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materials properties with their characterization

• Details new fabrication techniques including green synthesis,  solvent-free, 
and  energy-saving synthesis approaches

• Highlights various applications, such as removal of organic contaminants, 
discoloration of dye wastewater, petrochemical wastewater treatment, and 
electrochemically-enhanced water treatment.

With chapters written by leading researchers from around the world, this book will 
be of interest to chemical, materials, and environmental engineers working on pro-
gressing materials applications to improve water treatment technologies.



Emerging Materials and Technologies
Series Editor:

Boris I. Kharissov

2D Monoelemental Materials (Xenes) and Related Technologies:  
Beyond Graphene

Zongyu Huang, Xiang Qi, Jianxin Zhong

Atomic Force Microscopy for Energy Research
Cai Shen

Self-Healing Cementitious Materials: Technologies, Evaluation 
Methods, and Applications

Ghasan Fahim Huseien, Iman Faridmehr,  

Mohammad Hajmohammadian Baghban

Thin Film Coatings: Properties, Deposition, and Applications
Fredrick Madaraka Mwema, Tien-Chien Jen, and Lin Zhu

Biosensors: Fundamentals, Emerging Technologies, and Applications
Sibel A. Ozkan, Bengi Uslu, and Mustafa Kemal Sezgintürk

Error-Tolerant Biochemical Sample Preparation with Microfluidic 
Lab-on-Chip

Sudip Poddar and Bhargab B. Bhattacharya

Geopolymers as Sustainable Surface Concrete Repair Materials

Ghasan Fahim Huseien, Abdul Rahman Mohd Sam, and  
Mahmood Md. Tahir

Nanomaterials in Manufacturing Processes
Dhiraj Sud, Anil Kumar Singla, Munish Kumar Gupta

Advanced Materials for Wastewater Treatment and Desalination: 
Fundamentals to Applications

Ahmad Fauzi Ismail, Pei Sean Goh, Hasrinah Hasbullah, and Farhana Aziz

Green Synthesized Iron-Based Nanomaterials: Application and 
Potential Risk

Piyal Mondal and Mihir Kumar Purkait

For more information about this series, please visit: https://www.routledge.com/
Emerging-Materials-and-Technologies/book-series/CRCEMT

https://www.routledge.com/Emerging-Materials-and-Technologies/book-series/CRCEMT
https://www.routledge.com/Emerging-Materials-and-Technologies/book-series/CRCEMT


Advanced Materials for 
Wastewater Treatment and 

Desalination
Fundamentals to Applications

Edited by

Ahmad Fauzi Ismail, Pei Sean Goh,  
Hasrinah Hasbullah, and Farhana Aziz



First edition published 2023
by CRC Press
6000 Broken Sound Parkway NW, Suite 300, Boca Raton, FL 33487-2742

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC

© 2023 Taylor & Francis Group, LLC

Reasonable efforts have been made to publish reliable data and information, but the author and 
 publisher cannot assume responsibility for the validity of all materials or the consequences of 
their use. The authors and publishers have attempted to trace the copyright holders of all material 
 reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and 
let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known 
or hereafter invented, including photocopying, microfilming, and recording, or in any information 
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.copyright.
com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 
01923, 978-750-8400. For works that are not available on CCC please contact  mpkbookspermissions@
tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are 
used only for identification and explanation without intent to infringe.

ISBN: 978-0-367-76516-3 (hbk)
ISBN: 978-0-367-76517-0 (pbk)
ISBN: 978-1-003-16732-7 (ebk)

DOI: 10.1201/9781003167327

Typeset in Times
by codeMantra

http://www.copyright.com
http://www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
mailto:mpkbookspermissions@tandf.co.uk
https://doi.org/10.1201/9781003167327


v

Contents
Preface......................................................................................................................vii
Editors .......................................................................................................................ix
List of Contributors ...................................................................................................xi

Section 1 Fundamentals

Chapter 1 Graphitic Carbon  Nitride (g-C3N4)-Based Photocatalysts for 
Wastewater Treatment ..........................................................................3

Nur Aqilah Mohd Razali, Wan Norharyati Wan Salleh,  
Farhana Aziz, Ahmad Fauzi Ismail,  
and Wan Mohd Asyraf Wan Mahmood

Chapter 2  Metal-Organic Frameworks for Wastewater Treatment .....................25

Nur Azizah Johari, Nur Fajrina, and Norhaniza Yusof

Chapter 3 Impact of Metal Oxide Nanoparticles on Adsorptive and 
Photocatalytic Schemes ...................................................................... 53

Muhammad Ikram, Usman Qumar, Salamat Ali,  
and Anwar  Ul-Hamid

Chapter 4 2D Nanostructures for  Membrane-Enabled Water Desalination: 
Graphene and Beyond ........................................................................ 79

Muhammad Ikram, Anwar  Ul-Hamid, and Ali Raza

Chapter 5 Investigating  Thin-Film Composite Membranes Prepared 
by Interaction between Trimesoyl Chloride with 
 M-Phenylenediamine and Piperazine on Nylon 66 and 
Performance in Isopropanol Dehydration ..........................................99

Wan Zulaisa Amira Wan Jusoh, Sunarti Abdul Rahman,  
Abdul Latif Ahmad, Nadzirah Mohd Mokhtar,  
and Hasrinah Hasbullah

Chapter 6 Sustainable Carbonaceous Nanomaterials for Wastewater 
Treatment:  State- of- the-Art and Future Insights .............................. 113

Muhammad Ikram, Ali Raza, Salamat Ali, and Anwar  Ul-Hamid



vi Contents

Chapter 7 Magnetic Materials and Their Application in Water Treatment ...... 139

Muhammad Ikram, Syed Ossama Ali Ahmad, Atif Ashfaq,  
and Anwar  Ul-Hamid

Section 2 Applications

Chapter 8 Direct Membrane Filtration for Wastewater Treatment ................... 167

Elorm Obotey Ezugbe, Emmanuel K. Tetteh,  
Sudesh Rathilal, Edward K. Armah, Gloria  Amo-Duodu,  
and Dennis  Asante-Sackey

Chapter 9 3D Printing Technology for the Next Generation of Greener 
Membranes towards Sustainable Water Treatment .......................... 195

Mohammadreza Kafi, Mohammad Mahdi A. Shirazi,  
Hamidreza Sanaeepur, Saeed Bazgir, Paria Banino,  
Nur Hidayati Othman, Ahmad Fauzi Ismail, and Ahmad Fauzi Ismail

Chapter 10 Nanohybrid Membrane for Natural Rubber  
Wastewater Treatment ...................................................................... 243

Tutuk Djoko Kusworo and Dani Puji Utomo

Chapter 11 Mixed Matrix Membrane (MMM) in the Agriculture Industry ...... 279

E. Yuliwati, S. Martini, Ahmad Fauzi Ismail, and Pei Sean Goh

Chapter 12 Water Filtration and  Organo-Silica Membrane Application for 
Peat Water Treatment and Wetland Saline Water Desalination .......309

Muthia Elma, Fitri Ria Mustalifah, Aliah, Nurul Huda,  
Erdina Lulu Atika Rampun, and Aulia Rahma

Chapter 13  Eco-Friendly Dye Degradation Approaches for Doped Metal 
Oxides ............................................................................................... 335

Muhammad Ikram, Jahanzeb Hassan, Anwar  Ul-Hamid,  
and Salamat Ali

Index ...................................................................................................................... 359



vii

Preface
Water is a key component of living organisms. With more human activities, indus-
trialization and urbanization, the demand for clean water is also increasing. On the 
other hand, the reduction of reliable water sources and increasing water pollution 
are known as one of the key global environmental issues of the 21st century. Water 
reclamation is an important strategy to resolve the water shortage issue. Wastewater 
treatment and desalination have shown great potential to provide sustainable clean 
water to meet water requirements. In the past few decades, a wide variety of treat-
ment technologies and materials have been studied and applied for wastewater treat-
ment and desalination. Tremendous efforts have been made in these aspects, and this 
book aims to make a compilation in the  state- of- the-art progress made in the devel-
opment of advanced materials for wastewater treatment and desalination application. 
This book, entitled Advanced Materials for Wastewater Treatment: Fundamental 
to Application, aims to bring together the ideas of researchers working in this field. 
Through contributions from leading experts from around the world, the book offers a 
detailed overview of the principles and applications of advanced materials in waste-
water treatment.

This edited book is divided into two major sections: ( a) Fundamentals and ( b) 
Applications. The first part encompasses the synthesis and modification of advanced 
materials to eliminate any pollutants from wastewater and for desalination purpose. 
This includes the revolutionary material synthesis, modification, and characteriza-
tion techniques. Advanced materials synthesized in different dimensions such as 
metal oxide,  carbon-based materials,  perovskite-based materials,  polymer-based 
composite materials, and advanced nanocomposites are discussed. New fabrica-
tion techniques, including green synthesis,  solvent-free,  energy-saving synthesis 
approaches, are elaborated. The relevant synthesis route and mechanisms as well as 
the correlation of materials properties with their characterization are also included 
in the discussions. The second section of this book highlights the potential applica-
tions by advanced materials in water treatment technologies and desalination. The 
applications of a wide spectrum of functional and advanced materials in the removal 
of organic contaminant, discoloration of dye wastewater and agricultural wastewater 
reclamation, just to name a few, are discussed in this section. With further advance-
ment, the innovations made in material advancement are expected to fulfill today’s 
wastewater treatment demand with better quality.

It is expected that functional materials will continue to flourish in the field of water 
reclamation. This edited book targets material scientists, graduate students,  post-doctoral 
researchers, professors and young researchers who work in this interesting field. It is 
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hoped that this edited book serves as a reference for this targeted group to provide useful 
information on the progresses made in this field.

Editors,
Ahmad Fauzi Ismail

Pei Sean Goh
Hasrinah Hasbullah

Farhana Aziz
Advanced Membrane Technology Research Centre

School of Chemical and Energy Engineering,
Faculty of Engineering

Universiti Teknologi Malaysia
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Graphitic Carbon 
 Nitride (g-C3N4)-Based 
Photocatalysts for 
Wastewater Treatment

Nur Aqilah Mohd Razali,  
Wan Norharyati Wan Salleh, 
Farhana Aziz, Ahmad Fauzi Ismail, and 
Wan Mohd Asyraf Wan Mahmood
Universiti Teknologi Malaysia

1.1  INTRODUCTION

For decades, one of the most popular ideas in the literature of water studies is the idea 
that revealed the industrial demand for water has been increasing along with popula-
tion growth, economic development, and  socio-economic factors ( Mao et al. 2021; 
World 2018). The three important components, namely, social, environmental, and 
economic aspects, are influential toward a  water-secure world and/ or global change, 
which include urbanization, population growth,  socio-economic change, evolv-
ing energy needs, and climate change ( Mishra et al. 2021). In addition, the world’s 
 water-stressed population will increase rapidly to about 3.3 billion in 2050 if there is 
no efficient implementation for each aspect ( Hayashi, Akimoto, and Tomoda 2013). 
As a result, the impacts of insufficient safe water would contribute to poor health, 

1
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destruction of livelihood, and unnecessary suffering for the poor globally ( Hanjra and 
Qureshi 2010). Furthermore, severe environmental contamination could occur due 
to the different hazardous effluents coming from various industries ( Liu et al. 2016).

A challenging problem that arises in this domain is the water pollutants that are mainly 
found in industrial effluents, such as textile ( dyes), cosmetics, paint ( heavy metal ions), 
automobile manufacturing, and electrical industries ( Gopinath et  al. 2020). Industrial 
wastewater effluents are the second largest contributor of pollution, and have acute ( direct) 
and chronic (  long-term) impacts on human health ( Reghizzi 2021). Unfortunately, the 
main contributor of pollution results in industrial effluent problems related to the produc-
tion of emerging pollutants ( EPs) which are divided into four categories: ( a) persistent 
organic pollutants ( POPs), ( b) pharmaceuticals and personal care products ( PPCPs), ( c) 
endocrine disrupting chemicals ( EDCs), and ( d) agricultural chemicals ( e.g., pesticides, 
herbicides) ( Gasperi et al. 2014). Similarly, another issue that should be highlighted is the 
persistency and unchanged concentration of chemical pollutants in wastewater even after 
undergoing conventional biological treatments ( Chen, Ngo, and Guo 2012). 

In addition, the adsorption and coagulation process can only transform the pol-
lutants into another phase, which is incapable of complete degradation ( Crini and 
Lichtfouse 2019). Ibrahim and Halim ( 2008) also studied the limitations of sedimen-
tation, filtration, chemical, and membrane technologies, which are expensive and 
produce toxic secondary pollutants when released into the ecosystem. Therefore, 
photocatalytic technology was introduced ( Fujishima and Honda 1972). The photo-
catalytic technology, classified as advanced oxidation processes ( AOPs), can degrade 
 bio-recalcitrant compounds including phenols, pesticides, pharmaceuticals, dyes, 
and petrochemicals ( Zhu and Zhou 2019). This technology can also be applied to 
solve the aforementioned problems due to its ( a) ambient operating temperature and 
pressure, ( b) complete mineralization of parents and intermediate compounds with-
out secondary pollution, and ( c) inexpensiveness ( Chong et al. 2010).

In addition, semiconductor photocatalysis is an easy treatment that can uti-
lize energy by natural sunlight or artificial indoor illumination ( Tong et al. 2012). 
Nowdays, TiO2 still numerously used as a semiconductor photocatalyst that has been 
progressively used to split water into hydrogen as its photoanode ( Fujishima and 
Honda 1972). However, TiO2 is usually restricted by unsatisfactory photocatalytic 
efficiency due to its broad band gaps (∼3.2 eV) ( Jiang, Yuan, Pan, Liang, and Zeng 
2017). Hence, it is necessary to establish ways to increase the activity for its catalytic 
applications. Compared with other photocatalysts, graphitic carbon nitride (  g-C3N4) 
is considered a promising photocatalyst with a narrow band gap ( 2.7 eV) and the abil-
ity for enhancing visible light absorption.

Therefore,  g-C3N4 has a clear advantage in photocatalytic technology. It has unique 
physicochemical and photophysical properties and high thermal and chemical stabil-
ity. It can be readily doped or chemically functionalized on large scale. It has a large 
surface area, is low priced, and exhibits long service life, ease of synthesis, controlla-
ble band gap properties, low toxicity, and high photocatalytic activity ( Raghava et al. 
2019; Kumar, Karthikeyan, and Lee 2018). These special properties make  g-C3N4 
application suitable for photocatalytic degradation, photocatalytic sterilization, pho-
tocatalytic H2 generation, and CO2 reduction. However, the rapid recombination of 
photoinduced charges can still occur for pristine  g-C3N4. Most studies of tailored 
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problems are from various modifications such as morphological control ( Malik and 
Tomer 2021), doping elements ( Jiang, Yuan, Pan, Liang, Zeng, et al. 2017), deposition 
of noble metals ( Kavitha, Nithya, and Kumar 2020), construction of heterojunctions 
( Huang et al. 2018), and  two-dimensional ( 2D) nanosheets ( Ong 2017).

This chapter overviews understanding of the development of  g-C3N4 photocatalyst, 
specifically in  water-treatment technology, from the history to the fundamentals of 
catalyst and its unique properties and role in photocatalytic degradation. Then, the 
synthesis method of  g-C3N4 photocatalyst is briefly summarized in Section 1.3 which 
covers “  top-down” and “  bottom-up” techniques. Subsequently, the photocatalytic 
principles and mechanism of  Z-scheme and heterojunction are well explained in order 
to promote a better understanding of the  g-C3N4 photocatalyst. Finally, an outline of 
feasible applications of  g-C3N4 toward various pollutants is presented and explained.

1.2  ROAD MAP OF  g-C3N4 PHOTOCATALYSTS FOR 
PHOTOCATALYTIC DEGRADATION

The development history of C3N4 originates from Berzelius and Liebig’s ( 1834) 
embryonic form of melon as the oldest synthetic polymer, which is interconnected 
with  tri- s-triazine using nitrogen ( Liebig 1834a). Another review by Fakhrul, 
Samsudin, and Bacho ( 2018) stated that in 1922, the composition of melon has been 
found by Franklin after heating treatment, while the  tri- s-triazine in C3N4 structure 
had already been studied by Pauling and Sturdivant in 1937. In 1989, Cohen and Liu 
had investigated the diamond that acts as an ultrahard material ( Liebig 1834a). The 
investigation was carried out by classifying the hardness into three  categories—hard, 
superhard, and  ultrahard—on several materials such as oxides, borides, nitrides and 
carbides of metals, cermets, carbon nitrides, cubic boron nitride (  c-BN), and diamond 
which have high hardness, high incompressibility, and chemical inertness ( Kanyanta 
2016). The β-Si3N4 structure was selected due to its local density states and the first 
pseudopotential approximation method. Subsequently, Liu and Cohen introduced 
β-C3N4 by pulsed laser ablation, which is an amorphous and crystalline solid and has 
high hardness and high thermal stability ( Liu and Cohen 1989). Next, Si was substi-
tuted for C to form β-C3N4. Additionally, Rodeman and Lucas ( 1940) discovered that 
the melon has a graphite structure as one of the phases of  g-C3N4 during synthesis.

According to Teter and Hemley, the calculation methods were used to determine 
that  g-C3N4 has five structural types: α- g-C3N4 phase ( 5.49 eV), β- g-C3N4 ( 4.85 eV), 
a cubic phase ( 4.13 eV),  pseudo-cubic phase ( 4.30 eV),  g- o-triazine ( 0.93 eV), 
 g- h-triazine ( 2.97 eV), and  g- h-heptazine ( 2.88 eV) ( Teter and Hemley 1996; Chan, 
Liu, and Hsiao 2019). The  g-C3N4 has extremely high hardness values and was 
considered the most stable allotrope at ambient conditions ( Wang et al. 2017; Fox 
and Dulay 1993). Furthermore, the basic tectonic units are triazine ( C3N4) and 
 tri- s-triazine/ heptazine ( C6N7) rings ( Salman et  al. 2019). Wang et  al. ( 2015) also 
mentioned the  tri- s- triazine-based  g-C3N4 as  tri- s-triazine rings that are  cross-linked 
by trigonal nitrogen atoms, making it the most favorable and energetically stable 
phase at ambient conditions. The application of carbon nitride began in 2006, spe-
cifically in the field of heterogeneous catalysis ( Goettmann et al. 2006). Schlo et al. 
( 2008) also mentioned that  g-C3N4 has a set of diverse carbon and  nitrogen-rich 
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starting compounds with a C/ N molar ratio close to 0.75. Hence, the historical devel-
opment of  g-C3N4-based photocatalyst showed a huge achievement, which makes it 
the best material for photocatalytic application due to its unique properties.

1.3  UNIQUE PROPERTIES OF  g-C3N4 PHOTOCATALYSTS

Accordingly, numerous studies on  visible- light-driven ( VLD) photocatalysts have 
focused not only on air pollutants and photocatalytic hydrogen production but also on 
wastewater treatment and disinfection ( Le et al. 2020; Zhang et al. 2019). Among the 
emerging VLD photocatalysts,  g-C3N4 is deemed an important catalyst because of its 
appropriate band gap and unique  light-harvesting ability to absorb visible light of less 
than 450 nm ( Mamba and Mishra 2016).  g-C3N4 is composed of  earth-abundant ele-
ments with strong covalent bonds between carbon and nitrogen atoms, which delo-
calizes conjugated structure containing graphitic stacking of carbon nitride ( C3N4) 
layers that are interconnected via tertiary amines ( Cao and Yu 2014; Thomas et al. 
2008). Their unique properties trigger their properties of good biocompatibility, high 
wear resistance, good catalyst carriers, high chemical and thermal stability, and good 
electronic conductivity ( Ismael 2020; Thomas, Fischer, Goettmann, et  al. 2008). 
Furthermore, the stacking of layers is due to the chemical resistance from Van der 
Waals’ forces, which makes them insoluble in toluene, diethyl ether, water, ethanol, 
and tetrahydrofuran ( Zhou, Hou, and Chen 2018; Cheng et al. 2013).

Tectonic units constitute potential allotropes of  g-C3N4 consisting of triazine ( C3N3) 
and  tri- s-triazine/ heptazine ( C6N7) rings. Meanwhile, the C6N7-based  g-C3N4 that is 
connected to the planar amino groups becomes the most energetic and stable phase 
under ambient conditions, as compared with other phases ( Maeda et al. 2009; Xu and 
Gao 2012; Shen et al. 2018; Li et al. 2015). There are several steps in the transforma-
tion of C3H6N6 into  g-C3N4 ( Sudhaik et  al. 2018; Zhang, Mori, and Ye 2012). The 
melamine would undergo rearrangements that lead to the formation of  tri- s-triazine 
unit products and elimination of ammonia above 350°C. Subsequently, the polycon-
densation of the structure completely converts into  g-C3N4 at approximately 520°C. 
Moreover, a polymeric derivative had been found by Berzelius and termed as “ melon” 
after it undergoes the formation of melam and melem ( Liebig 1834b). It can be seen 
that  g-C3N4 does not have a crystalline structure and consists of only carbon and nitro-
gen atoms with a C/ N molar ratio of 0.75 and a small amount of H.

There are various applications of  g-C3N4, including degradation of organic pol-
lutants, water splitting, photoreduction, organic contaminants purification, catalytic 
organic synthesis, and fuel cells ( Wang et al. 2008).  g-C3N4 has been demonstrated to 
be an excellent  visible- light-responsive photocatalyst, which is inexpensive, has ease 
of synthesis, and is a suitable electronic structure with outstanding photocatalytic 
performance ( Reddy et al. 2019). Furthermore, the unique characteristic of  g-C3N4 
is its  visible- light-response element contributed by their band gaps ( Eg = 2.7 eV; 
CB = −1.1eV; VB = 1.6 eV) via normal hydrogen electrode ( Darkwah and Ao 2018). 
Moreover, it should be noted that  g-C3N4 has the advantages of hydrophilicity, large 
specific surface area, inertness, and is environmentally friendly ( Wu et al. 2018).

On the other hand, Wang et al. ( 2017) reported that  g-C3N4 exhibits a low specific 
surface area, irregular morphology, and a hydrophobic surface that often results in 
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limitation in its photocatalytic performance. Also,  g-C3N4 limits its extensive applica-
tion, such as poor utilization of  long-wavelength light, low quantum efficiency, and 
high recombination of photoexcited  electron–hole pairs ( Li et al. 2016; Zhang et al. 
2014). The electron transportation in  g-C3N4 showed dramatically fast recombination 
of photogenerated charge carriers because of the restriction from their layered structure 
and hydrophobicity ( Zhou et al. 2016).  Table 1.1 illustrates the summary of advantages 
and disadvantages of  g-C3N4-based photocatalyst that were reviewed by several studies.

1.4  SYNTHESIS METHOD OF  g-C3N4 PHOTOCATALYST

The synthesis method of  g-C3N4-based photocatalyst is classified into two types: 
“  top-down” and “  bottom-up”, which are able to transform structure phase into bulks, 
sheets, lines, and dots ( Chan, Liu, and Hsiao 2019).  High-temperature ( 825° C–950°C) 
method becomes a “  top-down” synthesis method and leads to corrosion phenom-
enon. This happens because of the weak force between each  g-CN layer and the 
change of bulk  g-CNs into sheet form. Meanwhile, the “  bottom-up” synthesis is a 
hydrothermal method with the presence of carbon and nitrogen precursors, such as 
sodium citric acid and urea. The advantage of this process is the presence of carboxyl 
group from sodium citric acid and urea for the maintenance of subsequent surface 
functional modification.

 Figure 1.1 illustrates the various methods for the synthesis of  g-C3N4-based pho-
tocatalyst. Examples of their synthesis methods are chemical vapor deposition, 
 solid-state, solvothermal, and thermal annealing of  nitrogen-rich precursor ( Kumar 
et  al. 2020; Ghosh and Pal 2019; Xu et  al. 2018; Thomas, Fischer, Goettmann, 
Antonietti, et  al. 2008). Chemical vapor deposition is involved in the deposition 
technique, in which a substrate surface is coated with the desired nanomaterial 
by heat treatment accompanied by chemical reaction and precursor gases. From 
this method, the N/ C ratio of the  g-C3N4-based photocatalyst would increase until 
it reaches 1.0 and is illustrated in their  C–N single bond ( Hidekazu et  al. 2007). 
Another method is a solid reaction, which synthesizes at low temperature, produces 
high  nitrogen-enriched graphitic carbon ( nitrogen content > 50 atomic wt%) and has 
an excellent hydrogen storage capacity ( 0.34 wt%) at room temperature under 100 bar 
and low BET surface area ( 10 m2 g) ( Jae et al. 2009).

 TABLE 1.1
Advantages and Disadvantages of  g-C3N4-Based Photocatalyst 

Advantages Disadvantages

•  Low-cost • Poor conductivity

• Good biocompatibility • Poor contact and inhomogeneity

• Unique electronic • Poor electron transfer

• Nontoxicity

• High water dispersibility

• Emit visible light (  400–475 nm)

• Low biotoxicity 
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The solvothermal method that uses a solvent and high temperature is another 
option for synthesizing  g-C3N4, which has several advantages, one being its easy 
and simple way of obtaining nanocrystalline powder. However, the synthesis of pure 
 g-C3N4 is difficult due to the strong chemical affinity between hydrogen and nitrogen/ 
carbon. Kojima and Ohfuji ( 2018) explained that C3N5H3, which forms stacked lay-
ers of  s-triazine ring units, showed a low degree of polymerization. The presence 
of high pressure and high temperature would disrupt the production, such that only 
 hydrogen-containing C2N2( NH) is obtained ( Kojima and Ohfuji 2013). The thermal 
annealing of  nitrogen-rich precursors, such as the calcination method, is extensively 
applied to the design of a  two-phase contact interface ( Jiang et al. 2018).

Chang et al. ( 2013) reported many reviews on  g-C3N4 structure and preparation 
in the last few years, which has increased tremendously.  g-C3N4 can be simply syn-
thesized by inexpensive metal salt preparation, which is thermally  poly-condensing 
cheap  nitrogen-rich precursors and  oxygen-free compounds containing  C–N core 
structures, such as dicyanamide ( C2H4N4), cyanamide ( CH2N2), melamine ( C3H6N6), 
thiourea ( CH4N2S), and urea ( CH4N2O) ( Li et al. 2012; Thomas, Fischer, Goettmann, 
Antonietti, et al. 2008).  Figure 1.2 shows the facile synthetic pathway to generate 
 g-C3N4 including its intermediate step. It can be seen that  g-C3N4-based photocat-
alyst using the calcination method can be achieved in an appropriate temperature 
range ( Groenewolt et  al. 2005; Sudhaik et  al. 2018; Wang et  al. 2015). It can be 
seen that there is a different temperature range for each precursor: dicyanamide and 
cyanamide ( 550°C), melamine ( 500° C–580°C), thiourea ( 450° C–650°C), and urea 
( 520° C–550°C), all of which are for the generation of  g-C3N4. Shen et al. ( 2018) also 
reported via the thermal gravimetric analysis ( TGA) that  g-C3N4 is  non-volatile and 
is slightly unstable above 600°C due to the emergence of nitrogen and cyano frag-
ments, and finally, its complete decomposition at 700°C.

1.5  PHOTOCATALYTIC PRINCIPLES AND MECHANISMS 
OVER  g-C3N4 PHOTOCATALYSTS

In recent years, researchers have been devoted to establishing, harnessing, and 
enhancing the potential of unitary photocatalysts using different mechanisms. 
 Figure 1.3 illustrates the types of photocatalytic mechanisms that have been involved 
in the synthesis of  g-C3N4 photocatalyst. They are divided into two groups, namely, 
 Z-scheme ( direct, indirect, and heterojunction) and heterojunction ( Type I, Type II, 
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 FIGURE 1.1 Types of  g-C3N4 synthesis.
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 FIGURE 1.2 Thermal polymerization pathways of  g-C3N4 ( Sudhaik et al. 2018). 

PHOTOCATALYTIC
MECHANISM
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Direct

Indirect

Heterojunction

Heterojunction
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Type I (Straddling gap)

Type II (Staggered gap)

Type III (Broken gap)

 FIGURE 1.3 Schematic diagram showing the types of photocatalytic mechanism.
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Type III, and  S-scheme) mechanisms ( Lin et al. 2021; Xu et al. 2018). The following 
are the brief introductions of each newly developed mechanism.

1.5.1   Z-Scheme mechaniSm

According to Bard ( 1979), the  Z-scheme is initially introduced once it forms the liq-
uid phase by involving two semiconductors with an electron acceptor or donor pair 
as illustrated in  Figure 1.4a. However, the disadvantage of this scheme is the redox 
mediator reversibility, and it is applicable only to the liquid phase. Consequently, the 
investigation of  Z-scheme photocatalyst had been improved by replacing the electron 
mediator with the combination of two different semiconductors with a noble metal 
nanoparticle ( NP) through  all- solid-state  Z-scheme photocatalysts ( Tada et al. 2006), 
as shown in  Figure 1.4b. In addition, the  Z-scheme mechanism by two narrow band 
gap semiconductors could produce strong reduction and oxidation potentials, as well 
as increase the  light-harvesting capacity (  Figure 1.4c) ( Ghosh and Pal 2019).

Most of the earlier studies, including the current work, have focused on the con-
struction of  Z-scheme toward metal oxides, metal sulfides,  bismuth-based, and 
 silver-based semiconductors, as well as  carbon-based semiconductor. An example of 
a  carbon-based semiconductor that is normally applied in the  Z-scheme is  g-C3N4, 
which increases light absorption, facilitates charge separation, promotes redox abil-
ity, and prolongs charge carrier lifetime. In comparison with other mechanisms, 
 Z-scheme involves the transportation of photoexcited electrons from the CB to VB 
through an electron mediator, leaving the holes of another semiconductor with a 
strong redox ability. Jiang et al. ( 2018) summarized the criteria required by  g-C3N4 
in the  Z-scheme mechanism: ( a) it is a  visible- light-driven photocatalyst; ( b) it has 
high VB potential, high redox ability, and strong oxidability; and ( c) it needs a 
strong anchoring support as electron mediator between two semiconductors. This 
has been previously assessed only to a very limited extent ( a) because the mecha-
nism and their  electron–hole transfer process is yet to be established; ( b) because 
of the suitable arrangement of the Fermi levels between electron mediator and pho-
tosystems; ( c) because of the limitation of photoexcited electrons and holes in the 
 heterojunction-type system under identical conditions; and ( d) because of their dop-
ing, nanostructures fabrication, band gap engineering, facet control, and surface 
plasmon resonance ( SPR) effect of noble metal.

In addition, Gu et  al. ( 2019) reported that it is sufficient to highlight the 
 Z-scheme mechanism between Co9S8 and  g-C3N4 for the degradation of Cr( VI)/ 2, 4-
dichlorophenoxyacetic acid under visible light irradiation for 180 min, as illustrated 
in  Figure 1.5. The evaluation of the mechanism proved that the potential of CB level 
has enhanced the reduction rate of Cr ( VI) in  all- solid-state  Z-scheme systems. 
Furthermore, the production of active site prevented the recombination process due 
to the longer lifetime of electrons in the CB of Co9S8. This is applicable for the deg-
radation of 2, 4-D that was aided by their photoexcited holes located in the VB of 
 g-C3N4, while the production of hydroxyl radical was generated during the reduction 
of Cr ( VI) due to the photogenerated electrons in the CB of  g-C3N4. Furthermore, 
the recombination of the  electron–hole pairs on the surface of Co9S8/  g-C3N4 could be 
observed for both mechanisms and in the degradation of pollutants.
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 FIGURE  1.4 Schematic illustrations of ( a) traditional, ( b)  all- solid-state, and ( c) direct 
 Z-scheme photocatalysts ( Ghosh and Pal 2019).
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1.5.2  heterojunction mechaniSm

The heterojunction mechanism between  g-C3N4 could be demonstrated in Type I, 
Type II, Type III, and Z/  S-scheme. There are many advantages of the heterojunction 
mechanism, whereby it can enable the creation of an electric field from the space 
charge layer and enhance the separation between electrons and holes during irradia-
tion ( Shevlin, Martin, and Guo 2015).

Generally, the heterojunction mechanism involves a  surface-based process that 
requires a combination of metal and semiconductor, which would create a high work 
function in metal as compared with the semiconductor ( Li et  al. 2020). Next, the 
electron transports from the semiconductor to the metal and forms a Schottky hetero-
junction. A Type II heterojunction would be formed if two conditions are met: ( a) two 
photocatalysts, both  n-type semiconductors with a staggered band structure, should 
be involved, and ( b) the position of CB in photocatalyst A must be higher than the VB 
which provides a higher work function than photocatalyst B. The foremost problem 
in Type II heterojunction is the lower reduction and oxidation potentials that have a 
bad impact on their redox ability. Additionally, the electrostatic repulsion between 
electron and electron or hole and hole could influence their migration of electrons 
( Low et al. 2017).

Meanwhile,  Z-scheme or  S-scheme heterojunction has the same structure as Type 
II heterojunction but provide a smaller work function. Furthermore, the  S-scheme 
heterojunction can increase the separation rate of photoinduced charges and retain 

 FIGURE 1.5 A schematic illustration of simultaneous reduction of Cr( VI) and degradation 
of 2, 4-D over 15% Co9S8/  g-C3N4 under simulated solar irradiation sites ( Gu et al. 2019). 
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the high redox ability of each component. Besides that, the mechanism that involved 
photocatalyst A (  n-type) and photocatalyst B (  p-type) is called the  p–n heterojunction.

On the other hand, Wang et al. ( 2014) reported that a larger specific surface area, 
large  electron-storage capacity, and the presence of metallic conductivity in  g-C3N4 
can create a Schottky barrier junction for boosting the photocatalytic degradation 
efficiency by accepting  photon-excited electrons, as well as hindering the recombina-
tion. The proposed mechanism of heterojunction elucidates the enhancement of the 
photocatalytic properties of C3N4-Cu2O composites ( Tian et al. 2014).

Comparatively,  g-C3N4 ( CB: –1.13 V; VB:1.57 V) is more typical  n-type semi-
conductor than Cu2O ( CB: −0.7 V; VB:1.3 V), as its Fermi level is close to that of 
CB, while Cu2O would be considered as a typical  p-type semiconductor because its 
Fermi level is close to that of VB ( Paracchino et al. 2011). The heterojunction mecha-
nism cannot be constructed due to the straddling band structure of C3N4 and Cu2O. 
However, the internal electric field was formed until the Fermi levels of C3N4 and 
Cu2O reached equilibration. A  high-energy photon excites an electron from C3N4 to 
Cu2O and holes would diffuse from Cu2O to C3N4 in their contacted interface when 
Cu2O was deposited on the surface of C3N4. The photogenerated electrons moved to 
the positive field (  n-C3N4) and holes moved to the negative field (  p-Cu2O). Moreover, 
the C3N4-Cu2O heterojunction has metallic Cu that acts as an acceptor to the photo-
generated electrons from the CB of C3N4 and Cu2O.

Among the heterojunction in  g-C3N4, the CoB/  g-C3N4 composite system repre-
sents a good example for illustrating the enhancement of photocatalytic properties 
that applied heterojunction mechanism. Guo et al. ( 2021) proposed a Schottky het-
erojunction mechanism to elucidate the enhancement of the photocatalytic proper-
ties of CoB/  g-C3N4 composites, as shown in  Figure 1.6. The CoB/  g-C3N4 composite 
highlights the Schottky junction that flow of electrons from CNs to CoB have differ-
ent band gaps which are 4.69 and 5.34 eV, respectively. The interfacial  Co-N bond 

 FIGURE  1.6 Schematic illustration of CoB/  CNs-2 Schottky heterojunction under visible 
light irradiation ( Guo et al. 2021).
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has constructed  high-energy electrons and holes at CNs, and the photogenerated 
electrons can be captured by CoB. Therefore, the existence of upward band bend-
ing helps in efficient spatial separation of photogenerated  electron–hole pairs due to 
the inefficient electrons in CoB to flow back toward CNs. As a result, about 7 × 107 
CFU mL of Staphylococcus aureus ( S. aureus) had been inactivated after 125 min 
under visible light irradiation. Our results demonstrate that the ability of CoB could 
undergo the  two-step  single-electron process between O2 molecules and reduce them 
to •O2

– and H2O2.
A recent study by Wang et al. ( 2021) introduced the  Z-scheme heterojunction with 

the appearance of the Schottky barrier between  g-C3N4 and Bi/ BiOI photocatalyst for 
mercury oxidation, as shown in  Figure 1.7. The presence of metallic Bi as electron 
mediator is conceivable because the position of the Fermi level of  g-C3N4 (–0.23 eV) 
is much more negative than that of Bi (–0.17 eV). The mechanism introduced by the 
authors has the advantage of Schottky barrier at the interface between  g-C3N4 and Bi. 
A more comprehensive description can be found in  Z-scheme heterojunction where 
the intrinsic surface plasmon resonance ( SPR) effect could be developed by metallic 
Bi under visible irradiation. Besides, there are two paths involved by Bi and  g-C3N4 
which are VB of BiOI and CB of BiOI for production of holes and O2 to form radical 
•O2

–, respectively.

1.6  RECENT PROGRESS IN THE APPLICATION OF 
 g-C3N4 TOWARD VARIOUS POLLUTANTS

Data revealed significant application of  g-C3N4-based photocatalysts, as tabulated 
in  Table 1.2. There were various combinations of  g-C3N4 with other photocatalysts 
to evaluate the degradation of various pollutants. Recent studies reviewed alterna-
tives for improving  g-C3N4 by doping with metal,  non-metal,  co-doping, and hetero-
junction for enhancing the light absorption, facilitating the charge separation, and 

 FIGURE  1.7 Mechanism of the electron transfer and photocatalysis for the indirect 
 Z-scheme ternary 10% g-C3N4@Bi/ BiOI under visible light irradiation ( Wang et al. 2021).
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transportation, and prolonging the charge carrier lifetime ( Ajiboye, Kuvarega, and 
Onwudiwe 2020; Dong et al. 2014; Liang et al. 2021; Jiang, Yuan, Pan, Liang, and 
Zeng 2017). As the band gap of  g-C3N4-based photocatalysts is 2.7 eV, their CB  is 
–1.1eV and VB is 1.6 eV; as such, their electronegativity could enhance the electron 
transport to another potential photocatalyst.

As a unique example, a  BWO-OV/ OCN composite with a black body nature and 
 oxygen-rich structure of OCN was reported to have formed a  Z-scheme due to its 
oxygen vacancies ( Huo et al. 2021). Similarly, Jia et al. ( 2020) studied the migration 
of electrons from  g-C3N4 from their VB would recombine with the holes and their 
excess of electrons on their CB in SnS/  g-C3N4 hybrids for reduction of dissolved 
oxygen. Besides that, the analysis from  VB-XPS and  Mott–Schottky proved that the 
combination of  g-C3N4 with MgBi2O6 would improve the lifetime of the photoin-
duced charges, as well as their  photo-ability ( Nguyen et al. 2021). Feng et al. ( 2020) 
mentioned that the holes in the VB of the UCN could construct the  Z-scheme mecha-
nism with STO photocatalyst ( Feng et al. 2020). However, in line with the  Z-scheme 
mechanism, it can be concluded that VB of  g-C3N4 could generate electrons, as well 
as holes.

When comparing  Z-scheme to heterojunction mechanisms in  g-C3N4, it must be 
highlighted that the electronegativity of  g-C3N4 could ease their photogenerated elec-
trons to move onto the CB of CeO2 in the heterojunction of  g-C3N4/ CeO2 ( Lin et al. 
2021). The same mechanism had been involved in  g-C3N4/ Bi2S3/ In2S3, and the elec-
tron at CB of  g-C3N4 would receive the electron from CBs In2S3 and Bi2S3 as well as 
the transferring hole from VB of  g-C3N4 to the VBs of In2S3 and Bi2S3 ( Zhao et al. 
2021). Furthermore, Rathi, Panneerselvam, and Sathiyapriya ( 2020) also studied the 
generation electrostatic induction from different charges where  g-C3N4 ( negative) and 
ZnWO4 ( positive) would form heterojunction after reaching the electrical equilib-
rium. Cao et al. ( 2020) concluded that the requirement of a large interface contact 
area and short charge transport distance in the heterojunction mechanism would 
greatly enhance the transfer of  excited-state electrons. This can be done by surface 
modification between  carbon-based materials and their functional groups that con-
structed a homogeneous heterojunction. Overall, these findings are in accordance 
with  Z-scheme of  g-C3N4 to those heterojunction mechanisms should be considered 
the electronegativity of  g-C3N4.

1.7  CONCLUSION AND CHALLENGES

This chapter has shown important findings that are imperative for understanding the 
effect of  g-C3N4-based photocatalyst on visible  light-driven photocatalytic applica-
tions. The  g-C3N4-based photocatalyst offers an abundant scope for designing novel 
photocatalysts, which gives rise to a wide range of applications. Although there are 
some reports on the photocatalytic activity of  g-C3N4-based photocatalyst, detailed 
studies on these materials remain limited. More efforts are needed to understand the 
fundamentals through their unique properties, as well as their synthesis methods. 
Among the photocatalytic mechanism,  Z-scheme and heterojunction are normally 
applied for  g-C3N4-based photocatalyst. The strategy of adopting the  Z-scheme and 
heterojunction in narrow band gap photocatalysts is widely used to induce visible 
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light absorption and subsequently, to enable photocatalytic activities. However, very 
limited knowledge is available on the  g-C3N4-based photocatalyst on their photo-
physical properties of the compounds; this should be properly investigated in the 
future. Research works on  g-C3N4-based photocatalysts show that these photocata-
lysts offer distinct advantages and disadvantages for wastewater treatment.
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11.1  INTRODUCTION

Water is indispensable for every human being, and water usage has been reported to 
be under great stress due to climate change, urbanization, industrialization, popula-
tion growth, and food demands. These factors have asserted an extra discussion in 
the water purification industry. Many conventional and  non-conventional technolo-
gies namely, adsorption, disinfection, coagulation, and flocculation have been devel-
oped to treat water and wastewater to reach the desired water quality for daily use [1]. 
Few technologies have failed to satisfy the level of water standards. Membrane tech-
nology has become the most viable option to overcome this issue [2]. Polymeric and 
ceramic membrane materials have been used extensively in the water and wastewa-
ter treatment field. The increasing awareness of keeping environmental sustainabil-
ity has resulted in an increasing interest in creating effective membrane systems to 
purify contaminated water and wastewater. As these contaminated solutions derived 
from various industrial, household, and agricultural activities contain harmful pol-
lutants giving negative impacts on the environment and human health, proper treat-
ment then is crucial to improve water quality before final disposal [3].

Generally, membrane science research can be divided into seven major areas, that 
is, material selection, material characterization, membrane fabrication, membrane 
characterization and evaluation, transport phenomena, membrane module design, 
and process performance. Among these areas, material selection that is further used 
for membrane fabrication is the most important part of the membrane technology, 
and this phenomenon can be reflected by the significant technique [ 2–4]. Over the 
years, researchers have improved the performance of membranes [ 5–7]. They com-
bined the effective features of polymeric and organics additives that are called mixed 
matrix membranes ( MMMs). MMMs are comprising polymer  matrix-containing 
fillers that can be an alternative to overcome the limitations of laminate membranes. 
MMMs can offer additional functions such as antifouling properties [8], enzyme 
mobilization [9], mechanical reinforcement, and removal of pollutants in the aqueous 
phase [10].

Several types of inorganic fillers such as silica [11], zeolite [12], TiO2 [13,14], car-
bon nanotubes [15,16], multiwalled carbon nanotubes [17], and silver [18] have been 
widely used.  Figure 11.1 shows various inorganic fillers utilized in preparing MMMs 
for water purification applications.

MMMs preparation takes days for homogenization that is caused by agglom-
eration tendency [19]. The incompatibility between inorganic fillers and polymer 
matrix provokes the formation of undesirable voids in the interface that are difficult 
to avoid. Meanwhile, MMMs can be defined as membranes that contain homoge-
neously dispersed fillers with a small composition of nanomaterials. MMMs can be 
also reused by adjusting pH, contributing to further reduction of harmful wastewater. 
They can simultaneously remove pollutants from an aqueous solution by adsorption 
and size exclusion [20,21]. Moreover, MMMs are more suitable for mass production 
of  large-area membranes applicable to standard membrane modules in wastewater 
filtration.

Incorporating organic polymer with inorganic nanofillers has afforded a viable 
matrix membrane with overwhelming performance for liquid separation processes 

9780367765163_C011.indd   280 19/05/22   10:32 PM



9780367653941_Book.indb   2 05/10/20   10:10 PM

281MMM on Agriculture Industry

on industrial adoption.  Table 11.1 summarizes the inorganic fillers for water treat-
ment applications [ 17–21]. In  membrane-based separation technology, Li et al. [19] 
considered using TiO2 nanofiller in PA TFC membrane for the water treatment pro-
cess. Their results revealed that the optimum membrane that contains 5 wt.% TiO2 
gives the better flux and selectivity. Further increase of TiO2 content led to the sig-
nificant reaction interference of nanofillers in the PA structure resulting in reduction 
in salt rejection due to a low degree of polymerization. Others researched zeolites 
that can be synthesized with SiO2 higher or lower than in nature for the same frame-
work type. Higher SiO2 generally gives greater hydrothermal stability, stronger acid 
catalytic activity, and greater hydrophobicity as adsorbents. Conversely, lower SiO2 
gives greater cation exchange capacity and higher absorbance for polar molecules. 
Both natural and synthetic forms of the same zeolite are available in commercial 
quantity. The variable phase purity of the natural zeolite and chemical impurities 
are costly to remove. Zinc oxide is one of the metal oxides that has received sig-
nificant attention due to its low cost, high surface area, photocatalytic activity, and 

 FIGURE 11.1 Various inorganic fillers in preparing MMMS for water purification: ( a) zeo-
lite, ( b) metal oxide, ( c) carbon nanotubes, and ( d) multiwalled carbon nanotubes.
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antibacteria properties [22]. Wang et al. [23] improved cellulose acetate membranes 
using  Zeno-NPs ( 4 wt.%) which led to the enhancement of 111.1% of the flux com-
pared to the pristine membranes. Previous researchers have found that the improve-
ment in membrane permeability occurred due to the presence of zinc oxide ( ZnO) in 
the PES membrane [24]. Additionally, this membrane has the highest fouling resis-
tance during oleic acid filtration. However, at high polymer concentration, the mixed 
matrix membrane shows a reduction in the membrane permeability due to a drop 
in the dispersion rate. Silica nanofillers have also rapidly become focus of research 
on mixed matrix membranes due to their unique characteristics such as small size, 
strong surface energy, high scattered performance, and thermal resistance. Moreover, 
silica nanofiller has wider resources and lower price than that of TiO2 nanofiller [25].

Zeolite has the chemical formula, Mn2OAl2O3.xSiO2.yH2O, where the  charge- 
balancing  non-framework cation M has valence n, while x is 2.0 or more, and y 
is the moles of water in the voids. The Al and Si tetrahedral atoms in the forms 
of AlO4 and SiO4 tetrahedra are linked by shared oxygen ions. Synthetic zeolite 
can be more attractive for specific applications. Yellowtail et al. synthesized a nano-
composite membrane by blending zeolite in the polysulfide polymer, resulting in a 
membrane of better permeability and antifouling ability [25]. The result showed that 
zeolite raised the water flux up to 1.6 times. This resulted in permeation was attrib-
uted to increased hydrophilicity of nanocomposite. The zeolite also provided huge 
surface energy, which clustered small water molecules producing more polysulfone 
membrane.  Table 11.1 tabulated the summary of inorganic fillers for water treatment 
applications [26]. The application of MMMs of adding inorganic zeolite in separa-
tion and purification processes was used to exclude molecules that are too large to 
enter the pores and admit smaller ones.

 TABLE 11.1
Summary of Inorganic Fillers for Water Treatment Applications

Inorganic fillers Properties References

 Iron-based Highly reactive, larger surface area, detoxification of organic and 
inorganic pollutants, adsorption capacity, hydrophilic, fouling 
resistant, magnetic oscillation, hydraulic turbulence.

23, 26, 57

 Silver-based Anti bacterials, good transport facilitator, good selective barrier, 
high reactivity, low toxicity to humans

23, 24, 57, 59

Zeolite Hydrophilic, fouling resistant,  anti-adhesion to protein, effective 
sorbents, ion exchange media for metal ions

38, 39 

 Silica-based Hydrophilic, fouling resistant,  anti-adhesion to protein 18, 19

Titanium 
 dioxide-based

Hydrophilic, fouling resistant,  anti-adhesion to protein, photo 
catalytic, disinfection,  anti-adhesion to protein, decomposition of 
organic compounds, reduced surface roughness, oxidative and 
reductive catalyst for organic and inorganic pollutant, killing 
bacteria.

10, 25, 30, 42

Carbon 
 nanotube-based

 Anti-microbial, hydrophilic, biofouling resistant,  anti-adhesion to 
protein, selective sorbents for organic compound.

15, 16, 27, 28, 29
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Carbon nanotubes ( CNTs) have exceptional properties such as high mechanical 
and chemical stability and high electrical conductivity [16,27]. The properties of 
CNTs have made them attractive candidates for overcoming water scarcity and water 
pollution issues. Several authors have shown that the effect of CNTs in membrane 
polymer tends to enhance the hydrophilicity due to the decrease in contact angle, 
leading to greater water flux. The synthesis of polymer/ CNT further improves mem-
brane performances with respect to permeability, chlorine tolerance, thermal resis-
tance, solvent stability, and fouling resistance [28] and the method for incorporating 
CNT to the mixed matrix membrane as in  Figure 11.2.

Several authors demonstrate the functionalization of CNTs in a strong acid mix-
ture as illustrated in  Figure 11.3 [28]. They observed peaks of 1,680, 1,715, 2,875, 

 FIGURE 11.2 Schematic representation of MMMs with  CNT-fillers.

 FIGURE 11.3 Functionalization of CNTs: ( a) raw CNTs and ( b) functionalized CNTs.
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and 3,435 cm−1 that correspond to COOH,  C–C,  C–O, C=O,  C–H,  and –COOH, 
respectively, with Fourier Transform  Infra-Red ( FTIR) analysis. The length of CNTs 
was tens of micrometers before H2SO4:HNO3 treatment, but reduced to hundreds of 
nanometers after H2SO4:HNO3 treatment [28]. CNTs were broken into smaller CNTs, 
tips were open, and carboxylic groups were at the tips and defect sites of the CNTs. 
These results verify the successful functionalization of the CNTs.

The incorporation of multiwalled carbon nanotubes ( MWCNTs) throughout the 
super selective  thin-film layer was also explored as a facile approach to producing 
superior hydrophilic membrane. The unique molecular architecture of the tubes 
embedding in the membrane matrix has the potential to increase both permeability 
and selectivity. MWCNTs were not well dispersed in the  non-polar solvent of the 
organic phase, but generally agreed that the rapid transport rates exist because the 
walls of nanotubes are much smoother ( on atomic scales) than other materials lead-
ing to the increase in surface area of MMMs. This phenomenon tends to increase the 
rejection rate of MMMs [29].

11.2  MIXED MATRIX MEMBRANES

The combination of polymeric and inorganic/ organic materials in one new material 
is called mixed matrix membranes ( MMMs). MMMs can also be defined as incorpo-
ration of nanomaterials in  solid–liquid phase or both that are dispersed or embedded 
in a continuous phase. These phases have been combined to have the effective fea-
tures of both polymeric and filler. The sole purpose of developing this new material 
has been to associate the advantageous characteristics of two types of membranes 
boosting the overall process. Material advancement in membrane technology has 
made it possible to  fine-tune the process efficiency and has successfully paved the 
way for MMMs in water treatment applications [29].

 Figure 11.4 shows the schematic of an ideal MMMs that could offer the physi-
cochemical stability of inorganic/ organic material and polymeric materials while 
promising the desired morphology with higher values of permeate selectivity, hydro-
philicity, fouling resistance, along with better thermal, mechanical, and chemical 
strength over a wider range of temperature and pH [28,29]. Polymer matrix plays 
a big role in permeability whereas the inorganic filler is a controlling factor for the 

 FIGURE 11.4 Schematic of ideal mixed matrix membranes.
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selectivity of separation performance. The interfacial compatibility between the 
two phases is important to serve the desired purpose for such membranes [26]. The 
addition of fillers asserts their effect on the morphology of MMMs. The transport 
phenomenon determines the overall performance of newly developed membranes. 
The interfacial void formation, aggregation, and pore blockage are some of the key 
effects in resultant MMMs [29]. The presence of interfacial voids creates additional 
channels that allow the solvent to pass through the membranes [30]. Meanwhile, 
the mechanical strength and rejection rate are concerned by density. These features 
should be controlled or avoided by optimizing the process parameters of polymer 
concentration, filler concentration, casting technique, and coating technique [ 31–33]. 
Therefore, addition of these fillers in membrane synthesis could be challenging since 
controlling the placement of dispersion and its shedding/ loss during the process is an 
important task that restricts its commercialization.

Goh and Ismail summarized their types of MMMs in four different types, namely 
conventional nanocomposite,  thin-film composite with nano thin film, nanocom-
posite,  thin-film composite with nanocomposite substrate, and  surface-located nano 
composite [34]. These types of MMMs based on their corresponding filler types, 
such as inorganic  filler-based MMMs, organic  filler-based MMMs,  biofilter-based 
MMMs, and hybrid  filler-based MMMs.

11.2.1  InorganIc  FIller-Based MMMs

An inorganic  filler-based membrane is an active MMM in which inorganic fillers 
attach themselves to support materials by covalent bonds, van der Waals forces, or 
hydrogen bonds. These inorganic fillers are prepared through processes such as  sol–
gel, inert gas condensation, pulsed laser ablation, spark discharge generation, ion 
sputtering, spray pyrolysis, photothermal synthesis, flame synthesis,  low-temperature 
reactive synthesis, mechanical alloying, milling, and electrodeposition [35].

11.2.1.1  Zeolite  Filler-Based MMMs
Recently, many reports demonstrated catalytic activity of  polymer–zeolite MMM 
because the interaction of materials in the membrane matrix and the  shape-selective 
catalytic properties of zeolites can improve permselective separations. The mem-
brane also functions as a separator in the gas phase between different gaseous mol-
ecules. Thus, the membrane should be permeable enough to give efficient separation. 
For  liquid-phase separation,  metal-organic complexes and inorganic filler such as 
zeolite have been used [36]. It is well presented mostly that polydimethylsiloxane 
( PDMS) is incorporated as a polymer matrix because of its high permeability, an 
affinity for reagents, thermal, mechanical, and chemical stability [37]. Langhendries 
and Baron studied the catalytic activity of  zeolite-filled poly( dimethylsiloxane) poly-
mer membranes [38]. Catalyst performance was found to improve significantly as 
 zeolite-encaged  iron-phthalocyanine was incorporated into a dense hydrophobic 
polymer membrane.

SEM image of a zeolite MMMs showed a homogenous distribution of zeolite 
particles in the polymer matrix at different loads [35,39] (  Figure  11.5). Zeolite 
mixed matrix membranes ( zeolite MMMs) are used for sustainable engineering 
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improvement in catalyst performance. Both mathematical model and kinetics deter-
mined exact concentrations in polymer and catalyst, and subsequently, the result-
ing catalyst activity and selectivity. Their results also indicate that hydrophobic 
 poly-( dimethylsiloxane) is an attractive polymer for the incorporation of the hydro-
philic  zeolite-encaged  iron-phthalocyanine catalyst. As a result, diffusion through 
composite catalytic membranes can be predicted using the mass transfer coefficients 
of pure zeolite and pure polymer material, and a tortuosity factor based on the zeolite 
loading as a catalyst.

 Figure  11.5 shows the dispersion of zeolite that is produced by synthesis of 
MMMs with homogenous mixing between polymer and zeolite. Meanwhile, Drioli 
and Giorno investigated the incorporation of polydimethylsiloxane ( PDMS) into a 
polymer matrix and silicate for the permeation of various gases [40]. In their study, 
only a couple of very  high-zeolite loadings were investigated, and they indicated that 
zeolite plays an important role as a molecular sieve in the membrane by facilitating 
the permeation of smaller molecules while it prevents the permeation of larger ones.

11.2.1.2  Titanium Dioxide  Filler-Based MMMs
Titanium dioxide ( TiO2) nanofiller has a high specific area and hydrophilicity 
that affect the mass transfer during the membrane process. At lower TiO2 concen-
tration (< 2 wt.% of TiO2), an increase in the amount of hydrophilic TiO2 tends 
to draw more water into polymer dope, resulting in an increase in the length 
of  finger-like macrovoids and a decrease in the thickness of the intermediate 
 sponge-like layer [41]. Whereas at higher concentrations of the TiO2 (  3–10 wt.% 
of TiO2), an increase in TiO2 concentration would increase the viscosity of the 
polymer dope and decrease the rate of water intrusion into polymer dope. This 
phenomenon then results in shorter  finger-like macrovoids and a thicker interme-
diate  sponge-like layer.

 FIGURE 11.5 SEM images of zeolite MMMs.
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A field emission scanning electron microscope ( JEOL  JSM-6700F) was used to 
examine the morphology of the PVDF hollow fiber membrane. Prior to analysis, 
the membrane samples were first immersed in liquid nitrogen and fractured care-
fully [42]. The samples were then coated with sputtering platinum before testing. 
The FESEM micrographs of the cross section and outer surface of the hollow fiber 
membranes were taken at various magnifications.

 Figure 11.6 illustrates the AFM image of membrane surface that is not smooth. 
The  nodule-like structure and nodule aggregates are formed at PVDF/ TiO2 MMMs’ 
surface. Yuliwati et  al. [42] reported the effect of TiO2 on MMMs surface. They 
reported that the surface became smoother, and the nodules were separated from 
each other leading to a rougher MMMs surface than that of a neat PVDF membrane. 
This result may be attributed to PVDF/ TiO2 MMMs outer surfaces that experienced 
coalescence and orientation of polymer aggregates before gelatin in the external 
coagulation contained. The relaxation of the polymer occurs on the outer surfaces 
during relaxation, and the macromolecules tend to coil and entangle with each other, 
enhancing the fusion of nodular aggregates.

11.2.1.3  Carbon Nanotubes  Filler-Based MMMs
Carbon nanotubes ( CNTs) often refer to  single-wall carbon nanotubes ( SWCNTs) 
with diameters in the range of a nanometer. CNTs exhibit remarkable electrical con-
ductivity, while others are semiconductors. They have exceptional tensile strength 
and thermal conductivity due to their nano structure and the strength of the bonds 
between carbon atoms. These properties are expected to be valuable in many areas of 
technology, such as electronics, optics, mixed matrix materials, and nanotechnology. 
Carbon nanotube membranes can be classified into different categories according to 
the fabrication methods; however, the two broad classes are: ( a) freestanding CNT 
membranes, and ( b) mixed ( nanocomposite) CNT membranes. The two main types 
of freestanding CNT membranes, typically used in desalination and water treatment 
applications, are vertically aligned CNT ( VACNT) membranes and  bucky-paper 
membranes [43].

 FIGURE 11.6 ( a) FESEM images of cross section and AFM images of the outer surface of 
MMMs with ( a) lower TiO2 and ( b) higher TiO2 concentrations.
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 Figure 11.7 shows the zigzag and armchair configurations that are part of some 
structures of a  single-walled nanotube. On some carbon nanotubes, there is a closed 
zigzag path that goes around the tube. The length of the  carbon–carbon bonds is 
fairly fixed. There are constraints on the diameter of the cylinder and the arrange-
ment of the atoms on it.

CNTs are the most used fillers in the development of MMMs. To employ CNTs 
as effective reinforcement in the polymeric matrix, proper dispersion, and suitable 
interfacial adhesion between CNTs and the polymer matrix have to be guaranteed. 
 Figure 11.8 shows the application of CNTs in many industries, such as energy, biol-
ogy, electronics, materials, agriculture, and tools. The current trend in polymeric 
MMMs is the incorporation of  filler-like nanoparticles to improve the separation 
performance. Ismail et  al. fabricated carbon  nanotubes-mixed matrix membranes 
(  CNT-MMMs) that offer a viable route to overcome the limitation demonstrated by 
the conventional polymeric and inorganics membranes. The excellent diffusivity 
properties of CNT have a promising outlook in wastewater separation processes.

11.2.2  organIc  FIller-Based MMMs

Organic  filler-based membranes are a modern type of MMMs in which organic fill-
ers ( such as cyclodextrin, polypyrrole, polyaniline ( PANI), chitosan beads, wheat 
straw, yellow birch, pine, and rice husk) are introduced into substrate matrix, mostly 
through blending and phase inversion [44]. Organic fillers have the distinct advan-
tage of having more functional groups attached to them, hence making them more 
adaptable than inorganic fillers. Their ability to attach themselves to a substrate 
through chemical reactions or binding themselves, especially with a hydrophobic 
surface makes them a better option for developing specialized ( antifouling, highly 
hydrophilic, specific component rejection or higher porosity) membranes [45]. Zhao 
et al. synthesized a nanocomposite membrane by blending PANI nanofibers in poly-
sulfone polymer, resulting in a membrane having better permeability and antifouling 
properties [46]. As a result, the water flux of PANI nanofibers increased up to 1.6 

 FIGURE 11.7 Structure molecule of carbon nanotubes ( CNTs)-based membranes.
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times. This improvement can be attributed to the increasing hydrophilicity of nano-
composite, since PANI ( molecular structure as in  Figure 11.9) fibers provided huge 
surface energy, which clustered the small water molecules, hence producing a more 
permeable polysulfone membrane .

Teli et al. also obtained the same results for  PANI-based nanocomposite mem-
branes with added polyvinylpyrrolidone ( PVP) [47]. They successfully enhanced 
the pure water flux, antifouling, separation efficiency, and mechanical strength of 
the resultant membranes with further PVP additions. Their study showed satisfy-
ing results because the addition of PVP ( below 0.5 wt.%) with PANI organic filler 
in polysulfone matrix produced the aforementioned characteristics in the resulting 
membrane. BSA rejection through these membranes only occurs due to the hydro-
philic nature of nanofillers ( PANI) on the surface and the sieving mechanism due 
to the larger sizes of BSA molecules, though the addition of PVP may not affect 
the rejection significantly [47]. Zhong et al. blended a β-cyclodextrin polyurethane 
into a polysulfone matrix for removing Cd+2 ions from water [48]. The addition of 
β-cyclodextrin polyurethane increased the permeability of the MMM to 489 Lm2.h−1 
by providing more wide pores on the surface, higher hydrophilicity, and better con-
nectivity within  finger-like pores.

11.2.3   BIoMaterIals-Based MMMs

Incorporation of biomaterials ( biofillers) ( such as aquaporin, amphiphilic, or lig-
nin) into continuous matrix is an innovative technique to enhance the effective-
ness of membrane technology.  Biofiller-based MMMs deliver better permeability, 

 FIGURE 11.8 The applications of carbon nanotubes ( CNTs) [28].
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antifouling ability, and certain functionalities such as mechanical reinforcement 
effect, which are either lacking or quantitatively low in the nascent membrane [49]. 
Two design strategies to synthesize these membranes are extensively reported in the 
literature. In the first strategy, aquaporin containing lipid bilayer is coated directly 
on the membrane substrate, while in the second strategy, vesicles or proteolipo-
somes ( aquaporin incorporated in liposomes/ polysomes) are coated on the support 
surface [50].

 Figure  11.10 presents a design of a vesicular membrane incorporated with a 
commonly used biofiller, such as aquaporin. Recent work by Wang et al. proposed 
that the introduction of aquaporin filler in amphiphilic triblock polymer vesicles 
(  PMOXA15- PDMS10-PMOXA15) demonstrated an excellent performance related 
to permeability and driving force that was claimed to be  800-fold better than the 
simple polymeric membranes [51]. These newly developed MMMs also offered 
the unique ability to achieve a controlled permeability. They were found to be an 
excellent barrier toward urea, glucose, glycerol, and salt by reporting their relative 
reflection coefficient higher than unity. Nevertheless, the limiting concentration and 
incorporation method of biofillers in a polymer matrix have to be accounted properly 
since they could cause a significant decrease in membrane productivity under differ-
ent biofiller concentrations [52].

Furthermore, Wang et al. used plant waste as biofiller in their study for cationic 
dye removal [53]. They added biofiller, e.g., banana peel, tea waste, and shaddock 
peel in polyethersulfone and reported the rejection of up to 95% of cationic dyes. 
The addition of such biofillers provided better charge interaction, hydrophobic inter-
action, and hydrogen bonding, hence improving the overall rejection of developed 
MMMs. Further improvement in cationic dye removal from wastewater is also 
suggested if the simple polymeric matrix is removed with biopolymers [53]. Other 

 FIGURE 11.9 Various types of organic fillers.
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polymers have also been tested in various studies as Li et al. introduced aquaporin 
containing liposomes into polyamide imide ( PAI) polymer matrix to synthesize a 
nanofiltration membrane with high permeability and higher rejection efficiency [54]. 
Their study reveals that at optimal composition (  liquid- to-protein ratio of 200), the 
membrane showed the maximum pure water flux of 36.6 L m−2 h−1, whereas the rejec-
tion of divalent salts was as high as 95%. The high permeability of the membrane 
was attributed to the availability of more passage for water molecules provided by 
aquaporin. On the other hand, high rejection of membrane was the direct result of the 
liposomes selective layer. Nevertheless, the method of incorporation of aquaporin in 
any matrix needs proper consideration since aquaporin placed near the top surface or 
exposed to the external environment would lose its activity.

Nevárez et al. synthesized gold and silver nanoparticles for producing a composite 
membrane for metal ions rejection [55]. They incorporated three different types of 
propinated lignin ( kraft) in cellulose triacetate ( CTA) through  vapor-induced phase 
separation method. These showed that propinated kraft lignin ( KL) improved the 
mechanical strength of the resultant KL/ CTA membrane. Propination of kraft lignin 
increased the compatibility of the propyl group with cellulose acetate due to more 
London dispersion forces between the biofiller and the substrate polymer. However, 
propination adversely affected the mechanical characteristics of the developed mem-
branes in the cases of organoslov ( OL) and hydrolytic ( HL) lignin. Propination in 
OL and HL lignin increased the particle sizes of resultant biofillers that diminished 
the adhesion between CTA and incorporated lignin nanoparticles, thus making the 
membranes less mechanically stable. Rejection measure for propinate Kl/ OL/  HL-
based CTA MMMs showed a better rejection rate of arsenic ions for  OL-based CTA 
MMMs ( 17%–22.8%), while the other two lignin suffered reduction due to antago-
nistic effects of divalent ions in the solution [56].

11.2.4  HyBrId  FIller-Based MMMs

Hybrid fillers are a recent addition to the MMMs technology. This type of mem-
brane contains two different fillers ( independently or in composite form) added to 
the continuous phase. These hybrid materials are incorporated either to accomplish 

 FIGURE 11.10 Design of biofiller mixed matrix membranes.
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any targeted purposes or to improve the overall process effectiveness of the resul-
tant membrane. A conceptual multifunctional membrane is depicted with hierarchal 
nanofillers where, on different layers, different types of nanofillers are introduced to 
achieve diverse functionalities. Mahmoudi et al. introduced the combination of iron 
( II, III) oxide and polyaniline into a polyethersulfone matrix to be able to accomplish 
85% of Cu ( II) removal from water [57]. The results showed that adsorption, in this 
case, was the dominating separation mode, otherwise this membrane could offer bet-
ter reusability and durability.

A novel hybrid material  chitosan-montmorillonite (  CS-MMT) was dispersed in a 
polyethersulfone ( PES) matrix by Saf et al. [58]. This novel hybrid filler  CS-MMT 
raised the membrane antifouling ability due to its highly hydrophilic nature and 
increased the membrane mechanical strength by restricting the polymer chain mobil-
ity forming interrelated structures. They showed that a high flux recovery of up to 
92% was achieved due to a loose active layer and the enhanced hydrophilic nature of 
the membrane [59]. Alpatova et al. also synthesized an antifouling MMM through 
inclusion of Fe2O3 nanoparticles and multiwalled carbon nanotube ( MWCNT) in 
polyvinyldene fluoride ( PVDF) [60]. The addition of this hybrid filler raised the deg-
radation of fouling compounds such as cyclohexanoic acid and humic acid resulting 
in better antifouling behavior than that of the nascent one.

11.3  APPLICATION OF MMMS

 Membrane-based technologies used for water and wastewater filtration can be a 
promising alternative to treat wastewater or water including both conventional and 
emerging pollutants and economic advantages over other water treatment processes. 
As aforementioned, MMMs comprising polymer  matrix-containing fillers can be a 
viable alternative to overcome the limitation of laminate membranes. Only a small 
amount of inorganic nanomaterials is required to prepare MMMs as compared to the 
total weight, thereby minimizing the environmental and safety issues accompanied 
by the preparation of inorganic nanomaterials. MMMs can be reused by adjusting 
pH and simultaneously removing different types of pollutants from aqueous solu-
tion by adsorption and size exclusion. Moreover, MMMs are more suitable for mass 
production of  large-area membranes used in water and wastewater treatment. In 
this chapter, we review the MMMs application in the agriculture industry, such as 
the polyvynilidene fluoride/ titanium dioxide for virgin coconut oil purification and 
polysulfone/ titanium dioxide fillers for palm oil wastewater.

11.3.1  MMMs on PurIFIcatIon oF VIrgIn coconut oIl

Virgin coconut oil ( VCO) is obtained from the fresh and mature kernel ( 12 months 
old from pollination) of the coconut ( Cocos nucifera L.) by mechanical or natural 
means with or without the application of heat, which does not lead to alteration of 
the nature of oil. VCO has not undergone chemical refining, bleaching, or deodor-
izing. VCO consists mainly of  medium-chain triglycerides, which are resistant to 
peroxidation. VCO has been also acknowledged as the healthiest crop oil and can be 
extensively used in various fields such as food, beverage, medicinal, pharmaceutical, 
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nutraceutical, and cosmetics [61]. VCO is colorless, but multiple processes could 
change the color of VCO to bright yellow. This color change tends to decrease the 
VCO quality. The essential composition and quality factors of VCO have been tabu-
lated in  Table 11.2 [62].

 High-quality VCO has some advantages such as it is odorless, colorless, and free of 
sediments. The odorless VCO can be produced by filtration through PVDF MMMs, 
which have porous fibers consisting mostly of titanium elements that are distributed 
on the MMMs’ outer surface. Being covalently bonded and having a very large sur-
face area were influenced by titanium dioxide fillers in PVDF polymer [40,61].

11.3.1.1  Characteristics and Quality of VCO
11.3.1.1.1  Dye Removal
Dyes are colored substances that establish chemical bonds with the substrates. It has 
been estimated that virgin coconut oil contains dyes contributing to the quality of 
VCO. The quality of VCO in Indonesia is standardized accordingly ( SNI 7381:2008) 
[62].

11.3.1.1.2  VCO Analysis
The relative density of VCO samples was measured according to the AOAC method 
( AOAC, 2000) at a temperature of 30°C. The fatty acid profile of VCO samples 
was measured as fatty acid methyl esters ( FAMEs). Prepared FAMEs were injected 
into the gas chromatography ( Shimadzu, Kyoto, Japan) equipped with the flame 
ionization detector ( FID) at a split ratio of 1:20. A fused silica capillary column 
( 0.25 mm), coated with bonded polyglycol liquid phase, was used to analyze the fatty 
acids. The analytical conditions were an injection port temperature of 250°C and a 
detector temperature of 270°C. The oven temperature was set up within the range of 
170° C–225°C at a rate of 1°C min−1 ( no initial or final hold). The retention time of 
FAME standards was used to identify chromatographic peaks of the samples. Fatty 

 TABLE 11.2
Essential Composition and Quality Factors of Virgin Coconut Oil ( SNI 
7381:2008)

Parameter Standard, SNI

Moisture and impurities (%) Max 0.1

Volatile matters at 1200C (%) Max 0.2

Free Fatty Acid (%) Max 0.2

Peroxide Value meq/ kg Max 3

Relative density 0. 915–0.920

Refractive Index at 400C 1. 4480–1.4492

Insoluble impurities per cent by mass Max 0.05

Saponification value ( Mg KOH/ g oil)  250–260 min

Color Water clear

Odor and Taste Natural fresh coconut scent, free of sediment, free from rancid 
odor and taste
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acid content was calculated based on the peak ratio and expressed as g fatty acid/ 
100 g oil. The acid value of all VCO samples was measured by the AOCS method 
( AOCS, 2009), and FFA was analyzed by the following equation using the conver-
sion factor of 2.81 for lauric acid. The results showed the characteristics of MMMs 
( PVDF/ TiO2 membrane) that identified four parameters namely odor, color, relative 
density, and free fatty acid content.  Table 11.3 illustrates the composition of VCO 
after filtration.

11.3.1.2  Effect of Surface Morphology on Filtration of PVDF/ TiO2 MMMs
The results of the surface morphological analysis of the MMMs were obtained using 
a scanning electron microscope ( SEM) as shown in  Figure 11.11. The figure shows 
the surface morphology of  bio-adsorbent obtained using an electron microscope 
scanning the field emission with magnification 374 times for each samples a and 
b.  Figure 11.11a and b illustrates  bio-adsorbent used by SEM with magnification of 
8,740 and 8,750. The  bio-adsorbent pores are spread evenly on the surface area.

The pore diameter can also be measured using the same tool, which is an average 
of 1.59 μm, as shown in  Figure 11.11. The filtration process occurred when the VCO 
passed through the pores of PVDF/ TiO2 MMMs. The average pore diameter of the 
PVDF/ TiO2 can be analyzed through SEM. The density of permeate was analyzed 

 TABLE 11.3
Composition of Produced Virgin Coconut Oil After 
Filtration

Component Unit Total Standard, SNI [62]

Odor None 1  1–2

Color None 1  1–2

Relative Density gr/ mL 0.917 0. 915–0.917

Free Fatty Acid % 0.057 0. 03–0.09

 FIGURE  11.11 Surface morphology of MMMs using SEM ( a) before and ( b) after 
purification.
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by a pycnometer with an average density of 0.917 gr mL−1, free fatty acids ( ALB) of 
0.057%, as shown in  Table 11.4. As can be seen, the MMMs which have a high total 
porosity and average pore size tend to increase the flux and remove more impurities 
significantly.

11.3.2  aPPlIcatIon oF oPtIMuM Process condItIon oF PVdF/ 
tIo2 MMMs on FIltratIon oF PalM oIl WasteWater

Wastewater streams typically contain many regulated inorganic and organic contam-
inants that can restrict their use or disposal thereof. Standards promulgated by state 
agency that regulate the maximum content of contaminants in wastewater streams 
disposed into publicly owned treatment works or discharged into waste injection 
wells have become increasingly stricter. Thus, processes for reducing the content 
of the inorganic and organic contaminants to an acceptable level in the wastewater 
streams have been employed to comply with these standards.

Palm oil is broadly produced in Indonesia and its production reached 48.68 mil-
lion tons in 2018 [63]. Indonesians commonly choose palm oil as an alternative to 
other vegetable oils for daily needs. The current market showed a high demand 
of the palm oil industry leading to a higher production rate [64]. Meanwhile, the 
increase in palm oil production resulted in contaminants in its production wastes, 
such as solid waste and liquid waste. The contamination of water supplies by traces 
of the palm oil industry is a global issue causing environmental and health concerns 
resulting in an increasing demand for water remediation technologies. Nowadays, 
membrane system has grown up significantly and has received big attention from 
both academic and industry for answering the problems of water remediation tech-
nology. The usage of  low-pressure membrane processes such as ultrafiltration has 
been increasing significantly for water and wastewater reclamation. The properties 
of wastewater also have a major impact on membrane fouling. Fouling is a major 
limitation for their implementation and also can affect the permeate quality and 
overall operation cost.

The palm oil industry mostly generates two types of waste, namely solid and liquid 
wastes. Liquid waste has been known as palm oil mill effluent, which is thick brown-
ies viscous liquid waste, slurry, has high colloidal suspension, and has an unpleasant 
odor [65]. POME contains 95%–96% water, 0.6%–0.7% oil, and 4%–5% total solids 
including 2%–4% suspended solids [9,14]. Suspended solids consist mainly of debris 
from palm fruit mesocarp. POME was produced from sterilizer condensate, clarifi-
cation condensate, and  hydro-cyclone waste in the amount of 1,130 L of each ton of 
processed palm oil [64]. POME is a  non-toxic liquid waste with an unpleasant odor 
and a high concentration of chemical oxygen demand ( COD) and biological oxygen 
demand ( BOD). This composition causes serious pollution and environmental prob-
lem to the water sources.  Table 11.4 tabulates characteristic of POME and standard 
discharge of treated POME in Indonesia [65].

Palm oil mill effluent management treatment mostly applied conventional bio-
logical treatments of anaerobic or facultative digestion. The aerobic and facultative 
ponds rely on bacteria to break down the organic matter into simple end products of 
methane, carbon dioxide, hydrogen sulfide, and water [63,66]. It consists of a series 
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of ponds connected to each other where each pond has its own purpose tending 
to increase the operational cost. Moreover, biological treatment can also produce 
biogas which is known as a corrosive and hazardous substance. These problems 
could be overcome by applying a membrane system. It could also treat POME with 
better consistency regardless of effluent variations allowing recycle process of the 
selected waste stream within a plant, so treated wastewater could be reused in the 
mill. The primary advantage of the membrane system is that it lowers the overall 
cost regarding supply of water and its further treatment namely, the elimination of 
the pollutant of POME. Moreover, the operational cost of the membrane system is 
less than conventional treatment. The increase of air gap length in membrane spin-
ning affects the decrease of pure water permeation and wall thickness, the increase 
of pore size of outer surface skin layer thickness. TiO2 particles loading possessed 
smaller pore size, and more apertures inside the membrane that increased the mem-
brane hydrophilicity. Moreover, TiO2 could degrade the color pigment contained in 
POME [66]. Some previous studies reported that permeate volume is enhanced with 
the use of aeration [67]. The combined liquid and gas flow has been shown to have 
more effect on fouling than liquid flow with higher velocity [68]. The bubble flow 
rate used for membrane filtration could provide oxygen to the biomass, maintain the 
solids suspension, and reduce the rate of the membrane fouling [69]. The objective 
of this current research is to investigate the performance of mixed matrix membrane 
in treating wastewater of palm oil mill effluent toward the different morphologies of 
used membrane based on varied air gap differences of 0, 3, and 5 cm. Moreover, the 
use of aeration was also studied on the size and velocities of bubbles. Herein, in this 
work, polivinylidene fluoride ( PVDF), an inexpensive hydrophobic polymer, was 
chosen as a polymer for preparing  PVDF-MMM through a  non– solvent-induced 
phase inversion technique. This research also investigated the effect of suspended 
solids concentration, air bubbles flowrate ( 2.0, 3.0, and 4.0 mL min−1), and size of 
bubble generation ( 4 and 8.5 µm) on flux and suspended solids removal.

The membrane is a promising method to be used in POME treatment due to its 
high packing density and the ease of module manufacture and operation. In this 
device, membranes are directly immersed in the feed reservoir with the withdrawal 
of permeate through the fibers by the application of vacuum on the outlet of the fiber 
lumen [70]. According to the reports, palm oil industry wastewater was characterized 

 TABLE 11.4
The Standard Discharge of Treated POME

Parameters  Type of POME
Standard discharge, 

mg/ L
Concentration of pollution loading, 

mg/ L

BOD5 25, 000–29,000 100 225 ( 1.01)

COD 51, 000–64,000 350 888 ( 0.25)

TSS 18, 000–23,000 250 263 ( 1.02)

Oil and grease 6, 000–7,000 25 63 ( 0.08)

Total nitrogen  750–1,200 50 21.5 ( 0.53)

pH 4..5  6–9
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by the presence of several organic and inorganic substances, namely, oil and grease, 
chemical oxygen demand ( COD), total organic carbon ( TOC), sulfide, free chlorine, 
ammonia nitrogen, and total suspended solids ( TSS) [71]. The PVDF MMMs were 
produced by adding inorganic TiO2 of 4 wt.% to the dope solution. TiO2 concentration 
changed the membrane structure from  sponge-like to  finger-like, which significantly 
increased the water flux. It was caused by characteristic changing from hydrophobic 
to hydrophilic as shown in  Figure 11.12.

The process efficiency in the membrane filtration is generally affected by many 
factors such as aeration flow rate, mixed liquor suspended solid ( MLSS) concentra-
tion, pH, and hydraulic retention time ( HRT). The optimization of these variables 
may significantly increase the process efficiency and the practicality of MLSS con-
centration. HRT, pH, and air bubble flow rate ( ABFR) were considered as variables, 
while flux, total suspended solids ( TSS), and ammonia nitrogen ( NH3-H) removal 
efficiencies were considered as parameters that have to be maximized due to the 
environmental regulation.

The properties of PVDF/ TiO2 mixed matrix membranes used in this work have 
been described in detail in the previous study[40,72]. As a  semi-crystalline polymer, 
PVDF generally exhibits more complicated phase separation behavior than amorphous 
polymer. TiO2 was added to the spinning dope to improve thermodynamic/ kinetic rela-
tions during the phase inversion process in the preparation of  PVDF-based membranes, 
to increase the surface hydrophilicity, and thus improve membrane water productivity 
[72]. The  lab-scale experimental  set-up shown in  Figure 11.13 was used in this work. 
The membrane separation system consisted of a feed reservoir of 12 L volume, hollow 
fiber bundles, a peristaltic pump, a permeate flowmeter, and an permeate collector.

The filtration experiments were conducted at room temperature and under vac-
uum on the permeate side ( 0.5 bar abs) created using a peristaltic pump ( Master flex 
model  7553-79, Cole Palmer) with the permeate being withdrawn from the open end 
of fibers and constant transmembrane pressure ( TMP) of 0.5 bar was maintained 
to let water permeate from outside to the inside of the hollow fiber. The continuous 
aeration produced a turbulent flow which could decrease the cake layer thickness and 
the average particle size.

The permeation flux and rejection of modified PVDF ( Merck) membranes with 
adding organic additive of rutile TiO2 in varied concentrations ( 2 and 4 wt.%) and 

 FIGURE 11.12  Cross-section image of PVDF membrane ( a) without TiO2 and ( b) with TiO2 
4 wt.%.
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dimethyl acetamide ( DMAc, Merck) as a solvent for graywater were resulted by 
ultrafiltration experimental equipment as shown in  Figure  11.13. Prepared modi-
fied module membrane with compositions of PVDF of 18 wt.% and titanium dioxide 
of  2–4 wt.% was submerged in the membrane reservoir. The suspension in a mem-
brane reservoir with a volume of 9 L has been prepared with varying compositions 
of suspended solid within 3. 0–6.0 mg L−1. A  cross-flow stream was produced by 
air bubbling generated by a diffuser situated underneath the membrane module for 
mechanical cleaning of the membrane module. The air bubbling flow rates per unit 
projection membrane area were set at 1. 2–3.0 mL min−1 in order to produce proper 
turbulence. The filtration pressure was supplied by a vacuum pump and controlled by 
a needle valve and hydraulic retention time was set up at  180–240 minutes. Bubble 
size generation was adjusted with difference aerators that have a diameter of around 
500 nm in order to have turbulence flow. Finally, permeate flow rates were continu-
ally recorded using flow meters, respectively.

11.3.2.1  Analytical Methods
The morphology of modified PVDF/ TiO2 MMMSs was analyzed using field emis-
sion scanning electron microscopy ( FESEM;  S-800M, Hitachi High Technology Co. 
Ltd., Tokyo, Japan). In order to observe the membrane  cross-sections, membranes 
were first frozen in liquid nitrogen and then submitted to fracture. All samples of 
 cross-sections were  sputter-coated with a thin gold film prior to FESEM observation 
at a magnification of 8k.

11.3.2.2  Flux
Pure water permeation flux ( J) was measured at reduced pressure ( 0.5 bar absolute) 
on the permeate side. Then, the flux ( J) was calculated as follows:

 =
⋅ ∆

J
Q

A t
 ( 11.1)

 FIGURE 11.13 Membrane system.
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where J is the flux ( l/ m2 h), V is the permeate volume ( l), A is the membrane surface 
area ( m2), and t is the time ( h).

11.3.2.3  Rejection Rate
The rejection rate was calculated according to the following equation:

 = −






×% 1 100R
C

C
p

f

 ( 11.2)

where Cp and Cf are concentrations of permeate and feed solutions, respectively.

11.3.2.4  Total Suspended Solids and Ammonium Nitrogen Removal
Membrane performance of total suspended solids ( TSS) and ammonium nitro-
gen ( NH3-N) concentrations were measured using a spectrophotometer ( DR 5000, 
HACH) in accordance with the standard procedures of method 8006 ( Photometric 
method) and method HR TNT 10031 ( salicylate method), respectively. During the 
operation with high organic loading rates, the concentrations were evaluated daily 
and sampling was carried out three times a week. The TSS and NH3-N removal effi-
ciencies were calculated by Equations 11.3 and 11.4.

 ( ) = − ×    % 1000

0

TSS removal
TSS TSS

TSS
 ( 11.3)

where TSSo and TSS are the initial TSS concentration of the feed synthetic greywa-
ter and permeate, respectively.

 ( )− = − − −
−

×    %
 

1003
3 0 3

3 0

NH N removal
NH N NH N

NH N
 ( 11.4)

where NH3-No and NH3-N are the initial NH3-N concentration of the feed graywater 
and permeate, respectively.

11.3.2.5  Morphology and Structural of Membrane
Field emission scanning electromagnetic microscopy ( FESEM) of the modified 
membranes that has composition of PVDF of 18 wt.% and TiO2 of 2 and 4 wt.% 
has the improvement of membrane morphology (  Figure 11.13). It was observed that 
for addition of a small amount of TiO2 nanoparticles the membrane tends to have 
a  finger-like structure more than  sponge-like macrovoids. TiO2 nanoparticles have 
high specific areas and hydrophilicity that affect the mass transfer during the spin-
ning process [40, 73]. The  cross-sectional images for all hollow fibers consist of 
 finger-like macrovoids extending from both the inner and outer wall of the hollow 
fiber, and an intermediate  sponge-like layer. The thickness of the  sponge-like layer 
decreases initially with an increase in TiO2 concentration of  2–4 wt.% of the PVDF 
of 18 wt.% (  Figure 11.14).

Based on  Figure 11.14a and b, it can be assumed that there is a decreasing rejec-
tion rate (  Table 11.5) with an increasing pore size of the outer surface leading to 
the increase in the air gap distance. This indicates that the solute transport may be 
governed by the pore size and pore size distribution of the external surfaces of the 
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 FIGURE  11.14 FESEM images of cross section of PVDF MMMs ( a) with adding TiO2 
2 wt.% and ( b) with adding TiO2 4 wt.%.

 TABLE 11.5
Structural and Morphology of PVDF/ TiO2 Mixed Matrix Membranes

Sample Fluks, L/ m2.h Avg poresize, nm Porosity,% Rejection Rate, %

PVDF 28.4

PVDF + TiO2 2 wt.%  30.00 10.00 65 80.25

PVDF + TiO2 4 wt.%  87.50 38.20 86 98.90
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membranes. In previous studies, it was found that lower solute separation values for 
 hollow-MMMs have larger pore sizes [ 71–73]. These images showed that the mem-
brane always used dimethyl acetamide ( DMAc) as organic solvent. This solvent will 
change the structure of the membrane in wet conditions. The microstructural images 
of membranes used for liquid filtration normally performed under dry conditions. 
It can be proven that the structure of the membrane changes by adding the TiO2 
concentration of  2–4 wt.% where the pore size tends to be shorter and the diam-
eter decreases. This phenomenon has been caused by swelling. This means that the 
microstructure images of the dry membrane could be changed significantly in wet 
condition, which is in the wet solvent that is trapped in membranes. These also illus-
trated the changes in average pore size in the membrane’s outer surface with addition 
of TiO2 concentration. Dzinun et al. ( 2020) studied mixed matrix membranes made 
from polyamide and reported that TiO2 could induce an aggregate phenomenon and 
be absorbed into the substructure of PVDF membrane [73]. Yuliwati et al. ( 2011) also 
studied the effect of organic additives on membrane structure [40]. TiO2 blocked the 
pores and caused a decrease in the average pore size of the membrane surface. The 
results were attributed to the porous structure and have correlated to average pore 
size, and porosity affecting permeate rate.

 Table 11.5 shows the flux values of the used membrane containing TiO2 of 4 wt.%. 
The porosity and average pore size information of the modified membrane are also 
tabulated in  Table  11.5. All modified membranes possessed good porosity in the 
range of 65%–86%, which can be attributed to low polymer concentration in the 
membrane dope solution. The solubility of polymer and additives in the solvent plays 
a big role due to production of homogenous solutions before the fabrication of the 
hollow mixed matrix membranes. High porosity has been provided by addition of 
TiO2 of 4 wt.% meaning the interaction and extrusion of TiO2 in the porous structure 
and the aggregation of TiO2 particles inside the pores. Vanneste et al. ( 2014) reported 
the interaction among active TiO2 photocatalytic membranes [74]. They reported the 
possible influence of TiO2 on the porosity of membranes. The small portion of TiO2 
in membrane dope solution could affect the interfacial stresses between polymer and 
TiO2 particles. This would affect the formed pores of the organic phase during the 
remixing process.

The flux also increased with the increase in the concentration of TiO2 from 2 to 
4 wt.%.  Table 11.5 demonstrates that the size of the average pore on the surface mem-
brane is influenced by the value of flux.

11.3.2.6  Total Suspended Solids Removal
It can be concluded that the increase in TSS removal would occur with increasing 
ABFR and HRT and decreasing pH and MLSS concentrations. However, a further 
increase in ABFR resulted in a decrease in TSS removal. The ABFR increased from 
1.2 to 2.1 ml min−1, and TSS removal increased with an increase in ABFR because 
concentration polarization was reduced due to forceful turbulence. However, exces-
sive aeration can cause size reduction of depositing particles due to  shear-induced 
diffusion and inertial lift forces resulting in more severe pore blockage. Thus, there is 
a critical value beyond the increase of ABFR that has virtually no effect on the foul-
ing resistance. Moreover, it could have a detrimental effect [ 71–73]. The turbulent 
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flow may consume transmembrane pressure of the system, causing weaker hydraulic 
and attachability factors that lead to the decline of the suspended solids removal [74].

The TSS removal was highly dependent on the pH of the feed solution. The TSS 
removal under various pH values was affected not only by the characteristics of the 
membrane but also by the properties of the solute ( droplet). The size of the emul-
sion droplet was not uniform, and the micelles carried charges due to the reaction of 
surfactants. At a low pH level, the contribution of the charge neutralization predomi-
nated for  micro-floc formation of relatively large sizes that were sufficient for steric 
hindrance. This is consistent with the conclusion made by Dzinun et al. [75]. Hence, 
despite the coagulated suspension that accumulated densely in the form of a cake 
layer at the membrane surface, the extent of suspended solid rejection was improved. 
The increase in suspended solid aggregation and in turn TSS removal reduction was 
caused by the formation of a thicker suspended solid deposit. This is likely due to the 
reduction of electrostatic repulsion.

11.3.2.7  Ammonium Nitrogen Removal
NH3-N removal increased with an increase in ABFR from 1.0 to 2.5 mL min−1, and 
then decreased with a further increase in ABFR at pH 8.00. The reason for the pres-
ence of a critical ABFR value has already been given while discussing its effect on 
TSS removal. ABFR must be carefully controlled to maintain adequate expansion 
and  liquid–liquid mass transfer while minimizing shear effects. Lai et  al. ( 2018) 
also mentioned that the smaller particle size in aerated submerged ultrafiltration 
was mainly due to the violent turbulence that aeration produced under membrane 
bundles [74].

It can also be concluded that NH3-N removal increased with an increase in HRT 
and pH and a decrease in MLSS concentration. ABFR must be carefully controlled 
to maintain adequate expansion and mass transfer while minimizing shear effects 
near the optimum value. Lower NH3-N removal at high MLSS concentration is due 
to serious membrane fouling such as membrane adsorption and pore plugging that 
occurs on the membrane surface. The concentration polarization on the membrane 
surface was also one of the factors, as has been observed at low ABFR [75]. It should 
however be noted that there are other reasons for the high NH3-N removal observed. 
The nitrogen compounds are adsorbed to the deposited matters that are retained by 
the membrane in the filtration process. Besides, the biomass also assimilates organic 
nitrogen. This high removal value was also possible due to nitrification reactions 
that occurred in the reservoir where ammonium was highly soluble in water. The 
ammonium ions formed can be readily reduced to nitrite and nitrate. The optimal 
process parameters in suspended solids and ammonia nitrogen removal from palm 
oil wastewater were very challenging.

11.4  FUTURE CHALLENGES

Recently, novel MMMs have attracted great attention in membrane technology, due 
to their excellent advantages, such as some improvement in several parameters like 
permeability, selectivity, thermal and chemical stability, and mechanical strength 
of a polymeric membrane. Furthermore, the recent development demonstrated that 
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gas separation, as well as water treatment, has obtained significant benefit from 
membrane technology advancements enabling its further application in wider real 
industrial aspects. However, a comprehensive understanding of  organic–inorganic 
interfaces is in a great need. MMMs performance suffers from defects caused by 
poor contact at the molecular sieve/ polymer interface, the complexity of the synthe-
sis process, high cost, identification of compatible inorganic particles, agglomera-
tion, zeolite, and its applications, inorganic particle concentration, phase separation, 
control of morphology, and structural defects. Moreover, some MMMs for water 
purification application are considered to be of the potential hazard to humans and 
environment, and also need more research to determine the hazardous character of 
these nanoparticles and the mechanism of nanoparticles embedded membrane foul-
ing in industrially water purification in the future.

One of the many difficulties associated with membrane technology is the fouling 
phenomenon. Although several strategies such as the incorporation of antifouling 
nanoparticles, and surface modification have been used to overcome this problem, 
intensive investigations are needed to stop the regeneration of microbial colonies 
on the membrane surface and to reduce the leaching of filler. The next generation 
MMMs should be developed by producing  nano-size fillers without aggregation to 
improve their separation properties for the membrane industry, especially MMMs. 
There are several reasons to produce  nano-size fillers, especially zeolite fillers such 
as more polymer/ particle interfacial area and enhanced  polymer–filler interface con-
tact by smaller particles. The potential of incorporating fillers such as titanium diox-
ide particles has not been attained up to the expectation of MMMs performance, due 
to the smaller sizes, homogeneous distribution, agglomeration, price, availability, 
compatibility with polymer interface, their relationship with water chemistry, better 
interfacial contact, and stability.

There are limitations to developing novel materials due to costly synthesis pro-
cesses. The molecular dynamic simulations ( MD) of mixed matrix materials could 
be an effective approach to predicting the diffusive performance of MMM, especially 
zeolite MMMs, and to provide experimental guidelines for tuning the membrane 
permeability at the molecular level without high costs. Although there are previously 
predicted models for predicting the processes contributing to membrane separations, 
however, studies in MMMs showed inadequate suitable models. Therefore, MD will 
be essential and effective to predict the morphology and intrinsic properties of these 
fillers and their interaction with the polymeric matrix.

Ultimately, membrane morphology could change the properties of membranes, 
and subsequently, it will influence the membrane performance. Therefore, improv-
ing membrane performance in real conditions such as high temperature, high pres-
sure, and incorporating a plasticizer into the polymer solution would be possible and 
essential in order to provide better thermally and chemically MMMs at different 
operating conditions for sustainable engineering.

11.5  CONCLUSIONS

Mixed matrix membranes with zeolite fillers have attracted a lot of attention in 
membrane technology research due to their excellent advantages, such as high 
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permeability and improved selectivity. Zeolite MMMs could be considered an ideal 
candidate for the purification industry since they combine the properties of poly-
meric matric and zeolite inorganic fillers. The application and fabrication techniques 
of  zeolite-reinforced polymeric membranes have been comprehensively reviewed in 
this chapter to optimize interfacial interaction between the zeolite and the polymeric 
matrix. Compatibility between zeolite and polymer matrix can be improved with 
several methods, such as by applying high processing temperature during membrane 
formation, the silane modification, and priming on the particle’s surface, anneal-
ing that can relax the stress imposed on hollow fiber and result in higher packing 
density of polymer chains, and the introduction of an LMWA agent between the 
polymer matrix and inorganic particles. There have been numerous implementations 
to incorporate zeolite particles in polymer matrices in water purification applications 
and for gas separation due to its superior separation properties and size exclusion. 
Applications of zeolite MMMs were  re-evaluated for a variety of industrial pro-
cesses, including water purification, medical industry, catalytic, and gas separation.

However, despite its advantages, there are still issues and difficulties associated 
with zeolite MMMs that have restricted their wider applications. It can be concluded 
that the advancements in the application and fabrication of zeolite MMM need fur-
ther intensive investigations. Future research should be conducted to develop new 
techniques that provide a better understanding of zeolite incorporation into polymer 
structures. New materials should also be considered as a way of reducing fouling 
concerns. Additional study is necessary for an improved understanding of the basic 
transport mechanism occurring through the MMMs. The next generation MMMs 
must be developed with  nano-size fillers and without aggregation to improve their 
separation properties severely needed in the membrane industry. Some results indi-
cate that the nanosized zeolite particles incorporated in MMMs offer better perfor-
mance in comparison with micron size particles. New additives and modification 
agents should be produced to improve adhesion between polymer and inorganic fill-
ers. In conclusion, despite all the identified problems, MMM technology with zeo-
lites could be considered a strong candidate for the modern purification industry due 
to the remarkable properties of polymeric and inorganic zeolite materials.
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