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[bookmark: _Toc473545012]Abstract
In this contribution, a novel nanofiltration mixed matrix membrane (MMM) was prepared by incorporating zeolitic imidazolate framework (ZIF-7) nanoparticles in the polysulfone (PSF) polymer matrix for the removal of chromium ions Cr(VI) from aqueous solution. Results from different techniques (X-ray diffraction, Scanning electron microscope, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller surface areas and Thermal gravimetric analysis) showed that the ZIF-7 crystals were very standard as reported in the previous studies. Then, ZIF-7/PSF MMMs with three different loadings (5, 15 and 30wt%) were prepared and employed for the removal of Cr(VI) under varying pH and feed concentration. The results showed that the higher rejection with different ZIF-7 loading (5, 15, 30wt%) was achieved at pH 11.  Overall, the fabricated ZIF-7/PSF MMMs showed very high levels of rejection for a number of combinations of ZIF-7 loading and chromium feed concentration. With pH 11, the highest rejection (99%) of Cr(VI) is achieved with 15wt% ZIF-7 loading and  500ppm feed concentration. The rejection of 98% of Cr(VI) is achieved with (15wt% ZIF-7 with 50ppm feed concentration), (5wt% ZIF-7 with 500ppm feed concentration), and (30wt% ZIF-7 with 25 and 50ppm feed concentration).
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[bookmark: _Toc473545016]Introduction:
Chromium is abundantly used in many industries such as metallurgy, paper production, leather tanning, manufacturing of pigments and paints, dye and textiles, chemical production, wood preservation, and pulp production. These industries are also shown to release the effluents containing large amount of chromium to subsurface at numerous sites (Rao et al., 2013; Sidiras et al., 2013). Chromium occurs in various oxidation states naturally in the environment, from Cr2+ extending to Cr6+ (Rodríguez et al., 2009). The only stable and commonly occurring forms in the environment are Trivalent Chromium Cr(III) and Hexavalent Cr(VI). Cr(III) is generally less toxic and can be a vital nutritional supplement for humans and animals. It plays an essential part in glucidic metabolism, backing up the glucose tolerance aspect compulsory for insulin-regulated metabolism. On the other hand, Cr(VI) is known to be more polluting and is extremely soluble in water and could easily find its way to underground water (Wolińska et al., 2013). Furthermore, the Cr(VI) is characterised as a group one human carcinogen due to its mutagenic properties by the International Agency for the Research on Cancer (Dayan and Paine, 2001). Thus, even at low concentration, the Cr(VI) is believed to harm human body (Sirk et al., 2009). The World Health Organization sets the maximum containment limit of 0.05 mg/L for Cr(VI) in drinking water. However, more often the concentration discharged in effluents by industries surpasses this limit. This is more common in developing countries with less stringent environmental regulations (Zhang, 2011).
The problem becomes more severe in the context of developing countries which are having less stringent environmental regulations and very weak implementation of those regulations. A lot of these pollutants are dumped untreated in the environment. Arifeen (2009) showed that a 30% of total chromium which is used during the tanning process remains unexhausted and is discharged by the industries without any treatment.
Given the high level of Cr(VI) concentration and its adverse effects on human and ecosystem, there is a need to treat the Cr(VI)-containing water to avoid its biological and ecological impact.  In recent years, considerable efforts are made to remove chromium ions by using different techniques including the chemical oxidation or reduction (Kongsricharoern et al., 1996), precipitation (Barakat, 2010), adsorption (Sun et al., 2013), electrochemical treatment (Kurniawan et al., 2006), ion exchange (Galan et al., 2005), evaporation recovery (R. Bai, et al., 2005), biological treatment (Hsu et al., 2010), and membrane technology (Basha and Murthy, 2007, Olu-Owolabi et al., 2010 & T. Phuengprasop et al.,2011).
Two of the most common approaches used are the chemical reduction/precipitation and adsorption. Chemical reduction is widely used due to its simple nature of treatment (Kongsricharoern N. et al., 1996). Adsorption on the other hand has been extensively used because of its lower operational costs and high removal efficiency. Various adsorbents including iron materials (Zhang et al., 2010), active carbon (Wu. Y. et al., 2008), cellulose (Qui et al., 2014), polymers (Gu et al., 2012), and biomass (Hsu et al., 2010) have been employed as the typical adsorbents. However, adsorption often results in hazardous sludge which needs to be stored or disposed in a secured way (Jing et al., 2005, Eary et al., 1988, Lazaridis, et al.,2005). 
Recently, membrane separation systems are getting more significance for water treatment and more lately for the removal of Cr(VI), specially due to its operational feasibility, high rejection, low cost of fabrication, and non-polluting properties (Yang et al., 2007). Among these systems, nanofilteration (NF) membrane is regarded as reliable and an innovative process to meet the strict discharge limits of chromium. NF works on two basic mechanisms: (i) electrostatic interactions between the ions and the charged membrane, and (ii) size exclusion mechanism (Ahmed et al., 2002; Muthukrishnan and Guha, 2008). NF membranes are generally associated with a lower rejection of monovalent ions and a high rejection of bivalent ions, as well with a higher flux as compared to the reverse osmosis (RO) membranes (Tang et al., 2010; Vatanpour et al., 2012). The other advantages of NF membranes are a relatively low investment and low energy consumption, and singular separation capability for ions of different valences (Yua et al., 2011).
[bookmark: _GoBack]Polymeric membranes are extensively used in nanofiltration for water treatment, and one of the widely used materials in their fabrication is Polysulfone (PSF). The reason for the use of PSF polymer is associated with its good characteristics. PSF has high desire mechanical and thermal properties along with fine film forming, high chemical stability, high resistant over a wide range of pH, and high solubility in a wide-ranging polar solvents (dimethylformamide, dimethysulfoxide dimethylacetamide) (Lee et al., 2013; Ganesh et al., 2015; Shah and Murthy, 2013). However, like any other polymeric membrane, the PSF nanofilteration membrane is also associated with a trade-off relationship between the selectivity and permeability analogous to the “Robeson plot” in gas separation. Thus, the major challenge that is faced while working on these type of membranes is how to simultaneously improve the permeability and selectivity of membrane. Achieving this goal has resulted in focusing on mixed matrix membrane (MMMs); combining the properties of both polymeric matrix and inorganic filler. 
Organic–inorganic polymer hybrids have created an emerging research field that has unlocked the possibility of tailoring new materials by harmoniously combining desirable characteristics of inorganic fillers and the organic polymer matrix (Yong et al., 2013). These nanofillers could be mesoporous silicas, zeolites, activated carbon, layered silicas, carbon nanotubes, Iron oxides, titanium dioxide (TiO2), and have been extensively studied for the elimination of heavy metals from aqueous systems. Gohari et al., (2013) successfully prepared a MMMs composed of organic polyethersulfone (PES) and inorganic Fe–Mn binary oxide (FMBO) for adsorptive elimination of As(III) from the contaminated water. Their results indicate that the PES/FMBO mixed matrix membranes could be utilized for effective removal of As(III) in a broad pH range.
A lot of work has been devoted to achieve a better separation performance by producing the best combination of polymer matrix and inorganic particles (Tsibranska, et al., 2011, Mohammad et al., 2015, Vatanpour, et al.,2012. Nonetheless, the fabrication of MMMs faces several critical challenges such as poor dispersion, pore blockage, interface compatibility between the organic polymer and inorganic filler, low adhesion, agglomeration, sedimentation and the chain rigidification (Jusoh et al., 2016, Mahajan et al., 2002).  All these issues are detrimental to fabricate the MMMs that are defect-free and it poses new challenges for membrane researchers.
More recently consideration is given to alternative potential fillers such as Metal organic frameworks (MOFs). MOFs have attractive and desirable characteristics that are similar to or even better than the other conventional inorganic fillers, which has resulted in new and enormous opportunities to the growth of MMMs. MOFs are a hybrid of inorganic and organic porous materials, they are principally a coordination polymer formed by connecting metal ions with organic linkers. This coordination acquires flexible frameworks, pore geometries with attractive tunability, and intrinsic functionality, this opens a new gateway for the proficient application of MOFs, especially in membrane fabrication (Devic and Serre, 2009). 
A sub-class of MOFs is zeolitic imidazolate frameworks (ZIFs) consisting of transition metal ions (Zn, Co, Cu, etc.) and imidazolate linkers, which forms 3D tetrahedral frameworks commonly similar to zeolite topologies with pore apertures from 0.2 to 1.5 nm (K.S. Park, et. al, 2006). ZIFs have become one of the growing research areas because they possess combined properties of zeolite and MOFs, such as micro-porosity, high surface area, adsorbate affinity, and exceptional thermal and chemical stability (Li et al., 2015). For example Zhao et al., (2015) studied the adsorption of single heavy metal ions and competitive adsorption properties of binary heavy metal ions Cd2+, Cu2+, Ni2+ and Co2+ on Zeolitic imidazolate frameworks-8 (ZIF-8). ZIF-8 materials showed a very distinctive selectivity towards Cu2+. The maximum adsorption capacities for Cu2+, Cd2+, Ni 2+ and Co2+ on ZIF-8 nanocrystals were 3.53, 0.69, 0.9 and 0.56 mmol g/l, respectively. 
All the characteristics mentioned above make ZIF an outstanding contender for their application in the synthesis of molecular sieve membranes with greater performances. ZIFs with sodalite (SOD) topology, such as ZIF-7, ZIF-8, ZIF-9, and ZIF-90 are getting a growing interest for membrane applications due to their monomodal pore size distributions and special diffusion pathways (Phan et. al, 2009; Huang et al., 2003; Krishna, 2009). 
ZIFs-based MMMs are at the forefront of novel nanocomposite membrane research aiming at both the gas and liquid separations and purification processes (Yang et al., 2012). ZIF-7 (zinc benzimidazolate) is one of the important representatives of ZIFs and was first discovered by Huang et al., (2003). ZIF-7 comprises of an open-framework structure with SOD topology in hexagonal symmetry made by linking benzimidazolate (bim) anions and zinc cations. ZIF-7 has a largest cavity diameter of 5.579Å and a pore limiting diameter of 2.371Å (Haldoupis et al., 2010).
So far, most of the research using ZIF-7-based MMMs has focused their application in gas separation and pervaporation (Hu et al., 2014, Ying et al., 2015). This literature shows outstanding performance of these membranes in gas separation. They are already shown not only to have improved performance in gas separation but also have made progress towards their industrial applications (Kang et al., 2013). 
[bookmark: _Toc464265114]However, presumably, the application of ZIF nanoparticles in polymer matrix for the removal of heavy metals from aqueous solutions has not yet been reported. In this study, we incorporated ZIF-7 nanoparticles with different loadings into the PSF matrix to form ZIF-7/PSF MMMs. The membranes were prepared by phase inversion technique were used for removal of Cr(VI) from aqueous solutions under different conditions. The performance of synthesized membranes was assessed by pure water flux measurement and Cr(VI) rejection. Furthermore, the effect of ZIF-loading on removal of Cr(VI) was also studied.



[bookmark: _Toc473545017]Chapter 1: Literature review

[bookmark: _Toc473545018]1.1 What is a membrane?
[image: ]A membrane is a semi-permeable fence that demonstrate selective permeability among different species. In separation applications, selectively permitting one specie to pass through the membrane easily while obstructing the permeation of other constituents is the main objective. Hence, two different effluent streams are derived from the single influent stream: (1) lean phase of solute called permeate and (2) the rich phase of solute called the retentate. (Silva, 2007) 
Figure 1: Membrane Processing
Membrane performance can be explained by two factors: retention/selectivity and flux: The rate of volumetric flow of the liquid passing through per unit area of the membrane in unit time is known as permeation rate or flux, where the retention is the amount of solute that is retained by the membrane. Selectivity refers to the comparative rate of permeation for different components through the membrane (Jalil, 2004).  Numerous kind of separations membrane techniques have been developed for industrial applications over recent years. These techniques include: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse Osmosis (RO), apply pressure to force the separation. These processes are effective for filtering molecules of various sizes where microfiltration removes the largest size molecules such as bacteria and other particulate matter on the other hand Reverse Osmosis separates smallest molecules such as those [image: ]of salts (Xu et. al, 2002).
Figure-2: Reverse osmosis, Nanofiltration, Ultrafiltration, Microfiltration are related processes differing principally in the average pore diameter of the membrane filter.

Nanofiltration (NF) is among the most effective of membrane filtration systems, these membranes have excellent separation abilities to remove both inorganic and organic compounds, as well as natural organic matter (NOM), dissolved inorganic compounds, micro-pollutants, bivalent ions (multivalent ions) (Mohammad et al., 2015). Based on the interaction among the charged membranes and chromate anions, NF might possibly grow into an attractive and suitable mean to separate chromate from aqueous solution (Neelakandan et al., 2003; Hafiarle et al., 2000). NF Shows 0an efficient separation and concentration of chromium ions in case of treatment of tannery wastewater (Surtherland, 2000). Farhang (2012) reported separation of hexavalent chromium from water employing nanofiltration. The study explored the effect of operating parameters such as pressure, permeate flux, solution pH, and  Cr(VI) feed concentration in removing chromium (VI) from water by means of a polyamide nanofiltration membrane.
[bookmark: _Toc464265115][bookmark: _Toc473545019]1.2 What is nanofiltration?
NF is a pressure-driven membrane procedure with a pore sizes amid ultrafiltration (UF) and reverse osmosis (RO). Nanofiltartion includes a range of ultrafiltration and reverse osmosis with minimal molecular weight cut offs from 200 to 1000 Da for the elimination of neutral solutes by their active porous layer, with projected pore sizes of around 0.5–2 nm in diameter (Frank et. al, 2001). Moreover, most NF membranes are positively or negatively charged. Therefore, separation mechanisms of NF membranes is distinctive which associate steric effect which in other words is size exclusion and Donnan exclusion which is charge repulsion (Donnan, 1995; Yaroshchuk, 1998) with high rejection to multivalent anions compared to UF membranes. NF membranes compared to RO membranes, not only have higher water permeability as well as high rejection of multivalent ions,  but also have a far lower operation pressure of 0.3–1.5MPa (Hong and Elimelch, 1997; Wang et al., 2002). NF has come to be an effective way for the removal of heavy metals from wastewater (Mohammad et al., 2004). Therefore, NF is an energy-saving process and is very appealing technique for removal of chromium ions.
Currently polymeric membrane is most abundantly used membrane for treatment of water because of its higher flexibility, straightforward pore forming mechanism, low costs, and compared to inorganic membranes these polymeric membrane requires smaller footprints for its installation (Ng et al., 2013). Nonetheless polymeric membranes compared to inorganic membranes are still limited by numerous challenges including trade-off connection between selectivity and permeability, as well as poor chemical stability under harsh environment (Robeson, 1991). The opportunity to combine the benefits of low cost as well as easy processing of polymeric materials with outstanding transport performance of inorganic fillers is provided by Mixed Matrix Membranes (MMMs), Kulprathipanja et al., (1988).
[bookmark: _Toc464265116][bookmark: _Toc473545020]1.3 Mixed matrix membrane for heavy metal removal
Mixed-matrix membranes (MMMs) are synthesized by the incorporation of hybrid fillers or inorganic fillers, such as zeolites (Zimmerman, C.M. et al., 1997 and Gorgojo P. et al., 2008), carbon nanotubes (Cong  et al., 2007 ; Kim et al., 2007),  non-porous silica (Merkel et al., 2002 ;  Ahn et al., 2008), carbon molecular sieves (Vu et al., 2003),  ordered mesoporous silica (Reid  et al., 2001;  Kim et al., 2006 ) and metal-organic frameworks (MOFs) ( Zhang  et al., 2008;  Bae et al., 2010) into polymeric membrane materials by phase inversion.
[bookmark: _Toc473545021]1.3.1 What is phase inversion?
Phase inversion is a chemical phenomenon exploited in the fabrication of artificial membranes. It is performed by removing the solvent from a liquid-polymer solution, leaving a porous solid membrane. Once a solvent-polymer mixture is cast on the film, it is placed in a vapor atmosphere that contains a nonsolvent saturated with the same solvent. Due to the high concentration of solvent in the vapor atmosphere, the solvent from the cast film stays instead of evaporating into the atmosphere. Membrane forms by the diffusion of nonsolvent into the cast film. This process results in a porous membrane (Ye et al., 2010).
 The hybrid membranes (organic and inorganic) have the benefit of merging the advantages of both phases: the higher transport properties of molecular sieves with the required mechanical properties of the inorganic filler, good process-ability and low price of the polymers. (Zimmerman, C.M. et al., 1997 and Chung et al., 2007).
The chemical and physical properties of inorganic filler and the polymer matrix govern the interface, the structure and performance of these innovative membrane materials, as well as the technique of nanoparticle incorporation. There are quite many studies on MMMs application in gas separation and a very few on its use in aqueous solutions (Zulhairuna et al., 2016). There is serious need of development of MMM for water purification more specifically for removal of heavy metals from water, which are cost effective and energy efficient, with high permeability and high rejection, membranes which possess good chemical and thermal stability. 
In a polymer matrix, the selection of nanoparticles as an inorganic filler can have a promising potential for the removal of specific heavy metal ions from the aqueous media. Mukherjee et al., (2016) prepared a MMM using graphene oxide (GO), GO was impregnated into the polymer matrix. The process adopted for membrane preparation was phase inversion. Membrane was to remove the heavy metals such as Pb2+, Cu2+, Cd2+, Cr6+ at natural pH.  The results indicated that the prepared membrane demonstrated ahigh adsorption capacity for Pb2+ (79 mg/g), Cr6+ (154 mg/g), Cd2+ (68 mg/g) and Cu2+ (75 mg/g), at natural pH, 6.7, 3.5, 6.4, and 6.5, respectively. Rejection of Pb, Cd, Cu, and Cr were in between 90% and 96% for several operating conditions.
Ion exchanger has been extensively used and is functional in removal of heavy metal from wastewater. Fong (2015) developed a MMM ion exchanger by integrating Amberlite IR120H into polyethersulfone (PES) dope polymer solution for copper removal. Membranes with different loadings were prepared (23wt%, 25wt%, 28wt% and 30wt%) with varying amount of polymer and keeping Amberlite IR120H constant (20g). maximum static binding capacity of the copper removal was accomplished in batch binding by membrane prepared from 30wt% PES with the binding efficacy of 64% from 500ppm standard solution of copper (II) sulphate pentahydrate. In cross flow filtration, the maximum binding efficiency (95 %) was shown by 30wt% PES membrane. Consequently, the greater the amount of PES in membrane, the greater the adsorptive performance, therefore 30wt% PES membrane was the optimum polyethersulfone composition.
 Gohari et al., (2013) prepared a novel PES/hydrous manganese dioxide (HMO) UF/MMMs for adsorptive removal of lead Pb(II). They varied the ratio of HMO:PES ranging from 0-2. The results indicated that with increasing HMO:PES weight ratio, the membrane pore size tend to decrease whereas the water flux of the membrane was not affected negatively. The increased water flux could be due to (i) increased hydrophilicity caused by decreased contact angle (ii) increased surface roughness (iii) increased porosity. The highest Pb(II) uptake capability (i.e. 204.1 mg/g) was shown by the membrane synthesized from the highest HMO:PES ratio 
[bookmark: _Toc473545022]1.3.2 Problems associated with MMMs: 
There are several problems associated with MMMs that are highlighted in the recent literature. These include poor filler to polymer compatibility (Aroon et al., 2010), filler aggregation (Alpatova et al., 2015), pore blockage by the polymer (Zhu et al., 2015), and interfacial void formation (Ghanbari et al., 2015). The presence of interfacial voids creates additional channels that allow for the solvent to pass through the membrane (Alpatova et al., 2015, Zhu et al., 2015, Ghanbari et al., 2015). Since addition of fillers assert their effects on the morphology, which subsequently alters the transport phenomenon and finally determines the overall performance of the newly developed nanofiltration MMMs. Interfacial void formation, aggregation and pore blockage is some of the key effects witnessed in resulting MMMs (Alpatova et al., 2015, Balta et al., 2012). Non-selective void formation can be the result of the poor interaction among polymer and filler, which in turns results in higher fluxes but low selectivity (Chen et al., 2014; Dog et al., 2013).
Apart from this, MMMs have not yet crossed the lab scale barrier since the MMM technology is still in its developing phase and few lab scales developments have been reported so far (Tijink et al., 2013, Ying et al., 2013, Gunawan et al., 2011, Bonyadi et al., 2007).
Recent developments have shifted in the direction of the addition of new fillers, viz. metal organic frameworks (MOFs) as possible fillers in the polymer matrix. MOFs are amongst the most sophisticated nanostructured materials. MOFs designs have higher flexibility which allows them to precisely tune its properties towards high permeability and high selectivity for specific separations (Jeazet et al., 2012). 
Zeolites are among the most versatile nanoporous fillers in terms of chemical composition, shape, and textural properties and particle size. However, from the perspective of compatibility between the filler and polymer phase, MOFs (metal-organic frameworks) have a clear edge on zeolites. In fact, in addition to having the same crystallinity and textural properties of zeolites (Yaghi O.M. et al., 2003 and Frey G. 2008), Metal-Organic Frameworks are highly adaptable materials and it is possible to mould their physical properties. By selecting the suitable organic ligand, it is possible to determine the shape, size, and chemical functionality of their cavities (Eddaoudi. et al., 2002, Kitagawa. et al., 2004, Chae et al., 2004; Qiu et al., 2009).
MOFs have a countless potential for application in gas storage, (Frey. 2008), gas and aqueous separation with membranes (Bae et al., 2010), drug delivery, (Horcajada et al., 2006), sensors, and heterogeneous catalysis (Takashima et al., 2011), enantioselective separations (Seo et al., 2000).
 Lately, MOF have been employed in numerous applications comprising gas separation, adsorption/storage, , adsorption of organic molecules, catalysis, drug delivery, electrode materials,  luminescence, magnetism, polymerization, carriers for nanomaterials, imaging, and so on (Shah, et al., 2012).

[bookmark: _Toc464265117][bookmark: _Toc473545023]1.4 What are MOFs?
Based on hybrid properties there is a new category of porous materials these are calls metal-organic frameworks (MOFs), which are also called as “coordination polymers” or “hybrid organic frameworks”. The word MOFs was introduced by Yaghi and his co-workers for the first time in 1995.
MOFs are composed of metal ions/ clusters and coordinating linkers which is responsible for high porosity of the MOFs. They have high specific surface area which exhibits selective adsorption. These interesting features have break ground towards practical applications (Vinu et al., 2006). The porous coordination networks produced by the metal to organic ligand interactions have record setting surface areas overshadowing zeolites and activated carbons (Stephen and Adam J. 2009). The specific interest in MOFs is because the pore size and shape can easily be tuned, ranging from a microporous to a mesoporous scale, by altering the nature of the organic linkers and the connectivity of the inorganic moiety. The intrinsic functionality, provide these MOFs with attractive versatility for adsorption-related application (Shah et al., 2012).
The usage of MOFs as an adsorbent for various water contaminants have acknowledged an amplified interest in the past five years. The reasons behind this can be: (a) the increased awareness of ever increasing contaminants and its consequences (b) the understanding that MOFs have an exclusive and unique chemical and textural properties, making them suitable for gas and liquid separations (Liu et al., 2016).
Predominantly, Bueken (2014) review paper concentrated on the usage of MOFs for adsorption in liquid phase for organic and aqueous phase. Recently, Hasan and Jhung (2015) wrote a review emphasizing on the potential collaboration mechanisms among MOFs and hazardous organics present in water. The reported methods of selective adsorption were categorized into: hydrogen bonding, electrostatic, π-π interactions/stacking, pore/size-selective adsorption acid base, and hydrophobic interactions.

[bookmark: _Toc464265118][bookmark: _Toc473545024]1.5 MOF based MMMs:
When comparing MOFs with other fillers, MOFs usually have lower density and a higher pore volume than zeolites, implying that the effect of MOFs on the membrane properties can be greater for a certain weight percentage of the filler (Wang and Cohen, 2009).
Yehia et al., (2004) made a pioneer effort to facilitate methane transport. In order to do so a MMM was prepared by incorporating MOF copper (II) biphenyl dicarboxylate-triethylenediamine as filler polymer matrix of the membrane. The study showed encouraging improvement in CH4 selectivity, the unique sieving properties of MOFs makes them a potential candidate.
Jian-yuan in 2014 synthesized a novel Porous Matrix Membrane (PMM) using MOFs (i) F300, iron benzene-1,3,5-tricarboxylate (ii) A100, aluminium terephthalate and C300, copper benzene-1,3,5-tricarboxylate as  Green Template  for Water Treatment to boost interconnectivity and porosity of the water treatment membranes. They called the membrane green template because the conventional etching methods employs harsh chemicals as etching solutions, for instance use of hydrofluoric acid for removal of silica nanoparticles, or use of potassium iodide for removal of gold nanoparticles whereas they used water as the etching solution, which is easily available, low cost and environmental friendly.
Lately, a new class of MOF called zeolitic imidazolate framework (ZIF) with extraordinary chemical stability, sodalite cage like structure and tetrahedral network that resembles the structure of conventional zeolite has been acknowledged as an attractive molecular sieve (Li. et al., 2010). 
[bookmark: _Toc464265119][bookmark: _Toc473545025]1.6 What are ZIFs?
ZIFs are a class of MOFs which entails M–Im–M, where M metal ions: denotes Zn or Co cation and Im denotes the variety of imidazolate linker, formed by a self-assembly method. The varied structures of ZIFs are parallel to conventional aluminosilicate zeolites, where classically Zn2+ ions act as silicon and the imidazolate anions forms the bridge that impersonate the role of oxygen in zeolites, the angle of metal–imidazole– metal is  ~145°. ZIFs have a tendency to form zeolite-like topologies with structures alike to those seen in zeolites (Figure: 3 & table: 1). The ZIF particles have a pore size ranging from 0.7 - 13.1 Angstrom, and the surface area od ZIFs is almost twice than that of inorganic zeolites (Banerjee et al., 2008).
[image: C:\sabiii\thesis\mem\review\FIGURE-18-Coodination-isoreticular-relation-between-M-IM-M-and-Si-O-Si-top-and-the.jpg]Their abundant functionalities, intrinsic porous characteristics, as well as extraordinary chemical and thermal stabilities have led to used them in MMM for a preferred separation (Li. et al., 2010).

Figure 3:  Coordination isoreticular relation between M-IM-M and Si-O-Si

[image: C:\sabiii\thesis\mem\thesis chapps\assembly\Screenshot (11).jpg]
Figure 4: Snapshots of the two different pores of the ZIF-7 material: the smaller on the left and the larger on the right. The yellow spheres represent the pore volume. The two joined sodalite cages of the SOD framework are represented by a green wire (Ortiz et al., 2014).


Table 1: Comparison between the zeolites and zeolitic imidazolate frameworks (Chen et al., 2014).
	Comparison content
	Zeolites
	Zeolitic imidazolate framework

	Framework type
	Inorganic
	Inorganic-organic

	Composition
	Si;Al;O
	Zn;Co; C; N; H and more

	Secondary building units
	[SiO4]and [AlO4]
	M(Im)2

	Topology
	Around 200 (SOD)
	Fund over 100 (SOD); the number may increase exponentially

	Stability
	Depending on the Si/Al ratio, thermal & chemical stability are generally high 
	Thermal stability upto 500°C and high chemical stability in organic and aqueous media

	Compatibility
	Poor interaction with polymers
	Better compatibility with organic polymers

	Functionality
	Tuneable Si/Al ratio; generally difficult in functionalisation
	Rich chemical functionalities with organic linkers

	Development
	Over 50 years
	Around 10 years

	Application prospects
	Low cost; large scale for industry applications
	Expensive; potential for industrial application



N. Khan, 2015 for the first time reported adsorption and removal of diethyl phthalate and phthalic acid from water with MOFs and ZIFs, ZIF-8 was used for the elimination of phthalic acid (H2-PA) and diethyl phthalate (DEP) from aqueous solutions through adsorption.  ZIF-8 had adsorption capability much greater than that of a commercial activated carbon or other MOFs for H2-PA. This could be because ZIF-8 with its positively charged surface might have electrostatic interaction with PA2− or H-PA− molecules (at higher pH).  Furthermore, acid–base interactions among the basic sites (OH group of the methylimidazolate linker of ZIF-8 and N− moieties or NH2 of the amino functionalized MOFs) and the adsorption of H2-PA was advocated by acidic H2-PA molecules especially at low pH conditions. In contrast to organic contaminants, little attention has been given to the adsorption of heavy metals using MOFs or ZIFs.

[bookmark: _Toc464265120][bookmark: _Toc473545026]1.7 ZIFs based MMMs:
ZIFs have acquired abundant consideration as fillers for the fabrication of ZIF/MMMs, due to its molecular sieving effect, facile synthesis, good compatibility with polymers because of the organic linker benzimidazolate anion present in the framework.   A desirable MMM typically entails well-dispersed particles even at as high loading as probable. Greater MMM performance selectivity and permeability can be attained by pairing the properties of ZIF and the polymer. Normally, numerous focal issues, for instance the defect-free interface between ZIFs and the polymers, the tuneable fabrication of the sub-micrometer ZIF nanoparticles, and the manageable dispersal of ZIFs within the polymer, ought to be considered throughout the synthesis of ZIF/MMMs (Song et al., 2012). 
X. Wu et al., (2014) studied kinetics and adsorption equilibria of CO2 and CH4 on ZIF-7 at several gas pressures and temperatures, to evaluate the practicability of removing CO2 from CH4 in a vacuum swing adsorption process using ZIF-7 as adsorbent. Gate-opening mechanism of ZIF-7 was studied in detail on CO2 adsorption isotherms with pressure up to 10 bar and temperature ranging from 273 to 373 K. Adsorption equilibrium selectivity and adsorbent selection parameter for pressure swing adsorption processes were calculated to forecast the adsorption performance of ZIF-7 sample for separating CO2 and CH4. These results implied that ZIF-7 has a huge potential to be used as an adsorbent. 
Chen et al., (2014) utilized the gate-opening mechanism of ZIF-7 for discriminating two linear gas molecules, i.e., N2O and CO2. State-of-the-art periodic density functional theory (DFT) as well as dispersion correction was employed for calculations. The gate-opening mechanism of ZIF-7 is not only demonstrated by breakthrough measurements and the isotherm but also confirmed by the calculations. The experimental observations on the various gate-opening pressures between N2O and CO2 were described by the different adsorption energies at the neck sites in ZIF-7 through quantum chemical calculations. It was established that the gate-opening mechanism of ZIF-7 can possibly be used to separate N2O/CO2 gas mixtures with substantial efficiency.
Lately, several scientists have incorporated ZIF-8 and ZIF-7 particles into polymeric membranes to produce MMMs for gas separation. The as-prepared ZIF membranes not only enhance gas separation but also make huge strides toward industrial applications (Ordonez et al., 2010, Zhang et al., 2012).
Hsiang Kang et al., (2013) prepared ZIF-7/CS MMMs, by incorporating ZIF-7 crystals into chitosan (CS) membranes to form ZIF-7/CS mixed-matrix membranes (MMMs). These prepared ZIF-7/CS MMMs were used to isolate mixtures of water/ethanol in the pervaporation process at 25 °C. The crystal particles of ZIF-7 displayed good interfaces with the CS due to the nature of the organic linkers of ZIFs. When the original CS membranes were compared to the as synthesized ZIF-7/CS MMMs, the ZIF-7-doped CS membranes displayed smaller pore sizes because of the cross-linking amid the amino groups of the CS polymers and Zn atoms of ZIF-7. This cross-linking resulted in an increased separation between water and ethanol. Nonetheless, when the PSI values of the ZIF-7/CS membranes were compared to the pristine CS membranes, it was found that the PSI values of as prepared membranes were still higher than the original CS membranes, which specify that better pervaporation efficiency for the separation of water and ethanol was achieved after the incorporation of ZIF-7 particles into the CS membranes.
Ying et al., (2013) prepared MMMs with ZIF-7 and polydimethylsiloxane (PDMS) for the recovery of acetone from aqueous solution. The SEM results showed that prepared ZIF-7 were well dispersed in PDMS matrix without noticeable defects, and the hydrophobicity of the prepared MMMs enhanced both the separation factor and total flux of the MMMs. The recovery of acetone increased with increase in the loading of ZIF-7 in the PDMS matrix, this could be attributed to the high specific interactions between acetone and ZIF-7 nanocrystals. Moreover, pores of ZIF-7 provides preferential diffusion paths for acetone, the aggregation at high loadings may form voids that could also lead to the increase of flux.
Liu et al., 2011 successfully fabricated ZIF-8/polymethylphenylsiloxane (PMPS) mixed matrix membrane by integrating ZIF-8 nanoparticles into silicone rubber (PMPS) membrane. These modified membranes showed a promising result when used in dilute aqueous solutions for recovery of bop-alcohols.


[bookmark: _Toc464265121][bookmark: _Toc473545027][bookmark: _Toc464265122]Chapter 2: Materials and methods:

[bookmark: _Toc464265123][bookmark: _Toc473545028]2.1 Materials:
A solid mixture of  Zn(NO3)2·6H2O, 98% extra pure and Benzimidazole 98% was purchased from Acros Organics. N,N-dimethylformamide (DMF) used was lab grade by Merck, and Methanol synthesis grade was purchased from Fisher chemicals. N-Methylpyrrolidinone (NMP) and Tetrahydrofuran (THF) were purchased from Merck Schuchardt OHG (Germany). Polysulfone pellets (M.W: 75000) purchased from Acros Organics. The non-woven polypropylene support was kindly supplied by Novatex 2471, Freudenberg, Switzerland.

[bookmark: _Toc464265124][bookmark: _Toc473545029]2.2 Synthesis of ZIF-7 particles:
The synthesis of ZIF-7 crystals particles was carried out according to the procedure testified by Gücüyener et al., (2010). A  0.598 g of solid mixture of Zn(NO3)2·6H2O and 0.479 g benzimidazole was dissolved in 75 mL of N,N-dimethylformamide (DMF) and stirred for 30 minutes at room temperature. The prepared solution was then transferred to a Teflon-lined stainless steel autoclave, and the synthesis was carried out in an oven at 130 °C for 48 h. The solid product was centrifugally separated and washed with methanol three times, and dried at 100 °C overnight. The as synthesized ZIF-7 crystals were then incorporated into PSF matrix to form PSF/ZIF-7 MMMs.
[bookmark: _Toc464265125][bookmark: _Toc473545030]2.3 Preparation of PSF/ZIF-7 MMMs and unfilled membrane: 
A typical membrane was synthesized via phase inversion technique.  Three different PSF/ZIF-7 MMMs were prepared. The different ZIF-7 loadings in PSF polymer with 2.1g were 5, 15 and 30 wt% respectively.
10 g of (PSF/ZIF-7) casting solution was prepared by weighing the respective amounts of the ZIF-7 (5%, 15% and 30%) and mixing it in the solvent NMP/THF (ratio of 70/30%). The solution was stirred for 2 hours and sonicated for 15 minutes and stirred again for 15 minutes. 10% of the total PSF (i.e. 21%) was added to this ZIF solution and was stirred for 1 hour. Then 20% of the total PSF was added into the same solution and stirred for 1 hour, finally all of the left polymer was added into the solution and left for stirring overnight. The solution was sonicated in Wise Clean WUC-DO6H sonicator for 15 minutes and stirred for another 30 minutes.
[image: ]The resulting (PSF/ZIF-7) casting solution was casted on a support non-woven polypropylene impregnated with NMP  at a casting speed of 2m/sec, with evaporation time of 30 sec and then was dropped in the water coagulation bath. Similar procedure was used for preparation of unfilled membrane PSF without ZIF-7 particles (Figure: 5).
	
[bookmark: _Toc464265126]Figure 5: Scheme for the fabrication of ZIF-7/PSF MMM

[bookmark: _Toc473545031]2.4 Characterization of ZIF-7 particles and ZIF-7/PSF MMMs:
[bookmark: _Toc464265127][bookmark: _Toc473545032]2.4.1 X-ray powder diffraction (XRD):
The crystalline structure of ZIF-7 particles was determined by using Philips made PAN-analytical X’Pert powder, operating at 45 kV and 40 mA with CuKα radiation. At a wavelength λ= 0.1540 nm, sample analysed between the 2 Theta range of 5-30 with step size of 0.02° using time per steps of 20 seconds.
[bookmark: _Toc464265128][bookmark: _Toc473545033]2.4.2 Scanning electron microscopy (SEM):
To examine the morphology of ZIF-7 particles and the PSF/ZIF-7 MMMs. SEM was performed by using a Tescan Orsay Holding VEGA-3 LMU Scanning Electron microscope Czech Republic. In scanning electron microscopy (SEM), the sample is incident by high energy electron beam striking the sample surface and generating various signals as the result of the impact. The signals mainly secondary electrons, back scattered electrons and X-rays are collected by a detector. The physical interaction of the incident electron beam with the sample surface forms the basis for generating valuable information; forming an image of the topography of sample surface and composition. 

[bookmark: _Toc464265129][bookmark: _Toc473545034]2.4.3 X-ray photoelectron spectroscopy (XPS):
X-ray photoelectron spectroscopy (XPS) is characterization technique used to check elemental composition of synthesized ZIF-7 particles. XPS analysis was performed on an ESCALab250 electron spectrometer from Thermo Scientific Corporation with monochromatic 150 W AI Kα radiation.

[bookmark: _Toc464265130][bookmark: _Toc473545035]2.4.4 Fourier transform infrared spectroscopy (FTIR):
Fourier Transform Infrared Spectroscopy is used to identify the functional groups of the samples. FTIR measures the light absorbed or transmitted by the sample. ZIF-7 particles was analysed on Thermo-Nicolet 6700 P FTIR Spectrometer (USA), Purging: Helium Gas.  The range of wavenumber for the test was from 500-4000 cm-1.

[bookmark: _Toc464265131][bookmark: _Toc473545036]2.4.5 The BET surface areas:
The Brunauer–Emmett–Teller (BET) goal is to elucidate the physical adsorption of gas molecules on a solid surface and aids as a foundation for a vital analysis technique for the determination of the specific surface area of the sample. BET was used to calculate the total surface area of ZIF-7 particles, it was analysed in Tristar II 3020 using nitrogen gas. The temperature range was from ambient to 4250°C.
                                                      (Equation 1)
where vm{\displaystyle v_{\mathrm {m} }} is in units of volume which are also the units of the molar volume of the adsorbate gas, N {\displaystyle N}is Avogadro's number, {\displaystyle s}the adsorption cross section of the adsorbing species, V {\displaystyle V}the molar volume of the adsorbate gas, and {\displaystyle a}a the mass of the solid sample or adsorbent.

[bookmark: _Toc464265132][bookmark: _Toc473545037]2.4.6 Thermogravimetric analysis (TGA): 
To verify the thermal stability of ZIF-7 particles, Thermogravimetric analysis (TGA) was carried out by using SDT Q600 TGA/DSC.  Under a N2 at the temperature range from 29 °C to 890 °C at ramp of 10°C/min.
[bookmark: _Toc464265133][bookmark: _Toc473545038]2.5 Nanofiltration experiments:
[bookmark: _Toc464264538]The filtration experiments were performed on stainless steel dead end filtration cell (Sterlitech, USA) with stirrer in it. With inner diameter of 49 mm, maximum volume capacity of 300mL and effective area of the membrane 14.6 cm2. Fluid that reserved in cell was pressed by nitrogen gas (Figure: 6).
[bookmark: _Toc464265134][bookmark: _Toc473545039]2.6 Pure water permeability: 
Each prepared ZIF-7/MMM was firstly subjected to water permeation experiments at various pressures, starting from 2bar till 41 bar. To measure the pure water flux (F) and hydraulic permeability coefficient of the membrane (Lp) (Equation 2a &2b)
Flux was calculated by following equation: 
                                                                    (Equation 2a)
                                                               (Equation 2b)
Where V was the volume of pure water (or solution) through the membrane (L), t was the operation time (h) and A was the effective area of the membrane (m2). ΔP was the transmembrane pressure (bar).
Subsequently, the membranes samples were conducted for chromium removal.
[bookmark: _Toc464265135][bookmark: _Toc473545040]2.7 Measurement of Cr VI removal:
The stock solution was prepared by dissolving potassium dichromate (K2Cr2O7) in the deionized water. This stock solution was diluted as required to obtain working solution of different concentrations: 5ppm, 10ppm, 25 ppm, 50 ppm and 500ppm. Different pH experiments were conducted in order to understand the effect of pH on the rejection of the chromium as it behaves differently at acidic and basic conditions. pH of the  feed solutions was adjusted by adding NaOH and HCl.
After each filtration experiment a membrane was washed with deionized water till regeneration of initial permeability of membrane. For measured of Cr IV rejection following equation (Equation 3) was used:
                   (Equation 3)
Where R is the rejection rate in percentage, Cp and Cf were the solute concentration in permeate and feed solution; respectively.
Concentration of Cr IV ions in permeate and feed solutions were measured by Atomic absorption spectroscopy (AAS)
[image: C:\sabiii\thesis\mem\thesis chapps\assembly\image26 (3).jpg]Figure 6: schematic diagram of Nanofiltration experiment
[bookmark: _Toc464265136][bookmark: _Toc473545041]2.8 Atomic absorption spectroscopy (AAS):
Atomic absorption spectroscopy (AAS) is a spectroanalytical technique used for the quantitative assessment of chemical elements in the sample using the absorption of the optical radiation. In this study Agilent 140/240/280 Series AAS was used.


[bookmark: _Toc464265137][bookmark: _Toc473545042][bookmark: _Toc464265138][bookmark: _Toc464265139]Chapter 3: Results and discussion:
[bookmark: _Toc473545043]3.1 XRD:
[image: C:\sabiii\thesis\mem\zif 7 results\zif 7 (xrd)\ChE-0000975 (ZIF-7-II)_1.JPG]In order to confirm the crystalline structure and purity of the as-synthesized ZIF-7, XRD was performed before the other test were conducted. The results are reported in Figure. 7, where sharp peaks of the spectra indicate the crystallinity of the sample. In line with previously reported studies (Park et al., 2006, Huang et al., 2003) structural data results indicated that the synthesized crystal showed a very similar XRD patterns of ZIF-7 powders which exhibit typical peaks at 2q= 7.65°, 10.51°, 12.09°, 13.03°, 15.37°, 16.45°, 18.64°, 19.60°, and 21.10°(Gücüyener et al., 2010). This pattern is in agreement with the reported data which indicates that purity and crystallinity of prepared ZIF-7 is indeed there. 
Figure 7: XRD pattern of the ZIF-7 particles
 
[bookmark: _Toc464265140][bookmark: _Toc473545044]3.2 SEM:
[image: C:\sabiii\thesis\mem\zif 7 results\SEM ZIF7\ZIF7_009.tif]The morphologies of the as-synthesized ZIF-7 nanocrystals were observed using the SEM. The SEM top view of ZIF-7 nanocrystals prepared in DMF is shown in Figure. 8-a and 8-b. The results show that ZIF-7 has a uniform particle size ranging from 50 to 70nm, and are smaller than those fabricated by Kang et al., (2013). 
[image: C:\sabiii\thesis\mem\zif 7 results\SEM ZIF7\ZIF7_011.tif]Figure. 8-a: SEM images of ZIF-7 particles at HV 30 kV (Magnitude 70204x)
Figure 8-b: SEM images of ZIF-7 particles at HV 30 kV (Magnitude of 149836x)
[bookmark: _Toc464265141][bookmark: _Toc473545045]3.3 ATR-FTIR:
The main functional group of as-synthesized ZIF-7 could be detected with corresponding infrared adsorption peak. The results are presented in Figure. 9, which shows that the strong adsorption peak at 1600~1500 cm-1 corresponds to the functional groups C=C stretch band of aromatic ring in ZIF-7 derived porous carbon. The peak at 1580 cm-1 is related to C=O of carboxyl group in three carbons with glucose. The peaks at 1455 and 750 cm-1 are identified as C=C and C-H bonds, respectively in the benzene functional group of benzimidazole in ZIF-7 particles. The C-H stretch vibration of benzimidazole occurs near 3100~3000 cm-1. The band in spectral region of 2500-3100 cm-1 could be ascribed to C-H, N-H and O-H stretching vibrations of methyl, hydroxyl and amine group of ZI7-nanoparticles. The results of FTIR indicates the abundance of –OH and C=O groups which can remarkably improve the hydrophilicity and wettability at the surface of the samples (Zhang et al., 2013 and Kang et al., 2013).
[image: ]
Figure 9: FTIR spectrum of prepared ZIF-7 particles
[bookmark: _Toc464265142][bookmark: _Toc473545046]3.4 XPS: 
ZIF-7 has zinc ions that act as coordination center and are attached with benzimidazole. Thus, it is evident that ZIF-7 contains four kind of elements namely zinc, oxygen, nitrogen and carbon. The XPS spectra distinctly indicated the presence of Zn, N1, C1, O1 peaks without any other signals as presented in Figure. 10. The as-synthetized ZIF-7 showed four distinct peaks at 1053, 400.9, 502 and 284.8 eV, which are related to the presence of Zn, O, N and C respectively.
[image: ]	
[bookmark: _Toc464265143]Figure 10: XPS spectrum for ZIF-7

[bookmark: _Toc473545047]3.5 BET:
Figure. 11 reports the BET surface areas for ZIF-7. The surface area of the ZIF-7 particles prepared in the study was 340m2/g.  The results suggest that the prepared ZIF-7 BET surface area is within the range found in other studies. BET surface areas for ZIF-7 particles reported by Hughes et al., 2013 and Jiang et al., 2015, were between the ranges of 300-350m2/g. 
[bookmark: _Toc473545048][bookmark: _Toc464265144]3.6 TGA:
The TGA curve of prepared ZIF-7 particles is shown in Figure. 11 that is in agreement with the one reported by Zhang et al., 2013. The TGA indicates that the three-dimensional ZIF-7 framework possesses high thermal stability up to 600 °C. The TGA plot of prepared ZIF-7 particles relieved a 5% of weight loss starting at 150 °C and plateauing till 600 °C, which was attributed to the presence of solvent in ZIF-7. Between 600-700 °C, the decomposition of ZIF-7 occurred. A 65% of the material remained at 700 °C.
	Figure 11: TGA curve of ZIF-7


[bookmark: _Toc464265145][bookmark: _Toc473545049]3.7 Water flux and permeability:
[image: ]Water flux and permeability was tested in a dead end cell with an effective area of 14.6cm2. Each ZIF-7/PSF MMM was subjected to water permeation experiments at various pressures, starting from 2 bar till 41 bar. The results indicated that the prepared ZIF-7/PSF MMM with 0wt% ZIF-7 showed flux starting from 35 bar pressure. However, other prepared ZIF-7/PSF MMM with ZIF-7 loadings of (5, 15, 30wt%) showed flux even at 2 bar pressure. Since ZIF-7/PSF MMM with 0wt% ZIF-7 showed flux starting from 35 bar pressure, for the comparability purposes, the experiments were carried out at 35 bar pressure and above.  Figure. 12 reports the effect of ZIF-7 loading on water flux of ZIF-7/PSF MMMs. The histogram represents obtained water flux with respect to applied pressure of (35, 37, 39 and 41 bar).  
Figure 12: Water flux for four ZIF-7 MMMs
It is clear that the plain PSF membrane shows very less water flux indicating lesser capacity to cause permeation of water. This could largely be due to the hydrophobic nature of PSF as shown by Heidi et al., 2012. The water flux is observed to increase with the addition of ZIF-7 particles fillers and the dosage of fillers. It was seen that as the loading of ZIF-7 increased the flux showed an increasing trend. For low pressure of 35 bar, water flux increases with  increase in loading of ZIF-7 fillers from  17.1 to 205.5 L m−2 h−1 and further to 622.7L m−2 h−1 for ZIF-7/PSF MMMs with ZIF-7 loading of (0, 5, 15, 30 wt%),  respectively. This could be because of the porous crystalline structure of ZIF-7 used as a pore forming agent to enhance the permeation properties of membranes (Park et al., 2006) and/or could be because of increasing the ZIF-7 in casting solution could enlarge free volume in matrix, thus, leading to increase pure water sorption into MMMs (Wang et al., 2016) and more water can pass through membranes. 
By using equation 2b for the membrane permeability (Lp), the permeability was found to be 0.489, 5.87, 17.79 Lm−2h−1bar−1, for ZIF-7/PSF MMM with ZIF-7 loading of (5, 15, 30wt%), respectively. This indicates that the permeability of the NF membranes was higher than that of the typical PSF flat membranes i.e. 5.14 Lm−2h−1bar−1 (Habibi et al., 2015) for the ZIF-7 loading of (15 and 30wt%). 
	
[bookmark: _Toc464265146][bookmark: _Toc473545050]3.8 Effect of pH on rejection:
Many studies have shown that the steric and/or surface interaction mechanisms are the contributory factors for the separation of Cr(VI) from aqueous solution for NF membranes (Rajesh et al., 2008, Vahid Vatanpour). Tor et al., (2004) illustrated the Donnan exclusion mechanism for the removal of Cr ions, in this mechanism the transport of metal ions is reliant on concentration of protons in receiver phase. Solution pH of the feed solution influences both the distribution of Cr(VI) species, and binding sites on the membrane (Sankir et al., 2010), therefore it may have an important impact on Cr(VI) removal.

It is known that the chemical nature if chromium is highly dependent on pH and its total concentration. Principal Cr(VI) species is divalent anions of chromates (CrO42−) at higher pH values past 7. From the range of pH 1–7, the Cr(VI) species mainly exist in the monovalent acid chromate (HCrO4−) form at lower concentration, and dichromate Cr2O72- ion as the dimmer of HCrO4− appears when the concentrations exceed 1000 ppm (Deng and Bai, 2004). The transport of these ions via the membrane is reliant on the size and nature of the ions (Silva et al., 2008). 

Each ZIF-7/PSF MMM with different ZIF-7 loading (5, 15, 30 wt%), was tested for 3 different pH (3, 5 and 11) at 5ppm feed solution. This experiment was performed in order to select the optimum pH to work with. 
The results of Cr(VI) rejection and membrane flux for different ZIF-7/PSF MMMs with (5, 15, 30 wt% ) loadings are presented in Figure 13-a and 13-b. After each experiment the membranes were washed with deionized water till the virgin membrane permeability was achieved.
[image: ]
[image: ]

Figure 13: Effect of pH on (a) rejection of Cr(VI) and (b)  Permeate flux.
For the ZIF-7/PSF MMM with 5 wt%, rejection of Cr(VI) ion does not seem very responsive to increased pH from acid to base. There is a very slight increase in rejection of two percent points when increasing pH from 5 to 11. Whereas, for ZIF-7/PSF MMMs with 15 and 30 wt%, the rejection is highly responsive to increased pH from acid to base when the loading is increased from 15 to 30 wt% with evidently bigger increase with the loading 30 wt%. The results indicated that at the alkaline pH 11, the ZIF-7/PSF MMMs with 15, 30 wt% loading showed promising rejection rates of 64% and 92%, respectively of Cr(VI).

Based on the existing observations, this increase could be attributed to these reasons: First, with increasing solution pH, the positive charge density on ZIF-7 nanoparticle such as positive sites (Zn-OH), and the protonated N atoms such as (C=NH+-, C-NH2+-) groups, might decrease and ultimately turn to negative, resulting in electrostatic repulsion between Cr(VI) ions and ZIF-7. For example Jian et al., 2015 shows the same for the adsorptive removal of arsenic from aqueous solution by ZIF-8.  Others show that inducing hydroxylic and carboxylic functional groups can produce negative charge on the membrane surface (Yin and Deng, 2015). Since ZIF-7 possess hydroxylic and carboxylic functional group, the negative charge of Cr ions and negative charge on the membrane surface result in increased Donnan repulsion, that in turn results in an increased rejection. Which is consistent with the prediction based on the Donnan exclusion mechanism for negative charged NF membranes that have been found in previous investigations (Hafiane et al., 2000; Muthukrishnan and Guha, 2008).

Second, by changing the pH values the predominant species of Cr(VI) will also change. So at acidic pH monovalent ions (HCrO4-) are dominant, whereas at basic pH divalent ions (CrO42-/Cr2O72-) are predominant (Deng and Bai 2004; Silva et al., 2008). Therefore, the repulsive effect of Donnan is imperative for divalent ions than monovalent ions (Rezaee et al., 2015), consequently the rejection increases in higher pH values. Which is consistent with the prediction based on the Donnan exclusion mechanism.

Third, the divalent ions of Cr (CrO42-/Cr2O72-) are predominant species at pH 11 with molecular size of 0.375/1.34nm, respectively (Nightingale and phenomenological, 1959), that are larger than the pores aperture of ZIF-7 (0.2317nm) (Wu and al., 2014), the size exclusion mechanism could also be involved  in the rejection of chromate ions 

The permeate flux of all the ZIF-7/PSF MMMs declined as the pH of feed solution changed from acidic to basic conditions (Figure. 14-b), which could be described by the fact that the osmotic pressure near the membrane surface increased due to the higher retention of Cr2O42−/Cr2O72− presented in the alkaline array, that resulted in a reduction in the permeate flux with the increase of pH (Gherasim et al., 2013)

Thus, our results, overall, conclude that the ZIF-7/PSF MMMs with loading of 15 and 30 wt%, can be efficiently employed in the removal of Cr(VI) when pH is adjusted to 11.

[bookmark: _Toc464265147][bookmark: _Toc473545051]3.9 Effect of concentration on rejection:
[image: ]Based on our findings in the previous section, the performance of the membrane regarding ionic strength of Cr(VI) is studied and reported only at pH 11. The synthesized ZIF-7/PSF MMMs (5, 15 and 30 wt%) were then further evaluated for removal of chromium with different feed concentrations (5, 10, 25, 50, and 500ppm). The result are reported in Figure. 14.
Figure 14: Effect of Feed concentration on rejection of Cr (VI)
The results show that all three ZIF-7/PSF MMMs have a high potential of removing the chromium from the feed solution. The prepared membranes showed the increasing rejection trend with increased feed concentration for all except the ZIF-7/PSF MMM with 30% loading. Which showed equal rejection at 25 and 50ppm, and a decline at 500ppm feed concentration. This could be attributed to concentration polarization and the decrease of effective charge density on the membrane (Ren et al., 2010). 

The increase in rejection with increased feed concentration for each ZIF-7/PSF MMM with 5 and 15wt%, is quite expected due to the changes in the relative amount of negative ions in the feed solution. This explains the result of higher rejection at high concentration (Szoke et al., 2002; Hafiane et al., 2000). Similarly, for each concentration of Cr (5, 10, 25, 50, and 500ppm), the increase in loading from 5 to 15 wt% increases the rejection. This can be due to the reasons that we discussed in the previous section. These two results along with the rejection levels with 30wt% loading suggest that the ion strength is another crucial factor to be considered for the removal Cr(VI).
One of the interesting findings is that with pH 11, for lower feed concentration (5 and 10ppm), the ZIF-7/PSF MMM with the highest ZIF-7 loading (30 wt%) is more efficient, and for the higher feed concentration (500ppm),  lower ZIF-7 loading (5 and 15 wt%) are more efficient. For the intermediate feed concentration (50ppm), ZIF-7 loading (15 and 30 wt%) are equally efficient in Cr(VI) removal.
To the best of our knowledge, there are not many studies using the MMMs nanofiltration for the removal of Cr(VI) from water. Barikbin et al., (2012) investigated the removal of Cr(VI) from water using commercially available nanofiltration membrane. The best rejection of Cr (VI) (96%) was obtained at basic pH. Religa et al., (2011), worked on inﬂuence of tannery wastewater composition on chromium (III) concentration in the wastewaters during the nanoﬁltration process (NF). Their results suggest that the NF process could be successfully used for the concentration of chromium in the tannery wastewater with a retention rate of 80% for chromium.


Overall, our fabricated ZIF-7/PSF MMMs show very high levels of rejection for a number of combinations of ZIF-7 loading and chromium feed concentration. With pH 11, the highest rejection (99%) of Cr(VI) is achieved with 15wt% ZIF-7 loading and  500ppm feed concentration. The rejection of 98% of Cr(VI) is achieved with (15wt% ZIF-7 with 50ppm feed concentration), (5wt% ZIF-7 with 500ppm feed concentration), and (30wt% ZIF-7 with 25 and 50ppm feed concentration).




[bookmark: _Toc473545052]Conclusion and Future perspective:
In this work, a novel nanofiltration mixed matrix membrane (MMM) was prepared by incorporating ZIF-7 nanoparticles in the PSF polymer matrix. The ZIF-7 nanoparticles were successfully synthesized in a simple method. The synthesised ZIF-7 nanoparticles showed the standard characteristics. The XRD revealed the purity and crystallinity, the SEM revealed a relatively uniform morphology with particles sizes between 50 to 70nm, the FTIR was used to reveal the main functional group, the XPS was used to determine the elemental composition (Zn, N, O, C), the BET revealed high surface area of nanoparticles of 340m2/g, and the TGA revealed high thermal stability up to 600 °C. These finding were very standard and within those ranges found by other studies.

The ZIF-7 filled PSF MMMs, then, were fabricated with by phase inversion. The prepared ZIF-7/PSF MMMs were employed to remove Cr(VI) from aqueous solution. The results of filtration experiment showed that the flux of water increased with increased ZIF-7 loading. After, the effect of pH on rejection of Cr(VI) was studied. The results from this experiment showed that the higher rejection with different ZIF-7 loading (5, 15, 30wt%) was achieved at pH 11. 

In the final experiment, the synthesized ZIF-7/PSF MMMs (5, 15 and 30wt%) were then further evaluated for removal of chromium with different feed concentrations (5, 10, 25, 50, and 500ppm) at pH 11. The results showed that all three ZIF-7/PSF MMMs have a high potential of removing the chromium from the feed solution. Overall, the synthesized ZIF-7/PSF MMMs show very high levels of rejection for a number of combinations of ZIF-7 loading and chromium feed concentration. The highest rejection (99%) of Cr(VI) is achieved with 15wt% of ZIF-7 loading and  500ppm feed concentration. The rejection of 98% of Cr(VI) is achieved with (15wt% ZIF-7 with 50ppm feed concentration), (5wt% ZIF-7 with 500ppm feed concentration), and (30wt% ZIF-7 with 25 and 50ppm feed concentration). Thus, the contribution in this work shows that ZIF-7/PSF MMMs hold great potential for the removal of chromium ions from water.
The field has attracted increasing interest since 2009 and is expected to continue flourishing in the future. A good knowledge of ZIF’s structure-transport property relationships is fundamental to screen potential candidates from the existing ZIF pool and to understand how to tune ZIF’s transport properties through rational synthesis and post synthetic modifications.
The electrical characterization of membranes is a very useful tool to help in the adequate interpretation and prediction of their filtration properties, therefore, zeta potential analyses of the membrane would be recommended. 
Microscopic characterization such as TEM images of the prepared ZIF-7 and SEM surface analysis and SEM cross sectional analysis of the prepared ZIF-7/PSF MMMs would greatly help to validate the study.
Stability of ZIF-enabled membranes under realistic feed conditions needs to be verified. Commercialization of ZIF-enabled membranes requires the capability to economically fabricate high quality, defect-free ZIF membranes in scalable membrane geometry.
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