.38 nm) [41], 

allows it to be used potentially for gas separation processes in industry [42]. Although 

the pore size of ZIF-8 is slightly larger than the kinetic diameter of CO2, ZIF-8 

membranes were expected to separate H2/CO2 mixtures through the recognition of their 

size difference [43]. However, modest H2/CO2 separation performance has been 

reported [24, 26, 42, 44], requiring a substantial work on understanding the structural 

properties of ZIF-8 membranes and thus, improving their separation performances. 

There are two primary classifications of the synthesis methods: in situ growth [26, 34] 

and secondary growth [25, 33, 35]. Some innovative procedures have also been 

developed [45]. The effects of other features in ZIF-8 membrane synthesis have been 

discussed, including the substrate effect, the solvent effect, and the activation procedure 

effect. This information has been summarized by Melgar et al. [46] and Pimentel et al 

[22]. 

 

Herein, a ZIF-8 membrane is considered an alternative solution for separating hydrogen 

from biomass-derived syngas. Although many investigations have focused on ZIF-8 
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membrane fabrication and development, the complex mechanisms of ZIF membrane 

formation cause difficulties in the reproducible control of the outstanding performance 

of the synthesized ZIF-8 membrane. A well-integrated ZIF-8 membrane often requires 

many synthesis attempts because of the unstable performance of the synthesized 

membranes. In addition, despite the promising potential of ZIF-8 membranes for H2 

separations and the reported excellent stability of ZIF-8 material, the hydrothermal 

stability of ZIF-8 membranes remains uncertain under the application conditions, 

especially in biomass-derived syngas environments with the presence of steam. In this 

study, a post-treatment procedure was proposed to provide a simple, feasible way to 

improve the ZIF-8 membrane fabrication process and repair the imperfect ZIF-8 

membrane. Moreover, the gas permeation performance of the post-treated ZIF-8 

membrane was examined by single gas permeation at room temperature and mixture gas 

permeation at different temperatures in a simulated biomass-derived syngas 

environment both with and without the presence of steam. To the best our knowledge, 

the hydrothermal stability of the ZIF-8 membrane was for the first time studied via a 

long-term operation under simulated humid syngas environments at 200 °C. 

 

5.2 Experimental 

 

5.2.1 Materials 

 

Zinc chloride (99.9%) was purchased from Ajax Chemicals. Zinc nitrate hydrate 

(>99.99%), 2-methyimidazole (Hmim), methanol (>99.8%), and sodium formate were 

purchased from Sigma-Aldrich Chemical Co. All chemicals were used as received 

without further treatment. For permeation tests, instrument-grade hydrogen, nitrogen, 

argon, carbon dioxide, carbon monoxide, and a simulated biomass-derived syngas with 

a gas composition of 50 vol% H2, 25 vol% CO and 25 vol% CO2 were purchased from 

BOC. Deionized (DI) water was produced in a lab-based reverse osmosis water 

treatment plant. 

 

5.2.2 ZIF-8 Membrane Fabrication and Post-treatment  
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5.2.2.1 Seed Synthesis  

 

Nano-sized ZIF-8 crystals were synthesized according to the method of Cravillon et al 

[18]. In general, 0.386 g Zn(NO3)2·6H2O and 0.4175 g Hmim were dissolved in 25 ml 

methanol. The Hmim solution was then added to the Zn solution with stirring for 30 

min at room temperature. The mixture was then aged under a static condition for 24 h to 

form the colloidal ZIF-8 seeds. The solid crystals were collected by centrifuge and were 

washed with methanol 3 times. Subsequently, the ZIF-8 seeds were dried in a vacuum 

oven at 50 °C overnight. Finally, a 0.1 wt% seeding solution was obtained by dispersing 

the ZIF-8 powder in methanol under ultrasonication.  

 

5.2.2.2 Membrane Fabrication 

 

A porous α-alumina disc support of 3 mm thickness and 22 mm diameter was prepared 

by hydraulic pressing followed by programmed temperature calcination. Prior to being 

seeded, the support was polished with fine sandpaper to obtain a smooth seeding surface 

and was then washed in an ultrasonic water bath. After the support was dried at 120 °C, 

it was dip-coated in the prepared seed solution for 10 seconds 2 times and dried in an 

oven at 80 °C overnight. 

 

The secondary growth solution was prepared according to the method reported by Bux 

et al [24]. In detail, 0.5460 g ZnCl2, 0.2781 g NaHCO2, and 0.4698 g Hmim were 

dissolved in 40 ml methanol under ultrasonication for 1 min and were then stirred for 5 

min. The clear solution was carefully poured into a Teflon-lined autoclave with the 

seeded support loaded vertically. The autoclave was treated in an oven at 120 °C for 6 

h. After the autoclave was cooled to room temperature, the membrane was removed and 

washed with methanol. Finally, the membrane was dried at room temperature for 24 h. 

 

5.2.2.3 Post-treatment of the Imperfect Membrane 

 

The dried ZIF-8 membrane was considered an imperfect membrane if it did not have a 

reasonable H2/N2 separation factor in the single gas permeation test. Then, post-
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treatment was performed in the following two steps to refine the membrane. First, the 

imperfect membrane was gently polished to smooth the membrane surface with fine 

sandpaper (#1600). If it was still an imperfect membrane after the polishing treatment, 

then the following 2
nd

 step was carried out. The membrane surface was further polished 

to deliberately break the top thin layer of the ZIF-8 membrane into small ZIF-8 

particles, regenerating a uniform ZIF-8 seeded support layer. Subsequently, a 2
nd

 

membrane synthesis was conducted by repeating the procedures in section 5.2.2 

followed by the polishing post-treatment. This post treatment procedure is like what has 

been reported by Tao et al [35]. 

 

5.2.3 Gas Permeation Test and Characterization 

 

A single gas permeation test was conducted on the system, as shown in Figure 5.1a, at 

room temperature, and a mixture gas permeation test was performed on the Wiche-

Kallenbach system, as shown in Figure 5.1b, at different temperatures. The membrane 

was loaded into a permeation cell sealed with a silicon o-ring and was then activated 

under argon flow before testing. In the mixture gas permeation test, the feed gas flow 

rate was 30 ml/min and the feed/retentate side total pressure (approximately 3 atm) was 

controlled using a needle valve. On the permeate side, argon was used as the sweep gas 

to dilute the gas concentration and the total pressure was maintained at 1 atm. The gas 

compositions of the feed and the permeate streams were analyzed with a gas 

chromatograph (Buck scientific 910 GC) configured with both a thermal conductivity 

detector (TCD) and a flame ionization detector (FID). An Agilent ADM 2000 flow 

meter was used to measure the flow rate in both tests. Scanning electron microscopy 

(SEM) was performed on a JEOL 700F. X-ray diffraction (XRD) patterns of the 

samples were collected using a Philips PW1700 instrument equipped with a Co Kα 

radiation source. The separation factor,  for the gas mixtures was calculated from 

equation 5-1: 

 

                                                                                   (5-1) 

/i j

/

i j

i j

i j

y y

x x
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where  and  represent the mole fraction of species  and  in the feed side, while 

 and  represent the mole fraction of species  and  in the permeate side. 

 

 

          

                       

 

Figure 5.1 Schematic diagram of the gas permeation setup for (a) single gas and (b) 

mixture gas. 

 

5.3 Results and Discussion 

 

5.3.1 ZIF-8 Membrane Synthesis and Post-treatment 

 

The average size of the synthesized ZIF-8 seeds was approximately 100 nm with a 

uniform size distribution, as shown in Figure 5.2a. Figure 5.2b and Figure 5.2c show the 

top surface of the support before and after the seeding procedure, indicating that the 

support is uniformly covered by the ZIF-8 seeds after the double dip-coating procedure. 

The single gas permeation results at room temperature are summarized in Table 5.1. 

The bare support exhibited a pure gas H2 permeance of 11.5×10
-6

 mol·m
-2

·s
-1

·Pa
-1 

and 

H2/CO2, H2/CO, and H2/N2 separation factors of 3.63, 3.08, and 3.02, respectively. 

These separation factors suggest that gas permeation through the bare support followed 

the combined mechanisms of Knudsen diffusion and laminar flow [47]. Although the 

ix
jx i j

iy
jy i j

a) 
 

b) 
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gas permeances of the imperfect ZIF-8 membrane decreased more than 10 times after 

the membrane synthesis procedure, the separation factors of H2/CO2 and H2/N2 were not 

improved compared with the bare support but rather decreased to 3.03 and 2.59, 

respectively. The top surface and cross-section SEM images of the imperfect ZIF-8 

membrane are shown in Figure 5.2d and Figure 5.2e, respectively. Although a well-

integrated membrane layer was likely to be formed on the top of the support, the 

membrane surface was very bumpy and uneven apparently due to the formation of large 

ZIF-8 crystals with an average particle size over 20 µm. Figure 5.2d and e reveals that 

these disordered large ZIF-8 crystals are randomly cross-linked and spread throughout 

the support, and the membrane thickness is over 40 µm. After polishing the surface of 

the imperfect ZIF-8 membrane, all of the gas permeances were significantly decreased 

and in particular, the H2 permeance was reduced to 20.5×10
-8

 mol·m
-2

·s
-1

·Pa
-1

,
 
which 

was 3 times lower than that of the imperfect ZIF-8 membrane. Compared to the above-

mentioned imperfect ZIF-8 membranes, the H2/CO2, H2/CO, and H2/N2 separation 

factors were improved to 4.79, 8.87, and 13.06, respectively, which were comparable to 

other reports [46]. It was found that the separation factor of H2/N2 was higher than that 

of H2/CO, though the kinetic diameter of CO (0.376 nm) was larger than that of N2 

(0.364 nm). The lower H2/CO separation factor can be ascribed to the stronger CO 

adsorption compared with weak N2 adsorption on the ZIF-8 surface [37]. Figure 5.2f 

shows that the top surface of the 1
st
 polished ZIF-8 membrane was flatter and that the 

edges of the large ZIF-8 crystals were polished away. At the same time, some debris 

particles were observed on the polished membrane surface, which were assumed to be 

the broken ZIF-8 fragments. The cross-section image of the 1
st
 polished ZIF-8 

membrane, as shown in Figure 5.2g, demonstrates that the ZIF-8 membrane layer 

exhibited a reduced thickness of ca 20 µm after the polishing post-treatment. 
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Figure 5.2 SEM images of (a) ZIF-8 seeds, (b) bare α-alumina support, (c) seeded 

support, (d) top surface and (e) cross-section of the imperfect ZIF-8 membrane, (f) top 

surface and (g) cross-section of the 1st polished ZIF-8 membrane. 

 

The schematic diagram shown in Figure 5.3 is proposed to explain the effects of the 

polishing post-treatment. As shown in Figure 5.3a, before the polishing treatment, the 

roughness of the imperfect ZIF-8 membrane surface could result in a defective contact 

area between the membrane and the sealing o-ring, possibly generating an undesired 

shortcut for the permeating gas molecules. Rather than passing along the ZIF-8 

membrane thickness to the permeate side, it is easier for the pressurized gas molecules 

to flow through the defects due to the incomplete sealing, where the transport resistance 

is smaller. Accordingly, the ZIF-8 membrane failed to achieve the gas separation 

performance, as expected by the molecular sieve effect. Thus, it resulted in the low 

separation factors of H2/CO2 and H2/N2, as reflected by the single gas permeation 

results of the imperfect ZIF-8 membrane (Table 5.1). In contrast, the polishing post-

treatment procedure could eliminate or at least reduce significantly the sealing defects, 

（a） （b） （c） 

（d） （e） （f） 

（g） 
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allowing for the formation of a flat membrane top layer, as shown in Figure 5.3b. Under 

this circumstance, the feed gas can be effectively sieved by the ZIF-8 membrane, 

improving the separation factors of hydrogen to larger molecular gases. 

 

Table 5.1 Single gas permeances of the support and synthesized membranes at room 

temperature. 

Samples 

Pure Gas Permeance  

(10
-8 

mol / m
2
·s·Pa) 

Pure Gas Selectivity Factor 

H2 CO2 CO N2 H2 / CO2 H2 / N2 H2 / CO 

Support 1150 317 375 381 3.63 3.02 3.08 

Imperfect 

Membrane 
62.4 20.6 4.28 4.63 3.03 2.59 2.49 

Post treatment  

(1
st
 Polishing) 

20.5 4.28 2.31 1.57 4.79 13.06 8.87 

Post treatment 

(2
nd

 time synthesis + 

Polishing) 

20.8 4.63 2.74 1.54 4.47 13.35 7.57 
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Figure 5.3 Schematic diagram of the gas permeation through the membrane, (a) before 

and (b) after the polishing post-treatment. 

 

Despite the definite improvement via the polishing treatment, careful and precise 

control is required during this manual post-treatment process. If the membrane layer is 

damaged by excessive polishing, it would result in poor H2 separation performance 

again. For this case, the 2
nd

 time synthesis post-treatment was conducted in this study in 

an attempt to repair the membrane for reliable membrane-based H2 separations. The 

single gas permeation results obtained through the ZIF-8 membrane after 2
nd

 time 

synthesis and polishing are listed in Table 5.1. The single gas permeances and gas 

separation factors of the membrane after the 2
nd

 synthesis and polishing are comparable 

to those of the 1
st
 polished membrane. It appears that an additional rubbing of the 

imperfect ZIF-8 membrane produced ZIF-8 seeds effectively by fragmenting the 

membrane constituents before the 2
nd

 seeded (secondary) growth [35]. In the industrial 

manufacture perspective, this additional seeded growth is highly desirable, since this 

post-treatment method can reduce the cost of the supports via repairing membranes that 

show poor separation performance.  

 

In addition, Figure 5.4 shows the XRD patterns of the ZIF-8 membranes before and 

after the post-treatments along with those of ZIF-8 seeds and the simulated XRD 

a) 
 

b) 
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patterns of ZIF-8 and α-alumina. At this point, it is worth mentioning that the XRD 

patterns of the ZIF-8 membranes after the both post-treatments (i.e., both 1
st
 polishing 

and 2
nd

 time synthesis and polishing post-treatments) were well-preserved, with being 

comparable to those of imperfect ZIF-8 membranes and ZIF-8 seeds. This indicates that 

the main ZIF-8 structure in the membrane was well maintained, while removing or 

reducing defective structures, originally present in the imperfect ZIF-8 membranes, 

through the post-treatments. 

 

Figure 5.4 XRD patterns of the ZIF-8 seeds, the imperfect ZIF-8 membrane, the 1st 

polished ZIF-8 membrane and the ZIF-8 membrane after 2nd time synthesis and 

polishing. 

 

5.3.2 Mixture Gas Permeation 

 

The mixture gas permeation of a ZIF-8 membrane after the 2
nd

 synthesis and polishing 

was examined at different temperatures with a mixture gas of 50 vol% H2, 25 vol% CO2, 

and 25 vol% CO, which was chosen as a simulated biomass-derived syngas composition 

without water vapor. As shown in Figure 5.5a, the mixture gas permeances of H2, CO2, 

and CO at 30 °C through the ZIF-8 membrane were 13.6×10
-8

, 4.31×10
-8

, and 2.89×10
-8
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mol·m
-2

·s
-1

·Pa
-1

, respectively. These permeation values were decreased 30% for H2 and 

CO2 but slightly increased for CO as compared to the single gas permeation results 

(Table 5.1). Therefore, the corresponding H2/CO2 and H2/CO separation factors 30 °C 

were 3.05 and 4.53, respectively, which were lower than the ideal selectivities of 4.47 

and 7.57, respectively, as a similar trend was reported by Pan et al [33]. The gas 

permeation variation in the mixture gas can be attributed to 1) competitive adsorption 

and diffusion when different gases exist in the membrane system and 2) the 

concentration polarization impact on the feed side of the membrane. As the temperature 

increased, the gas permeances further decreased for all gases with the lowest degree of 

reduction for H2. Therefore, the separation factors of H2/CO2 and H2/CO increased 

monotonically with temperature. It was noted that the H2 permeance at 200 °C 

decreased approximately 20%, whereas the CO and CO2 permeances decreased over 

50% compared to their permeances at 30 °C. As a result, the corresponding separation 

factors of H2/CO2 and H2/CO increased from 3.05 to 5.14 and from 4.53 to 6.38, 

respectively. The temperature-dependent gas permeation performance could be 

explained by the competition between activated diffusion and reduced adsorption with 

increased temperature [38]. In our case, the gas permeation was primarily in the 

adsorption-controlled regime, which resulted in the reduction of gas permeances as the 

temperature increased, especially for the strong adsorption gases CO and CO2. Though 

undesirable, we cannot exclude the presence of Knudsen diffusion through the defects 

in the ZIF-8 membrane, which in turn contributed to decreasing the gas permeances in a 

partial way.  

  

In a practical syngas environment, water vapor co-exists with the above dry syngas, and 

thus will affect the gas permeation performance of the ZIF-8 membrane. Here, the 

mixture gas permeation performance was further investigated under the simulated 

biomass-derived syngas environment with the presence of 10 vol% steam as 

temperature was increased up to 200 °C. The resulting permeation data (Figure 5.5b) 

indicate that the gas permeance of H2 was almost constant with temperature, while those 

of CO2 and CO decreased monotonically with temperatures, as similar to the 

permeances in the absence of steam (Figure 5.5a). The lower gas permeances of all the 

gases than the counterparts under the dry syngas stream can be ascribed to the 
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condensation and occupation of water molecules in the pore aperture of the ZIF-8 

structure, impeding the gas permeation through the ZIF-8 membrane. Nevertheless, the 

degree of reduction in the gas permeances was not significant for all gases, apparently 

because of the hydrophobicity of ZIF-8 materials. Specifically, the H2/CO2 and H2/CO 

separation factors of 4.95 and 6.08 at 200 °C were almost close to 5.14 and 6.38, 

respectively, obtained under the dry syngas stream (Figure 5.5a). As 200 °C is the 

maximum temperature considered in this study and a higher temperature is desirable for 

energy-saving H2 separations from the syngas stream, the weak adsorption of water at 

high temperatures is beneficial for preserving the performance for H2 separations 

regardless of water in the feed.  
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Figure 5.5 Mixture gas permeances and separation factors at different temperatures (a) 

without and (b) with the presence of 10 vol% steam. 

 

 

5.3.3 Hydrothermal Stability of the ZIF-8 Membrane 

 

Hydrothermal stability often prohibits many membranes, e.g., silica membranes and 

polymeric membranes, from being employed in syngas separation applications with the 

presence of steam. Although the ZIF-8 membrane shows a potential to separate H2 from 

CO and CO2 (Figure 5.5) and ZIF-8 is known as a thermally stable material, to the best 

of our knowledge, the hydrothermal stability of the ZIF-8 membrane has not been 

reported under the practical humid syngas environment. As mentioned above, the high 

hydrothermal stability of ZIF-8s is a key factor to ensure robust H2 separations. 

Therefore, we investigated the thermal stability of ZIF-8 particles under various gaseous 

environments and found that the ZIF-8 structure was least stable under a steam 

atmosphere [48]. Although similar separation factors that indicate the preferred 

permeations of H2 were observed in both dry and wet conditions at 200 °C, it is 
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necessary to confirm the applicability of the ZIF-8 membrane for reliable H2 separations 

from biomass-derived syngas by investigating the hydrothermal stability under a 

simulated syngas environment in the presence of steam. To this end, the hydrothermal 

stability was examined by observing the performance of the ZIF-8 membrane under the 

simulated syngas environment with the presence of 10 vol% steam at 200 °C. As shown 

in Figure 5.6, the gas permeances and separation factors were not significantly changed 

up to ~10 h. However, all the gas permeances started to increase slowly after 10 h and 

concomitantly the separation factors were decreased. After 15 h, the H2 permeance 

increased by more than 75% and the CO and CO2 permeances were increased to almost 

2 times of their initial permeances, resulting in the H2/CO2 and H2/CO separation 

factors being lowered to 3.32 and 3.59, respectively. The performance variation 

indicated that the ZIF-8 membrane have a limitation for membrane-based H2 

separations as it started to lose its molecular sieve functionality after 10 h at 200 °C 

under the simulated biomass-derived syngas environment with the presence of 10 vol% 

steam. In addition, the single gas permeation test was conducted at room temperature by 

using the ZIF-8 membrane after the hydrothermal stability test. The gas permeances of 

H2, CO, and CO2 were 35.13×10
-8

, 14.56×10
-8 

and 10.26×10
-8

 mol·m
-2

·s
-1

·Pa
-1

 with the 

corresponding H2/CO2 and H2/CO separation factors of 3.42 and 2.41, respectively. 

These separation factors were very close to the single gas permeation results of the 

imperfect ZIF-8 membrane (3.03 and 2.49 in Table 5.1). Therefore, one may conclude 

that the ZIF-8 membrane is not able to serve as the H2-selective membranes for a long-

term purpose, since its exposure to the steam-containing syngas environment at 200 °C 

for 15 h resulted in deteriorating the separation performance eventually toward that of 

the bare supports.  
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Figure 5.6 Long term mixture gas permeances and separation factors at different 

temperatures with 10 vol% steam. 

 

The XRD patterns of the ZIF-8 membranes after the hydrothermal stability test were 

consistent with the simulated ZIF-8 pattern (Figure 5.7), indicating the ZIF-8 structure 

was still preserved in spite of the lowered H2 separation performance. Along with the 

XRD patterns shown in Figure 5.4, this result suggests that the XRD analysis should be 

complemented with the permeation measurement to draw a proper conclusion relevant 

to the separation performance of ZIF-8 membranes. As expected, the hydrothermal 

exposure led to irregular-shaped ZIF-8 grains and cracks on the top surface of the ZIF-8 

membranes as shown in the SEM image (Figure 5.8a). Figure 5.8b shows that the 

membrane thickness of the ZIF-8 membrane was slightly decreased after the 

hydrothermal stability test. Unfortunately, all these results were consistent with our 

findings on the thermal stability of ZIF-8 particles [48]. Specifically, the particles with 

the ZIF-8 structure could be maintained at a temperature lower than 300 °C for 5 h 

under steam conditions with some loss of its crystallinity, though ZIF-8 structures were 

t ( h )

0 2 4 6 8 10 12 14 16

S
e

p
a

ra
ti
o

n
 F

a
c
to

r

0

2

4

6

8

P
er

m
ea

nc
e 

(1
0

-8
 m

o
l /

 m
2
 s 

P
a)

1.0

10.0

100.0

Permeance

Separation Factor

H2/CO

H
2
/CO

2

H
2

CO
2

CO



96 

 

well preserved at the same temperature under inert argon conditions. Considering both 

the crystallinity and defect are critical for preserving the separation performance of a 

ZIF-8 membrane, deliberate choices for the reliable use through ZIF-8 membranes 

should be satisfied; inert conditions will be much beneficial for utilizing the H2 

separation performance of ZIF-8 membranes. At the same time, new approaches need be 

provided to preserve the H2 separation performance of intact ZIF-8 membranes.  

 

 

Figure 5.7 XRD patterns of the ZIF-8 membrane after the hydrothermal stability test at 

200 °C for 15 h. 
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Figure 5.8 SEM images of (a) top surface and (b) cross section of the ZIF-8 membrane 

after the hydrothermal stability test. 

 

Based on the hydrothermal stability test, we conclude that the ZIF-8 membrane is not 

suitable for long-term H2 separations in the biomass-derived syngas environment with 

the presence of steam at temperatures over 200 °C. Similarly, ZIF-8 membrane 

applications in the water gas shift reaction and other steam-involved reactions at 

temperatures of over 200 °C are practically inappropriate. This directs to the need of 

additional post-treatments that allow for overcoming the low hydrothermal stability of 

ZIF-8 membranes for their realization in real applications. 

 

5.4 Conclusions 

 

In this study, a zeolitic imidazolate framework-8 (ZIF-8) membrane was successfully 

prepared with well-developed post-treatment methods. The proposed post-treatment 

methods, including (1) a polishing and (2) a 2
nd

 time synthesis followed by polishing, 

repaired imperfect ZIF-8 membranes and thus improved the reliability of ZIF-8 

membrane fabrications. The gas separation performance of the post-treated ZIF-8 

membrane was examined by single gas permeation at room temperature and 

subsequently, mixture gas permeation at different temperatures in a simulated biomass-

derived syngas environment with and without the presence of steam. The results 

a) 
 

b) 
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demonstrated that the treated ZIF-8 membrane had a modest performance for H2 

separations (H2/CO2 and H2/CO separation factor of 5.14 and 6.38 at 200 °C, 

respectively) in the simulated environments and the presence of water vapor reduced the 

permeation rates of all the gases with the similar H2/CO2 and H2/CO separation factors 

(4.95 and 6.08 at 200 °C, respectively). Finally, the hydrothermal stability of the ZIF-8 

membrane was investigated in simulated humid biomass-derived syngas environments. 

Despite the promise for H2 separation from CO and CO2 in the absence and presence of 

water in the feed, the poor hydrothermal stability limits the ZIF-8 membrane application 

for long-term H2 separations in biomass-derived syngas environments over 200 °C. 

Currently, we are making an effort to propose new approaches that lead to preserving 

the H2 perm-selectivity of ZIF-8 membranes under steam-containing feeds at 

temperatures higher than 200 °C. 
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Chapter 6                                                                                                                         

A Proof-of-concept Study of Water Gas Shift 

Reaction by a ZIF-8-based Membrane Reactor 
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6.1 Introduction 

 

The membrane reactor (MR) system combines the functions of catalytic reactions and 

the membrane separation process. By employing the MR system, many benefits could 

be achieved in some important reactions, like water gas shift reaction (WGSR), 

hydrogenation/dehydrogenation reactions and catalytic decomposition reactions etc. [1].  

 

Water gas shift reaction (WGSR) is a traditional chemical process which has been 

employed to produce hydrogen from the hydrocarbons since hundred years ago. As 

introduced in literature review, WGSR is an exothermic reversible reaction, which 

means the equilibrium constant of the reaction would decrease with increasing the 

reaction temperature. At present, the industrial WGSR is always conducted with a series 

of adiabatic steps, normally combined with high temperature shift (HTS) and low 

temperature shift (LTS), in order to achieve the high production conversion while 

maintaining the reaction rate [2 - 5]. Herein, the simple MR system provides an 

effective strategy for WGSR and could shows the advantages including, higher reaction 

rate, enhanced equilibrium, improved CO conversion and purified H2 production [1, 6]. 

Several studies have conducted in the MR for WGSR in the past years. For example, 

Battersby et al. used metal doped silica membrane reactor for the low temperature water 

gas shift reaction and investigated the operation effects to the performance of the 

membrane reactor [6]. Basile et al. employed palladium membrane reactor for the high 

temperature water gas shift reaction and found the reaction equilibrium could be 

successfully switched by removing the products during the reaction [1]. Dong et al. 

fabricated their MR for WGSR by using a modified ZSM-5 membrane and they also 

generated a simulated calculator for the WGSR MR system in their study [7]. However, 

till now, the membranes have been reported for the MR are either too expensive to scale 

up or structure instable under the WGSR reaction conditions, which limits the 

development of the membrane reactor in industrial applications.   

 

Hence, based on the insight gained from the previous chapters on the ZIF-8 material and 

its gas separation membrane, a proof of concept study was conducted with the ZIF-8 

based membrane reactor for WGSR in this chapter. The MR conducted in this study was 

constructed by employing the industrial LTS catalysts ZnO-CuO-Al2O3 and the ZIF-8 
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membrane fabricated as described in Chapter 5. In this study, the improvements on CO 

conversion and the purification of produced H2 by employing MR were demonstrated 

and the stability limitations of ZIF-8 membrane reactor under the WGSR conditions 

were discussed. 

 

6.2 Methodology 

 

6.2.1 Materials 

 

Zinc chloride (99.9%) was purchased from Ajax Chemicals. Zinc nitrate hydrate 

(>99.99%), 2-methyimidazole (Hmim), methanol (>99.8%), Sodium Carbonate 

(>99.5%), copper nitrate trihydrate (>98%), aluminium nitrate nonahydrate (>98%) and 

sodium formate were purchased from Sigma-Aldrich Chemical Co. All chemicals were 

used as received without further treatment. For water gas shift reaction, instrument-

grade argon and carbon monoxide were purchased from BOC. Deionized (DI) water 

was produced in a lab-based reverse osmosis water treatment plant. 

    

6.2.2 Sample Preparation 

 

6.2.2.1 ZIF-8 Membrane 

 

ZIF-8 membrane was fabricated, modified and characterized as described in section 

5.2.2.  

 

6.2.2.2 The Preparation of Cu/Zn/Al2O3 Catalysts  

 

Cu/Zn/Al2O3 catalyst was prepared as described in Giessler’s work [8]. In detail, 

1.7376g Zn(NO3)2, 1.0124g Cu(NO3)2·3H2O and 1.4797g Al(NO3)3·9H2O were 

dissolved in 20ml DI water at 70 °C under stirring. Then, 2.5845g Na2CO3 was 

dissolved in 10ml DI water. Subsequently, the Na2CO3 solution was dropped into the 

nitrate mixture at 70 °C under stirring until the pH = 7. After stirring for 1 hour at 70 °C, 

the precipitation was collected and washed with vacuum filtration. The filtrate was 

calcinated in the furnace from 30 °C at the temperature ramping rate of 2 °C/min to 
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500 °C and hold for 3 hours. The final product was grind to fine powder and collected. 

Prior to the reaction, the catalyst was activated at 220 °C for 2 hours in an Ar/stream 

atmosphere.  

 

6.2.3 The Scheme of the Reactor System  

 

The flow arrangement of the reactor system is shown in Figure 6.1a. In water gas shift 

reaction (WGSR), 0.025g catalysts were packed into the catalysts chamber located at 

gas feed side of the membrane reactor cell. Generally, the reactant gas (10 SCCM Ar 

and 0.5 SCCM CO) was feed through the mass flow controllers, and the reaction 

pressure (feed/retentate side pressure in MR) was controlled at 30 psi by using the back 

pressure controller. Moisture was introduced by utilizing the vapour evaporator and the 

temperature of the water was set at 80 °C. Meanwhile, 20 SCCM Ar was used as the 

sweep gas for MR to dilute the gas concentration in the permeate side. Two digital flow 

meters were used to monitor the online flow rates after the reactor. The gas 

compositions were analysed with gas chromatograph (Buck scientific 910 GC) 

configured with both thermal conductivity detector and the flame ionization detector. 

 

The apparatus of the membrane reactor cell was shown in Figure 6.1b. In the case of 

MR, both V-1 and V-2 valves were open and the sweep gas was introduced through V-1 

while the permeate gas flow out through V-2. When the reaction was conducted with 

packed bed reactor (PBR), both V-1 and V-2 valves were closed and the permeate side 

of the membrane became a dead end, so the whole membrane reactor cells became a 

pecked bed reactor configuration. 

 

The CO conversion was calculated by using the equations below [7] 

 

For PBR: CO conversion (%) = 1 −
𝑋𝐶𝑂𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑

𝑋𝐶𝑂𝑓𝑒𝑒𝑑

                                                    [7-1] 

 

For MR: CO conversion (%) = 1 −
𝐹𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 ∙ 𝑋𝐶𝑂𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒+ 𝐹𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 ∙ 𝑋𝐶𝑂𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝐹𝑓𝑒𝑒𝑑 ∙ 𝑋𝐶𝑂𝑓𝑒𝑒𝑑

   [7-2] 
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The H2 conversion was calculated by using the equation [7] 

 

𝐻2 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝐹𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 ∙ 𝑋𝐻2𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝐹𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 ∙ 𝑋𝐻2𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
+ 𝐹𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 ∙ 𝑋𝐻2𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒

                            [7-3] 

 

Where F represents the standard flow rates of the gases and X represents the 

concentrations of the gases at different flows. 

 

 

 

(a) 

 

 
 

 

(b) 

Figure 6.1 (a) The scheme of the reactor system and (b) membrane reactor cell. 



109 

 

 

6.3 Results and Discussions 

 

6.3.1 The Improvement of CO Conversion 

 

 
Figure 6.2 CO conversion, hydrogen and CO concentration as the function of 

temperature in MR and PBR. 

 

 

As shown in Figure 6.2, the CO conversions in both MR and PBR were improved as the 

temperature increased, although the CO conversions were still lower than the 

equilibrium due to reaction rate limitation at high space velocity. However, the CO 

conversions in MR were still dramatically improved up to 35% compared to that in PBR 

at 220 °C. In the meantime, the higher operation temperature resulted with better 

improvement of CO conversion by utilizing MR system. Besides, a larger hydrogen 

concentration difference between MR and PBR was observed as the temperature 

increased, which was caused by the improvement of hydrogen permeance at higher 

temperature as we reported in section 5.3.2. On the other hand, the CO concentration in 

MR was slightly lower than in PBR at 220 °C, otherwise the CO concentrations in MR 

and PBR were quite close due to the low CO permeance on ZIF-8 membrane. Hence, 

we could conclude that the CO conversion improvement in MR is mainly contributed to 
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the lower hydrogenation concentrations in the reaction chamber (retentate side) which 

in turn improved the reaction rate. The results are consistent with the findings reported 

by Battersby etc.  [6]. 

 

6.3.2 The Effect on Hydrogen Recovery and Purification 

 

Figure 6.3 clearly indicates that the hydrogen recovery was significantly increased to 

over 55% by employing MR at temperature of 220 °C. To be specific, the H2/CO ratio 

in the permeate side of MR was over 3, which was much higher than the ratio of around 

1 in PBR at 220 °C, while the H2/CO ratio in the retentate side of MR was lower than in 

PBR. This result implies that the produced H2 could be captured and concentrated in the 

permeate side of MR during the catalytic WGSR. Besides, it was more significant of the 

hydrogen recovery and purification effects by employing MR at higher temperature as 

shown in Figure 6.3, because of the higher hydrogen permeance as the temperature 

increased. Hence, the higher purity hydrogen could be obtained by employing the single 

MR unit for WGSR, rather than the conventional PBR with additional separation and 

purification steps. 

 
 

Figure 6.3 Hydrogen recovery as the function of temperature in MR, and H2/CO ratio as 

the function of temperature in MR (retentate and permeate) and PBR. 
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6.3.3 The Stability of ZIF-8 Membrane 

 

The WGSR was sequentially conducted in MR under the temperatures of 120 °C, 

180 °C and 220 °C. As shown in Figure 6.4, the mixture gas permeances through the 

membrane were firstly determined to be 30.87×10
-8

 and 7.54×10
-8

  mol·m
-2

·s
-1

·pa
-1

 for 

H2, and CO at 120 °C, indicating that gas permeances slightly increased compared to 

their single gas permeation results and mixture gas permeation results in section 5.3.2. 

On the other hand, H2/CO separation factors were only 4.09 in this mixture gas system 

at 120 °C, which was lower than the single gas separation performance at room 

temperature. The gas permeation variations in this reaction system could be contributed 

to 1) the higher moisture concentration in the feed gas stream would induce higher gas 

permeamce of H2 and CO, 2) the lower concentrations of the feed gas (H2 and CO) 

would reduce concentration polarization impacts on the their permeance and 3) the 

membrane performance deviations from different batches. While the lower gas 

separation performance was mainly caused by the higher stage cut (0.25) employed in 

the MR process in this study [9]. 

 

The reaction temperature in MR process was increased to 180 °C and 220 °C at 3 hours 

and 7.5 hours respectively, in the meantime both H2 and CO permeances dramatically 

increased while the H2/CO separation factors decreased to lower than 2 after reaction 

was conducted for 13 hours. These results show that the ZIF-8 membrane started to 

decompose at the temperature of 180 °C and the H2/CO gas separation performance 

totally declined after 5 hours at temperature 220 °C. The findings are consistent with the 

results of the hydrothermal stability of ZIF-8 membrane reported in Chapter 5 and also 

verify our conclusions about the pessimist of ZIF-8 membrane applications in water gas 

shift reaction and other steam participated reactions at the temperature over 200 °C.  
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Figure 6.4 The gas permeation performance of ZIF-8 membrane in the MR process for 

WGSR (■: H2/CO selectivity, ∆: H2 permeance, ○: CO permeance). 

 

6.4 Conclusion  

 

The WGSR were successfully conducted through the MR and PBR in this study. The 

result shows that the CO conversion of the WGSR was improved up to 35% by 

employing the ZIF-8 based MR compared to that in PBR at 220 °C, while this CO 

conversion improvement could be enhanced by increasing the operation temperature. In 

addition, over 55% of the produced H2 was recovered in the MR process at 220 °C and 

the higher purify H2 could be obtained in the permeate side of the MR without 

additional purification steps. However, the ZIF-8 based MR totally lost its integrity after 

the WGSR was conducted under the temperature of 220 °C for 5 hours, because the 

ZIF-8 material and its membrane, as we reported in previous chapters, are not 

hydrothermal stable over the temperature of 200°C and impropriate to be employed for 

WGSR.  
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7.1 Introduction 

 

Metal-organic frameworks (MOFs) are novel emerging hybrid functional materials that 

consist of crystal lattice structures formed by metal ion nodes and organic ligands. 

These solid microporous materials have attracted considerable research interest, and 

various MOF materials have been developed since the archetypal MOF-5 was first 

reported in the late 1990s [1]. The remarkable inherent properties of these MOF 

materials, such as extremely high surface areas, outstanding stabilities and tunable pore 

sizes, provide these materials with potential for applications ranging from gas 

separation and storage to drug delivery [2 - 8]. 

 

The applications of MOF in the field of heterogeneous catalysis have recently received 

increasing attention. MOFs, which are a promising material in the catalyst industry, 

exhibit catalytic activity with their active metal nodes or clusters in the frameworks. 

Furthermore, MOFs can also serve as a catalyst support or host structure [9 - 11]. In 

particular, MOFs are capable of immobilizing noble metal catalysts in the matrix of 

their structure, thereby affecting the catalytic activity and selectivity in the reaction [12]. 

Moreover, many preparation methods, including the encapsulation method [13, 14], the 

impregnation method [15 - 17], the solid grinding method [18, 19] and the chemical 

vapor decomposition method [15, 20, 21], have been developed to load catalysts into 

MOF supports. For example, Lu et al. [13] reported an encapsulation strategy for 

incorporating nanoparticles within the matrix of zeolitic imidazolate framework-8 (ZIF-

8) by adding surfactants to the ZIF-8 synthesis solution and optimizing the ZIF-8 

crystallization conditions. Jiang et al. [18] reported a simple grinding method for 

depositing gold (Au) nanoparticles onto a MOF, and this Au/MOF composite exhibited 

an outstanding catalytic performance in the CO oxidation reaction. Although many 

studies on the preparation and applications of catalysts embedded in MOF materials 

have been conducted, there are still significant challenges for producing catalyst/MOF 

composites with desired morphologies and specific functionalities. In particular, an 

effective and feasible synthesis for preparing these composites is extremely desirable. 
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Herein, we report a synthesis strategy for preparing a core–shell metal/ZIF-8 composite 

in aqueous solution via initial deposition of the metal catalyst onto the synthesized ZIF-

8 support (metal/ZIF-8) by the impregnation method, followed by secondary growth of 

the ZIF-8 shell layer in aqueous solution with an optimized concentration. With an 

effective aperture size for molecular sieving (4.0–4.2 Å), this ZIF-8 shell layer 

selectively allows molecules with the appropriate shape and size to access the 

metal/ZIF-8 core [22]. The core–shell metal/ZIF-8 (ZIF-8/metal/ZIF-8) catalyst exhibits 

potential benefits over typical ZIF-8-supported metal catalysts by offering high 

reactant/product selectivity and anti-poisoning properties when the catalyst is used in 

the presence of potential poisons such as thiophene. The catalytic performance of the 

core–shell metal/ZIF-8 catalyst in the hydrogenation of 1-hexene and cis-cyclooctene 

was examined. 

 

7.2 Experimental 

 

7.2.1 Materials 

 

Zinc nitrate hydrate (>99.99%), 2-methyimidazole (Hmim), palladium nitrate dihydrate 

(approximately 40% Pd basis), gold (III) chloride trihydrate (>99.99%), sodium 

borohydride (>98%), methanol (>99.8%), 1-hexene (>99.8%) and cis-cyclooctene 

(>95%) were purchased from Sigma–Aldrich. Thiophene was purchased from Aldrich 

Chemical Co. Ethyl acetate (>98%) was purchased from BDH Chemicals and ZSM-5 

(CBV2314) was purchased from Zeolyst International. Deionized (DI) water was used 

to prepare all required samples and solutions. All of the chemicals were used as 

received without any further treatment. 

 

7.2.2 Sample Preparation 

 

ZIF-8 was synthesized following the method reported by Pan et al. [23] and described in 

section 4.2.2 of this thesis. 
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The metal/ZIF-8 core containing approximately 2.5 wt% metal (Au or Pd) was prepared 

by dispersing ZIF-8 suspension (0.06 g/ml ZIF-8 in 4 ml of methanol for Au/ZIF-8 and 

0.05 g/ml ZIF-8 in 5 ml of DI water for Pd/ZIF-8) in 2 ml of metal precursor solution 

(HAuCl4 in methanol or aqueous Pd(NO3)2 solution) and the mixtures were stirred for 2 

h. Subsequently, a 0.15 mmol/ml sodium borohydride solution (methanol solution for 

Au/ZIF-8 or aqueous solution for Pd/ZIF-8) was added to the precursor/ZIF-8 solution 

under vigorous stirring for 30 min at room temperature. The resulting solids were 

washed and collected by vacuum filtration and then dried overnight in an oven at 80 °C. 

The Pd/ZSM-5 composites were prepared following the same method for Pd/ZIF-8. 

 

The core–shell metal/ZIF-8 composites (ZIF-8/metal/ZIF-8) were prepared by 

dispersing the metal/ZIF-8 composites in the aqueous ZIF-8 solution. The synthesis 

conditions for the secondary ZIF-8 layer are listed in Table 7.1. After all chemicals 

dissolved, the solution was placed in a 50 °C water bath under stirring for 24 h. Finally, 

the core–shell metal/ZIF-8 composites were washed and collected by vacuum filtration 

and then dried overnight in an oven at 80 °C. 

 

Table 7.1 Compositions of the ZIF-8 synthesis solutions, synthesis temperatures and 

reaction durations for the core–shell Au and Pd/ZIF-8 composites. 

7.2.3 Characterization 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

Conditions                                              Samples 

ZIF-8/Au/ZIF-8 - 1 ZIF-8/Au/ZIF-8 - 2 ZIF-8/Pd/ZIF-8 

Molar ratio 

(Zn
2+ 

: Hmim : H2O) 1 : 140 : 7139 1 : 140 : 21000 1 : 140 : 21000 

Temperature (°C) 60 50 50 

Duration (h) 
24 24 20 
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images were recorded using a JEOL 700F and a Philips CM-200, respectively. X-ray 

diffraction (XRD) patterns of the samples were collected using a Philips PW1700 

instrument equipped with a Co K radiation source. The product solution was analysed 

using a Varian CP-3800 gas chromatograph (GC). Thermogravimetric analysis (TGA) 

was performed using a SDT Q600 system under a flow of air with a temperature ramp 

rate of 5 K/min. 

 

7.2.4 Catalytic Alkene Hydrogenation 

 

Catalytic alkene hydrogenation was conducted in ethyl acetate solvent inside an 

autoclave reactor [13, 24]. In a typical process, Pd/ZSM-5, Pd/ZIF-8 or ZIF-8/Pd/ZIF-8 

samples with an equivalent amount of Pd (approximately 0.5 mg) were thoroughly 

dispersed in 4.5 mL of ethyl acetate solvent under sonication and stirring. Then, 0.25 

mL of 1-hexene and 0.25 mL of cis-cyclooctene were added to the mixture under 

vigorous stirring. In certain experiments, 0.06 mL of thiophene was simultaneously 

added to the reactor to investigate the catalyst poisoning effect. After the reactor was 

flushed several times with hydrogen (H2) to remove the residual air, the reactor was 

filled with H2 to 20 psi, and the reaction was conducted at 30 °C for 24 h under stirring 

(350 rpm). Finally, the catalysts were removed from the reaction solution by 

centrifugation. The filtrate was analysed using a gas chromatograph (GC) equipped with 

a capillary column (MXT-1, 30 m × 0.53 mm × 1 µm) and a flame ionization detector 

(FID). 

 

7.3 Results and Discussion 

 

7.3.1 Characterization of the Synthesized Samples 

 

Figure 7.1a presents a SEM image of a ZIF-8 sample prepared using the aqueous rapid 

synthesis method [23]. The particle size of the synthesized ZIF-8 ranged from 100 nm 

to approximately 300 nm, which was slightly larger than the reported size of 85 nm [23] 

as a result of the prolonged ZIF-8 crystallization time during the vacuumed filtration. 

The SEM image (Figure 7.1b) shows that ZIF-8 has no obvious variation in shape or 
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size after impregnation with Au particles. As shown in Figure 7.2, the synthesized ZIF-

8 and the Au/ZIF-8 composites have identical XRD patterns, and these XRD patterns 

indicate that the ZIF-8 samples are crystalline. The weak intensity of the synthesized 

ZIF-8 at 2θ = 7–8° compared to that of the simulated pattern could be due to the 

presence of residual solvent molecules or organic ligands, which interact with the ZIF-8 

structures [17]. As shown in Figure 7.1c and Figure 7.1d, Au particles of approximately 

1 nm were uniformly distributed in the ZIF-8 support. Although agglomeration of the 

Au particles was observed, as shown in Figure 7.1c, the majority of the Au particles 

were homogeneously distributed in the Au/ZIF-8 sample. Moreover, Figure 7.1e and 

Figure 7.1f shows the general morphology of the Pd/ZIF-8 sample, in which the Pd 

particle distribution was less uniform compared to that of Au/ZIF-8. The different metal 

distribution (Au and Pd) in ZIF-8 was caused by the metal precursor solutions used 

during the impregnation. The aqueous Pd(NO3)2 precursor has a lower diffusion and 

adsorption to the hydrophobic ZIF-8 compared to the HAuCl4 precursor in methanol. As 

shown in Figure 7.1e, Pd particles agglomerated on the ZIF-8 support and were 

primarily located near the edge of the ZIF-8 particles. However, as shown in Figure 

7.1f, some isolated Pd particles with a size of approximately 1 nm were still present in 

the ZIF-8 structure. In addition, the XRD patterns presented in Figure 7.2 show that the 

Au/ZIF-8 and Pd/ZIF-8 samples generally retained the ZIF-8 crystalline structure 

following impregnation with the metal precursor and reduction in sodium borohydride 

solutions. The XRD pattern of ZIF-8/Pd/ZIF-8 shows slightly reduced peak intensity at 

2θ = 15° and additional small peaks between 2θ of 15° and 18° compared to the 

simulated ZIF-8 pattern. This may indicate that the presence of Pd particles in the core–

shell structure reduced the crystallinity of ZIF-8, specifically near the interface between 

the shell layer and the core. The unknown new peaks generated at 2θ = 15–18° could be 

attributed to impurities or trace amount of new crystalline ZIF-8 structures (e.g. mixed-

linker ZIF-8) resulted from variation of the imidazolate linker with Pd precursor. 
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Figure 7.1 SEM images of (a) the synthesized ZIF-8 and (b) Au/ZIF-8, and TEM 

images of Au/ZIF-8 (c and d) and Pd/ZIF-8 (e and f). 

 

 

 

Figure 7.2 XRD patterns of the synthesized ZIF-8, metal/ZIF-8 and ZIF-8/metal/ZIF-8 

samples. 
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The core–shell metal/ZIF-8 composite was synthesized via a secondary growth 

approach: pre-synthesized metal/ZIF-8 particles were used as the cores of the 

composite, and a ZIF-8 protective layer crystallized around the metal/ZIF-8 core in the 

presence of the ZIF-8 crystallization solution. Table 7.1 presents the synthesis 

conditions for the two core–shell Au/ZIF-8 composites. TEM images of ZIF-8/Au/ZIF-

8-1 are presented in Figure 7.3a and Figure 7.3b. Figure 7.3a shows that a thin ZIF-8 

shell layer (less than 20 nm) was successfully grown around the Au/ZIF-8 core. A small 

amount of small pure ZIF-8 particles without a core were observed after the secondary 

growth step as shown in Figure 7.3b. These pure ZIF-8 particles are expected to 

diminish and dissolve while the core–shell Au/ZIF-8 particles increase in size due to 

Ostwald ripening. The TEM image (Figure 7.3c) indicates that all Au/ZIF-8 cores were 

fully covered by a ZIF-8 shell layer in the ZIF-8/Au/ZIF-8-2 sample. The concentration 

of the synthesis solution for ZIF-8/Au/ZIF-8-2 was approximately 3 times more dilute 

than that of ZIF-8/Au/ZIF-8-1 (Table 7.1). The latter conditions with a higher nutrient 

concentration (ZIF-8/Au/ZIF-8-1) favour direct ZIF-8 crystallization via a 

nucleation/coalescence route, which results in the formation of individual pure ZIF-8 

particles without the Au/ZIF-8 core. The simultaneous crystallization of pure ZIF-8 

particles results in less nutrients being available for the secondary growth of the ZIF-8 

layer over the pre-formed Au/ZIF-8 cores; thus, a thinner shell layer was obtained for 

ZIF-8/Au/ZIF-8-1. ZIF-8/Au/ZIF-8-2, however, was synthesized in a dilute 

crystallization medium in which direct crystallization is prevented and secondary 

growth via a seeding mechanism becomes dominant. Compared with the crystallization 

conditions for ZIF-8/Au/ZIF-8-1, heterogeneous nucleation induced by the Au/ZIF-8 

cores occurred at a considerably faster rate because the cores provide surfaces for the 

ZIF-8 crystals to grow on, thereby eliminating the requirement of creating a new surface 

and minimizing the total surface free energy. The ZIF-8 shell layer of the ZIF-

8/Au/ZIF-8-2 sample was thicker (approximately 100 nm) than that of the ZIF-

8/Au/ZIF-8-1 sample, as shown in Figure 7.3d, because the building units (nutrients) of 

ZIF-8 were predominantly used to grow the shell layer [13,25]. When using a 

crystallization solution with the same concentration as that for ZIF-8/Au/ZIF-8-2 but 

with a shorter synthesis time of 20 h, the resulting ZIF-8/Pd/ZIF-8 was observed to have 
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a thinner ZIF-8 shell (less than 100 nm) without any core-free Pd/ZIF-8particles (Figure 

7.3e and Figure 7.3f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 TEM images of ZIF-8/Au/ZIF-8-1 (a and b), ZIF-8/Au/ZIF-8-2 (c and d) and 

ZIF-8/Pd/ZIF-8 (e and f). 

 

The TGA results (Figure 7.4) indicate that the synthesized ZIF-8 exhibited a weight loss 

of approximately 18% under flowing air at a temperature of 200 °C. This weight loss 

corresponds to the removal of moisture and other residues from the ZIF-8 structure. The 

ZIF-8 structure was also found to be stable up to 400 °C under flowing air, which is 

consistent with the results reported in a previous study [17]. In contrast, the Pd/ZIF-8 

structure began to quickly collapse from approximately 280 °C, and finally, the Pd/ZIF-

8 sample fully decomposed after heating to 400 °C under flowing air. Furthermore, the 

ZIF-8/Pd/ZIF-8 structure was found to decompose from approximately 320 °C under 

flowing air, which indicates that this sample possesses higher thermal–structural 

stability compared to Pd/ZIF-8 without the ZIF-8 protective shell layer, although it is 

less stable than pure ZIF-8. The lower thermal stability of Pd/ZIF-8 compared with pure 

ZIF-8 could be attributed to the embedded Pd particles, which damaged the metal-

organic linker bonds of the ZIF-8 structure; thus, the ZIF-8 framework is more 

vulnerable under high-temperature conditions. 

a) b) c) 

d) e) f) 
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Figure 7.4 TGA results for the synthesized ZIF-8, Pd/ZIF-8 and ZIF-8/Pd/ZIF-8 

samples. 

 

7.3.2 Catalytic Alkene Hydrogenation 

 

The catalytic hydrogenation of 1-hexene and cis-cyclooctene was conducted in the 

liquid phase to evaluate the catalytic performance of the prepared catalysts. Figure 7.5 

shows the shape/size selectivity of the designed catalyst as a function of the specific 

pore size. Although the aperture size of ZIF-8 is close to 3.4 Å based on calculation 

from XRD [22], the hinged Zn-imidazolate-Zn units which define the edges of the 

XRD-derived 0.34 Å aperture size gives flexibility to allow 1-hexene with a molecular 

diameter of 1.7 Å to access the internal channels. However, cis-cyclooctene with a 

molecular width of 5.5 Å, which is larger than 1-hexeneand the effective aperture size 
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of ZIF-8, will be excluded from the framework and consequently prevented from 

contacting the active component inside the catalyst core [26, 27]. Due to the aperture 

flexibility, the hydrogenation of 1-hexene is possible overall of the Pd particles 

dispersed in the micropores of the Pd/ZIF-8 composite and ZIF-8/Pd/ZIF-8 composite. 

The hydrogenation of cis-cyclooctene, however, could only occur over the Pd particles 

located near the outer surface of Pd/ZIF-8. For reference, a Pd/ZSM-5 catalyst was also 

synthesized and evaluated in alkene hydrogenation. 

 

 

 

 

Figure 7.5 Schematic diagram of catalytic alkene hydrogenation on ZIF-8/Pd/ZIF-8. 

 

Figure 7.6 shows the conversions of 1-hexene and cis-cyclooctene hydrogenation when 

catalysed by ZIF-8, Pd/ZSM-5, Pd/ZIF-8 and ZIF-8/Pd/ZIF-8. Pure ZIF-8 shows zero 

catalytic activity in the hydrogenation of 1-hexene and cis-cyclooctene. In contrast, the 

conversions of 1-hexene and cis-cyclooctene reached nearly 100% and approximately 

30%, respectively, over both Pd/ZSM-5 and Pd/ZIF-8. The higher conversion of 1-

hexene could be attributed to: (i) the faster turnover rate of 1-hexene over the Pd 

nanoparticles compared with that of cis-cyclooctene [24], and (ii) 1-hexene, which has a 
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smaller kinetic diameter compared with cis-cyclooctene, has a higher diffusion rate 

inside the microporous channel of ZIF-8. The latter also causes less mass transfer 

limitations to the reaction. The conversion of cis-cyclooctene over Pd/ZSM-5 was 

slightly higher than that over Pd/ZIF-8 due to the greater accessibility of Pd active sites 

in Pd/ZSM-5. ZIF-8 possesses a relatively small pore size compared with ZSM-5 

(effective pore size of 4.0–4.2 Å vs 5.6 Å), which causes the hydrogenation of cis-

cyclooctene to primarily occur over Pd particles located on the outer surface of Pd/ZIF-

8, preventing the reaction from being catalysed by the remainder of Pd particles in the 

inner structure of ZIF-8.  

 

 

Figure 7.6 Hydrogenation of 1-hexene and cis-cyclooctene catalyzed by ZIF-8, 

Pd/ZSM-5, Pd/ZIF-8 and ZIF-8/Pd/ZIF-8. “H/C” is the conversion ratio of 1-hexene to 

cis-cyclooctene. 
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8/Pd/ZIF-8) with conversion ratio of 1-hexene to cis-cyclooctene (H/C) = 960. This 

result confirmed the hypothesis that the cis-cyclooctene molecules were excluded by the 

ZIF-8 shell and thus unable to contact the Pd particles for hydrogenation. In contrast, 1-

hexene was able to access the Pd particles protected by the ZIF-8 shell through its 

flexible pores. Nevertheless, the ZIF-8 shell also increased the mass transfer limitations 

in ZIF-8/Pd/ZIF-8 and inevitably decreased the conversion of 1-hexene slightly 

compared with Pd/ZIF-8. Because the reaction exhibits a transport limitation, it could 

be inferred that the overall rate of 1-hexene hydrogenation is fast compared to the rate 

of transport to the Pd active sites, i.e., mass-transfer controlled. It is therefore 

advantageous to deposit the Pd sites in the subsurface layer (as shown in Figure 7.3e 

and Figure 7.3f) such that the transport limitations can be reduced while catalytically 

active Pd particles, which are liable to lose activity by attrition, can be protected. The 

catalytic alkene hydrogenation indicates that the ZIF-8 shell layer was successful grown 

over the Pd/ZIF-8 core using the synthesis method reported herein. 

 

7.3.3 Anti-poisoning Property  

 

It has been reported that noble metals can easily be poisoned by sulfur species [28]. 

This sulfur poisoning effect is often irreversible due to the formation of sulfur-metal 

bonds, which are not catalytically active. For example, Pd particles can be deactivated 

by trace amounts of sulfur containing impurities, which are commonly found in raw 

materials of process feedstock, e.g., in woody biomass [29]. In this study, the core–shell 

metal/ZIF-8 composite was evaluated to investigate its performance in protecting the 

active sites from sulfur poisoning by screening the poisoning component outside the 

ZIF-8 shell. The anti-poisoning ability of the developed core–shell catalyst was 

investigated by adding thiophene (with a molecular size of 4.6 Å) with alkene and H2 to 

poison the catalyst in the reactor for hydrogenation. After the reaction, the spent catalyst 

was recovered and regenerated under vacuum at 100 °C for 24 h. The catalyst was then 

reused for alkene hydrogenation in the absence of thiophene. The catalyst performance 

in alkene hydrogenation after contacted with poisoning component and regeneration 

was investigated. Figure 7.7 shows that the conversion of 1-hexene and cis-cyclooctene 

over Pd/ZSM-5 after sulfur treatment and regeneration decreased to approximately 74% 
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and 6.2%, respectively, (nearly 100% conversion of 1-hexene and 30% conversion of 

cis-cyclooctene prior to sulfur treatment, as shown in Figure 7.6) due to the prior 

deactivation of Pd particles by thiophene. These results suggest that the catalyst 

treatment step using vacuum heating cannot completely regenerate the spent catalyst 

due to irreversible poisoning of Pd particles. The conversions of 1-hexene and cis-

cyclooctene over Pd/ZIF-8 were 95% and 0%, respectively, after regeneration. The 

conversion of 1-hexene was almost recovered back to pre-poisoned performance. This 

result confirmed that the Pd sites located in the inner structure of Pd/ZIF-8 remained 

catalytically active for the hydrogenation of 1-hexene after the removal of thiophene. In 

contrast, the conversion of cis-cyclooctene was reduced to almost 0% (after poisoning 

by thiophene and regeneration), indicating that the ZIF-8 structure was possibly 

maintained and that it still retains its molecular sieving ability after regeneration of the 

catalyst. However, the surface Pd particles in Pd/ZIF-8 are still poisoned irreversibly by 

sulfur species which resulted in almost 0% conversion of cis-cyclooctene. Figure 7.7 

shows the alkene hydrogenation over the core–shell Pd/ZIF-8 (ZIF-8/Pd/ZIF-8) after the 

catalyst underwent sulfur treatment by thiophene and after it is regenerated. The 

hydrogenation of 1-hexene and cis-cyclooctene are 95% and 3%, respectively, over the 

regenerated ZIF-8/Pd/ZIF-8, which is comparable to the conversion obtained using ZIF-

8/Pd/ZIF-8 prior to sulfur poisoning (Figure 7.6). A 3% conversion of cis-cyclooctene 

was obtained using regenerated ZIF-8/Pd/ZIF-8, potentially due to the minor defect 

formed on the ZIF-8 shell during the regeneration process that exposed some Pd 

particles for hydrogenation. Although Pd/ZIF-8 and ZIF-8/Pd/ZIF-8 gave similar 

conversions of 1-hexeneand cis-cyclooctene after they are regenerated, the ZIF-8 

protective layer in the core–shell composite keeps the Pd particles in the sub-surface 

layer thereby eliminates irreversible sulfur poisoning to the Pd sites near the surface. 

One may consider the regenerated Pd/ZIF-8 with catalytically inactive surface Pd 

particles indeed has a similar structure as ZIF-8/Pd/ZIF-8 but with a smaller (overall 

composite) size. The results also suggest that the designed core–shell metal/ZIF-8 

composite has a narrow molecular cut size between 4.2 and 4.6 Å as reflected by the 

exclusion against thiophene molecules (4.6 Å) over 1-hexene (1.7 Å). This sharp 

molecular sieve separation cannot be readily achieved by traditional microporous 

zeolites. 
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Figure 7.7 Catalytic hydrogenation of 1-hexene and cis-cyclooctene over regenerated(a) 

Pd/ZSM-5, (b) Pd/ZIF-8 and (c) ZIF-8/Pd/ZIF-8 after thiophene treatment. 

 

7.4 Conclusions 

 

A successful method for synthesizing a core–shell metal/ZIF-8composite was reported. 

The catalytic selectivity and anti-poisoning properties of the synthesized ZIF-8/Pd/ZIF-

8 composites were investigated and compared with those of Pd/ZSM-5 and Pd/ZIF-8 in 

alkene hydrogenation. The core–shell ZIF-8/Pd/ZIF-8 exhibited higher selectivity to 1-

hexene over cis-cyclooctene during hydrogenation. Furthermore, the ZIF-8 shell layer 

of the core–shell structure was able to effectively protect the subsurface Pd particles 

from sintering at high temperature and from poisoning by thiophene. The sulfur 

poisoning components were captured within the layer at the external edge of the catalyst 

core. The catalytic activity of the core–shell ZIF-8/Pd/ZIF-8 could be recovered after 

removal of the adsorbed thiophene via heat treatment under vacuum. It is concluded that 

Pd/ZSM-5 Pd/ZIF-8 ZIF-8/Pd/ZIF-8

0

20

40

60

80

100

1-hexene

cis-cyclooctene

C
o
n
v
e
r
s
io

n
 (

%
)



129 

 

the core–shell structure reported in this work is a feasible design for ZIF-supported 

catalysts, allowing it to be used practically in industrial processes. 
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8.1 Conclusions 

 

In this thesis, a systematic study was carried out aiming to develop a porous hybrid 

solid membrane reactor system for H2 production and purification from WGSR. At the 

beginning, ZIF-8 was screened out from various porous material candidates and selected 

as the raw material of the objective membrane system. Then, the hydrothermal stability 

of ZIF-8 was evaluated under various environments and the application feasibilities of 

ZIF-8 materials were discussed. Moreover, the ZIF-8 based catalyst and gas separation 

membrane were successfully prepared with the fabrication methods developed in this 

study, and their applications were characterized under the stimulated conditions of the 

H2 involved reactions. Finally, a demonstration experiment of WGSR was conducted in 

both the ZIF-8 membrane reactor system and the conventional packed bed reactor 

system. The advantages of employing the ZIF-8 based membrane reactor system were 

illustrated, while the stability limitations of the ZIF-8 material under the harsh 

conditions were verified. 

 

The main findings of this study are generally detailed as: 

 

Firstly, the micro porous materials of ZIF-8, GIS - NaP and MIL-47 were successfully 

prepared through the hydrothermal synthesis method and the crystallization mechanisms 

of these materials were examined. In the meantime, the composite catalysts with these 

porous material supports were fabricated and characterized with various methods. 

Finally, ZIF-8 was selected as the raw material of the membrane system after 

considering its fabrication feasibility and the application potentials in catalysis and gas 

separation membrane processes. 

 

Secondly, a comprehensive study was performed to investigate the thermal stability of 

ZIF-8 under various gaseous environments and to investigate the feasibility of 

employing ZIF-8 in gas-phase applications. Herein, we determined that ZIF-8 exhibits 

its greatest stability in an inert environment and the worst stability were observed under 

a steam atmosphere. We also pointed out that the TGA results could accurately 

represent the thermal stability of ZIF-8 from the engineering prospective only if they are 

recorded isothermally. In summary, ZIF-8 is concluded suitable for use in catalytic 
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reactions and gas-separation processes at temperatures below 300 °C in the presence of 

air or water and under inert gas environments at temperature over 400 °C.  

 

Thirdly, a well-integrated ZIF-8 membrane was prepared through the post-treatment 

methods developed in this study and the ZIF-8 membrane showed a modest gas 

separation performance in the simulated biomass-derived syngas environment. 

Subsequently, the long term test results showed that the hydrothermal instability limits 

the ZIF-8 membrane applications in biomass-derived syngas environments over 200 °C. 

Lastly, we suggested that the additional efforts should be focused on preserving the 

integration of the ZIF-8 membranes under steam-containing feeds at temperatures 

higher than 200 °C. 

 

Later on, a demonstration experiment of WGSR was carried out in both the membrane 

reactor system and the conventional packed bed reactor system. The result shows that 

the CO conversion and the H2 recovery of the WGSR could be improved by employing 

the MR system, while this improvement could be enhanced by increasing the operation 

temperature. However, the ZIF-8 membrane based MR is not hydrothermal stable over 

the temperature of 200°C, and impropriate to be employed for WGSR before the further 

progressive modification on its structure.  

 

Lastly, a core–shell metal/ZIF-8 composite catalyst was fabricated and its catalytic 

selectivity and anti-poisoning properties were demonstrated in alkene hydrogenation. It 

is concluded that this core–shell structure is a feasible design for ZIF-supported 

catalysts, allowing it to be used practically in industrial processes. 

 

8.2 Recommendations and Future Study 

 

Based on the findings and knowledge obtained from the present study, we would make 

the below recommendations to the future study of the ZIF-8 membrane reactor system 

for H2 production and purification: 

 

Firstly, efforts are expected to be made on the progressive modifications of ZIF-8 

structure before it could be widely employed under harsh condition applications, like 
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WGSR. In the present study, the result clearly shows that the ZIF-8 material indeed has 

extraordinary potentials in the applications of catalysis, gas separation membrane as 

well as the membrane reactor system. However, the ZIF-8 applications in these areas 

are all seriously limited by its hydrothermal stability at this moment. Hence, it is critical 

to improve the structure stability of ZIF-8 in the future work to realize the ZIF-8’s 

potentials in applications. 

 

Secondly, the operation conditions optimization is highly demanded to maximize the 

advantages of employing MR for WGSR. From this study, we can find that the 

operation conditions, like reaction temperatures and membrane performance, seriously 

affect the performance of the membrane reactor system. Hence, the comprehensive 

investigation on the MR operation conditions is recommended, by combining the 

mathematics simulations together with experimental studies, to optimize and maximize 

the MR functions for different reactions. 
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