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ABSTRACT 

 

Nanocomposite of Zr-based organic framework and graphene oxide (UiO-66_GO) was 

synthesized by one-step hydrothermal method, and then a 0.5% GO loading in the 

nanocomposite was layered on nanofiltration (NF) membrane by pressure-assisted self-

assembly (PASA) to fabricate a novel photocatalytic NF membrane (UiO-66_GO /NF) 

using for water and wastewater treatment. As a result from characterization, graphene 

oxide enhanced photocatalytic activity of UiO-66 about 2.8 and 1.7 times higher than 

those over pristine GO and UiO-66 by increasing surface area and porosity and 

narrowing the band gap. Consequently, the composite membrane with a 10% UiO-

66_GO loading (UiO-66_GO/NF-10%) showed a higher water flux (up to 63 kg/m2 h 

bar), flux recovery (80%), and total fouling resistance (33%) than did the pristine NF 

membrane. Physical and chemical characterization revealed that this performance was 

attributed to improvements in hydrophilicity, porosity, surface smoothness, and charge 

repulsion. The UiO-66_GO/NF-10% composite membrane exhibited better physical 

stability with a relatively low mass loss (8.64%) after five washes than the membranes 

with mass loadings of 5 and 15 wt %. Furthermore, the UiO-66_GO/NF-10% composite 

membrane exhibited considerable photocatalytic activity under UV irradiation 

(bandgap: 3.45 eV), which reduced irreversible fouling from 20.7% to 2.4% and 

increased flux recovery to 98%. This study demonstrated that surface modification with 

the UiO-66_GO nanocomposite produced a high-flux and anti-fouling photocatalytic 

NF membrane, which is promising for water purification. 

 

Keyword: Graphene Oxide; Metal-Organic Framework; Organic Micro-pollutant; 

Nanofiltration Membrane; Photocatalysis; UiO-66. 
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CHAPTER I 

Introduction 

 

1.1 Background 

To date, more than 700 compounds of emerging organic contaminants (OCs) 

have been found in drinking water sources and classified into more than 20 groups 

based on their origins (Geissen et al., 2015). Among them, organic micropollutants 

(OMPs) which are the synthetic chemicals found in environment in the range of 

microgram/liter or lower such as pesticides, pharmaceuticals, personal care products, 

plasticizer and endocrine disruptors have been attracted a great concern because of their 

low degradability and high biological effect (Petrović et al., 2003; Snyder et al., 2003). 

The widespread presence and distribution of those OMPs emerge the particular 

concerns in several environmental toxicity and cause many problems in soil, air and 

particularly in water resources including surface water, ground water and other water 

sources (Glassmeyer et al., 2017; Padhye et al., 2014; Upadhyayula et al., 2009). For 

example, pharmaceuticals and personal care products (PPCPs), which are used in 

human and veterinary medicine, have been detected in surface waters, groundwater, or 

even drinking water in 71 countries (Fig. 1.1) and increasing environmental concern 

over past decades because it toxic to aquatic organisms such as fish, algae, and bacteria 

and threats to human health due to the unpredicted ecotoxicological effect (Ding et al., 

2017; Ferrari et al., 2003). Furthermore, pesticides were reported as hazard substances 

which caused potential health risks even at very low concentration such as cancer, 

endocrine disruption, immune system damages, potential carcinogens, neuro 

developmental disorders and other diseases in humans, (Skinner et al., 1997; Sanborn 

et al., 2004; Mckinlay et al., 2008, Mrema et al., 2013; WHO, 2016). Since the surface 

water and ground water are the main water sources of drinking water production around 

the world, the presence of those OMP groups in natural water shows the potential risk 
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in quality of drinking water supply (Geissen et al., 2015; Knepper et al., 1999) and need 

to be removed.  

Fig. 1.1 The number of pharmaceutical substances detected in surface waters, 

groundwater, or tap/drinking water (Beek et al., 2015). 

 

Various methods to remove OMPs from surface water, ground water, and 

wastewater have been studied and developed. Conventional treatment processes 

including coagulation, flocculation, and sand filtration are found to be ineffective to 

remove OMPs (Kim et al., 2007; H. Jiang & Adams, 2006; Petrović et al., 2003). 

Membrane filtration give a good removal efficiency of various OMPs, fouling is one of 

the main challenges in any membrane separation technology (B. Van der Bruggen et al., 

2008; Mo et al., 2008). Chlorination and ozonation showed highly effective in removing 

some types of OMPs e.g. glyphosate and aminomethyl phosphonic acid (AMPA) 

(Jönsson et al., 2013). However, these processes produce disinfection by-products 

(DBPs), some of which are seriously harmful to human health (Richardson, 2003; 
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Cantor et al., 1999). Advanced oxidation processes (AOPs) produce no sludge and show 

a efficient degradation but their mineralization is low (by-product) and separation of 

catalyst from water is hard (Bolton and Cotton, 2011). Activated carbon adsorption is a 

popular technique for elimination of OMPs because of its economic benefits and simple 

application (Tobergte & Curtis, 2013; Ali & Gupta, 2006), but the significant problems 

are mainly related to its saturation, toxic solid waste, and difficulties in removing small 

polar compounds (Plakas & Karabelas, 2012a; Ormad et al., 2008). Biological 

treatment including activated sludge is simple and cheap method but its kinetic rate is 

slow, requires large space, and limited degradation for OMPs (Chon et al., 

2012).Advantages and disadvantages of various water and wastewater treatment 

methods were summarized in Table 1.1. 

  

Table 1.1 Advantages and disadvantages of various water and wastewater treatment 

methods 

Treatment 

methods 
Advantages Disadvantages 

Coagulation/ 

flocculation 
Process simplicity; low cost 

High sludge, ineffective for 

OMP removals 

Biological 

methods 
Simple and economical attraction 

Slow process; limited 

biodegradation to OMPs 

Chlorination/ 

ozonation 

Simple, rapid and efficient 

process 

High dose of chemical 

requirement, toxic by-products  

Adsorption 
Simple equipment; highly 

effective process with fast kinetic 

Rapid saturation and expensive 

regeneration  

Photcatalysis 
No sludge production; rapid and 

efficient degradation 

Formation of by-products; hard 

to separate the fine catalyst 

Membrane 

filtration 

Small space requirement; simple, 

rapid and efficient process  

Limited flow rates; rapid 

membrane fouling 
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In recent decades, membrane technology has become attractive in the fields of 

wastewater treatment, surface and ground water treatment, water desalination, oil-water 

and protein effluent separation, ultrapure water production, product recycling and 

pharmacy industrial and food processing (Mimoso et al., 2015; Madsen & Søgaard, 

2014; Singh et al., 2013; Tian et al., 2010; Bruggen et al., 2003). This membrane system 

is growing much attention as one of the most promising separation methods for water 

purification because of their effective potential, no chemical treatment require and low 

environmental footprint (Peter-Varbanets et al., 2009) resulting in increasing the 

worldwide popularity of improving water quality and meeting the standard regulation 

for drinking water (WHO, 2011). Pressure-driven membranes pressure exerted on the 

feed side of membrane to separate feed solute into permeate and a retentate. Pressure-

driven membranes are clarified into microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) based on characteristics of membrane 

pore size, charge of retained particle or molecule and pressure applied on membranes 

(Fig. 1.2) (Bruggen et al., 2003). Membrane filtrations have been reported successfully 

installation in water treatment plant for drinking water production which provide high 

capacity in some countries such as USA (152,000 m3/d), France (140,000 m3/d), 

Holland (57,000 m3/d), Spain (30,000 m3/d) and England (30,000 m3/d) (Plakas & 

Karabelas, 2012a). The one of the best documented example of membrane filtration 

treatment plant is the Mery Sur Oise plant in the northern part of Paris which use NF 

technology since 1999 to remove pesticide and other organic pollutants from Oise River 
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for drinking water production. Its performance is very satisfactory and successful to 

eliminate pesticides and other organic pollutants (Cyna et al., 2002). 

Fig. 1.2 Typical properties of pressure driven membranes  

  

After the introduction in the late 1980s for water softening and organic 

removal (Eriksson, 1988), the application range of NF has extended in drinking water 

production such as removal of pesticides (Plakas and Karabelas, 2012), endocrine 

disruptors and pharmaceuticals (Yoon et al., 2007), arsenic (Waypa et al., 1997) and 

chemicals (bisphenol A) (Zhang et al., 2006), and desalination (Semiat, 2000). NF can 

be employed as a final process in treatment train which can offer the higher quality of 

drinking water production than UF, and lower pressure (1.5-30 bars) and energy 

consumption than RO (5-120 bars) (Mohammad et al., 2015). Since molecular weight 

cut off (MWCO) (lowest molecular weight (MW) of solute that greater than 90% of 

solute is retained by membrane) of NF membranes are often the same range as MW of 

OMPs (200-400 Da), NF are considered as promising method for OMPs removals 
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(Konstantinos V Plakas et al., 2006; Kiso et al., 2000). Polymeric membranes overcome 

the membrane market and are mostly applied in NF membrane technology because of 

their easy and cheap fabrication (Alpatova et al., 2013; Fane et al ., 2011). However, 

the hydrophobic surface and malleable characteristic of polymeric membranes are the 

major drawbacks of using them in membrane applications (B. Van der Bruggen et al., 

2008; Lin, 2017; Wu et al., 2008). Modification of polymeric membrane surface with 

hydrophilic materials can be potential solutions to overcome current NF membrane 

issues. 

Regarding selection of hydrophilic material to modify polymeric membrane, 

UiO-66, a new class of highly porous materials of metal organic framework (MOFs), 

has a hydrophilic nature, which improve water flux in membrane application (Ma et al., 

2017). UiO66 membrane also shows a good membrane stability, high resilience to 

mechanical stress and be easily handled (Denny and Cohen, 2015) because the organic 

linker of UiO66 could provide a platform for chemical modifications of the surface, 

which offer a better adhesion to polymeric membrane compared to other inorganic 

materials (J. R. Li et al., 2012). Nonetheless, agglomeration and aggregation of UiO-66 

particles on membrane surface decrease the smoothness of membrane surface and block 

the membrane pores, which reduce water flux (Ahmed and Jhung, 2014).  

The combination of UiO66 with appropriate materials could greatly improve 

its physio-chemical structure in membrane application. Graphene oxide (GO), a product 

after oxidation of exfoliated graphite, GO has high hydrophilicity and dispersibility due 

to the oxygen containing functional groups including carboxyl, epoxy, hydroxyl groups 

on its panel and edge (Compton and Nguyen, 2010). Those various oxygen functional 

group of GO has ability to improve UiO66 formation by suppressing UiO66 

aggregation, increasing dispersion force within the UiO66, and controlling their 

physical-chemical properties including morphology, size and structure (Ma et al., 2017). 

This UiO-66_GO composite is expected to improve NF surface hydrophilicity and 

smoothness, resulting in water flux enhancement. Thus, UiO-66/GO NF membrane can 
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produce a higher water capacity from the feed water-containing OMPs comparing to 

commercial NF membrane.  

1.2  Knowledge Gap and Technical Limitations 

UiO66_GO membrane give higher flux and anti-fouling compared to pristine 

PES membrane because of its hydrophilicity and membrane smoothness (Ma et al., 

2017; Ying et al., 2017). However, they only applied UiO66_GO composite on 

ultrafiltration membrane to reject macromolecule compounds such as humic acid and 

protein. To date, there has been no report on application of UiO66_GO composites on 

NF membrane: membrane synthesis method, water flux and OMP rejection are 

remained unknown.  

Moreover, humic acid which is the main composition in natural feed water will 

be adsorbed in membrane pores and then generate the cake layer on membrane surface, 

causing the serious membrane fouling and flux decline (Lee et al., 2001). A total control 

of fouling is compulsory to reduce the operational and maintaining costs of membrane 

and increase membrane stability and lifetime for sustainable applications. Currently, 

backwashing is the most popular membrane cleaning by running a reversed flow pushed 

from the permeate side to the feed side of a membrane. But this cleaning method may 

loosen or wash out of UiO66_GO composites that were deposited on the NF membrane 

surface and decrease composite membrane stability. UiO-66 also has a photocatalytic 

activity with the band gap about 3.76 eV (Musho et al., 2014), might be able to degrade 

humic acid fouling membrane but the photocatalytic activity of UiO66_GO composite 

is unknown and need to be investigated. Thus, the effective method to clean and 

recovery the fouled UiO66_GO NF membrane by photocatalysis not yet confirmed and 

need to be studied. 

1.3  Objectives 

 The main objective of this study was to develop a novel photocatalytic NF 

membrane using Zr-based organic framework enhanced by graphene oxide for water 

and wastewater treatment. The specific objectives are listed as following: 
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1. To present a facile hydrothermal method for preparing UiO-66_GO nanocomposites 

with different GO loading and characterize their physio-chemical properties 

(chapter 3).  

2. To investigate the enhancing effect of GO on the photocatalytic activity of UiO-66 

and report for the first time on the photodegradation of a persistent OMP (CBZ) 

(chapter 4). 

3. To test the photodegradation of CBZ with different GO contents in the composites, 

catalyst doses and solution pH and the optimum conditions were underlined 

(chapter 4). 

4. To introduce the pressure-assisted self-assembly (PASA) method to fabricate UiO-

66_GO/NF membranes and confirm the membrane stability with different loadings 

of UiO-66_GO nanocomposite (chapter 3). 

5. To evaluate the effect of UiO66_GO nanocomposite on water flux improvement of 

NF membranes, check stability of the composite membranes after five-time washes 

and point out the optimum loading of UiO66_GO composite on NF membrane 

(chapter 5).  

6. To investigate the effect of UiO66_GO nanocomposite on the flux recovery and 

anti-fouling properties of NF membranes (chapter 5). 

7. To determine the rejection of various OMP groups with different physio-chemical 

properties by UiO66_GO/ NF membranes (chapter 5). 

8. To examine the effects of photocatalysis on regeneration of UiO66_GO/NF 

membranes in order to degrade irreversible foulant and improve flux recovery 

(chapter 5).  

1.4  Structure of the Thesis 

This study has been divided into seven chapter as shown in Fig. 1.3 and briefly 

summarize as following: 

▪ Chapter 1: to provide the overall background information and the current 

problem statements and figure out the importance and objective of this study. 
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▪ Chapter 2: critical review on recent development of photocatalytic membranes for 

water treatment application. 

▪ Chapter 3: to describe the synthesis and characterization methods of material and 

membrane. 

▪ Chapter 4: to confirm the photocatalytic activity of Zr-based metal organic 

framework enhanced by graphene oxide. 

▪ Chapter 5: to evaluate the filtration performance of UiO66_GO NF membrane 

including synthesis method, its stability, water flux, OMP rejection. 

▪ Chapter 6: to recovery the fouled UiO66_GO NF membrane by photocatalysis. 

▪ Chapter 7: to summarize the main findings and suggest the recommendations for 

further research. 

 

 

 

 

 

 

 



10 

 

Fig. 1.3 The structure of the thesis 
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CHAPTER II 

A Review on Recent Development of Photocatalytic Membrane for Water 

Treatment Application 

 

2.1 Organic Micropollutants 

2.1.1 Organic Micropollutants and Their Environmental Risks 

In recent decades, occurrence of organic micropollutants (OMPs) including 

pesticides, pharmaceuticals, personal care products, plasticizer, endocrine disruptors 

and other emerging compounds in aquatic environment has become increasing 

environmental concerns due to their toxicity and long persistence in environment. 

Because of directly discharge and ineffective removal of OMPs by conventional 

wastewater treatment, wastewater effluent, surface water, ground water and drinking 

water show from ng/l to µg/l (Luo et al., 2014). Amongst other OMs, pesticides and 

pharmaceuticals deserve a particular concern because it has a high solubility, poor 

degradation, and high toxicity (Table 2.1). 

       

Table 2.1 The physical and chemical properties of commonly used pesticides 

Category Compound Chemical 

structure 

MW 

g/mol 

Toxicity 

mg/kg/d 

Solubility 

mg/l (20ºC) 

Degradatio

n DT50 (d) 

Pesticides Atrazine: 

C8H14ClN5 

 
215.7 0.035 35 60 

 

 

Metolachlo

r:C15H22Cl

NO24 

 
283.8 0.15 530 90 

 DDT:  

C14H9Cl5 

 
354.4

9 

0.0005 0.001 Up to 15 

years 
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Note: N/A: Not Available information 

 

2.1.2 Standard Regulation 

To ensure a safe drinking water for public consumer, drinking water standard 

regulations has been established with the main target of restricting the level of 

pesticides in the water. According to the European Council Directive 98/83 (1998), the 

residue limits and guideline levels of total pesticides were assigned in maximum 

concentration of 0.5 μg/l and 0.1 μg/l for individual pesticides and their relevant decay, 

metabolites, and reaction products.  

2.1.3 OMP removal methods 

Because of risk and hazard of OMs to human, animal, and environment, the 

various OM removal methods have been studied and developed.  

 Allethrin:  

C19H26O3 

 
302.4  4.6 1-2 years 

 Methoxych

lor:C16H15

Cl3O2 

 
345.6 0.005 0.1 120 

Pharmac

euticals 

Carbamaze

pine:  

C15H12N2O   

 
236.2 0.013  17.7  40 

 Diclofenac

:C14H11Cl2

NO2 

 
296.1 N/A 2.37 20 

 Sulfameth

oxazole:  

C10H11N3O

3S  

 

253.2 N/A 1000 17.1 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C19H26O3&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H15Cl3O2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H15Cl3O2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H12N2O&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H11N3O3S&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H11N3O3S&sort=mw&sort_dir=asc
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Some conventional treatment processes including coagulation, flocculation, 

and sand filtration are ineffective to remove OMs (William et al., 1996; Ternes et al., 

2002; Verstraeten et al., 2002). Chlorination and ozonation showed highly effective in 

removing the concentration of some types of pesticides e.g. glyphosate and 

aminomethylphosphonic acid (AMPA) (Hopman et al., 1995; Lang & Post., 2000; 

Brosillon et al., 2006). However, one of the weak points of water chlorination and 

ozonation process is the production of disinfection by-products (DBPs) which harmful 

to human health (Krasner et al., 2006; Richardson, 2003; Mills et al., 1998). UV 

irradiation alone at dose used in water treatment isn’t effective to OMPs in water 

(Bolton and Cotton., 2008; US EPA, 2006; Lund-Hoie and Friestad., 1986). Activated 

carbon adsorption is popular technique for elimination of organic micro-pollutants 

because of its economic benefits and simply application (El-Temsah et al., 2016; Gupta 

and Ali., 2008; Paknikar et al., 2005). By the way, this method also has the significant 

problems mainly related to its saturation, toxic chemical by-products, and difficulties 

in small polar compound removal is still challenging (Plakas and Karabelas, 2012; 

Ormad et al., 2008; Jiang and Adams, 2006). Because of characteristics of OMPs with 

high solubility in water and low Henry’s law constant suggested that it’s not expected 

to be able to remove by air stripping (Jonsson et al., 2013; SRC 2012). 

2.2 Membrane filtration technology 

2.2.1 Applications in Water Treatment 

Over past 30 years, membrane filtration showed effectively deal with the 

weakness in the conventional treatment process by removing aquatic substances 

(natural organic matters, pathogen, viruses, etc.) and micro-pollutants (arsenic, 

pharmaceutical, pesticides, etc.) in the water (Chew et al., 2011; Jacangelo et al., 1997). 

This membrane system is growing much attention as one of the most promising 

separation methods for water purification because of their effective potential, no 

chemical treatment require and low environmental footprint (Peter-varbanets et al., 

2009) resulting in increasing the worldwide popularity of improving water quality and 

meeting the standard regulation for drinking water (WHO, 2011). Various membrane 
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filtration techniques have been applied in water treatment, particularly, pressure driven 

membranes.  

Pressure-driven membranes are pressure exerted systems on the feed side of 

membrane to separate feed solute into permeate and a retentate such microfiltration 

(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). Different 

pressures are applied on feed and permeate side serves as driving force to transport the 

feed solute through the membrane. Permeate is considered as a clean water and retentate 

is concentrated solution which need to be disposed of or treated by other methods. 

To select the proper process membrane filtration, it is very important, which not only 

focus on quality of water but also the treatment cost. The comparative features of four 

pressure driven membranes were summarized in Table 2.2. 

 

Table 2.2 Comparative features of pressure driven membrane (Bart Van der Bruggen et 

al., 2003). 

Features RO NF UF MF 

Pore Size (nm) 0.3-0.6 <2 2-50 >50-500 

Water permeability 

(kg/m2.hr.bar) 

0.05-1.5 1.5-30 10-1,000 >1,000 

Operational pressure 

(bar) 

5-120 3-20 0.1-5 0.1-2 

Rejection: 

▪ Particles 

▪ Macromolecules 

▪ Small organic 

compounds 

▪ Multivalent ions 

 

Yes 

Yes 

Yes 

 

Yes 

 

Yes 

Yes 

Yes/No 

 

Yes 

 

Yes 

Yes 

No 

 

Yes/No 

 

Yes 

No 

No 

 

No 
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2.2.2 Nanofiltration 

 Nanofiltration (NF), a pressure driven membrane, is growing much attention 

as one of the most promising separation methods for water treatment application 

because of its high separation efficiency, facile operation, compact design and low 

energy consumption (Vatanpour et al ., 2014). Introduction in late 1980s in purpose of 

water softening and organic removal (Eriksson, 1988), the application range of NF has 

extended in drinking water production such as removal of pesticides (Plakas and 

Karabelas, 2012), pharmaceuticals (Yoon et al., 2007), arsenic (Waypa and Elimelech, 

1997) and chemicals (Zhang et al., 2006), and desalination (Semiat, 2000). 

2.2.2.1 Separation Mechanism 

Separation mechanism of NF is a complex process which involve with the 

membrane surface characteristics and membrane pore size. The combination of size 

exclusion (steric effects), charge repulsion (Donnan effects), adsorption and dipole 

interaction are highly affected on the rejection of NF (Mohammad et al., 2015). 

▪ Monovalent ions Yes No No No 

Overall rejection ability Good Good Moderate Poor 

Separation mechanism Solution-

diffusion 

Sieving, 

Charge- 

effects 

Sieving Sieving 

Membrane fouling yes yes yes yes 

Applications Desalinatio

n; Ultrapure 

water   

Removal of 

hardness, 

metal ions, 

micropolluta

nts 

Removal 

of viruses, 

colloid, 

macromol

ecules  

Clarification; 

Pretreatment  
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Size exclusion or sieving mechanism basically depend on molecules size and 

membrane pore size. MW is the simplest parameter to indicate the retention of molecule 

by NF membrane. The larger MW gives the higher rejection efficiency. NF membrane 

showed positive results to retain the solute with molecular weight cut-off (MWCO) 

from 300 to 500 Da (Mohammad et al., 2015). MWCO is defined as lowest molecular 

weight (MW) of solute that greater than 90% of solute is retained by membrane. 

However, MW is only a helpful indicator for correlative retention and cannot 

recommend for modeling work because the geometry of molecule such as molecular 

length and width are also good parameters to estimate the molecule rejection by NF 

membrane (Chen et al., 2004). 

Since NF membrane have ionic groups such carboxylic and sulfonic acid 

groups, resulting in surface charge, when the feed solution is presented. The interaction 

of charged molecules and charged membrane retains the ionic compound (Donnan 

exlusion). This separation mechanism (charge effects) allows the ion retention on 

membrane surface, even though the ions size is below the membrane pore size. The 

divalent ions (sulphate and hardness) are reported more effectively removed than 

monovalent ions (Bruggen et al., 2003). 

 Polar effect is one of the most important physicochemical effects in NF 

separation when the polar organic compounds are the target compound to be retained 

(Matsuura and Sourirajan, 1973). It was concluded that retention of polar solutes is 

negatively influenced by interaction of solutes and membrane surface and the greater 

polarity moment gave the higher retention (Van Der Bruggen et al., 1998). The possible 

explanation of this conclusion is correlated to electrostatic interaction. Once the 

opposite charge of dipole is attached to membrane, molecule is directed straight-

through membrane pore and permeate more easily into the pore structure. As the results, 

polarity effect of solute is necessary for membrane which pore size bigger than 

compound size (Van Der Bruggen et al., 1999; B. Van Der Bruggen et al., 2001; Košutić 

& Kunst, 2002).  
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Many studies claimed that there is significance of adsorption phenomenon on 

rejection during filtration process due to hydrophobic interaction and hydrogen bonding. 

Membrane hydrophobicity was measured by membrane contact angle and solute 

hydrophilicity/hydrophobicity was measured by its octanol water partition coefficient 

(logKow or logP) whereas logKow value is higher than 2 is considered as hydrophobic 

compound. Based on Kiso et al. who investigated the relationship between logKow and 

adsorption by using hollow fiber NF membrane, reported that there was significant 

correlation between adsorption and logKow value (Kiso et al., 2000; Kiso et al., 2001). 

2.2.2.2 Types of NF Membrane and Its Characteristics 

Solute rejection by membrane process is greatly correlated to the type of 

membrane chosen. To select appropriate membrane, there are some parameters to be 

considered such as MWCO, membrane porosity, membrane surface charge, membrane 

material and stabilized salt rejection (degree of ions rejection). Some commercial NF 

membranes with their manufacturing specifications were listed in Table 2.3.   
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Table 2.3 Types of NF membrane with their specifications (Mohammad et al., 2015) 

 

2.2.2.3 Examples of Water Treatment Plants Using NF Membranes 

NF have reported successfully installation in water treatment plant for drinking 

water production in some countries as listed in Table 2.4. The best documented example 

of NF treatment plant is the Mery Sur Oise plant in the northern part of Paris which use 

NF technology since 1999 to remove pesticide and other organic pollutants from Oise 

River for drinking water production. Its performance is very satisfactory and successful 

to eliminate pesticides and organic matters (Cyna et al., 2002). 

 

Manufact

urer
 Type

 Pore

size/MWCO
 Polymer  Feed  pH  Flux (GFD/psi)  Rejection

 NF270  ~200-400 Da  Polyamide-TFC  Surface/Groundwater  2-11  72-98/130  99.2% MgSO4

 NF90  ~200-400 Da  Polyamide-TFC
 Industrial/Commercial

Water
 2-11  46-60/130  99.0% MgSO4

 NF  ~200-400 Da  Polyamide-TFC  Foods/Beverages  2-11  26.5-39.5/130  99.0% MgSO4

 Duracid  ~150-200 Da  Polyamide-TFC  Surface/Groundwater  0-9  10-19/225  98.0% MgSO4

 DL  ~150-300 Da  Polyamide-TFC  Foods/Industrial Water  2-10  28/220  98.0% MgSO4

 HL  ~150-300 Da  Polyamide-TFC
 Industrial/Commercial

Water
 3-9  39/100  98.0% MgSO4

 DK  ~150-300 Da  Polyamide-TFC  Foods/Industrial Water  2-10  22/100  96.0% MgSO4

 CK  ~2,000 Da
 Cellulose

Acetate

 Industrial/Commercial

Water
 2-8  28/200  94.0% MgSO4

 NFX  ~150-300 Da   Polyamide-TFC
Foods/Industrial/Wastew

ater
 3-10.5  20-25/110

 99.0% MgSO4 

(40% NaCl)

 NFW  ~300-500 Da   Polyamide-TFC
Foods/Industrial/Wastew

ater
 4-10  45-50/110

 97.0% MgSO4 

(20% NaCl)

 NFG  ~600-800 Da   Polyamide-TFC
Foods/Industrial/Wastew

ater
 4-10  55-60/110

 50.0% MgSO4 

(10% NaCl)

 NDX  ~800-1,000 Da   Polyamide-TFC
Foods/Industrial/Wastew

ater
 3-10.5  45-55/110

 90.0% MgSO4 

(30% NaCl)

 TS80  ~150 Da  Polyamide-TFC
Foods/Industrial/Wastew

ater
 2-11  20/110

 99.0% MgSO4 

(80-90% NaCl)

 SB90  ~150 Da
 Cellulose

Acetate Blend
 Liquid Foods  NA  30/225

 97.0% MgSO4 

(85% NaCl)

 SBNF  ~2,000 Da
 Cellulose

Acetate
 Surface Waters  2-11  NA  40-60% NaCl

 TS40  ~200 Da
 Polypiperazine-

amide-TFC

Foods/Industrial/Wastew

ater
 2-11  20/110

 90.0% MgSO4 

(40-60% NaCl)

 XN45  ~500 Da
 Polypiperazine-

amide-TFC

Foods/Industrial/Wastew

ater
 2-11  35/110

 95.0% MgSO4 

(10-30% NaCl)

 NP010  ~1,000 Da  PES
Foods/Industrial/Wastew

ater
 0-14

 >200 lmh/40

bar
 35-75%(Na2SO4)

 NP030  ~500 Da  PES
Foods/Industrial/Wastew

ater
 0-14  >40 lmh/40 bar  35-75%(Na2SO4)

 Dow

Filmtec™

 GE

Osmonic

s™

 Synder

™

 TriSep™

 

Microdyn

Nadir™
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Table 2.4. Some case study of water treatment plant using NF technology (Plakas & 

Karabelas, 2012a). 

 

The conventional NF treatment plant simply consists of pre-treatment (acid 

addition, antiscalant, sand filtration), membrane filtration (NF), and post-treatment 

(aeration, disinfection) as shown in Fig. 2.1. 

 

Fig. 2.1 Conventional water treatment system using NF membrane 

 

Location Capacity 

(m3/d) 

Application 

Boca Raton, Florida, USA 152, 000 Groundwater softening 

Mery-sur-Oise, Paris, France 140,000 
Pesticide removal for drinking water 

supply 

Heemskerk, Holland 57,000 
Surface water treatment for drinking 

water supply 

Bajo Almanzora, Andalusia, 

Spain 
30,000 Groundwater softening 

Debden Road, Saffron 

Walden, England 
30,000 

Pesticide removal for drinking water 

supply 
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2.2.2.4 Problems in NF Technology 

Drinking water production, which is the largest application of NF, recently 

faces some challenges such as insufficient separation, membrane fouling, and further 

treatment of concentrate. 

▪ Insufficient Separation 

Rejection of uncharged solute by NF membranes can be roughly estimated by 

sigmoidal rejection curve (rejection is the function of MW) (Fig. 2.2), resulting in an 

insufficient rejection between compounds based on their various MW (Van der Bruggen 

and Vandecasteele, 2002). Rejection is also related to other physicochemical of the 

membrane including charge interaction, hydrophobicity, and polarity. Consequently, 

the permeate from the process may contain molecules with variable MW, both below 

or above the pore size of the membrane and the actual rejection needs to be investigated. 

For ion rejection by NF, it was reported that rejection of multi-valent ions is higher than 

monovalent ions. The rejection of divalent ions which are the same charge of NF 

membrane can be achieved greater than 95% while monovalent ion rejection is between 

20 and 80% (Schaep et al., 2001). 

Fig. 2.2 Rejection curve for rejection of uncharged solutes with NF membrane (Schaep 

et al., 2001). 
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▪ Membrane Fouling 

Fouling is one of the main challenges in any membrane separation technology, 

particularly for NF where fouling take place in the nanoscale. The undesirable 

adsorption and deposited of organic solutes, inorganic solutes, biological solids and 

colloids on membrane surface play a major role in NF membrane fouling (B. Van der 

Bruggen et al., 2008). The characteristics of membrane surface such as hydrophilicity 

and roughness are the main factor in fouling phenomenon (Mo & Ng, 2008). Membrane 

fouling causes variety of problems including pretreatment requirement, flux decline, 

membrane cleaning, feed water loss, limited recoveries, decrease membrane stability 

and short lifetime of membrane (Van der Bruggen, 2008). A total control of fouling is 

compulsory to reduce the operational and maintaining costs of membrane and increase 

membrane stability and lifetime for sustainable applications. 

▪ Treatment Concentrates 

The generation of concentrate after separation process is the common problem 

for membrane filtration system, including NF. Concentrate or retentate is unwanted by-

product during water purification process. The concentrate compositions are similar to 

the compositions of the feed water but with increased concentration. Since the typical 

function of NF membrane is separation, neither destruction nor transformation, those 

unwanted concentrates have to be disposed or further treated. Incineration, reuse, 

discharge directly or indirectly to surface and ground water, direct or indirect landfill 

disposal, and further treatment by removal of contaminants are the possible methods to 

deal with concentrate. However, the release of micropollutants to concentrate stream 

was considered as a risk (Nghiem and Schäfer, 2006) and integration of appropriate 

treatment method with membrane system is the most attractive option that needs a 

further study.    

2.2.3 Photocatalytic Membrane Filtration 

NF is growing much attention as one of the most promising separation methods 

for water treatment application because of its high separation efficiency, facile 

operation, compact design and low energy consumption (Vatanpour et al ., 2014). 
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Introduction in late 1980s in purpose of water softening and organic removal (Eriksson, 

1988), the application range of NF has extended in drinking water production such as 

removal of pesticides, pharmaceuticals and other OMs (Plakas & Karabelas, 2012; 

Yoon et al., 2007; Zhang et al., 2006) because molecular weight (MW) of OMs are 

often in the same as molecular weight cut-off (MWCO) of NF membrane from 200 to 

500 Da (Mohammad et al., 2015). Besides its advantages, membrane fouling is biggest 

challenge of NF (Van der Bruggen and Vandecasteele, 2002) and further developments 

of this system to deal with these issues are required. 

Photocatalytic membrane is an integration of photocatalysis with membrane 

filtration system. Basically, during photocatalytic process, the refractory organics , a 

membrane foulants, are transformed to biodegradable compounds, convert them to 

carbon dioxide and water (Nan et al., 2010) and remove from membrane surface. This 

hybrid system is not only combining advantages of their treatment techniques but also 

extinguish challenges of one another. On one hand, photocatalysis could permanently 

eliminate the membrane fouling and minimize the concentrated effluent by degradation 

of pollutants which were retained on membrane surface. Membrane filtration, on the 

other hand, could separate the fine catalysts from the system for recovery and recycle 

and retained the toxic by-products which might be generated during photocatalytic 

process. However, selection of appropriate catalysts to apply in this integrated system 

is crucial to consider since those catalytic materials should have benefits for both 

photcatalysis and membrane filtration. 

2.3 Metal Organic Framework 

Metal organic frameworks (MOFs) are inorganic-organic hybrid porous materials 

with crystalline structure and large surface area. These materials are constructed 

through inorganic metal ions as connecting centers and organic moieties as linkers (Fig. 

2.3, Li et al., 2012) which significantly offer chemical diversity since they can be 

modified by various functional groups (Wen et al., 2017). Currently, there are about 

20,000 different kinds of MOFs have been synthesized by using different methods such 
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as solvothermal, electrochemical and microwave-assisted heating (Sharma and Feng, 

2017).  

 

Fig. 2.3 Schematic diagram of classification porous solids and construction procedures 

of MOFs  

 

Because of their crystalline nature, structures of MOFs is easy to be 

characterized by single-crystal X-ray diffraction or powder X-ray diffraction (PXRD) 

(J. Li et al., 2012). Thermogravimetric analyses (TGA) and nuclear magnetic resonance 

(NMR) also can be used to characterize their structures (J. Li et al., 2012). MOFs have 

emerged for about 20 years ago, quickly developed and have attracted a lot attention 

because of their various potential applications such as adsorption (Khan et al., 2013), 

gas capture and storage (Kitagawa et al.,2004), molecule separation (Jian-rong Li et al., 

2012), catalysis (Kuila et al., 2017), smart sensor (Kreno et al., 2011) and membrane 

separation (Eddaoudi, 2015). Adsorption, advanced oxidation processes (AOPs) and 

membrane separation have been sought for applications of MOFs in water treatment. 

Among MOF family, UiO-66 which UiO stands for University of Oslo and 

chemical formula Zr6O4(OH)4(BDC)6 have been reported of having very high stabilities. 

The UiO-66 showed a high thermal stability above 500 °C and quite resistant to various 
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solvents such as water, dimethylformamide (DMF), benzene and acetone (Cavka et al., 

2008). The structure of UiO-66 remain crystalline even after exposing to high external 

pressure up to 10,000 kg/cm2 (Cavka et al., 2008). With their excellent stabilities and 

huge surface areas (1187 m2/g) (Cavka et al., 2008), UiO-66 can be a potential candidate 

among MOFs in water treatment field. 

2.3.1 Photocatalytic Property of MOFs 

Currently, metal oxides, particularly TiO2, have been widely used as catalyst 

because of their high catalytic activity, availability and low cost but low adsorption 

capacity and poor degradation under visible light are the major challenges of those 

metal oxides and further researches of new photocatalytic materials have been 

encouraged to exploit (Dong et al., 2015).  

MOF family has unique characteristics in using the photo energy like metal 

oxide photocatalysts (Hoskins and Robson, 1990) and can be applied as photocatalysts, 

co-catalysts, and host for photocatalysis (Wang and Wang, 2015). Under light 

irradiation, the organic linker of MOFs play role as antenna to capture the light to 

generate electron holes. The electrons get excited from highest occupied molecular 

orbital (HOMO) to lowest occupied molecular orbital (LOMO) of organic linker and 

then those photo-excited electrons move to inorganic cluster of MOFs (metal nodes) 

through a linker to cluster charge transfer mechanism (LCCT) to activate metal node of 

MOFs, subsequently induce a heterogenous photoredox reaction such water splitting, 

CO2 production, and organic pollutant degradation (Wen et al., 2017). Various groups 

of MOFs have been used as photocatalysts including MOF-5, MIL-53, IRMOF-1, 

UiO66 and UiO67 under UV irradiation with high photodegradation (Wang et al., 2011; 

Mahata et al.,2006). Later on, more effort has been made to develop MOF 

photocatalysts to work under visible light. The study of Long et al. which used an 

amine-functional UiO66 (UiO66-NH2) under visible light showed a good result with 

high efficiency and selectivity such as alcohols, cyclic alkanes, and olefins because its 

high specific surface area (1207.5 m2/g), low band gap 2.71 eV and various functional 
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groups (Chavan et al., 2014; Musho et al., 2014a; Long et al., 2012). The photocatalytic 

mechanism of UiO66-NH2 photocatalysts was illustrated in Fig. 2.4.  

Fig.2.4. Schematic diagram of mechanism of UiO66-NH2 photocatalyst ( Long et al., 

2012) 

 

2.3.2 MOF Based Membrane 

Inorganic and polymeric membranes are mostly applied in membrane 

technology (Fane et al ., 2011) . Despite their advantages including stable pore structure, 

chemical inertness and temperature resistance, inorganic membranes have been 

suffering with several problems such as complicated fabrication process, nonselective 

cracks and prohibitive cost (Safarpour et al., 2014). Polymeric membranes, on the other 

hand, overcome the membrane market because of their easy and cheap fabrication 

(Alpatova et al., 2013). However, the hydrophobic surface and malleable characteristic 

of polymeric membranes are the major drawbacks of using them in membrane 

applications (Wu et al., 2008). Integrate the composite material with polymeric 

substrates could be potential options. Pore size and shape, high surface area and variety 

of chemical modification are the attractive features of MOFs.  
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Composites MOF particles on polymeric membrane could strengthen the 

membrane softness and improve their hydrophilic nature. Also, the organic linker of 

MOFs could provide a helpful platform for chemical modifications of the surface, 

which offer a better adhesion to polymeric membrane comparing to other inorganic 

materials (J. R. Li et al., 2012). As the result, some groups of MOFs such as UiO-66, 

HKUST-1 and MIL53(Fe) in mixed-matrix membrane (MMM) are resilient to 

mechanical stress and be easily handled (Fig. 2.5). From the same report (Denny & 

Cohen, 2015) demonstrated that crystalline structure of MOF on membrane remained 

the same as those in MOF particles. 

Fig. 2.5. Several of MOFs based mixed-matrix membrane and their strong resilience to 

mechanical stress (Denny and Cohen, 2015) 

 

2.3.3 Composites of MOF Carbonaceous Materials 

Incorporation of MOFs and carbonaceous materials such as activated carbon 

(Dawoud et al., 2007), carbon nanotube (Anbia & Sheykhi, 2013; Prasanth et al., 2011), 

and graphene oxide (GO) (Cao et al., 2015; Zhao et al., 2013) as composite materials 
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could improve MOF properties and expand their applications in water wastewater 

treatment (Fig. 2.6).  

Fig. 2.6 Photocatalytic mechanism of composite UiO66-NH2@GO (Xu et al., 2015) 

 

Recent studies have reported that the synthesis of MOF and GO composites 

could create new pores between MOF units and GO sheets and their adsorption capacity 

consequently became higher than parent MOFs (Petit and Bandosz, 2009). MOFs could 

anchor to GO layers due to incorporation of metal ions of MOFs and carboxyl groups 

of GO, then widen the interlayer space and form the porous structure on GO layers (Ma 

et al., 2017).  Also, GO has high hydrophilicity and dispersibility due to the oxygen 

containing functional groups including carboxyl, epoxy, hydroxyl groups on its panel 

and edge (Compton and Nguyen, 2010). As the result, GO also has ability to improve 

MOF formation by suppressing MOF aggregation, increasing dispersion force within 

the MOFs, and controlling their physical-chemical properties including morphology, 

size and structure (Ma et al., 2017). The studies of Ma et al and Ying et al reported that 

UiO-66@GO membrane gave higher flux and anti-fouling compared to pristine 

polyethersulfone (PES) membrane because of its hydrophilicity and membrane 

smoothness (Ma et al., 2017; Ying et al., 2017). 
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Fig. 2.7 Structure of MOF@GO was synthesized by using a pressure-assisted self-

assembly (PASA) method (Ma et al., 2017) 

 

2.4 Conclusion, Limitation and Research Needs 

The occurrence of organic micropollutants (OMPs) in aquatic environment has 

become increasing environmental concerns due to their toxicity and long persistence in 

environment. The concentration of those OMPs from ng/l to µg/l was found in 

wastewater effluent, surface water, ground water and even drinking water and need to 

be eliminated.  

Nanofiltration (NF) membrane is growing much attention as one of the most 

promising separation methods for water treatment application because of its high 

separation efficiency, facile operation, compact design and low energy consumption. 

With MWCO often in the same range as MW of OMPs (200-500 Da), NF membrane 

show a high potential to remove OMPs from water. However, membrane fouling is one 

of the major challenges in membrane technology, particularly in NF where the fouling 

take place in nanoscale. Modification of membrane surface and integration with another 

technique can be potential solutions to deal with currently NF issue. 

Photocatalytic membrane is an integration of photocatalysis during membrane 

filtration process. This hybrid system is not only combine advantages of their treatment 

techniques but also extinguish challenges of one another. On one hand, photocatalysis 

could permanently eliminate the membrane fouling and minimize the concentrated 

effluent by degradation of pollutants which were retained on membrane surface. 

Membrane filtration, on the other hand, could separate the fine catalysts from the 
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system for recovery and recycle and retained the toxic by-products which might be 

generated during photocatalytic process. However, selection of appropriate catalysts to 

apply in this hybrid system is crucial to consider since those catalytic materials should 

have advantages for both photcatalysis and membrane filtration. 

Metal organic frameworks (MOFs) are inorganic-organic hybrid porous 

materials which are constructed through inorganic metal ions as connecting centers and 

organic moieties as linkers. Applications of MOFs in membrane filtration have been 

increasing due to attractive features of MOFs such as their physico-chemical properties. 

Composites MOF particles on polymeric membrane could strengthen the membrane 

softness and improve their hydrophilic nature. Also, the organic linker of MOFs could 

provide a helpful platform for chemical modifications of the surface which offer a better 

adhesion to polymeric membrane comparing to other inorganic materials. In 

photocatalysis, MOFs have a perfect crystalline structure, high BET surface area, 

various functional groups and show a photocatalytic property with band gap about 3 eV 

which could overcome inorganic photocatalysts.  

GO has high hydrophilicity and dispersibility due to the oxygen containing 

functional groups including carboxyl, epoxy, hydroxyl groups on its panel and edge. 

The combination of MOFs and GO are considered as a novel catalyst in photocatalytic 

membrane. The high conductivity and mobility of charge carriers of GO can enhance 

the catalytic activity in the system. GO also has ability to improve MOF formation by 

suppressing MOF aggregation, increasing dispersion force within the MOFs, and 

controlling their physical-chemical properties including morphology, size and structure. 

The previous studies claimed that MOFs@GO membrane gave higher flux and anti-

fouling comparing to pristine PES membrane because of its hydrophilicity and 

membrane smoothness.  

Up to date, there’s no application of photocatalysis during UiO66@GO NF 

membrane process are reported yet. Since UiO66@GO composites are expected to have 

a hydrophilicity and give a catalytic property, integrate UiO66@GO membrane with 
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photocatalytic process will be a novel sustainable method to improve water flux, 

membrane regeneration, minimize the waste after filtration. 
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CHAPTER Ⅲ 

Materials and Characterization 

 

3.1 Materials 

Atrazine (≤100%), carbamazepine (>98%), diclofenac sodium salt (≤100%), 

hydrochloric acid (35–37%), hydrogen peroxide (30–35.5%), methanol (99.9%), p-

benzoquinone (≥98%), potassium permanganate (>99.0%), sulfamethoxazole (≤100%), 

sulfuric acid (≥95%), terephthalic acid (≥98%), and zirconium(IV) chloride (>99.5%) 

were purchased from Sigma-Aldrich (Tokyo, Japan). N,N'-Dimethylformamide (DMF; 

99.5%) and potassium peroxodisulfate (≥98%) were purchased from Kanto Chemical 

(Tokyo, Japan). Graphite flakes (325 mesh, 99.8%), isopropanol (≤100%), and sodium 

oxalate (≥99.5%) were obtained from Wako Chemical (Tokyo, Japan). Suwannee River 

humic acid was purchased from the International Humic Substances Society (IHSS, 

USA). All chemical reagents were of analytical grade and were used immediately after 

purchase without further purification. Milli-Q water was used as a solvent for all 

experiments. GLK8MQ UVC lamp (254 nm) was purchased from Sankyo Denki Co., 

Ltd. (Kanagawa, Japan). Synder polyamide (PA) nanofiltration membrane sheet (NFX) 

with molecular weight cut off 150-300 Da was supplied by Sterlitech Corporation 

(Washington, USA) and a Millipore stirred cell (Amicon UFSC40001, Merck-Millipore, 

Burlington, MA, USA) was used for the filtration experiment.   

3.2   Synthesis Methods 

3.2.1 GO Synthesis 

GO was synthesized by the method of Abdolhosseinzadeh et al with a little 

modification (Fig. 3.1) (Abdolhosseinzadeh et al., 2015). First, 1 g of graphite flakes 

was added to 50 mL concentrated sulfuric acid (H2SO4) while stirring in an ice-water 

bath. Then, 3 g of potassium permanganate (KMnO4) was slowly added in the mixture 

to maintain the temperature under 10 °C. Then, the suspension was stirred for 25 mins 

and sonicated for 5 mins by ultrasonic bath at room temperature. After repeating the 
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stirring-sonication process for 12 times, the suspension was diluted by 200 mL distilled 

water, followed by extra 2h sonication. After sonication, 20 mL of hydrogen peroxide 

(H2O2) was added to the exfoliated graphite oxide suspension and stirred until gas 

evolution ceased to reduce residual permanganate. Then the mixed solute was washed 

by 1M hydrochloric acid (HCl) and distill water several times and centrifuged each time 

for 30 mins at 4500 rpm. Finally, graphene oxide precipitates was freeze-dried at room 

temperature and kept dried until use. 

3.2.2 UiO-66 Synthesis 

The synthesis of UiO66 followed the method as described in Ma, et al (Ma et 

al., 2017) with a little modification (Fig. 3.2). First, 1.16 g (5mmol) of zirconium (IV) 

chloride (ZrCl4) and 0.83 g (5mmol) of terephthalic acid (H2BDC) were dissolved in 

150 mL of N,N'- dimethylformamide (DMF). Then, the mixture was placed into a 200 

mL Teflon liner within a stainless-steel autoclave and kept reaction in a drying oven at 

120 °C for 24 h. After the reaction, the product was cooled down in the room 

temperature, centrifuged and washed with DMF and methanol repeatedly. Afterward, 

the washed sample was re-dispersed in methanol for 2 days, centrifuged, and dried in a 

freeze dryer overnight. Finally, the crystalline UiO-66 kept dried until further use.  
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Fig. 3.1 The summery of GO synthesis 

Fig. 3.2 The summery of UiO-66 synthesis 
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3.2.3 UiO-66_GO Synthesis 

To prepare composites of UiO-66 and GO (Fig. 3.3), different amounts of GO 

(0.1, 0.5, 1, and 5 wt.% with respect to the total amount of ZrCl4 and H2BDC) were 

dispersed in DMF (150 mL) with the aid of sonication for 8 h. Each GO solution was 

then mixed with ZrCl4 (1.16 g) and stirred overnight. H2BDC (0.83 g) was then added, 

and the mixture was stirred until complete dissolution and transferred to the reaction 

vessel. After solvothermal reaction for 24 h at 120 °C, the obtained composite material 

was cooled down to room temperature, centrifuged (4,500 rpm for 15 min), and 

repeatedly washed with DMF and methanol. Finally, the product was dried in a freeze-

dryer overnight and kept dry until use. The obtained composites with different GO 

contents ((0.1, 0.5, 1, and 5 wt.%) are designated as UiO66_GO-0.1, UiO66_GO-0.5, 

UiO66_GO-1, and UiO66_GO-5, respectively. 
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Fig. 3.3 The summery of UiO-66 _GO synthesis  

 

3.2.4 Preparation of UiO-66 _GO NF Membrane 

Nanocomposite NF membranes were prepared by pressure-assisted self-

assembly (PASA) system. I used a 0.5% GO loading in the composite material because 

it showed the highest photodegradation rate for carbamazepine as shown in Chapter 4. 

First, difference contents of UiO-66_GO (5, 10, 15, 20, 30 wt% of pristine NF 

membrane) were dispersed in MilliQ water with concentration of 0.5 g/l and sonicated 

for 15 mins. Then the solutions were filtrated through 76 mm in diameter of NFX 

membrane by stirred cell apparatus at 5 bars. After filtration, the composite membranes 

was dried in air at room temperature overnight and moved to freeze dryer overnight. 
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Fig. 3.4 The summery of UiO-66 _GO NF membrane preparation  

 

3.3 Characterization of UiO-66_GO composite 

 The crystalline structures of UiO-66, GO, and UiO-66_GO composites were 

confirmed by X-ray diffraction (XRD) analysis (Miniflex 600, Rigaku, Japan) in the 2θ 

range 5−50° employing Cu-Kα radiation (λ=0.15406 nm). The surface morphologies, 

microstructures, and elemental compositions of the prepared catalysts were examined 

by means of both a scanning electron microscope (SEM; SU9000, Hitachi, Japan) and 

a transmission electron microscope equipped with an energy-dispersive X-ray 

spectroscopy attachment (TEM-EDS; JEM-2010 F, JEOL, Japan). Fourier-transform 

infrared (FTIR) spectra were recorded from samples in KBr pellets in the range =400–

4,000 cm-1 to identify the functional groups present (FTIR 4600, JASCO, Japan). 

Specific surface areas, principal pore sizes, and pore volumes were determined by 

recording N2 adsorption–desorption isotherms on an Autosorb-iQ analyzer 

(Quantachrome, USA) at 77 K. UV/Vis absorption spectra were measured with a UV-

2600 spectrophotometer (Shimadzu, Japan). For further investigation of the optical 
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properties of the materials, their indirect band gaps were calculated by the Trauc plot 

method as described in Wang et al. (2016). 

3.4 Characterization of UiO-66_GO/NF Membrane 

The static water contact angle of the membrane surface was determined with a 

contact angle meter (Simage AUTO 100, Excimer Inc., Yokohama, Japan) to confirm 

their hydrophilicity. Three measures of surface roughness were measured by AFM 

(Asylum CypherS, Oxford Instruments, Abingdon, UK) with a scan area of 3 × 3 μm. 

The measures were average roughness (Sa) and root mean square roughness (Sq), which 

are the average deviation and standard deviation of peaks and valleys, respectively, and 

the mean height difference between the highest peaks and lowest valleys (Sy). In 

addition, the membrane thickness (l) was manually measured by using a scale ruler. 

Overall porosity (ε) and mean pore radius (rm) of the membranes were calculated 

by the gravimetric method (Eq. 1) and the Guerout-Elford-Ferry model (Eq. 2), 

respectively (Safarpour et al., 2014b). 

ε =  
𝑚1−𝑚2 

𝑙𝐴𝑑𝑤
  (1) 

rm =  √
(2.9−1.75𝜀) 8𝜂𝑙𝑄 

𝐴𝜀𝑃
 (2) 

 

Here, m1 and m2 are the masses of the wet and dry membranes (kg), respectively, l is 

the membrane thickness (m), A is the membrane surface area (m2), dw is water density 

(103 kg/m3), η is water viscosity (8.9 × 10-9 bar s), Q is the volume flow rate (m3/s), and 

P is the operational pressure (bar).  

3.4 Result and Discussion 

3.4.1 Crystalline Structure 

The pristine graphite used showed a peak at 2θ26.52° corresponding to an 

interlayer spacing of 0.34 nm, whereas the most intense peak of GO appeared at 

2θ10.08°, corresponding to an interlayer spacing of 0.88 nm (Fig. 3.5). The increase 

in interlayer spacing after oxidation was due to the presence of oxygen functional 

groups on each carbon layer, as could be confirmed by FTIR (seen section 3.4.2), 

indicating that graphite was oxidized to GO. The XRD pattern of UiO-66 was in good 

agreement with that reported in the literature (Cavka et al., 2008; Kalidindi et al., 2015). 
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Similar peaks to those of UiO-66 were observed in the diffraction patterns of the UiO-

66_GO composites, but the crystalline peak of GO was not observed due to its low 

loadings in the composites (0.1, 0.5, 1, and 5 wt.%) and its good dispersion in DMF 

(Cai and Song, 2007; Cao et al., 2015). The observations suggest that GO did not 

interfere with the crystalline structure of UiO-66 in the composites.  

 

Fig. 3.5 XRD patterns of graphite, GO, UiO-66, and UiO-66_GO composites 

 

3.4.2 Surface Functional Groups 

The FTIR spectrum of GO (Fig. 3.6) featured absorption peaks at =1,734 cm-

1 due to the C=O bonds of carboxyl and carbonyl groups, 3,365, 1,625, and 1,409 cm-1 

due to the O−H bonds of hydroxyl groups, and 1,050 cm-1 due to the C−O bonds of 

epoxy and alkoxy groups (Guo et al., 2009; C. Yang et al., 2017), confirming the 

presence of oxygen functional groups. The absorption peaks of UiO-66 showed the 

fingerprint groups, including the C=O bond of carboxylate groups in the 1,4-

benzenedicarboxylic acid (BDC) ligand (1670 cm-1), the O−C−O unit of BDC (1585 

and 1395 cm-1), C=C of the benzene ring (1506 cm-1), the O−H bonds of hydroxyl 

groups (3365 and 746 cm-1), a Zr−O mode (659 cm-1), and Zr−O−C symmetric 
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stretching (Jin and Yang, 2017; Ma et al., 2017). However, no significant absorption 

bands of GO were observed in the spectra of the UiO-66_GO composites, which 

suggests that the oxygen atoms of carboxyl groups (-COO-) on the GO layer are bonded 

with the coordinatively unsaturated metal complex (Zr-OH/OH2
+) of UiO-66 (Petit and 

Bandosz, 2009; Qiu et al., 2015), similarly to the bonding between the H2BDC linker 

and the metal complex in pristine UiO-66. However, the occupation of sites on the 

coordinatively unsaturated metal complex (Zr-OH/OH2
+) of UiO-66 by GO might 

interfere with the adsorption capacity of CBZ, which would be expected to bind at the 

same site. 

Fig. 3.6. FTIR spectra of graphite, GO, UiO-66, and UiO-66_GO composites 

 

3.4.3 SEM Morphology  

SEM images revealed dense layered sheets of GO (Fig. 3.7A) and cubic 

crystalline particles of UiO-66 (Fig. 3.7B), the size of the latter (70 nm) being smaller 

than that reported in the literature (>100 nm) (Cao et al., 2018; Ma et al., 2017). The 
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smaller particle size is probably due to the different ratio of ZrCl4, H2BDC, and DMF 

used in the synthetic process. Moreover, the UiO-66 particle size in the composites 

decreased with increasing GO content, as shown in Fig. 3.7, which may be related to 

the limited growth space on the GO layers (Ma et al., 2017). Thus, this may be regarded 

as further evidence for different loadings of GO in composite materials. 

Fig. 3.7 SEM images of [A] GO, [B] UiO-66, [C] UiO-66_GO-0.1%, [D] UiO-66_GO-

0.5%, [E] UiO-66_GO-1% and [E] UiO-66_GO-5% 

 

3.4.4 TEM Morphology and Element Composition 

Differences in microstructure and elemental composition among the 

composites could be discerned from their TEM images and EDS patterns, respectively 

(Fig. 3.8). A uniform distribution of UiO-66 particles on a large GO sheet could clearly 

be observed (Fig. 2C). It can be envisaged that the Zr4+ metal nodes in UiO-66 are 
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coordinated by oxygen functional groups on the GO layer, thus preventing the 

aggregation of UiO-66 and improving its dispersion, as suggested previously (Petit and 

Bandosz, 2009). Additionally, the EDS pattern from a TEM image of GO (Fig. 3.8D) 

showed C and O as the main elements, whereas UiO-66 and the composites showed C, 

O, and Zr (Figs. 3.8E and 3.8F). 

Fig. 3.8. TEM images of [A] GO, [B] UiO-66, and [C] composite (UiO-66_GO-5) and 

EDS spectra of [D] GO, [E] UiO-66, and [F] composite (UiO-66_GO-5) 

 

3.4.5 Specific surface areas, principal pore sizes, and pore volumes 

The surface area of UiO-66 was determined as 420 m2/g, which falls within a 

similar range (400–600 m2/g) as reported in some previous studies (C. Chen et al., 2017; 

Ding et al., 2017; Shafiei-alavijeh et al., 2018), but lower than that in other reports 

(800–1200 m2/g) (Lin et al., 2014; Smith et al., 2015; Wang et al., 2016). The different 
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surface areas may be associated with different preparation methods of the material 

(Ding et al., 2017). The micropores of UiO-66 were predominantly in the size range of 

0.4–1 nm, although some pores in the range of 1–2.45 nm were also discerned. The 

surface area and pore volume of GO were evaluated as 56 m2/g and 0.23 cm3/g, 

respectively. The former is higher than those reported in previous studies (7–30 m2/g) 

(Bradder et al., 2011; Liu et al., 2016; Lonkar and Dubois, 2015). This might be 

attributed to different degrees of exfoliation of GO during preparation of the material 

(Pignatello, 2005; Zhou et al., 2015). 

Although the surface area of GO is low, its presence in the respective 

composites significantly increases their surface areas, total pore volumes, and 

micropore volumes compared to those of the pristine UiO-66. The increase in the 

porosity of UiO-66_GO is apparent at both the micro- and macropore levels (as shown 

in Table 3.1). The enhancement of the macroporosity of the composite surface can be 

attributed to a new porous structure produced at the interface between the GO layer and 

the UiO-66 “block,” as seen in the pore size distribution (PSD) plot (Fig. 3.9). 

Meanwhile, the microporosity might be improved by the enhancement of crystalline 

structure dispersion along with the GO layer inducing smaller particle size. At high GO 

contents, as in UiO-66_GO-1 and UiO-66_GO-5, the surface area and total pore volume 

were significantly decreased as a result of GO sheet stacking and cubic UiO-66 particles 

being enveloped by the GO sheets. These observations imply that the introduction of 

GO markedly affects the pore structure of the composites, but that a continuous increase 

in GO content (>0.5 wt%) does not have a beneficial effect. Nonetheless, the large 

surface area and pore volume of UiO-66_GO composites likely provide more active 

sites for adsorption and photocatalytic performance. Conversely, the accessibility of 

CBZ into the micropore structure of UiO-66 might be impaired by the presence of GO 

layers and the rigid 3D structure of the composite, which will be less accessible than an 

MOF with a 1D flexible structure. 
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Fig. 3.9 Pore size and pore volume distribution for GO, UiO-66 and composites 
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Table 3.1 Surface areas, pore sizes, pore volumes, and indirect band gaps of GO, UiO-66, and composites. 

 

a Specific surface area calculated from N2 adsorption data using the Brunauer–Emmett–Teller (BET) method. 
b Pore diameter calculated from N2 adsorption data using the Barrett–Joyner–Halenda (BJH) method. 
c Total pore volume calculated from N2 adsorption data using the BJH method at P/P0 = 0.99. 
d Pore volume distribution classified according to the IUPAC definition and calculated by the BJH method. 
e Indirect bandgap calculated from UV/Vis absorption data by the Trauc plot method. 

N/A: not available. 

Catalyst 
𝑺𝑺𝑨𝑩𝑬𝑻

a 

m2/g  

Main pore sizeb  

nm 

𝑷𝑽𝒕𝒐𝒕𝒂𝒍
c  

cm3/g 

BJH pore volume distributiond Indirect band 

gape 

eV 
 𝑷𝑽𝒎𝒊𝒄𝒓𝒐(<2 nm)  

cm3/g, [%] 

 𝑷𝑽𝒎𝒆𝒔𝒐(2-50 nm)  

cm3/g, [%] 

𝑷𝑽𝒎𝒂𝒄𝒓𝒐(>50 nm) 

cm3/g, [%] 

GO 56.4 10.94 0.588 0.027 [4.63] 0.004 [0.68] 0.557 [94.69] N/A 

UiO-66 419.9 3.94 0.448 0.177 [39.41] 0.013 [2.99] 0.258 [57.60] 3.55 

UiO-66_GO-0.1 1004.6 3.95 0.879 0.577 [65.65] 0.007 [0.83] 0.295 [33.52] 3.55 

UiO-66_GO-0.5 913.4 4.02 1.052 0.526 [50.04] 0.004 [0.36] 0.522 [49.6] 3.45 

UiO-66_GO-1 778 3.92 0.811 0.385 [47.45] 0.005 [0.56] 0.522 [51.99] 3.30 

UiO-66_GO-5 552.4 4.03 0.398 0.226 [56.79] 0.005 [1.33] 0.167 [41.87] 3.20 
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3.4.6 UV-Vis Light Absorption 

The pristine GO showed light absorption in the wavelength range of 200–

800 nm (Fig. 3.10a), in agreement with previous reports by Peng et al. (Peng et al., 

2012) and Yang et al. (Z. Yang et al., 2017). The absorption spectrum of UiO-66 

featured a peak due to the Zr-O clusters at 255 nm and a ligand-based absorption at 

290 nm (Fig. 3.10a) (Sun et al., 2015; Wang et al., 2016). After adding GO, all of the 

UiO-66_GO composites showed higher light absorption in the UV region (200–

400 nm) and extended absorption in the visible region (400–700 nm) compared to the 

pristine UiO-66 (Fig. 3.10a). Increased GO content evidently decreased the band gap 

of UiO-66, as previously observed for MOF_GO, TiO2_GO, and other GO-based 

semiconductor composites (Fan et al., 2011; Xu et al., 2015; Yu et al., 2014). The band 

gap of UiO-66 was measured as 3.55 eV, corresponding to a wavelength of 350 nm, 

whereas that of the composite UiO-66_GO-5 was only 3.2 eV, corresponding to a 

wavelength of 390 nm (Fig. 3.10b). This indicates that GO plays the role of an electron 

acceptor and enhances carrier separation of photogenerated electron and holes in the 

MOF (Z. Yang et al., 2017). This modified light absorption and band gap serves to 

enhance the photocatalytic activity of UiO-66_GO composites. 
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Fig. 3.10 UV-vis absorption spectra (a) and (b) optical bandgap of GO, UiO-66 and 

composite 
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3.4.7 Composite Membrane 

The images of composite membranes with different UiO-66_GO composite 

loadings (5, 10, 15, 20, 30 wt%) on NF membrane after synthesis were observed in Fig. 

3.11. The 5, 10, 15 wt% of UiO-66_GO composite showed a better adhesion on 

membrane surface with the mass loss ˂ 10 wt% after shaking and bending whereas in 

20 and 30 wt% membranes, UiO-66_GO nanocomposite was detached from membrane 

surface with the mass loss ≥ 10 wt%. Therefore, 5, 10, 15 wt% of UiO-66_GO loadings 

have good stability and resilience to mechanical stress and were selected for further 

study in the next section. 

Fig. 3.11 Composite NF membranes with different UiO-66_GO loadings 
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3.4.8 Morphology of Composite Membrane 

SEM revealed the rough surface of the pristine NF membrane, which contained 

many nodules and globules on its surface (Fig. 3.12A), similar to previously reported 

polyamide membranes (Safarpour et al., 2015; Shen et al., 2013). The deposition of the 

UiO-66_GO nanocomposite on the NF membrane created the smooth surface (Fig. 3.12 

B, C, and D), possibly because the nodules were covered by UiO-66_GO sheets. In 

addition, the SEM images showed that the surface morphology depended on the UiO-

66_GO content. Some areas of the UiO-66_GO/NF-5% membrane were not completely 

covered by UiO-66_GO (red circle in Fig. 3.12B), whereas the UiO-66_GO/NF-10% 

membrane showed a homogenous surface without uncovered areas or cracks (Fig. 

3.12C). The UiO-66_GO/NF-15% membrane showed some cracks (Fig. 3.12D), 

indicating that a UiO-66_GO content higher than 10% decreased the stability of the 

composite membrane.  

Fig. 3.12 SEM images of the [A] pristine NF membrane, and the composite membranes 

with UiO-66_GO loadings of [B] 5%, [C] 10%, and [D] 15%. 
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The roughness parameters showed that the roughness of all the composite 

membranes was lower than that of the pristine NF membrane due to the presence of the 

UiO-66_GO sheets (Fig. 3.13, Table 3.2). The UiO-66_GO sheets covered the rough 

membrane surface, possibly by hydrogen bonding between the functional groups of the 

UiO-66_GO nanocomposite and the surface layer of the polyamide membrane (Ma et 

al., 2017; Ying et al., 2017). Consequently, unlike other inorganic nanoparticles, which 

typically show aggregation (Vatanpour et al., 2012; Wu et al., 2013), the UiO-66_GO 

nanocomposite was uniformly distributed on the membrane surface, increasing the 

surface smoothness. A similar modification has been reported by other studies in which 

hydrophilic materials were loaded on polyamide membranes (Fathizadeh et al., 2011; 

Safarpour et al., 2015; Ying et al., 2017). In addition, pressure-assisted self-assembly 

(PASA) at a constant pressure of 5 bar may produce tighter, denser, and smoother 

membranes than physical mixing of UiO-66 and GO. Increasing the UiO-66_GO 

nanocomposite loading to 15% gave higher roughness parameters (average roughness 

[Sa] and root mean square roughness [Sq]) than loadings of 5% and 10% because of the 

aggregation and agglomeration of UiO-66_GO particles on the membrane surface. 
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Fig. 3.13 Two- and three-dimensional AFM images of [A] the pristine NF membrane, 

and the composite membranes with UiO-66_GO loadings of [B] 5%, [C] 10%, and [D] 

15%. 
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3.4.9 Hydrophilicity of Membrane 

The pristine NF membrane showed a water contact angle of 39.5° (Fig. 3.14, 

Table 3.2). Addition of 5%, 10%, and 15% UiO-66_GO nanocomposite to the NF 

membrane surface decreased the water contact angles to 22.7°, 14.2°, and 5.63°, 

respectively (Fig. 3.14, Table 3.2). This means that the presence of hydrophilic 

functional groups (O−C−O, C=O, and O−H) on the UiO-66_GO surface resulted in the 

higher hydrophilicity and wettability of the membrane, which improve filtration and 

anti-fouling performance. 

Fig. 3.14 Water contact angle measurement of [A] pristine NF, and [B] 5%, [C] 10%, 

and 15% of UiO-66_GO loading in composite membranes 

 

3.4.10 Porosity and Pore Size of Membrane 

The overall porosity and the mean pore radius of the pristine NF were 64.8% 

and 2.78 nm, respectively (Table 3.2). The addition of 5%, 10%, and 15% UiO-66_GO 

to the NF membrane increased the overall porosities to 72.1%, 76.4%, and 78.3%, 

respectively (Table 3.2). The composite membranes also showed higher mean pore 
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radii (2.98, 3.26, and 3.51 nm, respectively) compared with the pristine NF membrane 

(2.78 nm). The higher porosity and larger pore radius of the composite membrane 

explained why UiO-66_GO on the membrane did not block the membrane pores and 

water pathway. These properties were achieved by the in situ one-step hydrothermal 

method, and thus the composites possessed high porosity at the micro- and macropore 

levels, as confirmed previously (Heu et al., 2020). 

 

Table 3.2 Characterization of the pristine and composite membranes. 

 

Sa: average roughness; Sq: root mean square roughness; Sy: mean height difference 

between the highest peaks and lowest valleys. 

 

3.5   Conclusion 

Nanocomposite of UiO-66_GO with different GO loadings (0.1, 0.5, 1, and 5 

wt%) was synthesized by one-step hydrothermal method and their physio-chemical 

properties were well characterized by crystalline structure, surface functional groups, 

morphology, element compositions, specific surface area, porosity and light absorption. 

Furthermore, a 0.5% GO loading in the composite material was used to prepare the 

composite membrane because it showed the highest photodegradation rate for 

carbamazepine as shown in Chapter 4. The composite UiO-66_GO/NF membranes with 

different UiO-66_GO loadings (5, 10, 15, 20, 30 wt%) were synthesized by pressure-

assisted self-assembly (PASA) and their physio-chemical properties were well 

characterized by surface morphology and roughness, hydrophilicity, porosity, thickness, 

Membrane 
Thickness 

mm 

Porosity

% 

pore size 

nm 

Roughness 

parameters 
Contact 

angle 

deg 
Sa 

nm 

Sq 

nm 

Sy 

nm 

Pristine NF 0.252 64.8 2.78 217 283 1986 39.5 

UiO-66_GO/NF-

5% 
0.267 72.1 2.98 161 211 1723 22.7 

UiO-66_GO/NF-

10% 
0.275 76.4 3.26 122 161 1564 14.2 

UiO-66_GO/NF-

15% 
0.310 78.3 3.51 136 176 1442 5.63 
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and pore size . However, only 5, 10 and 15 wt% of UiO-66_GO loadings showed a 

good adhesion on NF membrane surface and were selected for further study.  
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CHAPTER Ⅳ 

Photocatalytic Activity of Zr-based Metal Organic framework Enhanced by 

Graphene Oxide 

 

4.1 Introduction 

Heterogeneous photocatalysis is one of the so-called advanced oxidation 

processes (AOPs) and has attracted a great deal of attention over the past few decades 

for water purification and disinfection due to its advantages of being non-selective, 

chemical-free, cost-effective, and simple to operate (Dong et al., 2015; Kuila et al., 

2017; Nan et al., 2010; Uyguner-Demirel et al., 2017). New semiconductor 

photocatalysts have been developed with the aim of achieving improved photocatalytic 

performance (Kisch, 2013; Wen et al., 2017). In this regard, metal–organic frameworks 

(MOFs), as crystalline porous materials, have attracted extensive interest as emerging 

metal complex photocatalysts and semiconductor photocatalysts in recent years 

(Sharma and Feng, 2017; Wang and Wang, 2015). 

MOFs are composed of inorganic metal ions as connecting centers and organic 

moieties as linkers and offer two significant advantages in photocatalysis. First, their 

high surface areas (up to 3000 m2/g), high porosity (up to 1 cm3/g), and abundance of 

functional groups increase the number of active sorption sites, while also providing 

additional pathways for photo-induced electron migration, facilitating charge carrier 

separation (Jin and Yang, 2017; Wang et al., 2016). Second, the organic linkers and 

metal nodes of MOFs can be integrated with, or replaced by, other linkers and metal 

ions, making MOFs chemically and structurally diverse materials (Denny and Cohen, 

2015; Deria et al., 2014; Kim et al., 2012). UiO-66, a zirconium-based MOF, has been 

proposed as a potential photocatalyst due to its thermal and chemical stability, 

modifiability, high surface area, and photoactivity (Cavka et al., 2008; Kalidindi et al., 

2015; Musho et al., 2014a). However, photodegradation rates over UiO-66 are limited 

by its low adsorption capacity and wide band gap (3.7 eV) (Akpinar and Yazaydin, 

2018; Musho et al., 2014a). A few studies have demonstrated that graphene oxide (GO) 
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enhances the photocatalytic activity of UiO-66 by increasing its adsorption capacity, 

reducing charge recombination, and acting as a light sensitizer (Lin et al., 2014; Xu et 

al., 2015; Z. Yang et al., 2017). 

In this study, we present a facile hydrothermal method for preparing UiO-

66_GO nanocomposites, and report for the first time on the photodegradation of an 

organic micropollutant (OMP). Carbamazepine (CBZ) was selected as a model OMP 

due to its high potential risk to the environment (Atkinson et al., 2007; Galus et al., 

2013; Painter et al., 2009) and resistance to biological degradation under UV irradiation 

(Ali et al., 2018; H. Chen et al., 2017; Hai et al., 2018). The specific objectives of this 

study were: 1) to investigate the enhancing effect of GO on the photocatalytic activity 

of UiO-66, 2) to test the photodegradation of CBZ with different GO contents in the 

composites, and on varying the catalyst doses and solution pH, 3) to elucidate the 

photocatalytic mechanism of UiO-66_GO composites under UV irradiation, and 4) to 

test the recyclability and stability of the photocatalyst after five consecutive cycles. 

4.2 Experimental Method 

 The photocatalytic activities of the prepared photocatalysts with particle size 

200 μm mesh were evaluated by the photodegradation of CBZ under irradiation with 

UVC light of wavelength 254 nm and intensity 0.16 W/cm2. The prepared 

photocatalysts were mixed in a 100 mL glass beaker containing CBZ solution (50 mL) 

at an initial concentration of 5 mg/L. The mixture was stirred in the dark at room 

temperature (25 °C) for 1 h until the CBZ adsorption–desorption reached equilibrium. 

The experiment of blank CBZ solution without catalysts was conducted to check the 

effect of hydrolysis and photolysis. The adsorption capacity of CBZ was then calculated 

according to (Eq. 4.1): 

𝑞𝑡 = (
𝐶0−𝐶𝑡

𝑀
) ×  𝑉    (Eq. 4.1) 

where  qt is the adsorption capacity at equilibrium (mg/g), C0 is the initial 

concentration of CBZ (mg/L), Ct is the concentration of CBZ at time t (mg/L), M is the 

mass of absorbent (g), and V is the total volume of solution (L). 
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 After adsorption–desorption equilibrium had been attained, the UVC light was 

turned on and samples were collected at different time intervals: 20, 40, 60, 90, 120, 

and 180 min. After the irradiation, the solution was passed through a syringe filter 

(0.22 µm PES filter, Membrane Solution, Japan) to remove the photocatalyst, and then 

100 µL of the filtrate was used for CBZ analysis. The analysis was carried out by 

injecting the sample into a high-performance liquid chromatography (HPLC) system 

(Prominence UFLC, Shimadzu, Japan) equipped with a UV/Vis absorbance detector 

(SPD-20 UFLC, Shimadzu, Japan). A C18 column of dimensions 4.6 mm × 250 mm × 

5 µm (Kinetex Phenomenex, USA) was used. The UV/Vis detector was operated at 

285 nm and the oven temperature was set at 40 °C. The mobile phase consisted of 

methanol (60%) and water (40%) at a flow rate of 0.6 mL/min. The degradation rate 

was determined according to a pseudo-first-order kinetic model (Eq. 4.2) 

𝑙𝑛
𝐶𝑡

𝐶𝑒𝑞
=  −𝑘𝑡   (Eq. 4.2) 

where k is degradation rate (mn-1), Ceq is the concentration of CBZ at equilibrium 

adsorption (mg/L), Ct is the concentration of CBZ at time t (mg/L), and t is 

photodegradation time (min). Coefficient of determination ranged from 0.95 to 0.99 in 

this study (Fig. S5). 

The pH of the solutions was adjusted using 0.1 m HCl or 0.1 m NaOH solutions. A 

recycling experiment involving five runs was conducted to investigate the stability and 

recyclability of the catalyst. After each run, the catalyst was collected, sonicated, and 

freeze-dried prior to reuse under identical conditions. 

4.3 Results and Discussion 

4.3.1 Effect of Photocatalyst Compositions 

The result of blank CBZ experiment showed that hydrolysis and photolysis 

had no significant effect on CBZ concentration, and in the adsorption phase all 

photocatalysts reached equilibrium within 1 h (Fig. 4.1). At equilibrium (Fig. 4.1B), 

each of the UiO-66_GO composites showed an adsorption capacity up to 2.5 times 

higher than that of pristine UiO-66, attributable to the larger surface areas and pore 

volumes indicated by BET analysis. The adsorption of CBZ on UiO-66 is principally 
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through Van der Waals interactions with metal clusters (C. Chen et al., 2017), whereas 

its adsorption on GO is mainly through π-π electron donor–acceptor interactions (Cai 

and Larese-casanova, 2014; Wang et al., 2013). Among the composite materials, UiO-

66_GO-0.1 showed the highest adsorption capacity of approximately 2.96 mg/g, which 

corresponds to its highest surface area and porosity. Higher GO content resulted in 

lower adsorption capacity because of its lower surface area and porosity. These results 

further imply that excessive GO wrapped around the UiO-66 reduces the number of 

adsorption sites, consistent with the results from BET analysis and SEM observation. 

Under UVC irradiation, the presence of GO increased the photodegradation 

rate of CBZ over UiO-66 (Fig. 4.1B), except in the case of UiO-66_GO-5. The 

improvement at the lower loadings can be attributed to the increased photocatalyst 

surface area and the narrower band gap, as indicated by the BET analysis and UV/Vis 

absorption spectra, respectively. The maximum degradation rate (k = 0.0135 min–1) was 

obtained over UiO-66_GO-0.5. However, the CBZ degradation rate was lower at GO 

contents of less than 0.5 wt% (as seen for UiO-66_GO-0.1), probably because the GO 

content was too low to narrow the band gap of UiO-66. When the GO content exceeded 

0.5 wt% (UiO-66_GO-1 and UiO-66_GO-5), the degradation rate sharply decreased. 

This was because the excessive GO reduced the number of catalyst active sites, as 

shown by the BET analysis, and shielded the UiO-66 by absorbing light, which resulted 

in far fewer photogenerated charges (Xu et al., 2015; Yu et al., 2014). 
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Fig. 4.1. [A] Adsorption and photodegradation of CBZ, [B] adsorption capacity and 

photocatalytic rate k with no photocatalyst, GO, UiO66, 0.5 wt%, 1 wt%, and 5 wt% 

GO-loaded UiO-66 composites (experimental conditions: initial CBZ concentration = 

5 mg/L; pH 7±0.2; mass of photocatalyst = 50 mg; solution volume V = 50 mL). Plots 

and error bars represent averages and standard deviations from triplicate experiments. 
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4.3.2  Effect of Photocatalyst Dose 

The optimal dose of the catalyst was 1 g/L, showing high adsorption capacity 

(2.5 mg/g) and degradation rate (0.0135 min–1) to remove 5 mg/l of CBZ with high 

removal (>95%) (Fig. 4.2). A higher catalyst dose led to greater CBZ adsorption as it 

provided more adsorption sites (Cao et al., 2018; Ramezanzadeh et al., 2018). At a dose 

of 2 g/L, most of the CBZ was adsorbed and only a small amount (<40%) remained in 

solution. However, the equilibrium adsorption at 2 g/L was smaller than those at lower 

dosages (0.5 and 1 g/L) due to low availability of CBZ in the reaction system, and 

aggregation of the catalyst, which reduced the effective number of active sites (Almasri 

et al., 2018) (Fig. 4.2B). The degradation rate (Fig. 4.2B) at 2 g/L was also lower than 

those with lower dosages (0.5 and 1 g/L) because of light-shielding (H. Chen et al., 

2017). Although the highest equilibrium adsorption (3.42 mg/g) was seen at 0.5 g/L, 

the degradation rate was low (0.0091 min–1); this dose was insufficient to remove 5 

mg/l of CBZ, resulting in a low photodegradation efficiency (˂85%). 
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Fig. 4.2 [A] Adsorption and photodegradation and [B] equilibrium adsorption and 

photocatalytic rate k of CBZ at loadings of 0.5, 1, and 2 mg/L (experimental conditions: 

initial CBZ concentration = 5 mg/L; pH 7±0.2; mass of UiO-66_G-0.5 m = 25, 50, or 

100 mg; solution volume V= 50 mL). Plots and error bars represent averages and 

standard deviations from triplicate experiments. 



61 

 

4.3.3  Effect of Initial CBZ Concentration 

 The effect of initial CBZ concentration on its photodegradation was 

investigated by applying different initial CBZ concentrations of 3, 5, 10, and 20 mg/L. 

Equilibrium adsorption first increased with increasing CBZ concentration due to a 

higher driving force of the concentration gradient (Abdi et al., 2017; Cao et al., 2018) 

(Fig. 4.3). In contrast, when the initial concentration was increased from 3 to 20 mg/L, 

the degradation rate decreased. This was because excessive initial concentration could 

shield some UV light, reducing the amount of photons reaching the composite (A, 2014; 

Mamun et al., 2017). In addition, the higher initial CBZ concentration was expected to 

produce higher intermediates and those intermediates may compete with CBZ for OH•, 

resulting in a lower degradation rate, as explained by Ali et al. and Khan et al. (Ali et 

al., 2018; J. A. Khan et al., 2013). 

 Fig. 4.3 Effect of initial CBZ concentration on equilibrium adsorption and degradation 

rate (experimental conditions: pH 7±0.2; mass of UiO-66_GO-0.5 m = 50 mg; solution 
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volume V = 50 mL). Plots and error bars represent the averages and standard deviations 

from duplicate experiments. 

 

4.3.4  Effect of pH 

 The photodegradation of CBZ proved to be pH-dependent, with higher 

degradation being observed in a low pH range of 2–6 (Fig. 4.4). Since the pKa of CBZ 

is 13.9 (Moztahida et al., 2019; Oleszczuk et al., 2009), it would be neutral or bear a 

positive charge in acidic pH. Meanwhile, pH corresponding to the point of zero charge 

(pHpzc) is at 6 for UiO-66 and at 4 for GO, and thus the surface of the composite 

adsorbent will be positively charged at pH < 4 and negatively charge at pH > 6 (Cai and 

Larese-casanova, 2014; Castarlenas et al., 2017; C. Chen et al., 2017). Therefore, the 

adsorption of CBZ at pH < 4 might be disfavored by repulsive interactions between the 

positive charges of CBZ and UiO-66_GO-0.5. The highest equilibrium adsorption was 

obtained at pH 4–6, at which the surface charge of UiO-66_GO-0.5 is almost neutral. 

Apparently, electrostatic interactions are not the main adsorption mechanism of CBZ. 

The adsorption of CBZ decreased when the pH was raised to 8–10. This might be 

related to the increased number of deprotonated Zr-O- groups on the metal clusters of 

UiO-66_GO-0.5, which might reduce the number of active sites for hydrogen bonding. 

Thus, due to higher equilibrium adsorption, the lower pH range ≤ 6 showed higher 

overall removal efficiency (R 0.84, n 6, p 0.03). 
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Fig. 4.4 [A] photodegradation of CBZ at different solution pH and [B] effect of solution 

pH on equilibrium adsorption q and degradation rate k (experimental conditions: initial 

CBZ concentration = 5 mg/L; concentration of UiO-66_GO-0.5 = 1 g/L; solution 

volume V = 50 mL). Plots and error bars represent averages and standard deviations 

from duplicate experiments. 
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4.3.5  Photodegradation Mechanism and Identification of Reactive Species 

 To gain further understanding of the role of photogenerated radicals in the CBZ 

degradation mechanism, p-benzoquinone (BQ), sodium oxalate (SO), isopropanol 

(IPA), and potassium persulfate (K2S2O8) were used to quench superoxide radicals 

(O2
●─), holes (h+), hydroxyl radicals (OH●), and electrons (e─), respectively (Cao et al., 

2018; Yang et al., 2013). The addition of BQ or IPA significantly inhibited the 

degradation of CBZ, whereas the addition of SO or K2S2O8 had no significant effects 

(Fig. 4.5). These observations suggested that O2
●─ and OH● are the main active species 

for CBZ photodegradation over the UiO-66_GO system, which is in line with 

previously reported UiO-66 composites (Cao et al., 2018; Wang et al., 2016). 
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Fig. 4.5 Effects of the absence and presence of scavengers on [A] the photodegradation 

efficiency and [B] the degradation rate of CBZ over UiO-66_GO-0.5. 
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The mechanism of CBZ photodegradation over UiO-66 enhanced by GO 

(UiO-66_GO) is hypothesized to involve the following equations Eq. (4.3), (4.4), and 

(4.5) and is outlined in Fig. 4.6. 

  UiO-66_GO + hv → e─ + h+     (Eq .4.3) 

  e─ + O2 → O2
●─      (Eq. 4.4) 

  h+ + OH─ → OH●     (Eq. 4.5) 

CBZ was most likely adsorbed on the benzene structure in UiO-66_GO nanoparticles. 

Under UV irradiation, the organic ligands (H2BDC) of the composite catalyst were 

excited and could then transfer a photoelectron to the inorganic Zr-O clusters. The 

photogenerated electron (e─) in the conduction band of UiO-66 then quickly migrated 

to the GO support, greatly enhancing the carrier separation, resulting in improved 

photocatalytic activity. Subsequently, the photogenerated electron (e─) reacted with 

dissolved oxygen in the reaction system to form first O2
●─ and then OH●. The O2

●─ and 

OH● radicals then degraded the CBZ molecule to CO2, H2O, and other intermediates 

during the photolysis. This hypothesized mechanism is in good agreement with 

previous literature (Cao et al., 2018; Xu et al., 2015; Z. Yang et al., 2017). 

 The result of TOC analysis showed that the mineralization rate of CBZ after 

photodegradation was 25%. This mineralization rate indicated that CBZ was degraded 

into CO2 and H2O and other organic intermediate compounds about 75%. Thus, the 

chemical structure and toxicity of those intermediate products after CBZ 

photodegradation need to be further studied. 
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Fig. 4.6 Schematic diagram of the proposed mechanism for the enhanced photocatalytic 

oxidation over the UiO-66_GO composite catalyst 

 

4.3.6  Recyclability of the Composites 

After five consecutive runs, the photocatalytic activity of the UiO-66_GO-0.5 

composite was still considerably high (>60%). It decreased by only 30% between the 

1st and 3rd runs and maintained a similar level until the 5th run (Fig. 4.7). The decline 

in CBZ degradation could be due to its accumulation and deposition of its 

photodegradation by-products on the UiO-66_GO-0.5 nanoparticles, as confirmed by 

FTIR (Fig. 4.8). After five runs, no significant change in the structure of UiO-66_GO-

0.5 was observed by XRD or SEM (Figs. 4.9 and 4.10), indicating good stability and 

recyclability of UiO-66_GO-0.5 for practical applications. 
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Fig. 4.7 Photocatalytic performance over five cycles (experimental conditions: initial 

CBZ concentration = 5 mg/L; pH 7; mass of UiO-66_GO-0.5 m = 50 mg; solution 

volume V = 50 mL). Plot and error bars represent averages and standard deviations 

from triplicate experiments. 

Fig.4.8 FTIR spectra of fresh UiO-66_GO-0.5 and UiO-66_GO-0.5 after 5th run 
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Fig. 4.9 XRD patterns of fresh UiO-66_GO-0.5 and UiO-66_GO-0.5 after 5th run 

 

Fig. 4.10 SEM images of [A] fresh UiO-66_GO-0.5 and [B] UiO-66_GO-0.5 after 5th 

run 
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4.4. Conclusions 

 A UiO-66_GO composite catalyst prepared by a simple solvothermal method 

has been successfully applied in the photodegradation of the persistent pharmaceutical 

compound CBZ with an effective degradation efficiency (≥95%) superior to those of 

its constituent materials: GO (<75%) and UiO-66 (<85%). The enhancement of the 

photocatalytic activity of UiO-66 by GO is most likely attributable to the increased SSA 

and porosity and the narrower band gap. The photocatalytic activity of UiO-66_GO 

composites has been shown to be significantly influenced by the GO loading, catalyst 

dose, initial pollutant concentration, and solution pH. The main reactive species 

responsible for the photodegradation of CBZ have been identified as O2
●─ and OH● 

radicals. Furthermore, the composite showed good recyclability, retaining a high CBZ 

degradation efficiency of more than 60% after five cycles. 0.5 wt% of GO loading and 

acidic pH (pH=5) were optimum condition and were selected for study in the chapter 5 

due to their high photodegradation. 

Overall, this work confirmed that the modification of semiconductors with GO 

as an electron acceptor is an effective technique for improving photocatalytic activity. 

It also gives a great inspiration for the development of other GO-based composite 

photocatalysts and expansion of the application of UiO-66 in water or wastewater 

treatment technologies. To the best of our knowledge, this is the first reported 

application of UiO-66_GO for photocatalysis, and the optimum experimental 

conditions have been investigated. Practical conditions, such as actual concentrations 

of target OMPs, the water matrix, and solar light usage, might also affect UiO-66_GO 

catalysts, and need to be investigated in further research. 
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CHAPTER Ⅴ 

UiO66_GO NF Membrane and Its Filtration Performance 

 

5.1 Introduction 

Organic micropollutants (OMPs) are the organic compounds whose persistent, 

toxic and bioaccumulative properties give negative effects on environment such as 

pesticides, pharmaceuticals, personal care products, plasticizer, solvents and endocrine 

disruptors. Currently, the occurrence and persistence of those OMPs in source water are 

becoming the concern in drinking water supply due to a poor removal efficiency and 

potential adverse health effects associated with those substances for consumer (Kostich 

et al., 2014; Herklotz et al., 2010; Ormad et al., 2008). The processes of conventional 

treatment including coagulation, flocculation, and sand filtration are ineffective to 

remove OMP residues (Klavarioti et al., 2009; H. Jiang & Adams, 2006). The additional 

methods including H2O2 or O3 oxidation and activated carbon (AC) adsorption for final 

treatment steps show effective results but generation of toxic chemical by-products and 

saturation of AC are still their main challenges (Ali & Gupta, 2006; Reynolds et al., 

1989).  

Among those various treatment methods, nanofiltration (NF) membrane which 

give a high removal efficiency of hardness, multivalent ions, heavy metal and some of 

small organic molecules (micropollutants and colors) by sieving and charge effect 

mechanism (Lee et al., 2016) can be employed as a final process in treatment train to 

produce a high quality of drinking water production. Inorganic and polymeric 

membranes are mostly applied in NF membrane technology (Fane et al ., 2011). Despite 

their advantages including stable pore structure, chemical inertness and temperature 

resistance, inorganic membranes have been suffering with several problems such as 

complicated fabrication process, nonselective cracks and prohibitive cost (Safarpour et 

al., 2014). Polymeric membranes, on the other hand, overcome the membrane market 

because of their easy and cheap fabrication (Alpatova et al., 2013). However, the 

hydrophobic surface and malleable characteristic of polymeric membranes which 
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causes low water flux and high fouling formation are the major drawbacks of using 

them in membrane applications (Wu et al., 2008). Integrate the composite material with 

polymeric substrates could be potential options. The recent studies of Ma et al and Ying 

et al reported that UiO66_GO membrane gave higher flux and anti-fouling compared 

to pristine PES membrane because of its hydrophilicity and membrane smoothness (Ma 

et al., 2017; Ying et al., 2017). However, they only applied UiO66_GO composite on 

ultrafiltration membrane to reject macromolecule compounds and up to date, there has 

no report on application of UiO66_GO composites on NF membrane. 

Therefore, this chapter aims to modify hydrophobic surface of commercial NF 

membrane by hydrophilic UiO66_GO nanocomposite material to improve its water flux 

and anti-fouling properties. The synthesis method of composite nanofiltration, its 

stability, performance of OMP rejection and recovery of HA fouled membrane under 

photocatalysis were also demonstrated in this. 

5.2 Experimental Method 

The permeate flux of four membranes (pristine NF, UiO-66_GO/NF-5%, UiO-

66_GO/NF-10%, and UiO-66_GO/NF-15%) were measured in a dead-end cell 

filtration system filled (Millipore stirred cell) with nitrogen gas as a pressure source 

(Fig. 3.4). The membrane sheet was cut into a circle 76 mm in diameter with an 

effective area of approximately 41.2 cm2. Prior to the filtration experiment, each 

membrane was compacted under a pressure of 5 bar with Milli-Q water for 30 min to 

obtain a steady-state flux. To determine the pure water flux, Milli-Q water was filtered 

under a pressure of 4 bar and the permeate flux was recorded every 10 min for 1 h. 

Then, the pure water flux (Jw1, kg/m2 h bar) was calculated by (Safarpour et al., 2014b). 

 

𝐽𝑤1 =
𝑀

𝐴𝑡𝑃
 (5.1) 

 

where M is the weight of the permeate (kg), A is the membrane active surface (m2), t is 

the permeation time (h), and P is the operational pressure (bar).  

In addition, to examine the stability of the composite membranes (UiO-

66_GO/NF-5%, UiO-66_GO/NF-10%, and UiO-66_GO/NF-15%), each composite 
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membrane was washed with Milli-Q five times and dried. The masses of the composite 

membranes before and after washing were determined to calculate the mass loss of the 

UiO-66_GO composite to indicate their stability. 

To determine their flux recovery performance, immediately after pure water 

filtration (Jw1), MilliQ water was replaced with 50 mg/L SRHA as a model foulant, and 

it was filtered in an identical system for 3 h (JSRHA). The fouled membrane was washed 

and kept in MilliQ water for 15 min and its pure water flux was determined again (Jw2). 

The anti-fouling properties of the pristine and composite membranes were quantified 

by the FRR (Kumar et al., 2016).  

𝐹𝑅𝑅(%) = 100 
𝐽𝑤2

𝐽𝑤1
   (5.2) 

Here, 𝐽𝑤1  and 𝐽𝑤2  are the pure water fluxes (kg/m2 h) before and after fouling, 

respectively. A higher FRR indicates better fouling resistance. 

To understand the fouling behavior better, the additional indicators Rr, Rir, and Rt were 

determined by Eqs. 5.3, 4, and 5, respectively (Safarpour et al., 2016). 

𝑅𝑟(%) = 100 
𝐽𝑤2 − 𝐽𝑆𝑅𝐻𝐴 

𝐽𝑤1
 (5.3) 

𝑅𝑖𝑟(%) = 100 
𝐽𝑤1 − 𝐽𝑤2 

𝐽𝑤1
  (5.4) 

𝑅𝑡(%) = 100 
𝐽𝑤1 − 𝐽𝑆𝑅𝐻𝐴 

𝐽𝑤1
 (5.5)  

Rr indicates the proportion of fouling caused by concentration polarization. Rir indicates 

the proportion of fouling caused by adsorption or/and deposition of SRHA molecules 

on the membrane surface. Rt is the sum of Rr and Rir, indicating the degree of total flux 

decline. In general, a lower ratio shows better fouling resistance. 

To confirm how photocatalysis regenerated the composite membrane, after the 

filtration with SRHA solution for 3 h, the fouled membrane was irradiated under UV 

light (wavelength, 254 nm; Power = 8 W, intensity, 0.16 W/cm2) for 1 h. The membrane 

was then subjected to pure water filtration and FRR and Rir were calculated by Eqs. 5.2 

and 4, respectively. 

The separation performance of fresh UiO-66_GO/NF membranes was 

evaluated by rejection of diclofenac (DCF), carbamazepine (CBZ), sulfamethoxazole 

(SMX) and atrazine (ATZ) with the same filtration apparatus. Solutions of 1.0 mg/L of 

OMPs at pH 5 were filtered by each of the UiO-66_GO/NF membranes for 2 h under a 

pressure of 4 bar. The residual concentrations were determined by high-performance 

liquid chromatography (Prominence UFLC, Shimadzu) equipped with a UV/Vis 
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absorbance detector (SPD-20 UFLC, Shimadzu) and a C18 column of dimensions 4.6 

mm × 250 mm × 5 µm (Kinetex, Phenomenex, Torrance, CA, USA). Based on these 

measurements, the removal efficiencies of the OMPs were calculated by 

 

 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = 100
𝐶0 − 𝐶𝑝 

𝐶0
 (5.6) 

where C0 and Cp are the initial and permeate concentrations (mg/L), respectively. 

 The concentration of the nanocomposite and pollutants in the permeate water 

was analyzed by UV-Vis spectroscopy in scan mode with the wavelength ranging in 

200-600 nm. The Milli-Q water and 5 g/l of UiO-66_GO-0.5 solution was analyzed the 

same way as permeate water for reference.   

5.3 Results and Discussion 

5.3.1 Water Flux 

The pristine NF membrane had a water flux of 34 kg/m2 h bar (Fig. 5.1), which 

was comparable to the reported range (1.5–30 kg/m2 h bar) (Bruggen et al., 2003). The 

water fluxes of the UiO-66_GO/NF-5%, UiO-66_GO/NF-10%, and UiO-66_GO/NF-

15% membranes were 44, 57, and 63 kg/m2 h bar, respectively (Fig. 5.1). This result 

demonstrated that modifying the NF surface with the UiO-66_GO-0.5 nanocomposite 

increased the water flux of the pristine NF membrane substantially owing to the 

increase of the surface hydrophilicity (water contact angle), porosity, and membrane 

pore size (Table 5.2). The increased membrane hydrophilicity was attributed to the 

oxygen-containing functional groups, such as hydroxyl and carboxyl, on the UiO-

66_GO nanocomposite, which increased the water permeability and wettability of 

membrane by attracting water molecules and the high water-holding capacity of these 

groups (Kumar et al., 2016; Safarpour et al., 2014b). In addition, the higher porosity 

and larger pore size of the membranes improved the water transport paths and decreased 

the resistance to water molecules (Safarpour et al., 2016; Ying et al., 2017), increasing 

the water flux.  
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Fig. 5.1 Pure water flux of pristine and composite membranes (operation pressure = 4 

bar; solution pH = 5). Plots and error bars represent averages and standard deviations 

from triplicate experiments. 

 

5.3.2 Membrane Stability 

The mass losses for UiO-66_GO loadings of 5 and 10 wt % after five washes were 

4.49% and 8.64%, respectively (Fig. 5.2 and Fig. 5.3). Both loading rates allowed the 

strong adhesion of the UiO-66_GO nanocomposite to the membrane surface. The 

terephthalic ligand and various functional groups on the UiO-66_GO nanocomposite 

provide a supporting platform for the surface chemical modifications, which allows 

substantial adhesion to the polyamide membrane (Denny and Cohen, 2015; J. R. Li et 

al., 2012). However, when the UiO-66_GO loading was increased to 15 wt %, the mass 

loss increased to 23.1%, and voids were visible on the washed membranes (Fig. 5.2 

and Fig. 5.3). SEM images showed many cracks on the as-prepared membrane surface, 

suggesting that the stability reduction was due to the poorly structured nanocomposite 

layer (Fig.3.12). Because of the high water flux and good adhesion, the range of 5 wt% 

˂ UiO-66_GO ˂ 15 wt% was considered as the optimal loading range and 10 wt% was 

used in subsequent experiments. 
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Fig. 5.2 Mass loss (%) of UiO-66_GO nanocomposites after five washes 
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Fig. 5.3 Images of the composite membrane [A] before and [B] after washing five times 

5.3.3 Anti-Fouling Properties 

Milli-Q water was replaced with Suwannee River humic acid (SRHA) solution, 

and the permeate flux of pristine and composite membranes decreased constantly (Fig. 

5.4A) due to SRHA molecules accumulating on the membrane surface (Kumar et al., 

2016; Safarpour et al., 2015). After filtering SRHA solution for 180 min and washing 

with MilliQ water, the membranes were used to filter MilliQ water again, and the 

permeate flux was higher than for SRHA and stable over 1 h. The pristine membrane 

showed a reduction in pure water flux from 34 to 15 kg/m2 h bar, whereas the UiO-

66_GO/NF membrane showed a reduction from 57 to 29 kg/m2 h bar. The flux recovery 

ratio (FRR), irreversible fouling ratio (Rir), and total fouling ratio (Rt) of the pristine 

membrane were 49.9%, 49.8%, and 57.3%, respectively (Fig. 5.4B). This result 

demonstrated that the adsorption of SRHA caused substantial irreversible fouling, 

accounting for almost 90% of the total fouling of the pristine membrane. In contrast, 

for the UiO-66_GO/NF membrane, FRR was increased to 79.6% and Rt was decreased 

to 33.3%. Furthermore, Rir was reduced to 20.7%, which accounted for only 60% of Rt, 

demonstrating that the nanocomposites prevented the adsorption of SRHA to the 

pristine membrane. For both pristine and composite membranes, the Rir values were 

higher than the Rr values, implying that cake formation mainly contributed to fouling 

rather than concentration polarization. The higher FRR and lower fouling ratios of the 

UiO-66_GO/NF membrane than those of the pristine membrane further confirmed that 

the anti-fouling properties of the composite membrane arose from its hydrophilicity, 

surface roughness, and charge repulsion.  

The hydrophilic character of the membrane made it less prone to fouling due to the 

abundance of hydrophilic functional groups, which decreases the adsorption of 

hydrophobic SRHA molecules on the membrane surface (Goosen et al., 2005; Zhang 

et al., 2013). Furthermore, surface roughness promotes membrane fouling due to the 

accumulation of SRHA molecules in the deep valleys of the rough surface (Safarpour 

et al., 2014b; Zinadini et al., 2014). Thus, the lower surface roughness of the UiO-

66_GO/NF membrane observed by atomic force microscopy (AFM) (Table 3.2, Fig. 

5.4) decreased membrane fouling compared with the pristine NF membrane. In addition, 

the membrane charge also affects its anti-fouling properties (Bernstein et al., 2011). 

The pKa of SRHA is about 4.5 (Hebbar et al., 2015; Huang and Shiu, 1996), meaning 
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that SRHA had a negative charge under our experimental conditions of pH 5. The pH 

of the point of zero charge of UiO-66 and GO is about 4 (Cai and Larese-casanova, 

2014; Castarlenas et al., 2017; C. Chen et al., 2017), and thus the UiO-66_GO/NF 

membrane also had a negative charge at pH 5. Therefore, the electrostatic repulsion 

between the negative charges on the SRHA molecules and the membrane may be 

important in reducing the adhesion of SRHA to the membrane.  
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Fig. 5.4 [A] Flux versus time and [B] flux recovery ratio and fouling ratios of the 

pristine NF and UiO-66_GO/NF-10% membranes for SRHA filtration (experimental 

conditions: SRHA concentration = 50 mg/L; operation pressure = 4 bar; pH = 5). Plots 

and error bars represent averages and standard deviations from triplicate experiments. 

  

5.3.4 Photocatalytic Activity of UiO-66_GO/NF for Flux Recovery 

After the filtration of SRHA for 1 h, Rir of the pristine and composite membranes 

were 49.8% and 20.7%, respectively (Fig. 5.5A). Rir was probably due to complete or 

partial blockage caused by the adsorption of SRHA to the membrane surface and pores 

(Guan et al., 2018; Lin, 2017). After the fouled membrane was exposed to UV 

irradiation for 1 h, Rir of the pristine membrane decreased slightly from 49.8% to 45.1%, 

whereas Rir of the UiO-66_GO/NF membrane decreased substantially from 20.7% to 

only 2.4% (Fig. 5.5A). The photocatalytic degradation of SRHA by the UiO-66_GO 

nanocomposite caused this large decrease in Rir. To evaluate the effect of photocatalysis 

further, we measured FRR for the fouled membranes with and without irradiation (Fig. 

5.5B). FRR of the composite membrane after photodegradation increased by more than 

18%, which was higher than that of the pristine membrane (4%). This result also 

suggested that under UV radiation, the composite membrane had substantial 

photocatalytic activity that degraded SRHA on the membrane surface and recovered 

water flux, resulting in the higher FRR (˃97%), compared with no UV irradiation (Fig. 

5.5B). 
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Fig. 5.5 [A] Rir and [B] FRR with and without UV radiation for the pristine NF and 

UiO-66_GO/NF-10% membranes after SRHA filtration. Plots and error bars represent 

the averages and standard deviations from triplicate experiments. 
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5.3.5 Separation Performance 

The separation of CBZ, ATZ, SMX and DCF by the UiO-66_GO/NF-10% 

membrane was examined. The initial removal rates were higher than 90% for the first 

20 min of filtration (Fig. 5.6), which may arise from the effect of adsorption on the 

membrane surface in addition to physical separation. Over a longer filtration time, the 

rejection decreased while the adsorption equilibrium was reached, and then became 

stable after 2 h. The highest steady-state rejection got from DCF (93%), following by 

ATZ (73%) and CBZ (69%) and the lowest got from SMX (31%) (Fig. 5.6).  

The OMP rejections are summarized: DCF ˃ ATZ ˃ CBZ ˃ SMX which 

corresponding their superior hydrophobicity (Logkow): DCF ˃ ATZ ˃ CBZ ˃ SMX 

(R=0.96). The molecular weight of OMP compounds didn’t correspond to their 

rejections (R=0.41). In addition, DCF , ATZ and the UiO-66_GO nanocomposite had 

a negative charge at pH 5 (Cai and Larese-casanova, 2014; C. Chen et al., 2017; Kincl 

et al., 2004), which caused electrostatic repulsion between DCF and ATZ molecules 

and the membrane surface, increasing the rejection of DCF and ATZ, as described by 

Lin et al. (2017). In contrast, CBZ and SMX is charged positively at pH 5 (Moztahida 

et al., 2019; Oleszczuk et al., 2009), which allowed CBZ and SMX molecules to diffuse 

into the pores and the membrane surface, decreasing the rejection values (Liu et al., 

2018). Overall, UiO-66_GO/NF-10% rejected ATZ and DCF with high removal 

efficiency rates (73-93%), which resulted from the combined effects of low 

hydrophobic interaction and charge repulsion (Donnan effects). 

The result of UV-Vis analysis of nanocomposite concentration in the permeate 

showed that UiO-66_GO-0.5 solution showed the peak of absorbance at wavelength of 

230 nm (Fig. 5.7). Meanwhile, the absorbance of Milli-Q and permeate water wasn’t 

significate indicated that there aren’t any nanocomposites in permeate water and 

composite membrane can separate nanocomposite from permeate water.     
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Fig. 5.6 DCF and CBZ removal over time by the UiO-66_GO/NF-10% membrane 

(experimental conditions: initial DCF and CBZ concentration = 1 mg/L; operation 

pressure = 4 bar; solution pH = 5). Plots and error bars represent averages and standard 

deviations from duplicate experiments. 

Fig. 5.7 UV-Vis absorbance of permeate water, UiO-66_GO-0.5 and Milli-Q water 
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5.4 Conclusion 

Photocatalytic NF membranes were fabricated by depositing a 0.5% GO loading 

in the composite material (UiO-66_GO) synthesized by a hydrothermal method on NF 

membranes by PASA to improve the water flux and anti-fouling properties. The UiO-

66_GO nanocomposite at a loading of 15 wt % increased pure water flux by 187% 

compared with the pristine NF membrane flux by increasing the surface smoothness 

and hydrophilicity of the membrane surface. However, the 10 wt % loading of the UiO-

66_GO composite was optimal because of its high flux improvement (169%) and the 

good stability of the UiO-66_GO nanocomposite on the membrane surface. The UiO-

66_GO/NF-10% membrane also showed higher FRR (80%) and lower Rir (20%) than 

did the pristine NF membrane, which were attributed to the increased hydrophilicity, 

surface smoothness, and charge repulsion. In addition, the composite membrane 

showed photocatalytic activity that degraded accumulated SRHA and increased FRR to 

98%. The composite membrane also high solute rejection of OMP (DCF), although it 

may necessary to measure the effects of photocatalytic activity of UiO-66_GO on solute 

rejection by the membrane and membrane lifetime for long term usage.  
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CHAPTER Ⅵ 

Conclusion and Recommendations 

 

6.1 Conclusion 

This study aimed to develop a novel photocatalytic NF membrane using Zr-

based organic framework enhanced by graphene oxide for water and wastewater 

treatment and consist of several specific objectives. 

First, the specific objective is to present a facile hydrothermal method for 

preparing UiO-66_GO nanocomposites with different GO loading and characterize 

their physio-chemical properties. As the result, nanocomposite of UiO-66_GO with 

different GO loadings (0.1, 0.5, 1, and 5 wt%) was successfully synthesized by one-

step hydrothermal method and their physio-chemical properties were confirmed by the 

analyses of their crystalline structure, surface functional groups, morphology, element 

compositions, specific surface area, porosity and light absorption.  

Second, the specific objective is to investigate the enhancing effect of GO on 

the photocatalytic activity of UiO-66. Consequently, UiO-66_GO composite has been 

successfully applied in the photodegradation of the persistent pharmaceutical 

compound CBZ with an effective degradation efficiency (≥95%) superior to those of 

its constituent materials: GO (<75%) and UiO-66 (<85%). Also, the photocatalytic rate 

constant over the UiO-66_GO nanocomposite was about 2.8 and 1.7 times higher than 

those over pristine GO and UiO-66, respectively. The improvement of the 

photocatalytic activity of UiO-66 by GO is most likely attributable to the increased SSA 

and porosity and the narrower band gap.  

The third specific objective is to test the photodegradation of CBZ with 

different GO contents in the composites, catalyst doses and solution pH. The 

experimental result have indicated that the amount of GO loading, catalyst dose, initial 

pollutant concentration, and solution pH significantly affect the photodegradation of 

CBZ by UiO-66_GO nanocomposites and 0.5 wt% of GO loading and acidic pH 
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(pH=5) were optimum condition and were selected for study in the further chapter due 

to their high photodegradation.  

Moreover, another objective in this study is to introduce the pressure-assisted 

self-assembly (PASA) method to fabricate UiO-66_GO/NF membranes and confirm 

the membrane stability with different loadings of UiO-66_GO nanocomposite. The 

result showed that the nanocomposite of UiO-66_GO-5 wt% with different loading (5, 

10, 15 wt%) was successfully layered on commercial nanofiltration (Synder NFX) 

membrane by pressure-assisted self-assembly (PASA) method with a good adhesion of 

UiO-66_GO composite on NF membrane to fabricate a novel composite membrane.  

To evaluate the effect of UiO66_GO nanocomposite on water flux 

improvement of commercial NF membranes, check stability of the composite 

membranes after five-time washes and point out the optimum loading of UiO66_GO 

composite on NF membrane are also other sub-objective in this study. The results 

confirmed that the presence of UiO-66_GO composite with different loadings (5, 10, 

15%) significantly increase the water flux of NF membrane flux to 130, 168, 187 %, 

respectively due to the enhancement of hydrophilic surface of the membrane. UiO-

66_GO composite loading 10 wt% is pointed out as the optimum loading because of its 

high-water flux improvement (168 %) and good adhesion on NF membrane surface 

after five-time washes. 

In addition, the investigation of the effect of UiO66_GO nanocomposite on 

FRR and anti-fouling properties indicated that the UiO-66_GO/NF-10% membrane 

also showed higher FRR (80%) and lower Rir (20%) than did the pristine NF membrane. 

Hence, UiO66_GO nanocomposite can improve FRR and anti-fouling properties of NF 

membrane, which were attributed to the increased hydrophilicity, surface smoothness, 

and charge repulsion.  

Furthermore, the determination of the rejection of various OMP groups with 

different physio-chemical properties by UiO66_GO/ NF membranes demonstrated that 

adsorption of OMPs on membrane can remove all selected OMPs including ATZ, CBZ, 

DCF and SMX more than 85%. But when the composite membrane reaches equilibrium 

state, the steady-state rejections are summarized as: DCF ˃ ATZ ˃ CBZ ˃ SMX which 
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corresponding their superior hydrophobicity (Logkow): DCF ˃ ATZ ˃ CBZ ˃ SMX 

(R=0.96), indicating that the hydrophobicity of solute plays important role in rejection 

by UiO-66_GO-0.5/NF (10%) membrane. 

Finally, the examination of the effects of photocatalysis on regeneration of 

UiO66_GO/NF membranes in order to degrade irreversible foulant and improve flux 

recovery was concluded that the composite membrane has photocatalytic activity to 

degrade HA which adsorption on membrane surface and pore by decreasing irreversible 

fouling from 21 to 7 % and increasing flux recovery ratio from 79 to 93 %.  

6.2 Recommendations and Further Research 

After the safety of permeate water has been confirmed, this novel UiO-66_GO-

0.5/NF membrane can be applied in water and wastewater treatment plant which use 

the NF membrane technology and for the point of use (POU) filter unit in household to 

product a high water capacity, good water quality and low energy consumption(Fig. 

6.1). Also, when the filtration system suffers the flux decline approximately 20%, the 

composite membrane should be irradiated under UV irradiation to improve the water 

flux recovery (Fig. 6.2).  
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Fig. 6.1 Proposed schematic diagram of [A] water treatment plant using NF membrane 

technology, [B] POU filter unit in household, and [C] municipal wastewater treatment 

using NF membrane bioreactor 

  

Overall, this novel composite NF (UiO-66_GO-0.5/NF) membrane product are 

expected to produce a high-water capacity, good water quality and low energy 

consumption but still there are some future works that need to be investigated and 

improved: 

◼ Although, this composite NF membrane show a good rejection of hydrophobic 

OMPs but the rejection of hydrophilic OMP compounds is still low and need to be 

improved in the future work.  

◼ In addition, installation UV lamp inside the practical filtration system for 

membrane recovery is complicated and need to be well designed.  

◼ Moreover, the optimum experimental conditions have been applied in this study. 

Thus, practical conditions, such as actual concentrations of target OMPs, the water 
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matrix, and solar light usage, might also affect filtration performance, and need to 

be investigated in further study. 

◼ Furthermore, the pristine membrane can be damaged by UV radiation; thus, the 

effect of photolysis on long-term use of composite membrane should be further 

investigation.  

◼ The actual ratio of GO in composite catalysts should be measured in the future 

work. 
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Table .S1 Analytical conditions of HPLC for DCF analysis 

 

Parameters Conditions 

Column C18 column of dimensions 4.6 mm × 250 mm × 5 µm 

Detector mode UV/Vis absorbance 

Wavelength 276 nm 

Mobile phase Methanol (75%): water (25%) 

Oven temperature  40ºC 

 

 

 

Fig. S1 Calibration curve of DCF standard from HPCL analysis 

 

 

 



110 

 

 

Table. S2 Analytical conditions of HPLC for CBZ analysis 

 

Parameters Conditions 

Column C18 column of dimensions 4.6 mm × 250 mm × 5 µm 

Detector mode UV/Vis absorbance 

Wavelength 285 nm 

Mobile phase Methanol (60%): water (40%) 

Oven temperature  40ºC 

 

 

 

 

 

Fig. S2 Calibration curve of CBZ standard from HPCL analysis 
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Table. S3 Analytical conditions of HPLC for SMX analysis 

 

Parameters Conditions 

Column C18 column of dimensions 4.6 mm × 250 mm × 5 µm 

Detector mode UV/Vis absorbance 

Wavelength 270 nm 

Mobile phase Acetone (40%): water (60%) 

Oven temperature  40ºC 

 

 

 

 

Fig. S3 Calibration curve of SMX standard from HPCL analysis 
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Table. S4 Analytical conditions of HPLC for ATZ analysis 

 

Parameters Conditions 

Column C18 column of dimensions 4.6 mm × 250 mm × 5 µm 

Detector mode UV/Vis absorbance 

Wavelength 222 nm 

Mobile phase Methanol (60%): water (40%) 

Oven temperature  40ºC 

 

 

 

Fig. S4 Calibration curve of SMX standard from HPCL analysis 
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Fig. S5 Kinetic rate of CBZ photodegradation by GO, UiO-66 and composites 


