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ABSTRACT 

Hydrothermal Synthesis of Zeolitic Imidazolate Frameworks-8 (ZIF-8) Crystals 

with Controllable Size and Morphology 

 

Gabriella Lestari 

 

Zeolitic imidazolate frameworks (ZIFs) is a new class of metal-organic 

frameworks (MOFs) with zeolite-like properties such as permanent porosity, 

uniform pore size, and exceptional thermal and chemical stability. Until recently, 

ZIF materials have been mostly synthesized by solvothermal method. In this 

thesis, further analysis to tune the size and morphology of ZIF-8 is done upon our 

group’s recent success in preparing ZIF-8 crystals in pure aqueous solutions. 

Compositional parameters (molar ratio of 2-methylimidazole/Zn2+, type of zinc 

salt reagents, reagent concentrations, addition of surfactants) as well as process 

parameters (temperature and time) were systematically investigated.   

Upon characterizations of as-synthesized samples by X-ray powder 

diffraction, thermal gravimetric analysis, N2 adsorption, and field-emission 

scanning electron microscope, the results show that the particle size and 

morphology of ZIF-8 crystals are extremely sensitive to the compotional 

parameters of reagent concentration and addition of surfactants. The particle size 

and morphology of hydrothermally synthesized ZIF-8 crystals can be finely tuned; 

with the size ranging from 90 nm to 4 µm and the shape from truncated cubic to 

rhombic dodecahedron.  
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CHAPTER 1 

INTRODUCTION 

 

The quest of the perfect porous materials with various functionalities and 

properties has been going on for decades. Porous materials with outstanding 

properties, such as their catalytic activity and sorption, have attracted many 

researchers to develop them for industrial application. An example of a success 

story of this development is zeolites, which are now widely used in commercial 

water softening and purification as well as hydrocracking catalysts in the 

petrochemical industry, making it a multi-billion dollars worldwide industry. 

1.1 History and Background Studies 

Metal-organic frameworks (MOFs) are crystalline porous materials 

comprised of metal or metal oxide units and organic linkers [1-4]. MOFs are 

considered as hybrid porous solids, as they have organic linkers that bridge the 

inorganic parts. The types of metal oxides and linkers will significantly dictate the 

structures and properties of the resulting MOFs, which can be one-, two-, or 

three-dimensional structures. The concept of secondary building units (SBUs) in 

MOFs allow for theoretically infinite number of possible MOF structures. 

For the past two decades, this young field has improved rapidly and 

attracted many researchers. In addition of being porous, MOFs have large 

surface areas and tunable pore size. In fact, the most attractive feature of MOFs 

is their versatility, enabling researchers to tailor features to “design” the perfect 

porous material for each particular application [5, 6]. Due to the tremendous 
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developments in this field, more acronyms in this field have been derived to 

further identify the particulars of the series, namely isoreticular MOFs (IRMOFs), 

Materials Institute Lavoisier (MILs), microporous MOFs (MMOFs), porous 

coordination networks (PCNs), and porous coordination polymers (PCPs). 

Some of the fundamental principles in MOFs have been developed from 

principles in the older fields of coordination chemistry and zeolite chemistry. 

Coordination chemistry, pioneered by Alfred Werner (1913 Nobel Laureate), 

studies the interactions of organic and inorganic ligands with metal centers and 

explored topics such as isomerism and bonding in coordination compounds. 

Some of the early MOFs have inorganic part containing isolated polyhedra or 

small clusters as found in coordination chemistry. Zeolite chemistry introduced 

the concept of SBUs, which has resulted in over 40 natural and 190 synthetic 

zeolite frameworks with unique structural and topological features. In the context 

of MOFs, this refers to the geometry of the units defined by the point of 

extension, such as carboxylate C atoms in most carboxylate MOFs [6]. The 

typical synthesis methods of either hydrothermal or solvothermal in zeolite 

chemistry can be applied in MOFs syntheses. 

By adopting the high throughput methodology from the field of 

pharmaceutical research, chemists have discovered and reported at least 2,000 

different three-dimensional MOF structures around the world – already more than 

the types of porous zeolites or carbon materials. These MOF structures have 

been tested for various applications, from the more traditional areas such as 

adsorption [7-19], storage [20-23], separation [7,24, 25], and catalysis [26-43], to 
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the emerging areas such as biomedical imaging [27, 44, 45], luminescence [46-

50], drug delivery and controlled release [51-53], and sensor technology [18, 54-

56]. 

1.1.1 Historical Developments 

The terminology “metal organic framework” was introduced by Yaghi, et. al 

in the mid-90s, but the interest in PCNs and MOFs have started earlier that 

decade, namely by Hoskins and Robson [57, 58]. Yaghi’s first report was a 

layered Co-trimesate with reversible sorption properties in 1995 [59,60]. Two 

years later, Kitagawa et.al reported a 3D MOF’s gas sorption properties [61]. In 

1999, the syntheses of MOF-5 [62] and HKUST-1 [63] were first reported and 

quickly became the most studied MOFs to this day due to their exceptional 

porosity and stability [64]. 

In 2002, Yaghi et. al introduced the concept of isoreticular chemistry 

through a series of zinc dicarboxylates, systemically varying the functionality and 

pore size [65]. Isoreticular means “based on the same net”, or having the same 

topology. MOF-5 was functionalized with various kinds of organic groups such as 

–Br, –NH2, –OC3H7, –OC5H11, –C2H4, and –C4H4 and its pore size was expanded 

with long molecular struts as well.  

In the same year, a new member of the MOF family was introduces as 

zeolitic imidazolate frameworks (ZIFs) [66, 67], which will be discussed in more 

detail in Section 1.1.3 and throughout this thesis. 
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1.1.2. Crystal Size and Morphology 

Crystal size holds a crucial role in applications of MOFs in the industry. For 

instance, downscaling the size to the nanoscale level has given MOFs a larger 

internal surface area and decreased diffusion resistance [68]. MOFs in nanoscale 

have a slightly different properties and reactivity compared to the bulk material. 

As the mass transfer limitation subsides in the nanoscale due to the increase of 

textural porosity and external surfaces [69], the catalyst activity as well as sensor 

response time increase. It has also been reported that smaller ZIF-8 crystals 

result in faster pressure swing cycles for C3H6/C3H8 separation [70]. Size is also 

extremely important in biological applications, as it is the main factor controlling 

characteristics such as blood half-life and biodistribution. A study using magnetic 

iron oxide nanoparticles for MRI contrast agent has shown that smaller and more 

uniform particles increased plasma circulation time and able to be transported to 

the lymphatic system [71]. 

Crystal morphology is also the key to fine tune MOFs for particular 

application. For the same building blocks, researchers found that different 

morphologies of elongated hexagons, ellipsoids, and rods have different gas-

adsorption properties, hence different affinities for hydrogen [72]. Different 

particle shape can also significantly affect the microstructure and performance of 

MOF membranes [73] and their applications as building blocks for nanostructures 

[74].  

Being able to control and tune the shape and size of MOF particles will 

result in tailored MOF materials for specific purposes, resulting in better 
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performance. For example, in drug release applications, it is preferred to have 

uniform framework degradation and hence the spherical shape might be the most 

reasonable choice. In catalysis or optics where active sites are present at the 

edges and corners, non-spherical or anisotropic shapes may be preferred 

instead. All in all, the knowledge to tune the crystal size and morphology will also 

build a fundamental understanding of the crystallization mechanism of the porous 

materials in this burgeoning field of research. 

1.1.3 Zeolitic Imidazolate Frameworks 

The discovery of zeolitic imidazolate frameworks (ZIFs) was a 

breakthrough. As a subclass of MOFs, ZIFs have especially interesting 

properties owing to their structure. The basic repeating unit of Si/Al-O-Si/Al in 

zeolites is represented in ZIFs, with imidazolates (IM) in place of the bridging O 

atoms and transition metals (M) in place of the Si/Al atoms. The angle made by 

M-IM-O is 145°, the same as that of Si/Al-O-Si/Al8, and is illustrated below in 

Figure 1.1. 

 

 

Figure 1. 1: The similar (145°) bridging angles in metal IMs and in zeolites. 

 

Compared to other MOFs, ZIFs have exceptional thermal and chemical 

stability. For example, ZIF-8 was suspended in boiling water and various organic 
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solvents for 7 days and still maintained its full crystallinity [66]. ZIF-8 can also 

withstand up to 550°C in N2, while the permanently porous cubic structure of 

MOF-5 will decompose at 450°C in N2. ZIFs have zeolite-like permanent porosity 

and uniform pore size. For many years, the industry has been using zeolites due 

to its robustness in extreme conditions. The similarity of zeolites and ZIFs have 

been useful in understanding the fundamentals of ZIFs as many of the principles 

may overlap with that of zeolite chemistry, and will eventually be useful in 

implementing ZIFs for industrial applications. 

In this thesis, ZIF-8 crystals will be studied more in depth. There are two 

main components in a typical ZIF-8 synthesis: a zinc source and the bridging 

ligand 2-methylimidazole (Hmim) [28]. ZIF-8 has SOD topology (illustrated below 

in Figure 1.2) and pore aperture of 0.34 nm, although has been shown to absorb 

gas molecules larger than its nominal pore size [70, 75]. 

 

Figure 1.2: The single crystal x-ray structure of ZIF-8, shown as a stick diagram 
(left) and as a tiling (center). The largest case in ZIF-8 is shown with ZnN4 
tetrahedra in blue. H-atoms are omitted for clarity. [66] 
 
 
1.1.4 ZIF Particles Crystallization Studies 

In order to be able to control the size and morphology of ZIF nanoparticles, 

it is essential to understand the growth mechanism. Several studies have been 
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done in this area. Wiebcke et al. were able to synthesize ± 45 nm ZIF-8 

nanoparticles in room temperature in excess Hmim [76]. Modulating ligands were 

added to modify both coordination and deprotonation equilibria during the 

nucleation and growth [77], enabling crystal size smaller than 10 nm to be 

obtained. It was concluded that the most efficient size limiting effect is the 

concentration of the bridging ligand itself. 

The group then further studied the ZIF-8 growth process using time-

resolved in situ static light scattering (SLS) and SEM. By correlating the time-

dependent size and number distribution of the solution species with the particles 

observed ex situ, it was confirmed that the nucleation of ZIF-8 is slow and 

continuous, while the crystal growth is rapid [77]. It was also observed that after 

one hour, the particle size distribution narrows down, resulting in 40 nm 

monodisperse particles. After 24 hours of reaction, even as the size defocuses 

and particle size distribution broadens as a result of Ostwald ripening, the 

rhombic dodecahedral nanoparticles size remains a mere 65 nm. 

ZIF-8 nanocrystal formation has also been studied using XRD and TEM by 

Venna et al. However, the low time resolution is unable to resolve the details of 

the fast crystallization process at early stages [78]. More recently, Cravillon et al. 

performed a complimentary in situ SAXS/WAXS studies on ZIF-8 nucleation and 

growth [79]. The result of this study is illustrated schematically in Figure 1.3 on 

the next page. 

The top figure shows a plot of the extent of crystallization versus time. This 

was done by normalizing the integrated intensity of the reflections in the WAXS 
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pattern to the intensity at 800 s. It shows that the crystallization process is initially 

fast and slows down at around 300s, and slows down even more due to Ostwald 

ripening effect. Ostwald ripening is a phenomenon where the smaller crystals 

dissolute and the redeposit on the surfaces of the larger crystals. At the age of 

800s, a diameter value of ± 25 nm was estimated. 

 

Figure 1.3: Top: time resolved WAXS pattern during the formation of ZIF- 8 
nanocrystals between 1 s and 800 s. The time interval between succeeding 
patterns is 1 s. Bottom: species occurring during nucleation and growth of ZIF-8 
nanocrystals under conditions of high supersaturation. Two possible alternative 
crystallization pathways (a) and (b) are considered. [79] 
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The bottom figure is a scheme summarizing the species detected by 

SAXS/WAXS during the fast nucleation and growth of ZIF-8 nanocrystals under 

the condition of excess Hmim ligand. The excellent time resolution detects 

prenucleation clusters of about 2 nm diameter, which transform into ZIF-8 

particles. The nucleation continues as monomers attach to the existing particles 

until the clusters are consumed. Periodic ZIF-8 particles are formed after 22 s of 

this monomer/cluster addition mechanism, but not by coalescence. Several 

questions still remain to be answer as whether the clusters constitute a reservoir 

of monomers or actively involved in the particle nucleation process. 

SAXS/WAXS studies also have been performed in other MOFs, such as 

HKUST-1 [80, 81], in which similar behavior has been observed. 

1.1.5 Engineering the Size and Morphology of ZIF Crystals 

With the knowledge of nucleation and growth of ZIF nanoparticles, the next 

goal is to be able to manipulate the size of the shape of the resulting crystals. 

There are different strategies to address this, namely (1) compositional and 

process parameters, (2) temperature program, (3) additives, and (4) reverse 

microemulsions. This can be illustrated from Figure 1.4 on the next page which is 

taken from Reference [82]. 

The first way to manipulate crystal size and morphology is by adjusting the 

compositional and process parameters. Examples of compositional parameters 

are reactant concentration, molar ratio of the reactants, metal sources, pH, and 

solvent used. Process parameters optimization can be done namely by varying 

the time, temperature, pressure. ZIF-8 can be synthesized by various methods 
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such as from liquid phase (solution) at room temperature [83-86], solvothermally 

[87-91], and from the solid-liquid interface via solution mediated crystallization 

[92]. The chosen synthesis method throughout this thesis is a rapid hydrothermal 

synthesis at room temperature [85].  

 

Figure 1.4: Summary of strategies for manipulating the crystal growth, i.e., size 
and morphology of MOF crystals. [82]. 
 

Secondly, temperature programs are utilized to manipulate the relative 

nucleation and crystal growth rates. Thirdly, additives such as polymers, can be 

added into the starting materials. Molecular blocking agents can absorb at certain 

crystal faces and slow down nucleation rates, affecting the resulting crystal 

morphology. Capping agents can stop the crystal growth, while addition of 

modulators can influence the crystal size and morphology greatly.  
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Lastly, microemulsions, which are thermodynamically stable mixtures of 

hydrophobic liquid, water, and a surfactant, can also affect the size and 

morphology of the crystal depending what the molar ratio of continuous phase to 

surfactant is. 

An example of an implementation of this strategy was a recent work 

reporting the use of ionic liquid as structure-directing agent in a microwave-

assisted ionothermal synthesis, resulting in ZIF-8 crystals with polyhedron 

particles stable structure and exceptional thermal stability (up to 720°C in argon) 

[93]. Another recent report demonstrated the synthesis of mesostructured zinc 

imidazolates in the presence of CTAB as a template to give rise to ordered 

lamellar hybrid materials [94]. 

In this thesis, we will explore the first and third strategies of fine-tuning the 

size and morphology of ZIF-8 crystals synthesized in water. In more well-studied 

MOFs such as HKUST-1, the influences of these parameters have been 

systematically investigated [95,96]. An example of this was obtained by a study 

on nanoscale Fe-MIL-88A crystals [97]. Synthesis was done via several methods 

such as static hydro/solvothermal, dynamic ambient pressure, sonochemical, and 

microwave-assisted hydrothermal synthesis. By varying parameters such as 

reaction time, temperature, overall concentration, pH, and solvent, different 

resulting crystals were obtained. The best results of particles less than 100 nm in 

high yield were obtained by microwave-assisted heating, illustrated in Figure 1.5 

on the next page. 
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Figure 1.5: TEM images of Fe-MIL-88A crystals synthesized by microwave-
assisted heating at various reaction temperatures and reaction times. From 
Reference 38. 
 
1.2 Objective 

In this thesis, we will present a synthesis study with a goal to be able to 

systematically tune the size and morphology of ZIF-8. As explained in Section 

1.1.2, these granular properties are crucial as they are closely related to the 

material performance in industrial applications. 

In accordance to the knowledge obtained from previous studies in MOFs, 

strategies to control the size and morphology of our ZIF-8 crystals will be done 

through variation of compositional and process parameters as well as addition of 

surfactants.  

Compositional parameters involved in this study are the molar ratio of the 

starting reagents (2-methylimidazole/Zn2+), the type of zinc salts, and the reagent 

concentrations. Process parameters such as reaction time and temperature are 

also investigated. Finally, the study also investigates the effect of addition of 

various surfactants.  
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Several rationales were used in choosing the types of surfactants. The first 

surfactant is cetyltrimethylammonium bromide (CTAB), illustrated in Figure 1.6 

below. In order to further study the exact role of the surfactant, in addition to 

CTAB, three other cationic surfactants (tetrapropylammonium bromide (TPABr), 

hexadecyltrimethylammonium chloride (CTAC), trimethylstearylammonium 

chloride (STAC)), and one anionic surfactant (sodium dodecyl sulfate (SDS)) are 

also studied. 

 

 
(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 1.6: Surfactants used in the experiments: (a) cetyltrimethylammonium 
bromide (CTAB), (b) tetrapropylammonium bromide (TPABr), (c) 
hexadecyltrimethylammonium chloride (CTAC), and (d) 
trimethylstearylammonium chloride (STAC), and (e) sodium dodecyl sulfate 
(SDS). 
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CTAB is a cationic surfactant which has been used to control the size of 

IRMOF crystals in a study [98], in which the author suspects that it acts as a 

stabilizer during the early incubation period and that its addition will decrease the 

nucleation rate. As shown in Figure 1.6 above, TPABr has the similar quarternary 

ammonium head and bromine ion as CTAB but lacks the long hydrocarbon 

chain. On the other hand, CTAC has the similar long hydrocarbon chain as CTAB 

but a different counter anion. STAC has the same counter anion as CTAC, but 

different hydrocarbon tail. Finally, SDS is an anionic surfactant with a similarly 

long hydrocarbon chain.  

1.3 Problem Definition 

In accordance with the objective above to tune the size and morphology of 

ZIF-8 to address particular applications, the question that arises is: How do we 

control the size and morphology of ZIF-8 crystals through compositional and 

process parameters? 

Accordingly, as several varying compositional and process parameters 

were selected, the main question evolved into several research questions (RQs) 

as follow: 

1. What is the influence of molar ratio of the reagents (Hmim/Zn2+)? 

2. What is the influence of reaction temperature and time? 

3. What is the influence of zinc source in the reagent? 

4. What is the influence of reagent concentration? 

5. What is the effect of surfactant addition? 
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To address the questions above, experimental procedures were planned 

and the following characterization approaches were implemented. 

1. Molar ratio of the reagents (Hmim/Zn2+) was varied. From the typical 

synthesis solution ratio of Zn2+: Hmim: H2O = 1: 70: 1200, the Hmim 

ratio was increased to 100 and 200. 

2. Reaction temperature was varied from room temperature to 60°C and 

120°C, while reaction time was varied from 5 minutes, 1 hour, to 24 

hours. Nucleation time was also studied at room temperature, 50°C 

and 80°C.  

3. Zinc source effect was studied by varying the zinc salt reagents from 

zinc nitrate hexahydrate to zinc acetate dihydrate and zinc chloride. 

4. The original synthesis solution was diluted with DI water for two to six 

times to study the influence of reagent concentration. 

5. Addition of surfactants was studied in diluted synthesis solution with 

varying weight percentage of 0.0025 wt%, 0.01 wt%, and 0.025 wt%. 

The choice of surfactants was discussed in Section 1.2.  

In order to interpret the results of the experiments, the following 

characterization methods were employed.  

1. To investigate the crystal structure, chemical composition, and 

physical properties, the samples were characterized using X-ray 

diffraction. 

2. In order to determine the surface area and pore size distribution, the 

samples were characterized using nitrogen physisorption technique. 
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3. To investigate the composition and purity, the samples are 

characterized using thermal gravimetric analysis. 

4. To investigate the size and morphology, the samples are 

characterized using scanning electron microscopy. 

1.4 Report Structure 

The remainder of this thesis addresses the problem definition described in 

Section 1.3 by describing the experimental method and analysis, presenting and 

discussing the results of the approaches in Section 1.2, and offering conclusions 

and recommendations for future work.  

The thesis organization can be summarized with the brief list below. 

Chapter 2 Materials and Methods 

Chapter 3 Results and Discussions 

Chapter 4 Conclusions and Recommendations  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2. 1 Hydrothermal synthesis of ZIF-8 crystals 

The ZIF-8 crystals in this thesis were synthesized using the hydrothermal 

method [85]. This method enabled rapid, cost-effective, and more 

environmentally friendly approach to the synthesis of the crystals. 

2.1.1 Materials 

The main reagents used in the synthesis are zinc nitrate hexahydrate and 

2-methyl imidazole. In investigating RQ 3, zinc acetate dihydrate and zinc 

chloride are also used. Their structures are provided in Figure 2.1 below. 

 

 
 

 

(a) (b) (c) 

Figure 2.1: Zinc sources: (a) zinc nitrate hexahydrate, (b) zinc acetate dihydrate, 
and (c) zinc chloride 
 
 

The surfactants used are cetyltrimethylammonium bromide (CTAB), 

tetrapropylammonium bromide (TPABr), hexadecyltrimethylammonium chloride 

(CTAC), trimethylstearylammonium chloride (STAC), and sodium dodecyl sulfate 

(SDS). Their structures have been provided in Figure 1.6.  
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Deionized (DI) water is used for the synthesis, and methanol is used for 

washing the products. All of the reagents are of analytical grade and used as 

received from Sigma-Aldrich without any further purification.  

As addressed in the section 1.3, strategies to systematically control the size 

and morphology of ZIF-8 crystals will be implemented in this thesis, and the 

experiment procedure can be summarized in Table 2.1 and Table 2.2 below. The 

details of this procedure can be found throughout Section 2.1.2. 

 

Table 2.1: Compositional and Process Parameters Modifications 

Synthesis temperature  Room temperature 

 60°C 

 120°C 

Synthesis time  5 minutes 

 1 hour 

 24 hours 

Nucleation temperature  Room temperature 

 50°C 

 80°C 

Zinc salt  Zinc nitrate hexahydrate 

 Zinc acetate dihydrate 

 Zinc chloride 

Molar ratio of reagents  Zn2+: Hmim: H2O = 1: 70: 1200 

 Zn2+: Hmim: H2O = 1: 100: 1200 

 Zn2+: Hmim: H2O = 1: 200: 1200 

Reagent concentration  Original 

 Two times dilution 

 Four times dilution 

 Six times dilution 
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Table 2.2: Addition of Surfactants in Varying Weight Concentration 
 

Cetyltrimethylammonium bromide (CTAB)  0.0025 wt% 

 0.01 wt% 

 0.025 wt% 

Tetrapropylammonium bromide (TPABr)  0.0019 wt% 

 0.0075 wt% 

 0.019 wt% 

Hexadecyltrimethylammonium chloride 
(CTAC) 

 0.0023 wt% 

 0.0088 wt% 

 0.023 wt% 

Trimethylstearylammonium chloride 
(STAC) 

 0.0025 wt% 

 0.01 wt% 

 0.025 wt% 

Sodium dodecyl sulfate (SDS)  0.0025 wt% 

 0.01 wt% 

 0.025 wt% 

 
 

2.1.2 Crystals preparation  

Appropriate amounts of zinc salt and 2-methylimidazole are firstly dissolved 

in two separate beakers of DI water. In a typical synthesis, 0.29 g of zinc nitrate 

hexahydrate is first dissolved in 10 mL deionized (DI) water (Solution A); while 

4.54 g 2-methylimidazole are dissolved in 70 mL DI water (Solution B). 

Whenever appropriate, the surfactant should first be dissolved in Solution B, as 

will be described in more detail in Section 2.1.2.4. 

Having solution B in a bigger beaker stirred at 300 rpm, Solution A is rapidly 

poured into Solution B, and these two solutions are allowed to react at a certain 

temperature for a certain time.  
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After the synthesis is completed, the products are collected by repeated 

centrifugation (8000 rpm, 30 min), washed by DI water and methanol for three 

times, and finally dried at 65 oC overnight in a drying oven. 

The final molar composition of any given synthesis solution was 2-

methylimidazole (Hmim): Zn2+: H2O =70~200: 1: 1200~7200.  

2.1.2.1 Varying the temperature 

The synthesis temperatures ranged from room temperature to 120°C, and 

the synthesis time ranged from 5 minutes to 24 h. When the synthesis was 

conducted at room temperature, the entire synthesis took place in the stirred 

beakers. However, if the synthesis as conducted at 60°C or 120°C, the synthesis 

solutions ere firstly stirred in a beaker at room temperature for 5 minutes, and 

then transferred to a Teflon-lined stainless steel autoclaves for further 

hydrothermal synthesis in a heated oven. After the synthesis was completed, the 

autoclaves were allowed to cool down before the product collection. 

2.1.2.2 Varying the zinc source 

Three kinds of zinc salts (zinc nitrate hexahydrate, zinc acetate dihydrate 

and zinc chloride) are used to examine the effect of zinc source on the granular 

properties of the final ZIF-8 crystals. The details and chemical structures of these 

zinc salts have been described in Section 3.1.1. Equal amount of zinc acetate or 

zinc chloride by weight is used in place of zinc nitrate of the typical synthesis 

procedure. 
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2.1.2.3 Varying the nucleation temperature 

The effect of nucleation temperature on the growth of ZIF-8 crystals is also 

examined at two temperatures, 50°C and 80°C. For this experiment, a sealed 

beaker containing 2-methylimidazole aqueous solution (Solution B) is firstly 

immersed in the heated water bath for 30 min as to allow the temperature to 

equilibrate. Next, the zinc salt aqueous solution (Solution A) is rapidly poured into 

the heated 2-methylimidazole solution, and the resulting mixture is further stirred 

at the heated temperature for 5 minutes. Finally, the products are washed and 

dried following the above same steps as the typical synthesis procedure. 

2.1.2.4 Addition of surfactants 

Surfactants, such as CTAB, TPABr, CTAC, STAC, and SDS are used as 

capping agents to control the size and morphology of resulting ZIF-8 particles. In 

a typical synthesis, 0.002 g to 0.02 g of surfactants and 2.3 g of 2-

methylimidazole are dissolved in 40 mL DI water in one beaker (Solution B’), 

while 0.12 g of zinc nitrate hexahydrate is dissolved in 4 mL DI water in another 

beaker (Solution A).  

The zinc nitrate aqueous solution is then rapidly poured into the 2-

methylimidazole aqueous solutions and stirred at room temperature for 5 

minutes. The resulting mixture is then transferred into the Teflon-lined stainless 

steel autoclaves for further hydrothermal synthesis at 120°C for 6 hours.  
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2. 2 Characterizations of ZIF-8 crystals 

2.2.1 X-ray diffraction (XRD) 

XRD is a non-destructive analytical technique which can reveal the crystal 

structure, chemical composition, and physical properties of the sample. An XRD 

pattern of a sample can be considered as its fingerprints. Throughout this thesis, 

the powder XRD patterns were recorded at room temperature on a Bruker    

A  A    diffractometer in transmission geometry using  u   radiation (    

 .      ) at    k  and    mA.  

2.2.2 Nitrogen physisorption 

Nitrogen physisorption isotherms were measured at 77 K on an automatic 

volumetric adsorption apparatus (Micromertics ASAP 2420). The samples were 

filled into glass ampoules and outgassed in high vacuum at 473 K for 24 h before 

the sorption measurements. Nitrogen physisorption isotherms give information 

used to determine the surface area and pore size distribution of porous materials.  

2.2.3 Thermal gravimetric analysis (TGA) 

TGA was carried out on a Netzsch 449 thermoanalyzer. For this purpose, 

ca. 10 mg of sample was filled into alumina crucible and heated under an air flow 

increasing from room temperature to 800°C at a ramp rate of 10°C/min. TGA 

analysis will then determine the changes in weight in relation to a temperature 

program in a controlled atmosphere. 

2.2.4 Scanning electron microscope (SEM) 

SEM takes image of a sample by scanning it with a beam of electrons; the 

electrons will then interacts with atoms making up the sample and produce 



 34 

signals which translate into useful information. In this thesis, SEM spectra are 

used to examine the size and morphology of the sample. Field-emission SEM 

pictures were taken by FEI Quanta 600 FEG, with an acceleration voltage of 15 

kV. 

2.2.5 Mean particle size 

The mean particle size of the product was determined by manual 

measurement of about 300 crystals in SEM pictures. The coefficient of variation 

(  ) value was defined as the following equation below [46], 

d
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di is the diameter of the ith ZIF-8 crystal, d is the average diameter and n is 

the total number of the crystals counted. A sample with CV value less than 5% is 

considered as monodispersed. 
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CHAPTER 3 

RESULTS AND DISCUSSIONS 

 

Each of the five research questions addressed in Section 1.3 is addressed 

respectively in this chapter as Sections 3.1 to 3.5. Results from various 

characterization techniques as well as interpretation of the data will be presented 

in each section. 

3. 1. Influence of molar ratio of Hmim/Zn2+ 

As described in Chapter 1, 2-methyl imidazole (Hmim) and a zinc salt as a 

source of zinc ion (Zn2+) are the main reagents of ZIF-8 synthesis. To understand 

the effect of molar ratio of Hmim/Zn2+ on the formation of ZIF-8 crystals, control 

experiments were carried out at room temperature with a reaction time of 5 

minutes involving the use of typical synthesis solutions of Zn2+: Hmim: H2O = 1: 

70~200: 1200.  

As shown in Fig. 3.1 on the next page, XRD characterizations show that 

three products prepared with molar ratios of 70, 100 and 200, respectively, are all 

of well-defined ZIF-8 structure [66, 99]. Furthermore, the XRD peaks of samples 

became broader with the increase in molar ratios of Hmim/Zn2+. This indicates 

the decrease of the mean particle size of products, as then was further 

evidenced by the SEM pictures, which show that the mean particle sizes (MS) of 

the products with reagents molar ratios of 70, 100 and 200, respectively, are 88, 

76 and 51 nm (Figs. 3.1b-3.1d).  
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Fig. 3.1. (a) XRD patterns of as-synthesized samples prepared with synthesis 
solutions of Hmim/Zn2+ from 70 to 200, and SEM pictures of samples with molar 
ratio of (b) 70, (c) 100, and (d) 200. 

 

From these SEM pictures, it also can be seen that the morphology of ZIF-8 

nanocrystals has been changed as the increase in molar ratio of Hmim/Zn2+. The 

particles all exhibit the hexagonal shape with the molar ratio of Hmim/Zn2+ of 70 

(Fig. 3.1b), but traces of particles with round shape appeared when the molar 

ratio increased to 100 (Fig 3.1c). When the reagents molar ratio was further 

increased to 200, most of the particles exhibit the round shape, and only trace 

amounts of particles in hexagonal morphology can be observed (Fig. 3.1d).  
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The possible explanation for the reduction in particle size with the increase 

in Hmim/Zn2+ ratio is that the excess of 2-methylimidazole can act as a stabilizing 

agent in its neutral form to slow down the growth rate of ZIF-8 crystals, as have 

been observed in the methanol systems [76]. This capping effect also hinders the 

shape evolution of ZIF-8 crystals from the original shape of nuclei (round) to the 

classical shape of ZIF-8 crystals (hexagonal).  

Additionally, we also found that the particle size distributions (PSDs) of 

three products are very close, and the coefficient of variation (CV) values range 

from 24% to 22%. 

3. 2 Influence of reaction temperature and time 

Figure 3. 2 on the next page shows the SEM pictures of ZIF-8 prepared with 

the synthesis solution of Hmim: Zn2+: H2O = 70: 1: 1200 under various 

temperatures and reaction times.  

It was found that the MS and PSD of products prepared at room 

temperature for 1 hour (Fig. 3. 2a) were not obviously changed when compared 

to the products prepared at room temperature for 5 minutes (Fig. 3. 1b). Even 

when the synthesis time was prolonged to 24 hours, the particulate properties 

(MS, PSD and shape) of the products evidently still did not alter (Fig. 3. 2b), 

indicating that prolonging the reaction time at the same temperature did not 

significantly affect the growth of ZIF-8 crystals. Although this seems to be not 

intuitive, similar phenomenon has been observed in the studies of other MOF 

systems [100]. 
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Fig. 3. 2: SEM pictures of ZIF-8 crystals prepared synthesis solution of Hmim: 
Zn2+: H2O = 70: 1: 1200 at various conditions: (a) room temperature for 1 hour, 
(b) room temperature for 24 hours, (c) 60 oC for 24 hours, (d) 120 oC for 24 
hours, (e) mixing at 50 oC for 5 minutes, (f) mixing at 80 oC for 5 minutes. 

 

Furthermore, when the reaction conducted at 60°C and 120°C for 24 hours, 

the MSs of products were slightly increased to 103 nm and 110 nm, but the 

shape and PSD of products were still conserved (Fig. 3. 2d). We found that the 

particle size of samples prepared at 5 min at room temperature (Fig. 3. 1b) 

reached to around 80% of maximum particle size of when the reaction was 

conducted for 120°C for 24 h. Moreover, the yield of ZIF-8 crystals prepared at 

room temperature for 5 min reached around 85% of the maximum yield of when 

the reaction was conducted at 120°C for 24 hours. This finding reveals that 

around 80% of the growth process can be completed only within a short 5 

minutes of reaction time. These results indicate that the nucleation and crystal 
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growth of ZIF-8 in aqueous solution are very rapid [76, 78] and can almost be 

concluded only within 5 minutes at room temperature.  

Control experiments on in-situ mixing zinc salt and ligand solutions at higher 

nucleation temperature were further conducted. The typical synthesis procedure 

was modified, which had been described in more details in Section 2.1.2.3. SEM 

pictures on the previous page (Figs. 3. 2e and 3. 2f) show that the MSs of the 

products were remarkably increased to 116 and 139 nm after 5 minutes of 

reaction at 50 oC and 80oC, respectively. According to the classic nucleation and 

crystal growth theory [101], as the nucleation temperature increase, nucleation is 

prohibited while the crystal growth is favored. This eventually results in the 

formation of crystals with larger size. 

3. 3 Influence of zinc source 

The coordination of MOF materials is always associated to the type of anion 

coming from the metal salts rused. Different anions can significantly affect the 

formation process and final particulate properties of MOF materials [102]. Thus, 

zinc acetate dihydrate and zinc chloride were used as alternative zinc ion 

sources to examine the effect of the type of zinc salt used in the synthesis on the 

final particulate properties of ZIF-8 crystals. These resulting ZIF-8 crystals are 

then compared with ZIF-8 crystals synthesized using zinc nitrate. The syntheses 

were all conducted using the typical synthesis solutions of Hmim: Zn2+: H2O = 70: 

1: 1200.  

Figure 3. 3 on the next page shows SEM pictures of ZIF-8 crystals prepared 

from these two kinds of zinc salts at various conditions.  
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Fig. 3. 3: SEM pictures of products prepared using different zinc source and 
different physical reactions: (a) zinc acetate, at room temperature for 1 hour, (b) 
zinc acetate, at room temperature for 24 hours, (c) zinc acetate, at 60°C for 24 
hours, (d) zinc acetate, at 120°C for 24 hours, (e) zinc chloride, at room 
temperature for 1 hours, (f) zinc chloride, at room temperature for 24 hours, (g) 
zinc chloride, at 60°C for 24 hours, (h) zinc chloride, at 120°C for 24 hours. 
 

Compared with products prepared using zinc nitrate (Fig. 3. 2), the particle 

size and morphology of products prepared by the other two kinds of zinc salts did 

not undergo a noticeable change. However, the CV value of products became 

smaller, meaning that the particle size distribution narrows (Fig. 3. 3). This finding 

indicates that using zinc chloride or zinc acetate can result in ZIF-8 nanocrystals 

with a more uniform size. The possible explanation is that using zinc acetate 

dihydrate salt or zinc chloride salt as a reagent will result in a higher nucleation 

rate compared to that when using zinc nitrate hexahydrate salt. Higher nucleation 

rate produces nuclei at a closer time to each other in the synthesis solution, 

meaning a similar amount of nutrient can be consumed in the synthesis process, 
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resulting in products with more uniform size. According to the classic study by 

LaMer in 1952, the particle size distribution is largely determined by whether the 

particles initially nucleate at the same time. If the nuclei are formed at the same 

time, they will grow to the same size by diffusion of species from solution towards 

the particle surface. However, it is simply impossible to conclude the reason of 

this occuring phenomenon without further study. 

Thermal gravimetric analysis (TGA) under nitrogen atmosphere shows that 

the thermal stabilities of ZIF-8 nanocrystals prepared from three kinds of zinc 

salts are very close, and the frameworks are all decomposed at around 400°C, as 

shown in Figure 3.4a below. 

 

Fig. 3.4: (a) TGA curves and (b-d) N2 sorption isotherms for ZIF-8 nanocrystals 
prepared by zinc nitrate, zinc acetate and zinc chloride. 
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In addition, the BET surface area and microporous volume of three samples 

are all very close, which are ~1250 m2/g and 0.7 cm3/g (Figs. 3.4b-d). These 

numbers are very close to other ZIF-8 nanocrystals synthesized in methanol 

solutions [75,84]. 

3. 4 Effect of reagent concentration  

To understand the influence of the reagent concentration on the particle 

properties of ZIF-8 crystals, several experiments were conducted at 120°C for 6 

hours by diluting the original synthesis solution (Hmim: Zn2+: H2O = 70: 1: 1200) 

with DI water from 2 to 6 times.  

Figure 3. 5 on the next page shows the XRD patterns and SEM pictures of 

these products. We can see that the products still maintained the ZIF-8 structure 

when the original synthesis solution was diluted even for 4 times, but products 

with unknown phase were present as the solution was diluted by 6 times (Fig. 

5a).  

From the SEM pictures (Figs. 5b-e), we also observed changes in particle 

size and morphology. As a comparison, the original synthesis solution produced 

ZIF-8 crystals with MS of 110 nm and round shape (Fig. 3.5b). However, near-

spherical ZIF-8 crystals with rough surface were observed as the original solution 

was diluted for 2 times, and the MS of product is around 2 μm. Rhombic 

dodecahedral ZIF-  crystals with a MS of   μm were observed as the original 

synthesis solution was diluted for 4 times. When the original solution was diluted 

for 6 times, the MS of the albeit irregular products were further increased to 
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around    μm, indicating that the particle size of products increased with the 

decrease of reagent concentration.  

 

 

Fig. 3. 5: (a) XRD patterns and SEM pictures of ZIF-8 crystals prepared from: (b) 
original synthesis solution of 2-methylimidazole: Zn2+: H2O = 70: 1: 1200, (c) 2 
times diluted original solution, (d) 4 times diluted original solution, and (f) 6 times 
diluted original solution. 

 

The possible explanation for this phenomena is that decreasing the reagent 

concentration can slow down the nucleation rate, resulting in bigger crystals with 

better defined morphology. Except for the products prepared by 6 times dilution, 

the other three products were all stable at temperature as high as 400°C in inert 

atmosphere. Furthermore, thermal stability experiments under air condition also 

indicated that the crystallinities of three products were decreased by 50% and 

85% after they were calcinated at 300°C for 10 hours and 24 hours, respectively. 
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They were completely transformed to zinc oxide after calcination at 400°C for 5 

hours. N2 sorption measurements also show that the BET surface areas of three 

samples are very close (ca. 1250 cm2/g). 

 

3. 5 Effect of addition of surfactant 

We further explored the effect of surfactant additives on the growth of ZIF-8 

crystals [103]. The hydrothermal syntheses were conducted at 120°C for 6 hours 

using the synthesis solution of Hmim: Zn2+: H2O = 70: 1: 6000.  

The first set of experiments examined CTAB, a cationic surfactant, and 

SDS, an anionic surfactant. The SEM pictures of the products are presented in 

Figure 3.6 below. 

 

Fig. 3.6: SEM pictures of ZIF-8 crystals with various shapes synthesized by 
adding CTAB and SDS: (a) 0.0025 wt% CTAB, (b) 0.01 wt% CTAB, (c) 0.025 
wt% CTAB; (d) 0.0025 wt% SDS, (e) 0.01 wt% SDS, (f) 0.025 wt% SDS. 
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It was found that ZIF-8 crystals with shape of truncated rhombic 

dodecahedron and MS of 2.  μm can be prepared with the addition of only 

0.0025 wt% CTAB (Fig. 3.6a). As the amount of CTAB added was increased to 

0.01 wt% and 0.025 wt%, respectively, ZIF-8 crystals with truncated cubic shape 

can be prepared, and the mean particle size of products were decreased to 500 

and 110 nm (Figs. 3. 6b and 3. 6c).  Meanwhile, the ZIF-8 crystals prepared from 

the synthesis solution without CTAB exhibits rhombic dodecahedron shape, and 

the MS of crystals is   μm (Fig. 3. 5d). The changing morphology as CTAB was 

added can be illustrated in Figure 3.7 below.  

                     

      (a)   (b)   (c)           (d) 

 

 

Fig. 3.7: Schematic  sketches of the crystal morphology for (a) no CTAB, (b) 
0.025% CTAB, (c) 0.01% CTAB, and (d) 0.025% CTAB. Facet {110} is 
represented in cyan, {100} in red, and {111} in yellow. 

 

All three products exhibit high crystallinity, as shown on Figure 3.8 on the 

next page. 

CTAB addition 



 46 

 

Fig. 3.8: XRD graphs of ZIF-8 crystals with various shapes synthesized by 
adding CTAB: (a) 0.0025 wt% CTAB, black line, (b) 0.01 wt% CTAB, red line (c) 
0.025 wt% CTAB, blue line. 

 

From the results above, our interpretation was that adding CTAB can 

effectively change the shape and decrease the particle size. We initially believed 

that the competitive interaction of cationic cetyltrimethylammonium 

(CTA+)−methylimidazole and the Zn+−methylimidazole could hinder the growth of 

ZIF-8 crystals at certain facets. Table 3.1 below presents the calculated 

interaction energies obtained through molecular dynamics (MD) simulations, 

where {100} has the strongest interaction energy, hence the strongest facet. 

Hence, the original synthesis procedure will result in growth rates in which {100} 

is the fastest and {110} is the slowest.  

 
Table 3.1: The calculated interaction energies obtained through MD simulations 

at 25°C [58] 

Surfaces Interaction energies/kcal mol-1 

{100} -774.56 

{110} -394.91 

{111} -104.21 
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As CTAB molecules are added into the system, it will be adsorbed on the 

ZIF-8 crystal surface, and cap and hinder nutrients from attaching. This will slow 

down the growth rates of all facets with the slowest one having the most 

profound effect. In 1901, Wulff stated the rule (also known as Gibbs-Curie-Wulff’s 

theorem) saying that “in equilibrium the distances of the crystal faces from a point 

within the crystal (called a Wulff’s point) are proportional to the corresponding 

specific surface energies of these faces” [   ]. In accordance to this rule, the 

slowest growing facet determines the final crystal morphology. At low CTAB 

concentration, the crystal morphology changed from rhombic dodecahedron to 

truncated rhombic dodecahedron. As more CTAB is added, the relative growth 

rate of {100} and {110} will be further reduced and reversed, and the final 

morphology becomes a truncated cube.  

The prediction morphology from Material Studio© program as well as the 

prediction from the MD simulation is illustrated in Figure 3.9 on the next page. 
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Fig. 3.9: (a) The predicted equilibrium morphology of ZIF-8 crystals based on the 
minimum total surface energy, (b) the predicted growth morphology based on the 
attachment energies, and (c) a snapshot of the MD simulation of CTAB 
molecules adsorbed on the ZIF-8 {100} surface at 40 ps. [103] 

 

To follow up this finding, anionic surfactant SDS was added into the 

synthesis solution to investigate this mechanism, with the resulting SEM pictures 

shown in Figs 3.6d-f. As 0.0025 wt% SDS was added, truncated cubic ZIF-8 

crystals with a MS of  .  μm was obtained (Fig. 6d). By further increasing the 

amount of SDS added to 0.01 wt% and 0.025 wt%, respectively, the particle 

sizes of ZIF-8 crystals with truncated cubic shapes were decreased to 250 and 

90 nm (Figs. 6e and 6f). Since changes of morphology and particle size can be 

observed even when an anionic type of surfactant was added, electronic 

interaction does not play the critical role on the change of morphology.  

To further gain insight into the role of cationic surfactants in changing the 

size and morphology of ZIF-8 crystals, more experiments were conducted. 
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Firstly, CTAB was replaced by tetrapropylammonium bromide (TPABr), which 

has a similar quaternary ammonium head and bromide anion as CTAB except for 

the long carbon tail. We can refer back to Fig 2.2 for the chemical structures. 

Based on the same molar concentration of CTAB, TPABr with weight 

concentrations of 0.0019 wt%, 0.0075 wt% and 0.019 wt% were added to the 

synthesis solution, and the SEM images of the obtained crystals are shown in 

Figs. 3.10 a-c, respectively, on the next page.  

 

Fig. 3. 10: SEM pictures of ZIF-8 crystals prepared by adding TPABr and CTAC 
at the amount of (a) 0.0019 wt% TPABr, (b) 0.0075 wt% TPABr, (c) 0.019 wt% 
TPABr; (d) 0.0023 wt% CTAC, (e) 0.0088 wt% CTAC, (f) 0.023 wt% CTAC; (g) 
0.0025 wt% STAC, (h) 0.01 wt% STAC, (i) 0.025 wt% STAC. 
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It was found that in all situations, the crystal morphology and size are 

similar to sample that is shown in Fig. 3.5d, indicating that the quaternary 

ammonium cation has little effect on the crystal size and morphology. Following 

these results, another type of cationic surfactant, hexadecyltrimethylammonium 

chloride (CTAC) was added into the synthesis solution to examine the effect of 

the long hydrocarbon chain. Figs. 3.10 d-f show the SEM pictures of the products 

prepared by adding CTAC with weight concentration of 0.0023 wt%, 0.0088 wt% 

and 0.023 wt%, respectively. The crystal morphology in all situations showed 

{110} truncated cubes, and the particle size decreased with the concentration of 

CTAC. XRD characterization shows that samples prepared from these 

surfactants are all of high crystallinity, as shown in Figure 3.11 below.  

 

Fig. 3.11: XRD graphs of ZIF-8 crystals with various shapes synthesized by 
adding CTAC: (a) 0.0023 wt% CTAC, black line, (b) 0.0088 wt% CTAC, red line 
(c) 0.023 wt% CTAC, blue line. 
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Finally, another cationic surfactant, trimethylstearylammonium chloride 

(STAC), which also has a long hydrocarbon chain, was examined and similar 

results were obtained (Figs. 3.10g-i). Based on these results we can speculate 

that the long hydrophobic hydrocarbon chain plays a crucial role in changing the 

morphology and the particle size of ZIF-8 crystals in aqueous solution.  

Interestingly, this effect of morphological change through the addition of 

surfactants was not observed had the ZIF-8 crystals been prepared with 

methanol. However, much smaller crystals (around 35 nm) can be obtained 

through this synthesis route, and addition of CTAB improves the dispersibility of 

ZIF-8 particles [103]. 

In closing of this section, we can conclude that an addition of a very small 

amount of surfactants can result in the preparation of nano-sized ZIF-8 crystals. 

This is an alternative to the general idea of preparing ZIF nanocrystals, which is 

to add excess organic ligands, undoubtedly increasing the cost [76, 85]. These 

cubic ZIF-8 nanocrystals can be stable at a temperature as high as 400°C under 

N2 atmosphere, similar to the micro-sized crystals with rhombic dodecahedral 

shape.  

However, the hydrothermal stability of these crystals with cubic morphology 

is not as excellent as the rhombic dodecahedral crystals. The truncated cubic 

ZIF-8 crystals can only survive in the boiling water for 2 days, while the rhombic 

dodecahedral ZIF-8 crystals can be stable in the boiling water for 5 days. This 

might be due to the different activities of the crystal facets. ZIF-8 crystals with 
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rhombic dodecahedral shape have 12 exposed same {110} facets, while the 

truncated cubic ZIF-8 crystals have 12 small {110} facets and 6 big {100} facets.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

In summary, strategies to control the size and morphology of ZIF-8 crystals 

through hydrothermal synthesis were presented in this thesis. In general, this 

was done by systematically tuning the compositional and process parameters 

through variation of synthesis parameters and addition of various surfactants.  

Increasing the molar ratio of Hmim/Zn2+ can decrease the particle size, 

while decreasing the concentration of reagents can increase the particle size 

from     nm to   μm and change the particle morphology from sphere to rhombic 

dodecahedron. However, reaction temperature and time has little effect on the 

growth of granular properties of final products, because the formation of ZIF-8 

materials in aqueous solutions is a very rapid process.  

While the type of zinc salts used as a reagent has no apparent effect on the 

mean particle size and morphology of the resulting ZIF-8 crystals, products 

prepared using zinc chloride or zinc acetate dihydrate as the zinc source will 

have narrower particle size distribution compared to products prepared using 

zinc nitrate hexahydrate.  

Adding a very small amount of surfactant can effectively decrease the 

particle size from   μm to    nm and change the morphology from rhombic 

dodecahedron to truncated cube. Upon examining different kinds of cationic and 

anionic surfactants, it is concluded that this phenomenon is due to the long 

hydrophobic hydrocarbon chain of surfactants, which can adsorb on the 
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hydrophobic surface of ZIF-8 crystals in aqueous solution and function as 

capping agents to slow down the crystal growth rate, more profoundly on 

particular facets.  

The understanding of these parameters is of key importance for the efficient 

synthesis of ZIF materials, even MOF materials, with desirable properties and 

application potential. It is especially interesting to use these MOF, especially ZIF, 

materials for applications in industrial gas separation. Industrial gas is in high 

global demand of $59 billion/year in 2009. This figure is much higher than the 

$4.4 billion sales in 1998, and is expected to grow to $76 billion in 2014 [105, 

106]. Most of this industrial gas is produced by traditional means of separation 

that are thermally driven, such as cryogenic distillation and liquid amine 

scrubbing towers. Being thermally driven, these separation techniques require a 

large amount of energy; around 40-50% of the energy use in the industry can be 

attributed to separation and purification [107]. In addition of the economic 

drawbacks, there are also environmental consequences associated with this 

techniques due to their consumption of fossil fuels and emission of pollutants.   

Membrane technology has become a feasible alternative for more cost-

effective and environmentally friendly gas separation processes due to its non-

thermal nature. ZIF-8 crystals have been developed into inorganic membrane 

with excellent separation properties [108-110]. The ZIF-8 membranes 

synthesized in aqueous solution has excellent transport properties [109] and 

even still performed very effectively for the separation of propylene and propane 

binary mixture [110], which is one of the most challenging separation systems. 
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For industrial applications, polymeric and inorganic membranes are the 

most popular kinds with their own advantages and disadvantages. One of the 

most active research area at this moment is to implement mixed matrix 

membranes, which will ideally combine the ease of processability of polymeric 

materials with the superior gas transport properties of the inorganic materials, 

resulting in a highly productive and efficient membrane than can be easily 

contructed defect free, especially in large scale, in order to compete with existing 

traditional separation technology.  

As the main advantage of MOF is the flexibility to tune physical and 

chemical properties, it is the most promising inorganic kind of material used in 

mixed matrix membranes system [111]. This thesis has demonstrated the fine-

tuning of ZIF-8 crystals size and morphology through variations in compositional 

and process parameters, allowing for a tailored porous material synthesis 

particular to its application. 

Certainly, a better understanding of porous materials as the fundamental 

building blocks of many technologies is crucial. The ability of tune the size and 

morphology of ZIF-8 in a cost efficient and environmentally friendly manner can 

open doors to many future possibilities in industrial applications, in gas 

separation as well as in other fields. 
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