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ABSTRACT 

The increasing global demand for clean water has intensified research into advanced 

membrane technologies for water purification and wastewater treatment. While 

polyvinylidene fluoride (PVDF) membranes are widely recognized for their mechanical 

strength and chemical stability, their practical application is often limited by low 

permeability, insufficient dye rejection efficiency, and high fouling tendencies. To address 

these challenges, this study investigates the incorporation of functional nanomaterials 

including graphene (GR), titanium dioxide (TiO₂), and bamboo-derived nanocellulose (NC) 

into PVDF membranes to enhance their structural, chemical, and filtration properties. Three 

nanocomposite membranes were fabricated via the phase inversion method using N-methyl-

2-pyrrolidone (NMP) as the solvent with PVDF as the polymer which are GR/NC, GR/TiO₂, 

and GR/NC/TiO₂ nanocomposite membranes. Each formulation was subjected to 

comprehensive characterization using Field Emission Scanning Electron Microscopy with 

Energy Dispersive X-ray analysis (FESEM-EDX), X-ray Diffraction (XRD), Fourier-

Transform Infrared Spectroscopy (FTIR), and Ultraviolet-Visible (UV-Vis) spectroscopy. 

In the first part of the study, the study evaluates the GR/NC nanocomposite membranes. The 

membrane with the formulation of 20 wt% GR and 80 wt% NC achieved a remarkable water 

flux of 435.15 ± 1.73 L/m².h.bar approximately four times greater than that of pristine PVDF 

(110.87 ± 2.50 L/m².h.bar) along with the highest methylene blue (MB) dye removal 

efficiency of 94.47% (± 0.18). The superior dispersion of NC contributed to enhanced 

structural integrity and fouling resistance, leading to improved membrane reusability. The 

second part of the study focused on GR/TiO₂ nanocomposite membranes. The membrane 

with the formulation of 80 wt% GR and 20 wt% NC demonstrated optimal performance, 

with a sponge-like morphology and uniform nanoparticle distribution. XRD and FTIR 
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analyses confirmed that PVDF crystallinity was preserved while TiO₂ crystallinity was 

suppressed, enhancing membrane hydrophilicity. This ratio resulted in the highest water 

permeability and MB dye rejection alongside excellent antifouling behaviour compared to 

other ratios. The final phase of the study evaluated a nanocomposite membrane composed 

of bamboo nanocellulose, graphene, and TiO₂ (NC/GR/TiO₂). Scanning Electron 

Microscopy (SEM) images revealed a highly porous and interconnected network structure 

with homogeneously distributed nanomaterials. XRD patterns indicated modified PVDF 

crystallinity with reduced peak intensity, suggesting structural modification. This membrane 

achieved the highest overall water flux of 512.76 L/m².h.bar and a strong dye rejection rate 

of 92.13%, significantly surpassing the pristine PVDF membrane (109.48 L/m²·h·bar and 

54.28% rejection, respectively). While its dye removal was slightly lower than the GR/NC 

membrane, its antifouling test showed superior results with a flux recovery ratio (FRR) of 

95.95% and sustained dye removal of 86.18% after one reuse cycle. Therefore, the 

synergistic integration of bamboo-derived nanocellulose, graphene, and titanium dioxide 

significantly improves the permeability, dye removal efficiency, antifouling properties, and 

reusability of PVDF membranes. Among the three formulations, the GR/NC membrane 

achieved the highest dye removal, while the NC/GR/TiO₂ membrane demonstrated the best 

overall performance balance, particularly in terms of permeability and fouling resistance. 

These findings highlight the promising potential of renewable nanomaterials like bamboo 

nanocellulose in the development of highly efficient and sustainable membranes for the 

treatment of dye-contaminated wastewater. 

Keywords: Nanocomposite membrane, nanocellulose, graphene, titanium dioxide, 

polyvinylidene fluoride, water purification 
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Kajian mengenai Nanoselulosa Buluh yang Digabungkan dengan Membran 

Nanokomposit Polivinilidena Fluorida Grafen/Titanium Dioksida 

ABSTRAK 

Peningkatan permintaan global terhadap sumber air bersih mendorong penyelidikan 

intensif dalam teknologi membran canggih untuk rawatan air sisa. Membran polivinilidena 

fluorida (PVDF) terkenal dengan kekuatan mekanikal dan kestabilan kimianya, namun 

penggunaannya dalam aplikasi praktikal terhad oleh kebolehtelapan rendah, kecekapan 

penyingkiran pewarna tidak mencukupi, dan kecenderungan kekotoran tinggi. Oleh itu, 

kajian ini menyiasat penggabungan bahan nano berfungsi termasuk grafen (GR), titanium 

dioksida (TiO₂), dan nanoselulosa (NC) daripada buluh ke dalam membran PVDF bagi 

meningkatkan sifat struktur, kimia dan penapisan membran tersebut. Tiga membran 

nanokomposit telah difabrikasi melalui kaedah fasa penyongsangan menggunakan N-

methyl-2-pyrrolidone (NMP) sebagai pelarut dan PVDF sebagai polimer, iaitu membran 

GR/NC, GR/TiO₂, dan GR/NC/TiO₂. Setiap formulasi dinilai menggunakan Mikroskop 

Elektron Imbasan Pancaran Medan dengan Analisis Sinar-X Serakan Tenaga (FESEM-

EDX), Plot Sinar-X Difraksi (XRD), Spektrometer Inframerah Transformasi Fourier (FTIR), 

dan Spektrometer Ultralembayung (UV-Vis). Pertama sekali, kajian dijalankan bagi 

membran nanokomposit graphene dan nanoselulosa (GR/NC). Formulasi 20 wt% GR dan 

80 wt% NC mencatatkan fluks air sebanyak 435.15 ± 1.73 L/m².j.bar, hampir empat kali 

ganda lebih tinggi berbanding membran PVDF asli (110.87 ± 2.50 L/m².j.bar) serta 

kecekapan penyingkiran pewarna metilena biru (MB) tertinggi sebanyak 94.47% (± 0.18). 

Penyebaran NC yang seragam meningkatkan integriti struktur membran, sifat antikotoran, 

dan kebolehkitaran semula membran. Bahagian kedua kajian iaitu nanokomposit GR/TiO₂ 

menunjukkan formulasi 80 wt% GR dan 20 wt% NC mempunyai morfologi seperti span dan 
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pengagihan nanopartikel yang homogen. Analisis XRD dan FTIR mengesahkan bahawa 

kekristalan PVDF dikekalkan manakala kekristalan TiO₂ dikurangkan, yang menyumbang 

kepada peningkatan hidrofilisiti. Formulasi ini menghasilkan kebolehtelapan air dan 

penyingkiran MB tertinggi, serta menunjukkan prestasi antikotoran cemerlang berbanding 

formulasi yang lain. Bahagian terakhir kajian menilai membran nanokomposit ternari iaitu 

GR/NC/TiO₂. Analisis SEM menunjukkan struktur membran yang berliang dan saling 

berhubung dengan pengagihan nanobahan yang sekata. Corak XRD menunjukkan 

penurunan intensiti puncak, menandakan pengubahsuaian struktur dan peningkatan 

hidrofilisiti. Membran ini mencapai fluks air keseluruhan tertinggi iaitu 512.76 L/m²·j·bar 

dan kadar penyingkiran pewarna sebanyak 92.13%, jauh mengatasi membran PVDF asli 

(109.48 L/m²·j·bar dan penyingkiran 54.28%). Walaupun kecekapan penyingkiran pewarna 

lebih rendah berbanding membran GR/NC, membran ini menunjukkan prestasi antikotoran 

unggul dengan nisbah pemulihan fluks (FRR) sebanyak 95.95% dan kecekapan 

penyingkiran pewarna sebanyak 86.18% selepas satu kitaran penggunaan semula. Integrasi 

sinergistik antara nanoselulosa buluh, grafen dan titanium dioksida telah meningkatkan 

kebolehtelapan, kecekapan penyingkiran pewarna, sifat antikotoran dan kebolehkitaran 

semula membran PVDF dengan ketara. Antara ketiga-tiga formulasi, membran GR/NC 

mencatatkan penyingkiran pewarna tertinggi, manakala membran GR/NC/TiO₂ 

menunjukkan prestasi keseluruhan terbaik, khususnya dari segi kebolehtelapan dan 

rintangan kotoran. Penemuan ini menunjukkan potensi besar nanobahan boleh 

diperbaharui seperti nanoselulosa buluh dalam pembangunan membran yang cekap dan 

mampan untuk rawatan air sisa yang tercemar pewarna. 

Kata kunci: Membran nanokomposit, nanoselulosa, grafen, titanium dioksida, 

polivinilidena fluorida, penulenan air 
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Research Background 

The continuous requirement for safe water, the increase in energy utilization, cost-

effectiveness, and the decline in natural resources, are among the main reasons for 

developing various technologies to produce clean water for the human population (Saleem 

& Zaidi, 2020). According to Saud et al. (2022), the prediction for the overall world 

population in the upcoming thirty years is an increase of more than 40%, increasing 

industrial, domestic, and agricultural water sources. On top of that, the demand for water 

sources will escalate drastically in developing countries as the demand for clean water 

sources is comparatively higher concerning the population of the countries (Saud et al., 

2022). Based on the study by Baghel and Baranwal (2022), the amount of ocean water that 

is determined in the overall water amount on Earth is around 97.5%, and the remaining 

percentage, which is 2.5%, is the amount of fresh water accessible for human usage. Since 

ocean water is salty, it is unsafe for human consumption, showing water treatment's 

importance. Besides, despite significant progress in increasing access to clean water sources, 

billions still lack these essential services, especially in urban and rural areas (Nannan et al., 

2022). Hence, the purification and treatment of water sources are crucial for the survival of 

the human population and the planet (Salama et al., 2021). Nannan et al. (2022) also 

mentioned that access to sustainable and safe water sources should be highly prioritized, 

especially in urban and rural communities. The report by World Water Council mentioned 

that it is very likely that almost 3,900 million people will face shortages in water supply by 

2030 (Saud et al., 2022). 
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As the crucial role of clean water sources in maintaining healthy ecosystems has 

become widely recognized, there has been a rapid development and implementation of new 

water treatment technologies (Oladoyinbo et al., 2024; Shi et al., 2023). Water treatment 

technologies include microfiltration, ultrafiltration, reverse osmosis, membrane distillation 

and others for different purposes of water treatments (Ezugbe & Rathilal, 2020; J. Wang, 

Chen, et al., 2023). Besides the increasing water demand, it is also crucial to improve the 

water treatment methods as there are various reasons for the pollution of the current water 

sources due to industrial activities. This fact is also mentioned by Qiao et al. (2021) where a 

study states that the water pollution issue is very severe due to the development of 

industrialization. Water pollution refers to the presence of pollutant compounds in the water 

that are hazardous to people, plants, or property, where the pollutants are substances that can 

change the natural properties of water (Abdi-Soojeede & Nour, 2022). According to 

Abouzeid et al. (2019), two types of water pollutants can be found in wastewater: chemical 

and biological. The chemical contaminants of wastewater include organic and inorganic 

particles, pharmaceuticals, heavy metals, toxins, hormones, and other harmful substances. 

Water contaminants such as dyes, organic compounds, heavy metals, saturated salts, oil 

emulsion, and pharmaceutical effluents are reported posing significant challenges, 

endangering the safety of both aquatic life, humans and ecosystem (Chandio et al., 2020; 

Muhammad & Usman, 2022; Norfarhana et al., 2022; Pachaiappan et al., 2022; Qamar et 

al., 2022; Zeng et al., 2022). Effective treatment of these emerging contaminants is however 

substantially constrained with water treatment technologies. 

There are various technologies for wastewater treatment mentioned by Saleh et al. 

(2022) including photocatalysis, chemical precipitation, adsorption, flotation, 

coagulation/flocculation, ion exchange, reverse osmosis, electrochemical treatment, 
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ultrafiltration, and nanofiltration. Ranjit et al. (2021) state that the conventional wastewater 

treatment method uses a combination of physical, chemical, and biological procedures to 

eliminate the biological decomposition of organic matter, nutrients, dissolved solids, and 

suspended solids. Even though many technologies can be used for wastewater treatment, 

various issues are involved with conventional wastewater treatment technologies that need 

to be considered. For example, Qiao et al. (2021) state that the electrochemical treatment or 

chemical precipitation methods are ineffective in removing metal ions when the ion 

concentration is less than 100 mg/L or when the ion product is less than the Ksp. In addition, 

Qiao et al. (2021) also mentioned that other conventional technologies, like reverse osmosis 

and ion exchange, require high energy and costs in the long run. Thus, it is crucial to identify 

the best wastewater treatment method as pollutant management is a crucial issue due to high 

amounts of hazardous pollutants in wastewater cannot be removed effectively by the 

majority of the current wastewater purification and separation technologies (Crini & 

Lichtfouse, 2018; Ge et al., 2019; Y. Zhang & Park, 2019). 

Membrane technology is one of the novel and viable methods to address the issues 

that are faced by the conventional methods as it has outstanding qualities like better 

selectivity, increased life span, high separation efficiency, cost-effective, and minimal 

maintenance, along with good mechanical, chemical and thermal stability (Mansoori et al., 

2020). In contrast to conventional technologies, membrane technologies have various major 

advantages, including ease of operation, production of reusable water, high automation 

potential, scalability, and small environmental imprint (Im et al., 2019; Noguchi et al., 2019). 

However, according to Kumari et al. (2020), membrane technology has several limitations, 

including costs when working at high hydraulic pressure, membrane fouling, recyclability, 

water flux, and selectivity. Therefore, several novel elements are researched and used to 
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enhance the membrane technologies to solve previously mentioned issues. Membranes can 

be polymeric, carbonaceous, hybrid/nano-hybrid, porous/non-porous, or organic/inorganic 

based on the material (Kamran et al., 2022). It is also mentioned that different membrane 

components have distinctive qualities that are used to eliminate particular contaminants 

(Kamran et al., 2022). 

Ultrafiltration (UF) membrane is a unique membrane filtration technology that can 

remove particle materials in solution where it is normally used to purify macromolecular 

solutions (Youcai, 2018). UF membranes are also able to produce highly pure water 

treatment that contains no pathogenic waste (C. M. Hussain et al., 2022). UF membranes are 

one of the most efficient membrane filtration processes due to its ease and efficiency in 

operation, low energy consumption, and its ability to remove a variety of contaminants such 

as dyes, organic compounds, and suspended solids (Kammakakam & Lai, 2023).  The 

structure of the UF membranes normally have an asymmetric structure that consists of a 

dense top surface and finger-like pores in the sublayer (B. Khan et al., 2020). Since PVDF 

has high chemical resistance, mechanical strength, and thermal stability, it remains one of 

the most preferred polymers in fabrication of UF membranes (Saxena & Shukla, 2021). 

However, one of the major challenges in UF membrane application is membrane fouling, 

which reduces water flow through the membrane, shortens its lifespan, and increases 

operational costs (N. M. A. Omar et al., 2024). These problems can be mitigated by 

incorporating hydrophilic nanoparticles which are known to enhance membrane 

performance. 

Polyvinylidene fluoride (PVDF) has been used extensively as UF membranes due to 

its attractive properties such as chemical and physical stability, mechanical strength and has 

a high solubility in common organic solvents like N-methyl-2-pyrrolidone (NMP), N,N-
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dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), and dimethylformamide (DMF) 

(Wei et al., 2019). Despite that, PVDF is a hydrophobic material and has low surface energy 

which results in high surface fouling leading to decreased permeability (Z. Wang, Feng, et 

al., 2023; Wei et al., 2019). Hence, the incorporation of nanoparticles such as graphene (GR) 

and nanocellulose (NC) that possess excellent physicochemical properties to modify 

membrane surface characteristics is highly essential in enhancing the efficiency of PVDF 

membranes 

Various studies have reported the successful utilization of TiO2 as a catalyst for 

photocatalytic activities, graphene oxide (GO) as a material to remove pollutants from 

wastewater, and the combination of GO and TiO2 in PVDF membranes for the removal of 

dye in wastewater (Alyarnezhad et al., 2020; Dzinun et al., 2020; J. Li et al., 2020; M. Park 

et al., 2022; Vatanpour et al., 2021; C. Zhu et al., 2017). However, the synergistic effects of 

combining GR and TiO2 have not been explored. GR is a two-dimensional material 

consisting of a single layer of carbon atoms with a honeycomb lattice structure, has excellent 

physicochemical properties such as exceptionally high mechanical strength, thermal 

conductivity, and high surface area (Chakraborty & Hashmi, 2018; Namakka et al., 2023; 

Srivastava & Adesina, 2022). Previous studies reported significant performance of GR-based 

nanocomposite membranes with high molecular separation properties (Kumari et al., 2021). 

NC on the other hand is a promising material with unique characteristics and great 

potential in water purification systems (Jaffar et al., 2022; Sharma et al., 2020; Tan et al., 

2020). NC is environmentally abundant with excellent properties such as hydrophilicity, 

high adsorption capacity, mechanical stability, biodegradability, and potentials for 

renewability (Faiz Norrrahim et al., 2021; Reshmy et al., 2022; Z. Wang, Chen, et al., 2023). 

Although NC conventionally serves as pore former by interacting with polymer matrix 
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resulting to the formation of a porous structure with an improved membrane permeation 

properties (Zubair et al., 2024), NC modified membranes are efficient in the removal of 

various contaminants like dyes (James, Rezaur Rahman, et al., 2024), heavy metals, and oils 

(Faiz Norrrahim et al., 2021). Moreover, the incorporation of nanocellulose was found to 

promote hydrophilicity, reducing membrane fouling and maintaining operational efficiency 

over extended application. 

TiO2 is a white powder distinguished by its large specific surface area. Notably, the 

integration of TiO2 into membrane materials has been reported to enhance the hydrophilicity 

of the membrane surfaces (Jafari & Sillanpää, 2020; Sakarkar et al., 2021). In addition, TiO2 

acts as a biofouling mitigator which is able to degrade organic pollutants, rendering it as a 

novel material to be incorporated in membrane fabrication (X. Yang et al., 2021). The study 

shows that the incorporation of TiO2 in membranes are able to improve flux, dye removal, 

and has better antifouling performance under various operating conditions (Mohamat et al., 

2023). Therefore, by combining the unique properties of these three materials, the 

NC/GR/TiO2 nanocomposite membrane is able to improve the water permeation along with 

the antifouling capabilities and reusability of the membrane. 

Combining the synergistic effects of NC, GR and TiO2 in the PVDF membrane 

material is expected to enhance the hydrophilic and surface properties of the PVDF 

membrane and ensure effective wastewater treatment operations. This research presents a 

novel approach to dye contaminated wastewater remediation with enhanced antifouling 

performance of PVDF membrane through the development of a NC/GR/TiO2 PVDF 

nanocomposite membrane. In order to achieve the optimum composition for NC/GR/TiO2 

PVDF membrane, two experiments were conducted beforehand to determine the optimum 

composition for NC/GR and GR/TiO2. Firstly, NC and GR were subsequently incorporated 
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into PVDF via chemical blending approach to produce the NC/GR PVDF nanocomposite 

membranes via phase inversion. Similar methodology was done for GR/TiO2 PVDF 

nanocomposite membranes along with NC/GR/TiO2 PVDF nanocomposite membranes. The 

unique combination of NC, GR, and TiO2 within the PVDF matrix not only improved the 

membrane’s structural integrity and permeability but also significantly increased its 

adsorption capacity for methylene blue dye. 

1.2 Problem Statements 

The rapid expansion of urban areas, industries along with the increasing population 

results in a surge in demand for clean water which poses serious challenges in effective 

wastewater treatment and sustainable water supply (Obaideen et al., 2022; Siddique, 2022; 

Silva, 2023). Membrane-based filtration has emerged as a promising solution for water 

purification, especially in dye removal from industrial effluents (Kolya & Kang, 2023). 

However, conventional PVDF membranes have low permeability, poor hydrophilicity, low 

dye-rejection, and high fouling tendency (Kang & Cao, 2021; Nawaz et al., 2021). These 

disadvantages limit the usage of membranes in practical water treatment systems and pose a 

challenge to their applications in practical water treatment systems. 

To mitigate the challenges posed by PVDF membranes, the incorporation of 

functional nanomaterials has emerged as a promising direction of research. NC, GR, and 

TiO₂ exhibit functional characteristics which are beneficial for the enhancement of the 

membrane performance (Ben Dassi & Chamam, 2025; Garg et al., 2024). GR possesses 

remarkable mechanical strength alongside high surface area and structural reinforcement (Lü 

et al., 2021; F. Zhang et al., 2022). TiO₂ improves surface hydrophilicity while contributing 

surface roughness, which are both necessary for enhanced water transport and reduced 

membrane fouling (Bilal et al., 2024; Davari et al., 2021; Matindi et al., 2022). NC is 
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renewable and biodegradable and naturally hydrophilic, which enhances pore formation and 

water affinity while increasing membrane flexibility (Khorsandi et al., 2024; Y. Li et al., 

2025). Although the discussed nanomaterials have differing favourable characteristics, few 

studies have systematically evaluated the incorporation of these materials and their 

synergistic or individual impact on PVDF membrane properties and filtration performance. 

This research develops and evaluates three types of nanocomposite membranes, 

GR/NC, GR/TiO2, and GR/NC/TiO2, to mitigate the inherent drawbacks of pristine PVDF. 

membranes. These membranes are fabricated through phase inversion and characterized in 

detail for their morphology, crystallinity, dye rejection, water flux, antifouling, and 

reusability performance metrics. The research conducts an analysis to determine the most 

optimal combination of nanomaterials which achieves the targeted balance of high 

permeability, selective filtration, and stable operation over time. It is anticipated that the 

research will aid in the development of membranes designed to withstand harsh operational 

conditions while maintaining high efficiency in treating dye-contaminated wastewater. 

1.3 Research Gaps 

Even with the increase in research targeted toward improving the performance of 

membranes, major gaps persist in areas like antifouling performance, dye rejection, and 

membrane permeability. As the performance limitations are highly common in 

nanocomposite membranes, modified membranes are also subjected to newly produced 

limitations (Al Harby et al., 2022). Although polymeric nanocomposite membranes have 

demonstrated higher permeability and antifouling potential than pure polymers, there are 

still significant challenges in achieving a balance between permeability, selectivity, and 

fouling resistance (Mubarak et al., 2023). Various laboratory-scale studies have integrated 

different nanomaterials with polymeric membranes to improve these parameters. Numerous 
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studies focused on the improvement of a specific factor, but integrating all the factors 

simultaneously has not been demonstrated. 

In addition, there is an insufficient amount of comparative and comprehensive studies 

that evaluates on different combinations of NC, GR, and TiO2 with the synergistic effects on 

the overall structure and functional performance of PVDF membranes. For example, a study 

by J. Wang et al. (2017) produced a PVDF membrane incorporated with graphene oxide 

(GO) with TiO2 and discovered that GO membrane produces a pore channel with a narrow 

route which limits the dye rejection of the membrane. Other than that, another study also 

observed that GO incorporated PVDF membranes improved hydrophilicity and antifouling 

properties, but it focused on the individual modification strategies instead of the combined 

effect of multiple nanomaterials (Ndeh et al., 2024). Therefore, the comprehensive effects 

of these nanomaterials on membranes’ morphology, dye rejection, antifouling properties, 

and long-term reusability have not been studied thoroughly. 

Therefore, this research aims to address these gaps with consistent fabrication, 

testing, and characterization of three types of nanocomposite membranes which are GR/NC, 

GR/TiO2, and GR/NC/TiO2. This research also focuses on comprehensive study on the role 

of each nanomaterial and their synergistic interactions towards fabricating high-

performance, reusable, and sustainable membranes designed for the treatment of dye-

contaminated wastewater. 

1.4 Research Hypothesis 

Raw bamboo fibres are dried and grinded to produce NC by using chemical and 

mechanical methods. The produced NC is expected to exhibit nanoscale morphology, and 

the structure of NC is determined by using Transmission Electron Microscopy (TEM) 

analysis. Other than that, nanocomposite membranes are fabricated by using the phase 
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inversion technique, incorporating NC, GR, and TiO2 into a PVDF matrix which will exhibit 

improved morphological, structural, and surface properties.  

The incorporation of functional nanomaterials such as NC, GR, and TiO₂ into PVDF 

membranes is expected to overcome the limitations pertaining to pristine PVDF which are 

low water permeability, inefficient dye removal, high fouling rates, and limited reusability, 

thus significantly improving the overall membrane performance. 

Each nanomaterial is expected to contribute specific advantages where NC will 

improve the water uptake while enhancing pore structure and flexibility owing to its 

hydrophilic and renewable nature, GR will enhance porosity and permeable resistance, and 

TiO2 will improve hydrophilicity and surface modification resistant to fouling. 

In addition, it is hypothesized that the combination of NC, GR, and TiO2 in a single 

nanocomposite membrane (GR/NC/TiO2) is able to give synergistic effects which will result 

in an enhanced overall performance compared to membranes that consists of only one or two 

nanomaterials. This specific nanocomposite membrane is designed with the expectation of 

the highest water flux along with efficient dye rejection rate, superior antifouling 

capabilities, and consistent performance even after reusability tests. 

It is also hypothesized that the interaction of the nanomaterials will result in greater 

porosity, hydrophilicity, structural strength, and overall robustness which will enhance 

membrane efficacy in treating wastewater contaminated with dyes. These enhancements can 

be analysed via several characterization methods which are FESEM-EDX, FTIR, and XRD. 

The membranes are expected to demonstrate improved water flux, dye rejection, antifouling 

performance, and reusability compared to pristine PVDF membranes.  
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1.5 Research Objectives 

The main aim for this research is to develop PVDF nanocomposite membranes 

incorporated with NC, GR, and TiO2 for enhanced methylene blue dye removal. To achieve 

this aim, there are three objectives of this research which are listed below: 

i. To synthesis nanocellulose from raw bamboo fibre and determine the 

nanocellulose structure. 

ii. To evaluate the performance of developed nanocomposite membrane. 

iii. To compare the effects of different nanomaterial combinations on membrane 

performance. 

1.6 Research Scope 

Despite the extensive research that is conducted on the development of 

nanocomposite membranes in water treatment technologies, there remains a lack of 

improvements in fundamental aspects such as membrane permeation, dye rejection and 

antifouling performance. This research focuses on addressing these limitations by 

incorporating functional nanomaterials like NC, GR, and TiO2 into a PVDF membrane 

matrix. This research is done with three experiments with different nanomaterial 

combinations which are GR/NC, GR/TiO2 and NC/GR/TiO2. The fabrication of three types 

of nanocomposite membranes GR/NC, GR/TiO2 and NC/GR/TiO2 will be done via phase 

inversion method. Other than that, the characterization of the nanocomposite membranes 

will also be done using various characterization methods such as FESEM-EDX, FTIR, XRD 

and UV-Vis to determine the morphology, functional groups, crystallinity, and concentration 

of dye removal respectively. Lastly, the membrane performance will be evaluated in terms 
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of the water flux, MB dye rejection rate along with antifouling performance and membrane 

reusability. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 Overview 

In this chapter, critical and comprehensive analysis of the study is done where 

various journals and articles are reviewed. The literature review is conducted to gain better 

understanding on the research where the patterns of the previous research are analysed to 

ensure the objectives of the research are achieved. The literature review also focuses on the 

impact of the nanomaterials on nanocomposite membranes, along with the type, fabrication 

methods, and mechanisms of the nanocomposite membranes. 

2.2 The Impact of Cellulose on Nanocomposite Membranes 

Cellulose is one of the primary parts of a plant cell which is the most versatile 

biopolymer on Earth (Joseph et al., 2020). According to Norizan et al. (2022), cellulose is 

biodegradable, abundant, natural, and renewable which can be found in algae, plants, 

animals, bacteria, or fungi. Among those various sources, plants and wood are the main 

sources of cellulose as it consists of microfibril cellulose, lignin, pectin, and hemicellulose 

(Norizan et al., 2022). The astonishing properties of cellulose results in high studies of 

cellulose incorporation as natural polymers in nanocomposite membranes which is discussed 

in the table below. 

Table 2.1: The impact of cellulose on nanocomposite membranes. 

Impacts Explanation References 

More sustainable As mentioned before, cellulose is obtained 

from natural sources especially plants and 

(Egan & Salmon, 

2021; 
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Table 2.1 continued 

 wood. These sources are sustainable and 

renewable as it can be obtained as by-products 

from various industries such as agricultural 

industries and forest wastes. In addition, 

cellulose is also sustainable as it can be 

naturally degraded by microorganism even 

though the degradation of cellulose is 

dependent on the microbial population. 

Furthermore, the production of cellulose is 

readily scalable and does not involve toxic 

chemicals. On top of that, the production such 

as enzymatic hydrolysis, does not produce any 

toxic wastes. Hence, the usage of cellulose in 

nanocomposite membranes is more 

sustainable compared to other polymer 

sources. 

El-Gendi et al., 2022; 

Janaswamy et al., 

2022; Yu et al., 2021) 

Excellent 

selectivity 

Cellulose has a porous structure that allows the 

size-sieving mechanism of the nanocomposite 

membrane where the cellulose has an excellent 

selectivity in allowing particular sizes of 

materials to pass through the nanocomposite 

membrane. This selectivity is due to the 

effective pore distribution that is formed by the 

cellulose network which controls the transport 

of smaller molecules while restricting larger 

molecules. This mechanism ensures that the 

cellulose enables the smaller size materials 

that is desired and remove the larger materials 

that are not needed. In addition, high degree of 

polymerization of cellulose facilitates the 

formation of a networked structure that 

(Dong et al., 2022; 

Lee et al., 2024; Yue 

et al., 2020; W. Zhou 

et al., 2024) 
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Table 2.1 continued 

 preserves membrane integrity without 

substantially increasing pore size. The 

presence of abundant hydroxyl groups also 

promotes hydrogen bonding with water 

molecules which enhances the water affinity 

and facilitating water transport through the 

membrane. This is advantageous for 

nanocomposite membrane that requires 

filtration application. 

 

Improved 

mechanical 

properties 

The mechanical properties of cellulose are 

attributed by the molecular structure of 

cellulose where it has high crystallinity 

because of its superior hydrogen bonds. The 

cellulose fibres perform as a reinforcement 

agent in nanocomposite membrane by 

increasing the strength and stiffness in the 

structure of the nanocomposite membrane. On 

top of that, the porous structure of cellulose 

also has a significant impact on the toughness 

of the nanocomposite membrane. In addition, 

cellulose can exhibit synergistic effects by 

combining with other materials to improve the 

mechanical properties. Since GR also has 

superior mechanical properties, the 

reinforcement of GR and cellulose can 

produce a synergistic effect that significantly 

enhance the mechanical properties of 

nanocomposite membrane. 

(Joseph et al., 2020; J. 

Liu & Lv, 2021; Noor 

Azammi et al., 2020; 

Zakuwan & Ahmad, 

2018) 
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In the current study, bamboo-derived nanocellulose is incorporated into PVDF 

membranes to improve pore structure, targeted transport, and antifouling performance 

during methylene blue dye filtration as reported in multifunctional PVDF/NC/GR/TiO2 

membranes with improved pore morphology and antifouling performance (James, Rezaur 

Rahman, et al., 2024). These reported characteristics of nanocellulose, such as its porous 

structure, high aspect ratio, and abundant hydroxyl groups, directly support its selection. 

2.3 The Impact of Graphene on Nanocomposite Membranes 

GR is a single layer of graphite which is made up of only carbon atoms that arranged 

in a honeycomb structure which is a hexagonal pattern extending in a single layer of atoms 

(Armano & Agnello, 2019). The 2D structure of GR results in various attractive properties 

of GR (Armano & Agnello, 2019). The properties of GR include high Young’s modulus, 

high thermal conductivity, high molecular barrier abilities, and high electrical conductivity 

(Rahman et al., 2019; Smith et al., 2019). Thus, the impact of GR on nanocomposite 

membranes are tabulated in the following table. 

Table 2.2: The impact of graphene on nanocomposite membranes. 

Impacts Explanation References 

Improved 

mechanical 

properties 

GR has an exceptionally great mechanical 

properties with a high Young’s modulus 

amounting to 1 TPa, break strength of 42 N/m, 

and tensile strength valued 130.5 GPa. GR also 

has a low fracture toughness which can be as low 

as 4.0 ± 0.6 MPA.m1/2. The nanocomposite 

membranes have a significant improve in the 

mechanical properties specifically in terms of 

stiffness even with low amounts of graphene. 

(Fortunato et al., 

2020; Smith et al., 

2019) 
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Table 2.2 continued 

Improved barrier 

properties 

GR has a high aspect ratio which can improve 

the barrier properties of nanocomposite 

membranes. GR is known to improve the barrier 

properties of nanocomposite membranes by 

making the membrane matrix more tortuous, 

which limits the movement of pollutants, 

moisture, and unwanted gases. Simultaneously, 

it can increase selective permeability to water 

because GR improves pore connectivity and 

interfacial interactions. In addition, the barrier 

properties improvement of GR includes gas and 

moisture barrier properties which can be 

advantageous for nanocomposite membrane in a 

variety of applications. 

(Ahmed et al., 2023; 

Ashfaq et al., 2023; 

Cosquer et al., 2021; 

Yao et al., 2021) 

Anti-corrosive 

properties 

GR also has attractive properties such as anti-

corrosion which can be used for commercial 

uses in various industries. The 2D morphology 

and chemical inertness of GR contributes to 

these anti-corrosive properties of GR.  Since 

polymer are permeable to water, chloride, and 

sulphites, this would be toxic for the 

nanocomposite membranes. However, GR can 

be used as fillers to reduce the diffusion of toxic 

materials to the nanocomposite membrane by 

generating an anti-corrosive layer on the surface 

of the membrane. 

(Luo et al., 2018; 

Smith et al., 2019) 

 

According to previous studies on graphene-modified membranes, these graphene 

characteristics are utilized in this study to enhance membrane permeability and antifouling 

performance of PVDF-based nanocomposite membranes, especially for improving 
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methylene blue dye rejection through increased transport tortuosity and improved interfacial 

interactions (H. Zhang et al., 2025). 

2.4 The Impact of Titanium Dioxide on Nanocomposite Membranes 

TiO2 is a non-toxic inorganic compound and is known for its stability along with a 

multitude of functional properties (Farooq et al., 2024; Nagaraj et al., 2025). It naturally 

occurs in the three main crystalline forms which are, rutile, brookite and anatase (Eddy et 

al., 2023). Among these phases, anatase phase is the most prominent in membrane 

applications due to its higher surface area and reactivity (Dharma et al., 2022). Often used 

due to its hydrophilic nature, TiO2 are found in most membranes because of their strong 

chemical resistance, capability to increase the roughness of the membrane surface, better 

water permeability, decreased fouling, and overall stronger maintained porosity frameworks 

(Davari et al., 2021; Tetteh et al., 2021; Y. (Alex) Wang et al., 2022; Y. Zhou et al., 2023). 

Thus, the impact of TiO2 on nanocomposite membranes that is illustrated in the table below. 

Table 2.3: The impact of titanium dioxide on nanocomposite membranes. 

Impacts Explanation References 

Enhanced 

antifouling 

performance 

TiO2 is able to modify surface characteristics 

of nanocomposite membranes which results in 

enhancing the antifouling performance of 

nanocomposite membranes. This is due to the 

hydrophilic nature and high surface energy of 

TiO2 which contributes to the production of a 

hydration layer on the membrane surface. This 

layer acts as a physical barrier and decreases 

the adsorption and accumulation of foulants, 

which includes proteins, dyes, and organic 

matter.  

(Alarif et al., 2023; 
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Table 2.3 continued 

Improved 

hydrophilicity 

The incorporation of TiO2 into nanocomposite 

membranes is able to significantly improve the 

hydrophilicity of the nanocomposite 

membranes due to the high affinity for the 

water molecules and polar surface of TiO2. 

Nanocomposite membranes with high 

hydrophilicity exhibits a lower contact angle 

and improved water permeability, thus, water 

can diffuse more rapidly and uniformly 

through the membrane. This is crucial for 

nanocomposite membranes for water 

treatment processes as it increases the 

efficiency of filtration and resistance to 

fouling. 

(Kusworo, Yulfarida, 

et al., 2023; Nawaz et 

al., 2021; Xu et al., 

2025; T. Zhu et al., 

2022) 

Improved surface 

roughness and 

porosity 

The incorporation of TiO2 into nanocomposite 

membranes increases the porosity and the 

surface roughness of the nanocomposite 

membranes. TiO2 also affects the kinetics of 

solvent-nonsolvent exchange during phase 

inversion process which facilitates the 

formation of interconnected pore channels and 

macrovoids. The change in the membrane 

morphology results in increased availability of 

surface that are available for filtration and 

improves overall membrane permeability. In 

addition, increased surface roughness is able 

to increase membrane wettability which 

allows water to spread easier across the 

membrane surface. Other than that, improved 

porosity in nanocomposite membranes also  

(Cevallos-Mendoza 

et al., 2022; Gayatri 

et al., 2023; Goyat et 

al., 2024; A. U. Khan 

et al., 2024; 

M.Hamad et al., 

2022; Zhao et al., 

2023) 
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Table 2.3 continued 

 enhance separation efficiency as more water 

molecules can pass through rapidly while 

maintaining selectivity of pollutants like 

suspended solids and dyes. 

 

 

While GO/TiO2 systems for antifouling and dye removal applications have been the 

focus of many previous studies (Kouzi et al., 2025; Mohamat et al., 2023; Oliveira et al., 

2022), the current work investigates pristine graphene in combination with TiO2 and 

nanocellulose in a PVDF matrix to determine whether synergistic interactions can achieve 

comparable or improved performance. 

2.5 Types of Nanocomposite Membranes 

2.5.1 Blend Membrane 

Polymer mixing is a general method to acquire new materials and enhance their 

performance compared to the pure initial components (Mansoori et al., 2020). A blend 

membrane is fabricated by blending natural or synthetic polymers with nanocellulose or its 

derivatives (Y. Liu, Ahmed, et al., 2021). It will result in a membrane with enhanced 

separation performance, improve the permeability and selectivity of the membrane, and 

increase the flux and swelling capacity of the membrane (Mansoori et al., 2020). 

2.5.2 Imprinted Membrane 

Molecular imprinting is a synthetic polymer that creates selective molecular 

recognition properties in a target compound as the recognition sites are structurally and 

functionally similar to the analyte molecule (G. K. Ali & Omer, 2022). It will result in a 

membrane with high selectivity as the synthetic receptor sites can memorize and recognize 
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target species among other species present in the solution (G. K. Ali & Omer, 2022; 

Mansoori et al., 2020). According to Su et al. (2020), the synthetic process of molecularly 

imprinted membranes consists of several steps where the formation of the complex is 

initially done through the covalent or non-covalent bonding of the template molecule and 

functional monomer. Next, Su et al. (2020) also mentioned that a cross-linking agent is added 

along with an initiator to polymerize the monomer complexes under photothermal 

conditions. Lastly, the template molecules are removed from the cross-linked matrix to 

create binding sites that specifically recognize the template molecule in the presence of other 

molecules in standard or unknown solutions (Su et al., 2020). In addition, Mansoori et al. 

(2020) also mentioned that various recent studies fabricated cost-effective and biodegradable 

membranes with a specific target of pollutants by combining natural polymer materials, 

including nanocellulose, with the ion/molecular imprinting technology. 

2.5.3 Mixed Matrix Membrane 

A mixed matrix membrane (MMM) or hybrid membrane is a polymer-based 

membrane comprising a discrete organic phase, a continuous polymer phase, and organic-

inorganic interphase (G. Yang et al., 2020). Yang et al. (2020) also mentioned that the 

inorganic phase is typically in the form of micro- and nano-sized materials known as fillers 

or additives. The studies in the development of MMMs are increasing because MMMs 

combine the advantages of polymers and inorganic fillers in one membrane (Chakrabarty et 

al., 2022). On top of that, the MMM also has high efficiency and is generally prepared by 

dispersing porous fillers like metal-organic frameworks (MOFs), carbon nanotubes, silica, 

and zeolites inside the polymer matrices (Asif et al., 2023). Hence, the selectivity and 

permeability of MMMs can be improved by choosing a suitable polymer material and a 
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complementary filler that can improve the interfacial compatibility and dispersion between 

the polymer and fillers (Asif et al., 2023). 

2.5.4 Nanofibrous Membrane 

The membranes fabricated using the conventional phase inversion techniques have 

some drawbacks, including limited permeance, the tendency for fouling, varying pore size 

and pore size distribution, and poor mechanical strength  (Subrahmanya et al., 2021). Hence, 

nanofibrous membranes are synthesized by using the electrospinning method is an improved 

method compared to conventional methods as it has higher interconnected porosity, 

adjustable thickness, and pore size distribution from a few nanometres to several microns, 

and high surface area for adjusting the surface chemistry (Subrahmanya et al., 2021). 

Moreover, polysaccharide nanofibers, especially electrospun from cellulose and its 

derivatives, are thoroughly researched because of their biocompatibility, potential functional 

ability, natural abundance, non-toxicity, and hydrophilicity (Mansoori et al., 2020). 

2.5.5 Thin Film Composite Membrane 

Thin film composite (TFC) membranes with improved selectivity and productivity 

are considered the most effective for water purification out of all the currently available 

membranes (Mansoori et al., 2020). The primary characteristic of the TFC membrane is the 

production of an extremely thin active layer that is less than 0.2 μm on a porous substrate 

(Mansoori et al., 2020). Mansoori et al. (2020) also mentioned that a fully organic TFC 

membrane could be fabricated using cellulose and its derivatives as the support or active 

layer in conjunction with another polymer. The production of organic-inorganic hybrid thin-

film composite membranes has also been the subject of numerous studies (Mansoori et al., 

2020). In producing a hybrid membrane, cellulose can serve as a coating layer on top of a 
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ceramic substrate, and metallic nanoparticles on a nanoscale can be added to enhance the 

performance of the thin-film composite membrane. 

2.6 Methods of Nanocomposite Membranes Development 

Five types of methods can be used to fabricate the nanocellulose-based membrane. 

Each method has its advantages and disadvantages according to the desired membrane 

application. Therefore, each method of membrane development is discussed in the following 

subtopics. 

2.6.1 Electrospinning 

According to Toriello et al. (2020), electrospinning is a simple method to fabricate 

ultrafine fibers with narrow and long diameters. Based on Kumar et al. (2019), the 

components of the electrospinning apparatus include a syringe or capillary tube that acts as 

a container to hold the polymer solution, a metallic needle known as a spinneret, which is 

used to get the solution, a high-voltage power source ranging from 10 to 60 kV, and a 

grounded collector used to collect the nanofibers. According to Shirazi et al. (2020), a 

polymer must be dissolved in a particular solvent to create a dope solution until it is fully 

dissolved and degassed, which means it is ready for electrospinning. Subsequently, the dope 

solution is then injected into the needle to produce nanofibers (Shirazi et al., 2020). Shirazi 

et al. (2020) also mentioned that a high-voltage source must be used to quicken the jet of the 

polymer-solvent solution toward the collector. Other than that, Shirazi et al. (2020) also 

emphasized that the electrical conductivity of the dope solution needs to be high enough to 

improve the capability of the electrospinning of the dope solution. 

Nonetheless, as several polymers emit undesirable conductivity, it is crucial to 

incorporate appropriate additives (usually salts) into the polymer solution to increase the 
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conductivity of the polymer (Shirazi et al., 2020). Electrospinning is a process that is well-

established where it enables the production of membranes that has open yet continuously 

interconnected pore structure which exhibits properties like high effective porosity, low 

basis weight, and large effective surface area (Han et al., 2019). In addition, electrospun 

nanocellulose shows a significant number of isotropic pores, which are evenly distributed 

among them because of the random arrangement (Jaffar et al., 2022). Hence, these properties 

ensure that the nanocellulose-based membranes fabricated by the electrospinning method 

can be applied to various applications (Zhang et al., 2021). 

2.6.2 Freeze Drying 

The freeze-drying method uses a freeze dryer, and casting polymeric solution on a 

flat casting surface creates a film (Jaffar et al., 2022). Subsequently, the casted film is 

submerged in iced water to fabricate the membrane sheet (Jaffar et al., 2022). In the freeze-

drying process, water is sublimated directly from the solid state (ice) to the vapor state, 

omitting the liquid state and subsequently desorbing from the "dry" layer (Nowak & 

Jakubczyk, 2020). Flamm (2019) mentions that the freeze-drying system comprises several 

essential components, including a drying chamber with shelves, a condenser container with 

a heat exchanger and condenser, an intermediate valve, a refrigeration system, and a vacuum 

system. The refrigeration system provides the low temperatures required for the shelves and 

the condenser (Flamm, 2019). Flamm (2019) also explains that the condenser collects the 

water vapor produced during the sublimation process, where it freezes on the condenser’s 

refrigeration coils. Next, Flamm further explains that the sublimation process occurs due to 

the vacuum system, which supplies the required negative pressure of the drying chamber for 

the process. Lastly, the intermediate valve between the condenser and drying chamber is 

used to be opened during the drying process to enable the release of water vapor and closed 



25 

during the freezing process (Flamm, 2019). The freeze-drying method can produce a porous 

membrane with a honeycomb-like structure, but the downside of this method is it has a 

relatively low surface area (Nissilä et al., 2021). It is due to the aggregation of the 

nanocellulose during the formation of the honeycomb structure, and consequently, this will 

reduce the advantages of the nanocellulose reinforcement in the membrane (Nissilä et al., 

2021). The issue can be solved by producing threadlike nanocellulose to decrease the fiber 

content, resulting in mat-like and partly related material oriented along the freezing direction 

(Nissilä et al., 2021). 

2.6.3 Interfacial Polymerization 

Interfacial polymerization is one of the membrane fabrication methods involving two 

monomers, usually consisting of amine and acyl chloride. The monomers are dissolved in 

two immiscible solvents (Zhang et al., 2019). The reaction of the two monomers at the 

interface of a polymer substrate forms an active layer: the membrane with a thickness of 

around 1-2 μm (Zhang et al., 2019). In addition, the morphological properties of the 

membrane can be manipulated by changing the type of solvents, monomer, and reaction time 

(Zhang et al., 2019). Based on Jaffar et al. (2022a), an ultrathin layer film is produced due 

to the direct contact between the monomers and the rapid polymerization process. 

On top of that, the chemical kinetics of the diffusion of monomers through the film 

can control the polymerization reaction, where the reaction will slow down when the 

monomers in two solutions separate (Jaffar et al., 2022). The initial interfacial 

polymerization process starts with soaking polymeric support in an aqueous phase for a few 

minutes (Mbakop et al., 2021). Subsequently, the process is continued by introducing the 

organic phase to the membrane to initiate the reaction (Mbakop et al., 2021). This particular 
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method of membrane fabrication applies to two types of membrane mechanisms which are 

nanofiltration and reverse osmosis (Jaffar et al., 2022 & Mbakop et al., 2021). 

2.6.4 Phase Inversion 

According to Gohil and Choudhury (2019), phase inversion is a versatile fabrication 

method of hollow fiber/flat sheet membrane fabrication, which can be used for ultrafiltration 

or microfiltration mixed matrix membranes. The mechanism used by this technique is 

converting a homogenous solution to a solid-state material either through hydration, 

evaporation, or thermal conversion (Jaffar et al., 2022). There are several methods to achieve 

phase inversion, but as mentioned by Mbakop et al. (2021), wet phase inversion is the most 

widely used method in nanocellulose-based membrane production. Firstly, a solvent and 

polymer are mixed with nanocellulose to produce a casting solution (Jaffar et al., 2022). 

Subsequently, the casting solution is poured onto the base membrane with the desired 

thickness of the membranes on the petri dish, followed by immersion in the coagulation bath 

(Mbakop et al., 2021). Mbakop et al. (2021) further explained that, if possible, the 

membrane's surface morphology and pore size could be manipulated using solvents with 

different boiling points and a porous substrate. One of the issues associated with the phase 

inversion method includes the agglomeration of nanomaterials which is more likely to occur 

when added to the dope solution for the phase inversion (Gohil & Choudhury, 2019). 

However, this agglomeration issue can be reduced by chemically modifying the 

nanomaterials or adding a dispersion agent so that the nanomaterials can obtain a better 

dispersion (Gohil & Choudhury, 2019). Hence, a suitable solvent and polymer must be 

selected to solve this issue. 

In order to fabricate PVDF-based nanocomposite membranes, the phase inversion 

technique was utilized for this study because it provides efficient control over pore structure 
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and nanomaterial dispersion, both of which are essential for achieving high permeance and 

dye rejection performance (Huo et al., 2023). 

2.6.5 Vacuum Filtration 

Vacuum filtration is the simplest and most practical technique for producing 

cellulose composite membranes with layered structures, often known as the "nano paper 

approach" (Jaffar et al., 2022). This membrane type is usually applied in ultrafiltration 

applications and fabricates layered structures of NCs-based membranes and nano papers at 

laboratory and industrial scales (Jaffar et al., 2022; Mbakop et al., 2021). During the final 

stage of the membrane fabrication, the nanocellulose is densely packed into the 

membrane/film with a network of pores with varied nano-sized dimensions ranging from 3 

to 5 nm (Mbakop et al., 2021). Jaffar et al. added that a thinner film layer is used for 

separation in the composite membrane, which has significantly reduced mass transfer 

resistance and increased membrane flux. In addition, different dosages of nanocellulose 

suspension can be used to customize the morphology and porosity of the membranes 

according to the desired applications (Mbakop et al., 2021). 

Nevertheless, it must be highlighted that the diameter and length of nanocellulose 

used in membrane production play an important role as it affects the pore size distribution 

of the membrane (Z. Dai et al., 2019). Furthermore, leaching during filtration or 

backwashing operations is a persistent issue associated with the vacuum filtration method, 

as it involves the mechanical infusion of nanomaterials within the polymeric matrix 

(Mbakop et al., 2021). However, direct vacuum filtration is ideal for various industrial 

applications due to its advantages, including ultrahigh flux and low film resistance compared 

to typical commercial ultrafiltration membranes (Jaffar et al., 2022). 
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2.7 Mechanism of Nanocomposite Membranes 

Based on Figure 2.1, six types of membrane mechanisms can be applied in 

nanocellulose-based membranes: membrane distillation, microfiltration, nanofiltration, 

pervaporation, reverse osmosis, and ultrafiltration (Sadare et al., 2022; Saud et al., 2022). 

All membrane mechanisms are pressure-driven, whereas only membrane distillation is 

thermally driven. Each type of mechanism will be further explained in each subsection. 

The performance trends in the GR/NC, GR/TiO2, and NC/GR/TiO2 PVDF 

membranes developed in this study can be evaluated theoretically using these mechanisms, 

especially regarding permeability, dye rejection, antifouling performance, and reusability. 

 

Figure 2.1: The types of membrane mechanisms. 

2.7.1 Membrane Distillation 

Membrane distillation is one of the processes that has emerged and gained 

recognition in the current years. It is a non-isothermal membrane-based process that only 
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allows vapor molecules to pass through the membrane (Kalla, 2021). Kalla (2021) states that 

the membrane plays a significant role in the membrane distillation process as it has a 

hydrophobic surface. In addition, the membrane also acts as a barrier for the liquid feed and 

functions as a porous medium for vapor transport (Kalla, 2021). On top of that, the 

membrane distillation process is essentially driven by the vapor pressure difference between 

the permeate and feed (Seraj et al., 2022). For further explanation, the vapor pressure 

difference is caused by the temperature difference between the permeate and the feed, where 

the feed is the hot stream, and the permeate is the cold stream (Kalla, 2021; Sadare et al., 

2022). Sadare et al. (2022) also mention that only the volatile liquid feed can pass through 

the membrane pores ranging from 0.1 to 0.5 μm in size and evaporate, not the liquid solution 

that is distilled. According to Saud et al. (2022), the separation efficiency of the membrane 

is greatly influenced by the structure of the porous membrane and the volatility of the 

separating component. The mechanism of the membrane is depicted in Figure 2.2, where the 

hydrophobic porous membrane allows the movement of vapor from the hot stream to the 

cold stream. 
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Figure 2.2: The membrane mechanism for membrane distillation. 

2.7.2 Pervaporation 

As illustrated in Figure 2.3, pervaporation is a type of membrane mechanism where 

the upper stream of the membrane is in contact with the feed liquid, and a vacuum is utilized 

in the bottom stream of the membrane (Ismail & Matsuura, 2022). According to Kumar 

Purkait et al. (2020), pervaporation is an efficient membrane-based separation mechanism 

that involves the transport of solutes through membranes composed of dense materials. As 

the fundamental key of mass transport includes the interaction between the membrane and 

the compound, the major factors that affect the performance of the membrane include the 

composition and nature of the membrane materials (Purkait et al., 2020). To increase the 

compound removal efficiency, the permeating components' partial pressure is almost zero  

(Purkait et al., 2020). On the other hand, it is also mentioned that the liquid mixture is 

preheated before it is used as a feed stream to achieve higher partial pressure so that the 

transport rate can be increased. 
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Figure 2.3: The membrane mechanism for pervaporation. 

2.7.3 Pressure-driven Membrane Mechanism 

According to Ezugbe and Rathilal (2020), pressure-driven membrane mechanisms 

are one of the most extensively used membranes that depend on hydraulic pressure to achieve 

separation. The pressure-driven membrane consists of four major mechanisms: 

microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. The difference between 

these mechanisms is their pore sizes and pressure requirements. Figure 2.4 illustrates the 

four types of pressure-driven membrane mechanisms along with the different types of 

particles. 
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Figure 2.4: Membrane mechanism for pressure-driven membranes. 

2.7.3.1 Microfiltration 

Microfiltration is one of the oldest membrane mechanisms, which is pressure-driven 

and used commercially. According to Ray et al. (2020), microfiltration is a mechanism in 

which the membrane eliminates particles with an average molecular weight of more than 

400 kDa. The membranes used for this mechanism have pore sizes ranging from 0.05 μm to 

10 μm under the operating pressure of less than 2 bar (Ray et al., 2020). In addition, 

microfiltration membranes use the principle of physical separation, which can remove 

micrometer-sized particles, for example, suspended particles, large bacteria, major 

pathogens, proteins, and yeast cells (Anis et al., 2019). Anis et al. (2019) also mention that 

microfiltration membranes are flexible since they can remove large-scale pollutants. When 

the molecular weight of the solute exceeds 500 g/mol, the membrane mechanism will change 

from solution-diffusion (in reverse osmosis) to molecular filtration, where the membrane 

pore diameter and particle size determines the separation features (Anis et al., 2019). Based 

on Sadare et al. (2022), particles with sizes larger than 0.1 μm are typically separated by an 

open membrane structure. The low hydrodynamic resistance results in the membranes 

requiring low hydrostatic pressure to ensure a high solvent flux and pollutant rejection 
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(Sadare et al., 2022). Hence, microfiltration membranes are attractive as they have various 

pore sizes and low-pressure requirements, resulting in various applications. 

2.7.3.2 Ultrafiltration 

An ultrafiltration membrane is a specialized membrane separation mechanism that is 

pressure-driven and can effectively remove pathogens and solid waste from a waste mixture 

(S. Hussain et al., 2019). It is also mentioned that the final product from ultrafiltration 

membrane separation is highly pure and contains no pathogenic waste. Ultrafiltration 

membranes are semi-permeable membranes with pore sizes ranging from 0.005 μm to 0.1 

μm, where the membrane acts as a separation barrier between two sides of a pressure 

difference which are low and high (Giakoumis et al., 2020). This pressure difference is the 

driving force for separating the solutes, smaller than the membrane's pore size, where the 

solutes pass through the membrane through a high to low-pressure environment. The 

ultrafiltration membrane can remove various pollutants or compounds, such as bacteria, 

colloidal silica, chlorine-resistant pathogens, enzymes, gelatines, iron, manganese, and 

viruses (Giakoumis et al., 2020). The membrane mechanism for ultrafiltration also separates 

the molecules with a higher molecular weight and suspended solids, known as molecular 

weight cut-off by the specialized membrane (Sadare et al., 2022). It also applies to other 

factors in the ultrafiltration membrane, such as charge, hydrodynamic conditions, and 

molecular shape. 

2.7.3.2 Nanofiltration 

The nanofiltration membrane mechanism is a pressure-driven mechanism that falls 

between the ultrafiltration and reverses osmosis membrane mechanisms. The pore size for 

nanofiltration membranes ranges from 0.2 nm to 2 nm, whereas the membrane's molecular 

weight cut-off ranges from 0.2 to 1 kDa. The surface of the nanofiltration membrane is 
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typically negatively charged to improve the efficiency of dissolved ions removal. Compared 

to microfiltration and ultrafiltration membranes, nanofiltration membranes perform better 

when they require lower capital cost, energy consumption, and higher permeability. 

Nanofiltration has various applications in various industries, such as water desalination, the 

pharmaceutical industry, and wastewater treatment. Nanofiltration membranes have an 

average salt rejection that ranges from 10%-90% but cannot achieve a higher salt rejection 

as reverse osmosis is 99.5%. In addition, when the nanofiltration membranes are in contact 

with an aqueous solution with varied pH values will result in a surface charge that can repel 

ionic compounds. 

2.7.3.3 Reverse Osmosis 

Reverse osmosis membranes are crucial in wastewater treatment as it is used to 

remove efficiently remove salts and other contaminants (Odabaşi et al., 2021). Reverse 

osmosis is a pressure-driven membrane mechanism that uses a semi-permeable membrane 

with pore sizes ranging from 0.5 to 1.5 nm, allowing smaller molecules to pass through 

(Qasem et al., 2021). The mechanism reverses the normal osmosis process by applying a 

pressure of 20 to 70 bar, which is higher than the osmotic pressure of the feed solution 

(Qasem et al., 2021). Qasem et al. (2021) also mention that reverse osmosis membranes can 

remove particles with a molecular size ranging from 0.25 nm to 3 nm and remove 95 to 99% 

of charged organic and inorganic salts. Additionally, reverse osmosis membranes can 

eliminate hazardous chemicals, ions, and micro and macro particles from polluted water 

(Saud et al., 2022). Since the reverse osmosis membranes are semi-permeable, the salt ions 

cannot flow back into the feed stream, ensuring the desalination process's efficiency (Saud 

et al., 2022). 
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2.8 Comparison of Nanocomposite Membranes with Conventional Membranes 

As seen in the table below, there are various advantages and disadvantages of 

nanocellulose-based and conventional membranes like ceramic/metal-based membranes. 

Since nanocellulose-based membrane poses more advantages than conventional membranes, 

it can be deduced that nanocellulose-based membrane is more desirable for achieving 

wastewater treatment applications of the membrane. 

Table 2.4: The advantages and disadvantages of nanocellulose-based membrane and 

ceramic/metal-based membrane. 

Type of 

membrane 
Advantages Disadvantages References 

Nanocellulose-

based membrane 

• Cost-effective 

• Easy end-use 

disposal 

• Easy operation 

• Easy to scale up 

• Easy to stack 

• Excellent selectivity 

• Faster kinetics 

• Good permeability 

• High adsorption 

efficiency 

• High chemical 

stability 

• High efficiency in 

wastewater treatment 

• High flexibility 

• High selectivity 

based on particle size 

• Tendency to 

membrane fouling 

• Typically, it has a 

shorter lifespan 

• Unable to withstand 

high temperature 

• Weak chemical 

resistance 

(Gopakumar et 

al., 2019; Y. 

Liu, Liu, et al., 

2021; Mansoori 

et al., 2020; 

Reshmy et al., 

2021; Tan et 

al., 2020) 
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Table 2.4 continued 

 • Higher capacity for 

adsorption 

• Less energy 

consumption 

• Lightweight 

• Low density 

• Low operating 

temperature 

• Non-toxic and 

environmentally 

friendly raw 

materials 

• Recyclable and 

reusable 

• Simple 

manufacturing 

process 

• Strong mechanical 

properties 

• Sustainable 

  

Ceramic/metal-

based membrane 

• High pressure 

• High thermal stability 

• Long life 

• Strong chemical 

resistance 

• Brittle 

• High energy 

consumption 

• High investment cost 

• Inconvenient 

production process 

• Inflexible 

• Less selectivity 

depending on pore 

size 

 

(Gopakumar et 

al., 2019; Liu, 

Liu, et al., 

2021; Reshmy 

et al., 2021) 
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Table 2.4 continued 

  • Low degradability 

• Unsustainable 

disposable 

• Unsustainable 

manufacturing 

 

 

Next, Table 2.5 shows a comparative overview of the nanocomposites membrane 

compared to conventional membrane systems which are commonly used in wastewater 

treatment applications. The comparison focuses on the dominant transport mechanisms and 

the fouling-resistance characteristics, along with the dye separation efficiency where this 

highlights the conceptual differences between different types of membranes. 

Table 2.5: The comparative overview of membrane mechanisms’ advantages and 

disadvantages. 

Type of 

membrane 

Dominant 

Transport/Fouling-

Resistance 

Mechanism 

Advantages Disadvantages References 

PVDF/GR/NC/

TiO2 

nanocomposite 

membrane 

(this study) 

Pore-flow transport, 

reduced foulant 

adhesion for 

antifouling; 

increased 

hydrophilicity from 

NC and TiO2 and 

improved pore 

connectivity from 

graphene 

High dye 

rejection, 

improved 

antifouling and 

tunable pore 

structure 

Risk of 

nanomaterial 

aggregation at 

high loadings 

- 
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Table 2.5 continued 

Commercial 

PVDF UF 

membrane 

Pore-flow transport, 

hydrophobic 

polymer matrix 

Established 

technology, 

scalable and 

cost-effective 

Lower 

hydrophilicity 

and higher 

fouling 

tendency 

(Kannathasan 

et al., 2025; 

Maiti et al., 

2025; Ren et 

al., 2023) 

Ceramic UF 

(Al2O3, TiO2-

based) 

Pore-flow transport, 

intrinsically 

hydrophilic surface 

High chemical 

and thermal 

stability, and 

good fouling 

resistance 

High cost and 

brittle structure 

(Brinkmann & 

Filiz, 2021; 

Liangdy, 2024; 

Y. Sun, 2025; 

Сергієнко et 

al., 2020) 

Commercial 

NF/RO 

(polyamide 

thin film) 

membrane 

Solution-diffusion 

mechanism 

High 

selectivity 

Susceptible to 

fouling and 

oxidant 

sensitivity 

(Geng et al., 

2024; Lim et 

al., 2025; Shin 

et al., 2024; P. 

Wang et al., 

2025) 

 

2.9 Issues in Nanocellulose-Based Membrane Production 

2.9.1 Complex Production Process 

One of the issues associated with nitrocellulose-based membrane production is the 

production process which can be quite challenging. As Lasrado et al. (2020) mentioned, it is 

challenging to develop cost-effective, time-intensive technologies for nanocellulose 

extractions and fabrication of membranes as most membranes are time-consuming and 

require high capital costs. This information is also supported by Shen et al. (2022), which 

state that nanocellulose has higher costs than biofuels, which are not economically friendly. 
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In addition, Salama et al. (2021) also added that controlling the primary factors of the 

nanocellulose-based membrane, including specific adsorption, porosity, and permeability, 

remains a major issue in recent studies. On top of that, nanocellulose-based membranes also 

require specialized equipment, such as a high-pressure homogenizer, which is expensive and 

difficult to operate (Y. S. Jiang et al., 2021). As a result, this will limit the scalability of 

nanocellulose-based membrane production as it requires a complex and costly production 

process. Lastly, the production process of nanocellulose-based membranes is also greatly 

influenced by factors such as pH value and temperature to achieve the desired membrane 

properties, which can also be time-consuming (Pervez et al., 2022). 

2.9.2 The High Tendency of Agglomeration 

Clustering, most commonly known as agglomeration, is one of the major issues 

associated with nanocellulose-based membrane productions. Agglomeration is the 

production of compact films during the dehydration process due to the extensive hydrogen 

bonding between hydroxyl groups (Jaffar et al., 2022). This agglomeration issue, also known 

as hornification, reduces the desired characteristics like mechanical strength and the 

membrane's functionality, resulting in low-flux membranes, particularly for the filtration of 

small-sized or high-molecular-weight materials (Jaffar et al., 2022). It is because 

nanocellulose tends to agglomerate, particularly at high loading, which results in non-

uniform stress distribution in the membranes (Zaki et al., 2022). Hence, this agglomeration 

causes the interaction between the nanocellulose loading and the membrane matrix to be 

reduced, which leads to a decrease in tensile strength after higher loading (Zaki et al., 2022). 

Jaffar et al. (2022) suggested that surfactant usage, surface modifications, and CO2 drying 

can reduce the impact of aggregation. Other than that, the nanocellulose can also be 

deposited on the surface of the membrane as a thin functional layer (Jaffar et al., 2022). 
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2.9.3 Homogeneity of Nanocellulose Mixture 

Another issue associated with nanocellulose-based membranes includes the 

difficulty of obtaining a homogeneous mixture of cellulose and inorganic nano adsorbents, 

which will negatively impact structure, characteristics, and performance (Jaffar et al., 2022). 

A homogenous mixture of nanocellulose-based membranes consists of two phases. One is a 

polymer-rich phase, a membrane with an asymmetric structure. The other is a nano cellulose-

rich phase with excellent properties (N. Pal & Agarwal, 2021). If a homogenous mixture is 

not achieved when fabricating a nanocellulose-based membrane, it will negatively impact 

the membranes' structure, properties and performance (N. Pal & Agarwal, 2021). Hence, it 

is important to ensure that the mixture of the nanocellulose and the membrane achieves a 

homogenous mixture to ensure that the nanocellulose-based membrane achieves the desired 

performance for particular applications. 

2.10 Applications of Nanocellulose-Based Membrane in Dye Wastewater Treatment 

The textile industry is known to frequently discharge extremely contaminated acidic, 

alkaline, and coloured effluent, which includes chromium, zinc, chlorine, copper, and 

alkaline chemicals, which are harmful substances (Parvin et al., 2020). These effluents 

released to water sources result in severe water pollution, which causes numerous adverse 

effects on public health and the environment (Parvin et al., 2020). According to Jankowska 

et al. (2022), prolonged exposure to dye may result in skin irritations and breathing 

difficulties. In addition, numerous dyes are carcinogenic and mutagenic, increasing the risk 

of skin cancer. Based on  Hussain et al. (2019), the inert nature of dyes and also their complex 

or large sizes causes the dyes to be more difficult to treat as it is non-biodegradable, 

thermally stable and resistant towards light and oxidizing agents. These dyes possess a 

complex aromatic structure which may exhibit anionic, cationic, or non-ionic properties (S. 
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Hussain et al., 2019). If pollutants in textile effluent are removed without adequate treatment, 

they might deplete dissolved oxygen in receiving bodies, threatening aquatic life and the 

ecosystem (Parvin et al., 2020). Therefore, dye removal is crucial in wastewater treatment 

which is one of the applications of nanocellulose-based membranes. The studies of the 

membrane efficiency in removing dyes are discussed below. 

Nanocellulose-based membranes are known to be very effective in the adsorption of 

dyes from wastewater. The research by Gopakumar et al. (2019) discusses the potential of 

nanocellulose-based membranes for dye removal in wastewater treatment. Their research 

found that nanocellulose-based membranes had a higher permeation flux and rejection of 

contaminants than conventional membranes. It shows that nanocellulose-based membranes 

are a viable option for water purification applications. Besides that, the study by Vivod et al. 

(2018)  also mentions that nanocellulose-based adsorbent can effectively remove loose 

reactive dye during textile laundering. Based on the study, it is also mentioned that when 

nanocellulose-based adsorbents are applied to a textile industry, they become film-like and 

efficiently absorb the loose reactive dye from the washing solution, according to the study. 

The study showed that adsorbent films could retain their properties even after numerous 

laundering cycles, suggesting that their application in textiles for dye removal could be a 

cost-effective and eco-friendly solution. In addition, the study discovered that the adsorbent 

films could remove other pollutants from the washing solution, making them an attractive 

choice for minimizing the environmental issues caused by wastewater. In addition, the 

adsorbent films may be modified to the particular requirements of the textile, allowing for 

further customization. Consequently, the nanocellulose-based adsorbent is cost-effective for 

removing loose reactive dye from textiles during laundering. 
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Next, Vilela et al. (2019) investigated the applications of zwitterionic nanocellulose-

based membranes for removing Congo red, a commonly used organic dye in the textile 

industry. Vilela et al. (2019) tested the membranes with various parameters such as pH, ionic 

strength, and dye concentrations. The study discovered that zwitterionic nanocellulose 

membranes exhibited significant adsorption capabilities and an efficient dye removal rate. It 

was attributed to the presence of zwitterionic functional groups, which established a strong 

electrostatic interaction with the dye molecules resulting in a better adsorption rate. 

Moreover, the study concluded that the future uses of the membrane for dye removal are 

promising and recommended further study in this field. Hence, the outcomes of this study 

show the ability of the zwitterionic nanocellulose-based membranes to remove organic dyes 

from aqueous solutions. 

Lastly, W. Zhang et al. (2020) fabricated a nanocellulose-based aerogel decorated 

with silver nanoparticles that can retain its structure for organic dyes' rapid, continuous 

catalytic discoloration. The study shows that nanocellulose-based aerogels can rapidly 

decolorize organic dyes due to their high specific surface area and large pore volume. 

Additionally, including silver nanoparticles in the aerogel improves the decolorization of 

organic dye catalytic activity. It means the modified aerogels are more effective in removing 

organic dyes than the unmodified aerogels. Furthermore, the shape-retaining property of the 

aerogels allows them to be reused several times without degrading their performance. It is 

advantageous for organic dyes' long-term and continuous decolorization, making aerogels a 

desirable alternative for industrial applications. Therefore, the durable, shape-retaining 

nanocellulose-based aerogels decorated with silver nanoparticles provide an efficient and 

sustainable approach for organic dyes' rapid, continuous catalytic discoloration.
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CHAPTER 3 

 

 

RESEARCH METHODOLOGY 

3.1 Overview 

This chapter discusses the methods that are used to synthesize NC from raw bamboo 

fibre and the fabrication of three different types of PVDF nanocomposite membranes along 

with pristine PVDF membrane via the phase inversion technique. The characterization 

methods and membrane performance evaluation are also discussed in this chapter. 

3.2 Materials 

Toluene (molecular weight: 92.14 g/mol, purity: 99.8%), ethanol (molecular weight: 

46.07 g/mol, purity: ≥ 99.5%), 99.8 wt% acetic acid (molecular weight: 60.05 g/mol, purity: 

≥ 99.7%), 35 wt% hydrogen peroxide (molecular weight: 34.01 g/mol, purity: 3%), titanium 

dioxide (molecular weight: 79.87 g/mol, purity ≥ 99.5%), and sodium hydroxide (molecular 

weight: 40 g/mol, purity: ≥ 98%). Graphene nanoplatelets (molecular weight: 12.01 g/mol), 

PVDF (molecular weight: 530,000 g/mol) and NMP (molecular weight: 99.13 g/mol, purity: 

≥ 99.0%). Deionized water and distilled water were provided by Universiti Malaysia 

Sarawak Analytical Lab. Borneo bamboo (Gigantochloa scortechinii) culms were collected 

from Sarawak, Malaysia. 

3.3 Synthesis of Nanocellulose 

Nanocellulose was synthesized from Borneo Bamboo (Gigantochloa scorthechinii) 

following the procedure described in (James, Rezaur Rahman, et al., 2024) with minor 

modification. Briefly, the extraction of nanocellulose from bamboo followed three 

sequential steps viz. dewaxing, delignification, and mercerisation. In the dewaxing process, 
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400 mL of toluene and 200 mL of ethanol were transferred into a 1000mL round conical 

flask to treat 10 g of raw bamboo fibre. The resulting solution was placed into a cellulose 

thimble and dewaxed for 2 hours at 250°C using Soxhlet extractor to eliminate any pigments, 

waxes, and oil. Then, the dewaxed bamboo fibres (DWBF) were then dried at 70°C 

overnight. In the delignification step, DWBF was acidified at 130°C for 2 hours by using 

106.2 g of acetic acid and 82.3 g of hydrogen peroxide in the presence of TiO2 catalyst. The 

delignified bamboo fibre (DLBF) was then neutralize to pH 7 using deionized water before 

drying at 70°C.  In the final mercerization stage, sodium hydroxide was employed to remove 

pectin and hemicellulose from the DLBF. This procedure was conducted in an autoshaker at 

150 rpm and 80°C for a duration of 2 hours. Following this, the sample was stirred 

continuously for an additional 8 hours to yield cellulose with enhanced purity and minimal 

residual starch or impurities. The resultant sample was then filtered, neutralized to a pH of 

7 using deionized water, and dried overnight at 30°C for subsequent characterization. 

3.4 Preparation of Nanocomposite Membranes 

85 g of NMP was measured and poured into a beaker. Then, the nanoparticles which 

are GR/NC, GR/TiO2, and NC/GR/TiO2 with the ratio according to Table 3.1, 3.2, and 3.3 

respectively was poured into the laboratory glass bottle which contains the NMP solution. 

This ratio is 1 wt% relative to the weight of PVDF which is optimum for membrane 

performance without causing agglomeration (Boruah et al., 2023; Safarpour et al., 2022). 

For Table 3.1, the ratio is selected to study the membrane performance with higher amounts 

of GR or NC with intervals of 10%. For Table 3.2, the ratio is up until 60% of TiO2 as excess 

amounts of TiO2 can cause agglomeration. Lastly, Table 3.3 is based on the best ratio of 

Table 3.1 and 3.2.  The solution was then stirred at 250 rpm for 1 hour with the temperature 

of 80°C. Subsequently, the nanocomposite solution was transferred into laboratory glass 
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bottle and ultrasonicated for 2 hours. Then, 15 g of PVDF was added into the glass bottle 

and the solution was continuously stirred at 80°C and 250 rpm for 24 hours. Then, the casting 

solution is continuously stirred at 60 °C during the casting process and the membrane 

thickness is controlled at 0.05 mm with a tape on the glass plate. The resulting solution was 

then transferred to a glass plate using casting rod to obtain nanocomposite membrane sheets 

followed by washing with ultra-pure water to remove residual solvents The nanocomposite 

membrane sheets were then cut into small circular pieces and soaked in ultra-pure water in 

a petri dish until required for nanocomposite membrane testing. 

Table 3.1: The ratio of GR/NC nanocomposite solution. 

Sample GR:NC ratio Mass of GR (g) Mass of NC (g) 

80% GR 80:20 0.120 0.030 

70% GR 70:30 0.105 0.045 

60% GR 60:40 0.090 0.060 

50% GR 50:50 0.075 0.075 

40% GR 40:60 0.060 0.090 

30% GR 30:70 0.045 0.105 

20% GR 20:80 0.030 0.120 

100% PVDF (Pristine) 0:0 0 0 

Table 3.2: The ratio of GR/TiO2 nanocomposite solution. 

Sample GR:TiO2 ratio Mass of GR (g) Mass of TiO2 (g) 

80% GR 80:20 0.120 0.030 

70% GR 70:30 0.105 0.045 

60% GR 60:40 0.090 0.060 

50% GR 50:50 0.075 0.075 
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Table 3.2 continued 

40% GR 40:60 0.060 0.090 

100% PVDF (Pristine) 0:0 0 0 

Table 3.3: The ratio of NC/GR/TiO2 nanocomposite solution. 

Sample Mass of NC (g) Mass of GR (g) Mass of TiO2 (g) 

GR/NC/TiO2 0.12 0.12 0.03 

100% PVDF (Pristine) 0 0 0 

 

3.5 Characterization 

3.5.1 TEM Analysis 

The transmission electron microscopy (TEM) analysis was conducted to determine 

the size and morphology of the nanocellulose that was synthesised in Section 3.3. 50 mL of 

ethanol was poured into a beaker and then, 0.025 g of NC was added into the same beaker. 

Subsequently, this solution was sonicated for 20 minutes, and approximately 1 mL of the 

solution was dropped onto the copper grid. The copper grid was then dried in the oven at 

45°C overnight. The copper grid was then analysed by JEL JEM-1230 TEM with 

magnifications ×60,000, and ×120,000. 

3.5.2 FESEM-EDX and SEM-EDX Analysis 

The morphology of the nanocomposite membrane surface and cross sections were 

measured by using Jeol Field Emission Scanning Electron Microscopy machine for FESEM 

analysis and Hitachi Scanning Electron Microscopy for SEM analysis with a magnification 

of ×10,000 and ×20,000 for the surface and two magnifications which are ×1,000 and ×5,000 

for the cross sections. The nanocomposite membrane surface was prepared by cutting a small 
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piece of the membrane sheet. The nanocomposite membrane cross section was prepared by 

freezing the nanocomposite membrane sheet in liquid nitrogen and immediately cutting the 

nanocomposite membrane to obtain the cross section. Then, the nanocomposite membrane 

was coated with gold to enhance samples imaging. In addition to the FESEM and SEM 

analysis, EDX was also conducted to determine the elemental compositions of the 

nanocomposite membranes. 

3.5.3 FTIR Analysis 

The functional groups of the nanocomposite membranes, and pristine membrane 

were determined using Shimadzu Fourier Transform Infrared Spectrophotometer (FTIR) 

equipped with attenuated total reflectance (ATR) with the spectral range of 4,000 cm-1 to 

400 cm-1. 

3.5.4 XRD Analysis 

The crystalline structure of the nanocomposite membranes and pristine membrane 

were measured on a Rigaku SmartLab Powder X-ray Diffractometer with Cu Kα (λ = 1.5418 

Å) radiation in the 2θ range from 5° to 90° with the step size of 0.01° and scan speed of 

2°/min. 

3.5.5 Membrane Porosity and Mean Pore Size Measurement 

The porosity of the nanocomposite membranes and pristine membrane were 

calculated using the gravimetric method which was based on the weight of water in the 

membrane pores. Employing the procedure of (Tavakolmoghadam et al., 2019). 

ε =
(

ww,m− wd,m

ρwater 
)

(
ww,m− wd,m

ρwater 
) + (

wd,m

ρPVDF 
)

× 100% 

Equation 3.1 
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Where, 

ε = Membrane porosity 

Ww,m = Weight of wet membrane 

Wd,m = Weight of dry membrane 

ρwater = Density of water (0.998 g/cm3) 

ρPVDF = Density of PVDF (1.740 g/cm3) 

The mean pore radius was determined using the Guerout-Elford-Ferry equation in the 

methodology of (K. Jang et al., 2022), while the mean pore size was determined by 

multiplying the mean pore radius by 2. 

Mean pore radius =  √
(2.9 − 1.75ε) × 8ƞlQ

ε × A × ∆P
 

Equation 3.2 

Where, 

Ƞ = Viscosity of water (8.9 × 10-4 Pa.s) 

l = Thickness of membranes (m) 

Q = Volume of permeated water per time (m3/s) 

A = Effective area of membrane (m2) 

∆P = Operational pressure (Pa) 

3.5.6 Membrane Permeation Test 

The membrane permeation test of the pristine and nanocomposite membranes 

consists of water flux test, methylene blue (MB) dye rejection test where the membrane 

system is depicted in Figure 3.1 and also the membrane reusability test. The feed was 
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pumped to the membrane system while the nanocomposite membranes were compacted with 

a backflow that was fed back to the feed, and then, the treated water flowed out as permeate. 

To determine the water flux, ultra-pure water was pumped to the membrane system with a 

pressure of 2 bar for 30 minutes for stabilisation of the membrane system. Then, the water 

flux test was conducted at a pressure of 1 bar for another 30 minutes and results were 

recorded at 10 minutes intervals. This procedure was repeated 5 times to get an accurate 

reading and the standard deviation of the results were calculated as well. Similarly, dye 

rejection test was conducted following same described method but using MB dye as the feed. 

Three concentrations of MB dye were used in the dye removal test which are 0.5 ppm, 1 

ppm, and 1.5 ppm for GR/TiO2 nanocomposite membranes while one concentration which 

is 0.5 ppm was used for NC/GR and NC/GR/TiO2 nanocomposite membranes. As for the 

reusability test, the same membrane for each type of ratio including the pristine membrane 

was backwashed with ultra-pure water and then, tested with the dye rejection test for 3 

cycles. Then, the concentration of feed and permeate were determined through Shimadzu 

UV-Vis Spectroscopy with the wavelength of 665 nm. Subsequently, the water flux and dye 

rejection ratio were obtained as described in Huang et al. (H. Huang et al., 2022) below: 

Jflux =
V

A × t × ∆P
 

Equation 3.3 

RR = (1 −
Cpermeate

Cfeed
) × 100% 

Equation 3.4 

Where, 

Jflux = Water flux (L/m2.h.bar) 

V = Volume of permeate 

A = Effective area of membrane (m2) 
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t = Recorded time to collect permeate (h) 

∆P = Operational pressure (bar) 

RR = Rejection ratio (%) 

Cpermeate = Concentration of permeate (ppm) 

Cfeed = Concentration of feed/initial concentration (ppm) 

 

Figure 3.1: Schematic drawing of the membrane system. 

3.5.7 Antifouling Performance Test 

The antifouling performance of the pristine and nanocomposite membranes were 

determined by evaluating the flux recovery ratio (FRR), total fouling (Rt), reversible fouling 

(Rr), and irreversible fouling (Rir) of the membranes. To evaluate the antifouling 

performance, the pristine and nanocomposite membranes were filtered with ultra-pure water 

for 60 minutes obtaining the pure water flux, Jflux. Subsequently, the feed was replaced with 

MB dye solution and the membranes filtered the solution for another 60 minutes and the flux 

of this filtered solution is recorded as Jpermeate. Then, the membranes were soaked in ultra-

pure water for 30 minutes for the recovery of the membranes. Lastly, the membrane system 

was fed with ultra-pure water and the membranes filtered the water for another 60 minutes 
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to obtain the water flux, Jflux,2. Based on the values of flux that were obtained, calculations 

for FRR, Rt, Rr, and Rir of the membranes were calculated by using the equations obtained 

from Darwish et al. (2023) listed below: 

FRR =
Jflux,2

Jflux
× 100% 

Equation 3.5 

Rt =  Rr + Rir Equation 3.6 

Rr = (
Jflux,2−Jpermeate

Jflux
) × 100% 

Equation 3.7 

Rir = (
Jflux − Jflux,2

Jflux
) × 100% 

Equation 3.8 
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CHAPTER 4  

 

 

RESULTS AND DISCUSSION 

4.1 Overview 

This chapter presents the experimental findings from the performance analysis and 

characterizations of the fabricated nanocomposite membranes. The analysis includes the 

morphological, structural, and functional assessments of the nanocomposite membranes 

incorporated with NC, GR, and TiO2. The discussion focuses on the effects of the 

nanomaterials on the membrane properties such as water flux, dye rejection, antifouling 

performance, and reusability. The analysis is done by comparing the nanocomposite 

membranes with pristine PVDF membrane to analyse the improvements of the membranes. 

4.2 EXPERIMENT 1: Graphene/Nanocellulose Polyvinylidene Fluoride (PVDF) 

Nanocomposite Membrane to Intensify Methylene Blue Dye Removal and 

Antifouling Performance 

4.2.1 Introduction 

In the first experiment, a nanocomposite membrane was developed by incorporating 

GR and NC into a PVDF matrix to enhance MB dye removal and antifouling performance. 

These nanomaterials are known for their superior properties such as hydrophilicity and 

structural properties which are expected to improve membrane porosity, dye rejection, and 

antifouling performance. The nanocomposite membranes were fabricated via phase 

inversion with different GR/NC compositions to evaluate the changes in membrane structure 

and performance. The characterization methods were also carried out by using FESEM-

EDX, FTIR, XRD and UV-Vis while the membrane performance was assessed by water 

permeation tests like water flux, MB dye removal, and antifouling performance. This 
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experiment aims to determine the optimum NC/GR compositions that results in highest dye 

removal efficiency and overall membrane performance enhancement. 

4.2.2 Methodology 

Refer to Chapter 3, with Table 3.1 as the nanocomposite membrane composition. 

4.2.3 Results and discussion 

4.2.3.1 TEM Analysis of Nanocellulose 

Figure 4.1 shows the TEM analysis that have been conducted to identify the 

morphology of nanocellulose. Based on the TEM analysis shown in Figure 4.1 (a) and (b), 

the nanocellulose particle displayed a spherical morphology after undergoing chemical 

treatment and repeated ball milling cycles. This observation aligns with previous research, 

which has similarly reported a transformation of nanocellulose particles from a rod-like fibre 

morphology to a spherical shape after hydrolysis (El-hadi, 2017; Holilah et al., 2022). In 

addition, similar structures were also observed by Verma et al., (2024) with 85.6nm 

approximate diameter. The spherical morphology suggests that the treatment processes were 

effective, likely reducing the aspect ratio of the particles and leading to the shape change. In 

addition, this morphology is also highly influenced by the composition ratio and loading in 

the nanocellulose synthesis. However, the influence of morphology changes on crystallinity 

and thermal stability is discussed in later sections of this study where XRD results are 

presented, with reference to previously reported trends in the literature (Dias et al., 2023). 

Figure 4.1 (a) shows significant irregular agglomeration of nanocellulose particles, 

with particles clumped together in certain regions. This agglomeration of particles can be 

attributed to the strong hydrogen bonds between particle crystallites, which could have 

resulted to clustered formations. While hydrogen bonding between NC crystallites is a 

primary driver of agglomeration (El-hadi, 2017), fabrication parameters such as sonication 
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time, and type of solvent can also influence dispersion (James, Rezaur Rahman, et al., 2024; 

Sharifalhoseini et al., 2018). Additionally, large agglomerates are reported to impede the 

convective flux through the membrane material (van den Berg & Ulbricht, 2020). Hence, 

alternative methods such as electrospinning or surface functionalization of GR could 

significantly enhance uniform particle distribution within the membrane. 

Furthermore, Figure 4.1 (b) indicates that nanocellulose particles contain nanopores, 

which possibly act as potential active sites for MB dye adsorption applications. The presence 

of these pores improves the surface area of the material, which is important in applications 

that require a high MB dye adsorption capacity. This finding aligns with results from studies 

that suggest increased porosity contributes to enhanced filtration efficiency and 

permeability. 

  

Figure 4.1: The TEM analysis of nanocellulose. 

4.2.3.2 FESEM-EDX Analysis of Nanocomposite Membrane 

Figure 4.2, 4.3, and 4.4 shows the FESEM analysis for the nanocomposite 

membranes with varied ratio and pristine membrane for comparison of the surface and cross-

section morphologies. Based on the surface morphology of the nanocomposite membrane 

depicted in Figure 4.2, some of the nanocomposite membranes show cracks on the surface 

of the membrane. This could be associated with the intrinsic brittle and drying stress of 

(a) (b) 
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PVDF material, affecting the membrane surface properties and the permeability of PVDF 

membranes (Pramono et al., 2017). These inherent limiting properties of PVDF could be 

alleviated by the addition of plasticizers such as polyethylene glycol (Gontarek‐castro et al., 

2022). In addition, graphene also affects the surface properties as higher amount of graphene 

produce cracks on the surface which are open pores distributed throughout the membrane 

surface. However, it was observed from Figure 4.2 (a) until (g), that the distribution of cracks 

throughout the membrane surfaces decreases as the amount of graphene decreases with 20% 

GR exhibiting very minimal cracks due to balanced GR/NC ratio, suggesting minimal need 

of plasticizers for optimal compositions. A combination of chemical and mechanical stress 

is able to increase membrane degradation which leads to cracking (Bortot Coelho et al., 

2021; Robert et al., 2020). However, it is also possible that the cracking of the membrane 

surface is due to the drying process of the membrane or the vacuum environment in the 

FESEM machine (Rudolph et al., 2021). 

The cross sections of the membrane were conducted at two magnifications which are 

×1,000 and ×5,000 to analyse the membrane pores and the agglomeration in the pores of the 

nanocomposite membrane respectively. Based on Figure 4.3, all of the nanocomposite 

membrane shows an asymmetric structure where the membrane has a thin top skin layer that 

is supported by a finger-like porous sublayer. It can be observed that the increase in the 

amount of graphene produces a bigger finger-like macro voids compared with low amounts 

of graphene as seen in 20% GR and 30% GR where the membrane pores appear smaller than 

other ratios. This is due to the phase separation that occurs, causing the fast exchange of 

solvent and non-solvent, which leads to precipitation of polymer. This rapid mechanism 

results in the formation of finger-like macro voids throughout the sublayer (Nursiah et al., 

2023). In addition, higher amounts of graphene also cause the phase inversion process to fail 
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as it acts as a barrier against direct diffusion of solvent and non-solvent molecules which 

supresses the development of finger-like structure (Karimi et al., 2020). This can be proven 

by the study done by Mohsenpour et al. (2022) which shows the increase in graphene oxide 

in PVDF casting solution increases the viscosity and also hinders the exchange of solvent 

and non-solvent. Therefore, based on Figure 4.3 (g), 20% GR is the suitable amount of 

graphene that is incorporated in the nanocomposite membrane as it has a thin finger-like 

structure. 

Figure 4.4 shows the cross-section of the nanocomposite membranes at ×5,000 

magnification which shows the agglomeration of particles in the membrane pores for some 

nanocomposite membranes. Based on Figure 4.4 (a) until (c), it can be observed that there is 

agglomeration of particles in the membrane pores compared to Figure 4.4 (d) until (g) which 

shows minimal to without agglomeration in the membrane pores. This is due to the 

hydrophobicity of the graphene material which can cause agglomeration in the membrane 

pores (Ashok Kumar et al., 2022; Devrim & Bulanık Durmuş, 2022). Hence, the 

incorporation of hydrophilic groups is able to disperse nanoparticles evenly throughout the 

membrane pores and reduce agglomeration (Alkhouzaam et al., 2021). Since nanocellulose 

has hydrophilic properties, this enhances the interaction of the nanocellulose in the polymer 

matrix which reduces agglomeration and promotes even dispersion (Gan et al., 2020). 

However, even though nanocellulose disperses evenly throughout the polymer matrix, the 

incorporation of nanocellulose can also produce agglomeration if the amount of 

nanocellulose added is too high (H. C. Zhang et al., 2022).  

Therefore, 20% GR and 30% GR have a better dispersion of nanoparticles compared 

to other ratios due to the higher amounts of nanocellulose incorporated in the membrane and 

these ratios are also a suitable composition as there is no agglomeration due to nanocellulose 
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observed. The EDX analysis results in Figure 4.5 represents the results for elements 

composition, carbon and fluoride. The nanocomposite membranes 70% GR to 20% GR have 

similar carbon content ranging from 60.61% to 63.61%. The membrane pores from FESEM 

analysis shows that other nanocomposite membranes have agglomerations except 20% GR 

and 30% GR, but the carbon compositions are in similar range. This means that the 

nanocomposite membranes are dispersed evenly throughout the membrane pores, as it has 

similar carbon content. Based on Figure 4.5, it is also observed that the carbon content 

decreases while the fluoride content increases with increasing amount of GR. This is because 

the carbon and fluoride contents are dominated by PVDF as the amount of PVDF is higher 

than the amounts of nanoparticles added into the membrane (Ravi et al., 2021). 

   

   

(b) (a) (c) 

(d) (e) (f) 
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Figure 4.2: The surface morphology results of membranes from FESEM analysis at 

10,000× magnification, (a) 80% GR, (b) 70% GR, (c) 60% GR, (d) 50% GR, (e) 40% GR, 

(f) 30% GR, (g), 20% GR, (h) 100% PVDF. 

   

   

(g) (h) 

(b) (a) (c) 

(d) (e) (f) 



59 

  

Figure 4.3: The cross-section results of membranes from FESEM analysis at 1,000× 

magnification, (a) 80% GR, (b) 70% GR, (c) 60% GR, (d) 50% GR, (e) 40% GR, (f) 30% 

GR, (g), 20% GR, (h) 100% PVDF. 

   

   

(g) (h) 

(b) (a) (c) 

(d) (e) (f) 
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Figure 4.4: The cross-section results of membranes from FESEM analysis at 5,000× 

magnification, (a) 80% GR, (b) 70% GR, (c) 60% GR, (d) 50% GR, (e) 40% GR, (f) 30% 

GR, (g), 20% GR, (h) 100% PVDF. 

  

  

(g) (h) 

(b) 

(c) (d) 
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Figure 4.5: The EDX analysis for pristine and nanocomposite membranes (a), 20% GR, 

(b) 30% GR, (c) 40% GR, (d) 50% GR, (e) 60% GR, (f) 70% GR, (g) 80% GR, (h) 100% 

PVDF. 

4.2.3.3 FTIR Analysis of Nanocomposite Membrane 

Figure 4.6 (a) and (b) show the FTIR analysis of pristine and graphene modified 

nanocomposite membrane which represents the presence of various functional groups in the 

membranes. Based on Figure 4.6 (a) and (b), it can be observed that the peak characteristics 

and structure are similar when comparing the FTIR analysis for pristine membrane and 

nanocomposite membrane. Therefore, this indicates that the addition of nanomaterial does 

not affect the functional groups present in the membrane. However, it is evident that from 

Figure 4.6 (b) small concentration of graphene material from 20% to 40% resulted to 

moderately shallow peaks with relatively undistinctive hydroxyl (-OH) stretching when 

compared to Figure 4.6 (b). this corroborated the influence of GR materials incorporation on 

(e) 
(f) 

(g) (h) 
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membrane surface modifications without shift in the peaks position corroborating the 

findings reported by (Gontarek-Castro et al. 2021). Figure 4.6 (a) and (b) showed the peak 

at intensity at 1,400 cm-1 representing the wagging vibration of CH2 functional group (Yin 

et al., 2021), whereas the peak at 1,175 cm-1 indicates the presence of CF2 asymmetrical 

stretching which is a characteristic peak of PVDF (Nair et al., 2024; W. Zhou et al., 2021). 

In addition, the peak at 1,065 cm-1, following the findings of (J. Zhang et al., 2022), showed 

the stretching vibration of -OH groups which indicates the presence of hydrophilic functional 

groups in the membrane. However, it is imperative to note that -OH vibrations are commonly 

around 3300 to 3600 cm-1 peak positions (Agale et al., 2025), as shown in Figure 4.6 (a) 

and (b). These peaks variations could be associated with nature of molecular environment, 

hydrogen atom or solvent effects which likely shift the position of the -OH stretching 

frequency. Similarly, the peak at 875 cm-1 represents characteristic peak of with the PVDF 

asymmetrical stretching of C-C functional group (Peng et al., 2023; J. Zhang et al., 2022). 

However, the peak at 839 cm-1 equally represents two types of functional groups which are 

the CF2 asymmetric stretching and CH2 rocking (Gontarek-Castro et al., 2021). On the other 

hand, the peak at 758 cm-1 corresponds to the bending of the C-H functional group (Manfo 

et al., 2020).  It is also mentioned that the peaks at 758 cm-1 and 839 cm-1 correspond to the 

α and β phase of PVDF respectively (P. Pal et al., 2020). Hence, this confirms the presence 

of the PVDF crystalline structure of α and β phase in the nanocomposite membrane which 

is observed in the XRD analysis. Similarly, the FTIR of NC and GR showed broad peak at 

3400cm-1 for the individual nanocellulose O-H bond stretching, while the spectral band 

observed at 1725cm-1 corresponds to the GR pi-bond (sp2), C=C bond (Cui et al., 2021). The 

spectral characteristics with enhanced broad peak at 3400-3600 cm⁻¹ correspond to O-H 

stretching (James, Rezaur Rahman, et al., 2024; Jangam et al., 2022) of the pure NC material, 
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specifically in high-NC membranes (20-30% GR). While the peak at 1175 cm-1 is associated 

with presence of hydroxyl groups, and PVDF characteristic peaks (Aziz & Abdel-Karim, 

2023; Jeong et al., 2018), corroborating the contribution of NC, GR and chemical stability 

of PVDF. 

 
 

Figure 4.6: Combined FTIR analysis results for (a) Pristine, 20% GR, 30% GR, and 40% 

GR, (b) 50% GR, 60% GR, 70% GR, and 80% GR. 

4.2.3.4 XRD Analysis of Nanocomposite Membrane 

The crystallinity of the nanocomposite membranes and pristine membrane were 

analysed by using the XRD technique and the results are shown in Figure 4.7. Based on the 

figure, there are three diffraction peaks that can be observed for the XRD analysis of the 

membranes which corresponds to the crystalline behaviour of PVDF. PVDF is a semi-

crystalline polymer that has three main crystalline phase which are α-phase, β-phase, and γ-

phase (Saxena & Shukla, 2021). β-phase and γ-phase are polar phase where β-phase is highly 

polar while α-phase is a non-polar phase which is the most common phase that can be 

obtained when PVDF is directly melted (Saxena & Shukla, 2021). The results show the 

diffraction peak at 2θ values of 18.21° and 19.20° is corresponding to refection of α-phase 

of PVDF at planes (020) and (110) respectively (Anand et al., 2020; H. Zhang et al., 2020). 

In addition, the diffraction peak at 2θ value of 26.6° represents the β-phase of PVDF at plane 



64 

(021) (H. Zhang et al., 2020). Based on Figure 4.7, compared to pristine membrane, it can 

be observed that the diffraction peaks of the modified membranes decrease with 

nanocellulose loading. The primary crystalline phase in pristine PVDF conformed with the 

findings in  (Anand et al., 2020; H. Zhang et al., 2020), which are typically the non-polar α-

phase shown at approximately 18.21°, 20.0° and 26.6° respectively. Consequently, 

increasing GR loading into the PVDF matrix induces crystalline phase modifications in GR 

modified membrane compared to the pristine membrane. These modifications are evident 

from the gradual attenuation and downshift of the α-phase peaks with increase in GR loading, 

strengthening the GR-PVDF compatibility. Concurrently, the emergence of new diffraction 

peak at around 43o which broadens as GR loading increases from 20% to 80% confirmed an 

increased electroactive β-phase content within the nanocomposite membrane, similar trends 

were observed in (Rath et al., 2022). The diffraction peaks shown by 40% GR, 50% GR, 

60% GR, 70% GR, and 80% GR are due to the nanocellulose properties which inhibits the 

crystallization of PVDF (Lizundia et al., 2020). Nevertheless, the concentrations of 

nanocellulose are too high, the diffraction peak can be less pronounced because of the 

constraining and nucleating behaviour of nanocellulose in forming the crystallization 

(Lizundia et al., 2020). Therefore, even though nanocellulose is a nucleating agent for PVDF 

crystallization, excessive amounts of nanocellulose can inhibit the formation of crystalline 

structure of membrane. 
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Figure 4.7: Stacked graphs of XRD analysis for pristine and nanocomposite membranes. 

4.2.3.5 Measurement of Membrane Porosity and Mean Pore Size for Nanocomposite 

Membrane 

The calculation of the membrane porosity and mean pore size for the nanocomposite 

membrane is shown in Table 4.1. Based on the table, the porosity of the nanocomposite 

membrane increases with lesser amount of GR and higher amount of NC. By referring to the 

FESEM analysis results, all of the nanocomposite membranes have top skin layer that 

consists of membrane pores with different porosities where this affects the porosity of the 

membrane (Basko et al., 2023). The thin top skin layer is formed due to the solvent and non-

solvent exchange due to loss of solvent, and this change in composition causes phase 

separation to occur (Ismail et al., 2019). Hence, the solvent used needs to be taken into 

consideration to improve the porosities of the membrane (Ismail et al., 2019). Based on Table 
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4.1, all of the nanocomposite membranes have high porosities which are above 80%, which 

means that the usage of NMP as solvent is able to improve the membrane porosity. This is 

because NMP is a water-miscible solvent that can form a thinner top-skin layer and suppress 

the formation of macro voids, which increases the porosity of membranes (L. Lin et al., 

2023). In addition, the membrane pore sizes of the nanocomposite membrane are in the range 

of ultrafiltration membranes which are in between 2 nm to 100 nm (Norrrahim et al., 2021).  

Porosity increased with NC content because NC acts as a pore-forming agent during 

phase inversion, creating interconnected channels (Zubair et al., 2024). While GR is 

hydrophobic and susceptible to agglomeration. At high loadings (GR greater than 50%), GR 

platelets are likely to block pore channels and increase casting solution viscosity (M. E. A. 

Ali et al., 2016; Narayanam et al., 2022), suppressing pore formation which could for the 

reduced porosity (80.78% at 80% GR). Ultrafiltration membranes have porous skin layer 

and are highly efficient in dye removal in wastewater (Ismail et al., 2019; Ramutshatsha-

Makhwedzha & Nomngongo, 2022; C. Yang et al., 2020). However, the difference in pore 

sizes affects the permeability and selectivity of the nanocomposite membranes which will 

be explained further in the next section. 

Table 4.1: The porosity and mean pore size of GR/NC nanocomposite membrane. 

Sample Porosity (%) Mean pore size (nm) 

80% GR 80.78 ± 0.36 11.18 ± 0.01 

70% GR 82.09 ± 2.18 12.33 ± 0.09 

60% GR 82.63 ± 0.55 14.74 ± 0.12 

50% GR 83.71 ± 0.24 17.63 ± 0.05 

40% GR 84.56 ± 1.36 19.32 ± 0.05 
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Table 4.1 continued 

30% GR 86.52 ± 0.48 20.19 ± 0.12 

20% GR 87.50 ± 0.37 20.46 ± 0.06 

Pristine 71.24 ± 0.96 11.44 ± 0.20 

 

4.2.3.6 Membrane Permeation Test for Nanocomposite Membrane 

Figure 4.8 shows the results for water flux and MB dye rejection ratio for the 

nanocomposite membranes and pristine membrane. Based on Figure 4.8 (a), it can be 

observed that the water flux increases as the amount of nanocellulose increases. This can be 

related to the previous section which is the pore size of the membranes. The increase in pore 

size can increase the water flux of membranes (Y. Li et al., 2022). As seen in Table 4.1, 20% 

GR has the largest mean pore size which results in the highest water flux depicted in Figure 

4.8 (a). In addition, it can be observed that 70% GR and 80% GR have similar water flux 

range with the pristine membrane, which means that the water flux is not improved 

significantly in these two ratios. According to the results in FESEM analysis, the membrane 

pores of these two ratios consists of agglomeration of nanoparticles. Agglomeration of 

nanoparticles in the membrane pores can reduce the membrane permeability which makes 

the membrane to be prone to fouling due to the blockage of the pores as the nanoparticles 

settle in the pores (Berg & Ulbricht, 2020; H. Jang et al., 2024). Therefore, this means that 

70% GR and 80% GR has reduced water flux due to agglomeration of nanoparticles which 

reduces the membrane permeability.  

The incorporation of graphene into PVDF membrane is able to increase the water 

flux as it increases the membrane porosity, but excessive amounts of graphene cause blocked 

pores due to agglomeration which reduces the water flux. (Tofighy et al. 2021). It is also 
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mentioned that excessive incorporation of graphene reduces the hydrophilic properties of the 

membrane despite having excellent water flux when the amount of graphene is incorporated 

moderately (Moradi & Zinadini, 2020). On the other hand, the incorporation of 

nanocellulose also increases the water flux without compromising the membrane selectivity 

due to the hydrophilicity of nanocellulose (Prihatiningtyas et al., 2021). Nanocellulose has 

high hydrophilicity because of its abundant hydroxyl groups and hydrophilic functional 

groups during its preparation process (L. Sun et al., 2020). Thus, 20% GR has the highest 

water flux value due to its nanocellulose composition and moderate amount of graphene. 

Based on Figure 4.8 (b), the MB dye rejection ratio is improved significantly for all 

types of the nanocomposite membranes compared to the pristine membrane where the MB 

dye rejection ratio increases as the amount of nanocellulose increases. It can also be observed 

that 20% GR has the best MB dye rejection ratio which amounts to 94.47% removal of MB 

dye. Similar to water flux, the dye rejection ratio increases as there is no agglomeration of 

the membrane pores, allowing efficient dye removal. High hydrophilicity can improve the 

separation efficiency of membranes and produce high quality water treatment (Kadhim et 

al., 2020). Based on the research done by Kadhim et al. (2020), the incorporation of graphene 

oxide has high hydrophilicity on the membrane surface which increases the dye removal 

efficiency acid black dye and rose Bengal dye. The membrane surface hydrophilicity is 

crucial as higher hydrophilicity increases permeation and prevents fouling on the membrane 

surface, which leads to higher dye rejection (Davari et al., 2021). The usage of nanocellulose 

in membranes are also known to be very effective in dye adsorption as nanocellulose has 

high hydrophilicity and surface area (Sueraya et al., 2023). 

Other than that, another study also mentioned that membranes modified with 

graphene are able to effectively remove reactive red 195 dye compared to pristine membrane 
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because of the properties of graphene which causes repulsion between the functional groups 

of dye (Vatanpour et al., 2021). Even though the efficiency of dye removal due to graphene 

is recognized, many researchers recommend incorporating a lower concentration of 

graphene to obtain maximum results for dye rejection as higher amounts of graphene can 

alter the properties of the membrane (Kadhim et al., 2020). In addition, a study by Y. Huang 

et al. (2021) also confirmed that nanocellulose can also increase dye rejection rate by the 

repulsion of the charges of the dye where three types of dye which are methyl blue, 

methylene blue, and rhodamine B dye are tested to confirm this hypothesis. Hence, 20% GR 

has the best dye rejection ratio due to the ability of graphene and nanocellulose to effectively 

remove the dye. Compared to the other ultrafiltration nanocomposite membranes (See Table 

4.2), the present study employed GR/NC nanomaterials in the fabrication of the 

nanocomposite membrane, analysis corroborated marginally higher rejection 

(approximately 94.5%) which  outperforms GO/GBFSG nanocomposite membrane (F. 

Zhang et al., 2023), TiO2@ZIF-67 PVDF membrane (Prabhakar et al., 2024) and g-

C3N4/PAA composite membrane (Z. Qiao et al., 2012), due to NC’s pore-forming ability 

and GR’s conductivity. 

  

Figure 4.8: The trendline for water flux and MB dye rejection for GR/NC nanocomposite 

membrane, (a) Water flux, (b) MB dye rejection. 

 

(a) (b)

1)) 
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Table 4.2: Comparison of GR/NC nanocomposite membrane performance with other 

nanocomposite membranes. 

Membrane Type 
Type of 

pollutant 

Membrane performance 

(Rejection and separation 

efficiency) 

References 

GP-PES 

membrane 

Methyl orange 

methyl red dyes 

55.14 % ± 1.0 

67.23 % ± 1.5 

(X. Wang et al., 

2019) 

GO/GBFSG 

membrane 
MB 91 % 

(F. Zhang et al., 

2023) 

TiO2@ZIF-67 

PVDF membrane 
Congo dye 

92.2 %, (basic medium) 

84.3% (neutral medium) 

(Prabhakar et al., 

2024) 

GR/TiO2 PVDF 

membrane 
MB dye 96.17% 

(Sueraya et al., 

2024) 

GR/NC PVDF 

membrane 
MB dye 94.47% (neutral) This study 

 

4.2.3.7 Membrane Antifouling and Reusability Test for Nanocomposite Membrane 

Membrane fouling is a process where the particles are accumulated or adsorbed onto 

membrane surfaces or pore by mechanical, physical, or chemical interactions which causes 

smaller or blocked membrane pores (He et al., 2024; L. Liu et al., 2019). Membrane fouling 

can reduce the water flux and separation efficiency where this will require vigorous 

membrane cleaning or replacement of membrane (L. Liu et al., 2019). Hence, it is better to 

produce membrane with antifouling properties to mitigate this issue and as a result, the 

membrane is more cost-effective. Figure 4.9 depicts the flux recovery ratio for the pristine 

and nanocomposite membranes where the flux recovery ratio increases as the amount of 

nanocellulose increases. The flux recovery ratio is an important parameter in determining 

the antifouling properties of membrane as higher flux recovery ratio indicates stronger 
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antifouling performance (Asif Khan et al., 2023). Based on Figure 4.9, 20% GR has the best 

flux recovery ratio amounting to 85.99% which is significantly higher compared to pristine 

membrane with only 35.98%. This is because 20% GR has no agglomeration of 

nanoparticles which was confirmed in the FESEM analysis, and this results in higher flux 

recovery ratio as the membrane pores are not blocked compared to other nanocomposite 

membranes (Moradi & Zinadini, 2020). 

 

Figure 4.9: Flux recovery ratio of pristine and nanocomposite membrane. 

Next, Figure 4.10 shows the antifouling performance of the pristine and 

nanocomposite membrane which consists of total fouling, irreversible fouling, and reversible 

fouling ratios. It can be observed in Figure 4.10 that 20% GR has the best antifouling 

performance where the total fouling is only 15.45% compared to pristine membrane which 

is 71.88% total fouling of membrane. Other than that, there are two types of fouling which 

are reversible and irreversible fouling. Reversible fouling refers to pollutants or particles that 

are attached loosely on the membrane surface and this can be removed effectively by 

physical cleaning while irreversible fouling refers to pollutants or particles strongly attached 

to the membrane which can only be removed by chemical cleaning (Leam et al., 2020).  
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Based on Figure 4.10, it can be seen that the reversible fouling of all the 

nanocomposite membranes is higher than the irreversible fouling compared to pristine 

membrane, which means that most of the particles are loosely attached onto the membrane 

surface of the nanocomposite membranes. This is because the adherence of the dye 

molecules is weaker on the nanocomposite membranes due to its hydrophilic surface 

compared to pristine membrane (Moradi & Zinadini, 2020). Therefore, the residual dye 

particles on the membrane surface can be removed by physical cleaning such as backwashing 

with water. On top of that, 20% GR has the lowest amount of irreversible and reversible 

fouling which means that the membrane can be reused effectively.  

As depicted in Figure 4.11, all of the nanocomposite membranes are reusable, 

however, the dye rejection ratio is slightly reduced compared to its previous dye rejection 

ratio results. This is due to the irreversible fouling on the membrane pores as depicted in 

Figure 4.10 causing pore blockage which reduces the dye removal efficiency. Based on the 

study by Hu et al. (2021), six different types of dye are tested to evaluate the dye separation 

efficiency of a membrane with cellulose and graphene oxide as its composites, and results 

show that both of the composites are able to improve the antifouling properties of the 

membrane. On the other hand, the reusability of pristine membrane is only able to remove 

about half of its original separation efficiency, due to its high irreversible fouling compared 

to the nanocomposite membranes as seen in Figure 4.10. This is due to the membrane 

molecules are easily attached to membrane surface and pores of pristine membrane 

especially when the dye has stronger interactions (Hu et al., 2021).  
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Figure 4.10: Results of total fouling, reversible fouling, and irreversible fouling for 

pristine and nanocomposite membrane. 

 

Figure 4.11: Results for membrane reusability test. 

4.2.3.8 Evaluation of the GR/NC Nanocomposite Membrane Properties After 

Degradation Test 

This section assessed the stability of the GR/NC nanocomposite membrane at 

different selected graphene loadings, see Figure 4.11 and 4.12, by analysing the FTIR before 
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and after exposure to the dye contaminated water. Results revealed changes in bonding 

characteristics following the exposure of the nanocomposite membrane to methylene blue 

contaminated water, which were evidenced by shift in peak positions and intensities, 

corroborating significant chemical interactions between MB dye molecules and 

nanocomposite membrane functional groups. The observed peaks 800, 872, 875 1176, 1399, 

2365, and 3300 cm-1 are a critical bond transformation during the chemical interactions 

between the nanocomposite membrane and dye molecules. From Figure 4.11 (a), prominent 

band was observed at 3300 cm-1 extending to 3447 cm-1 corresponding to O-H stretching 

(Patil et al., 2022) and exhibited a substantial reduction in intensity and moderately shifted 

post-dye exposure, indicating probable efficient displacement of hydroxyl groups on the 

surface of the nanocomposite membrane by dye molecules or strong oxidative degradation.  

However, it’s imperative to note that, while loss of the O-H groups may suggest dye 

degradation it can also compromised membrane surface hydrophilicity, which may impair 

water permeability and antifouling performance (James, Rezaur Rahman, et al., 2024; Kuok 

et al., 2024; Namakka et al., 2024). Poor antifouling performance is highly anticipated as the 

O-H stretching on the pristine membrane is barely visible compared to all other GR loaded 

membrane which corroborate the results obtain in Figure 4.10.  

Concurrently, the emergence of a peak at 2365 cm⁻¹ after dye exposure signifies the 

possible formation of triple-bonded molecules, such as cyanide C≡N groups. These likely 

originate from fragmentation of complex MB dye molecules, with byproducts adsorbing 

onto the membrane surface (Rahman et al., 2024). 
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Figure 4.12: Stability analysis, FTIR results of the pristine and 20% GR nanocomposite 

membranes before and after exposure to dye contaminated water. 

 

Figure 4.13: Stability analysis, FTIR results of the 70% GR and 80% GR nanocomposite 

membranes before and after exposure to dye contaminated water. 

4.3 EXPERIMENT 2: Impact of Titanium Dioxide/Graphene in Polyvinylidene 

Fluoride (PVDF) Nanocomposite Membrane to Intensify Methylene Blue Dye 

Removal, Antifouling Performance, and Reusability 

4.3.1 Introduction 

The second experiment aims to evaluate the impact of incorporating GR and TiO2 

into PVDF matrix to enhance MB dye removal, and membrane antifouling performance. The 

functions of GR and TiO2 are to provide mechanical support, barrier properties, 
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hydrophilicity and surface roughness, all of which enhances membrane antifouling 

performance. Membranes with different GR/TiO2 compositions were fabricated by using 

phase inversion techniques and evaluated by FESEM-EDX, XRD, and FTIR 

characterization techniques. In addition, water flux, MB dye removal, and antifouling 

performance were also assessed. This experiment is focused on the determining of the 

interactions of GR and TiO2 and determining which composition provides the most optimum 

balance of permeable flux and fouling resistance. 

4.3.2 Methodology 

Refer to Chapter 3, with Table 3.2 as the nanocomposite membrane composition. 

4.3.3 Results and discussion 

4.3.3.1 FESEM-EDX Analysis of Nanocomposite Membrane 

The FESEM analysis of membrane cross section for the nanocomposite membrane 

were conducted at ×1,000 and ×5,000 magnifications depicted in Figure 4.14 and Figure 

4.15 respectively. The cross section at magnification ×1,000 analysed the overall 

morphology of the nanocomposite membrane, specifically the pores of the nanocomposite 

membrane. In Figure 4.14, the membrane cross section revealed an asymmetric structure 

which has a thin top skin layer supported by a finger-like porous sublayer. In addition, it can 

also be observed that 60% GR demonstrated largest finger-like macro voids which is 

associated with the significant hydrophilicity of TiO2 that can cause phase separation 

(Padmanabhan et al., 2020). The phase separation that occurred was caused by fast exchange 

of solvent with non-solvent which resulted in the precipitation of polymer, and this fast 

mechanism causes finger-like macro voids throughout the sublayer (Nursiah et al., 2023). 

Therefore, the enlarged pore channels observed in Figure 4.14 (c) can be caused by this 

mechanism. Furthermore, a slow exchange between the solvent and non-solvent results in 
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delayed de-mixing, which causes the formation of a sponge-like morphology as reported in 

(Bohr et al., 2023) where this morphology can be observed at the bottom sublayer for the 

80% GR and 70% GR. This sponge-like structure enables the nanocomposite membranes to 

exhibit superior mechanical properties compared to the finger-like structures which is crucial 

as it is also able to enhance the overall lifespan of the membrane (Cheng et al., 2022).  

  

  

(a) (b) 

(d) (c) 
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Figure 4.14: FESEM analysis of the cross section of GR/TiO2 nanocomposite 

membranes at × 1,000 magnification, (a) 80% GR, (b) 70% GR, (c) 60% GR, (d) 50% GR, 

(e) 40% GR. 

Figure 4.15 shows the pore distribution of GR and TiO2 nanocomposite membrane 

cross section at ×5,000 magnification which depicts the distribution of GR and TiO2 inside 

the membrane pores. Figure 4.15 (e) depicts the cross section of 40% GR which shows the 

most agglomeration of particles on the nanocomposite membrane pores. Compared to 40% 

GR, other nanocomposite membrane ratios show minimal agglomeration, while 70% GR 

and 80% GR shows no agglomeration. However, TiO2 has high tendency for agglomeration 

which also decreases its catalytic performance (L. Lin et al., 2023). Thus, this justifies the 

agglomeration observed in Figure 4.15 (e) since 40% GR has the highest amount of TiO2. 

This can also be proven by the EDX analysis in Figure 4.16 where the agglomeration of 

particles consists of Ti and O components. 

  

(b) (a) 

(e) 
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Figure 4.15: FESEM analysis of the cross section of GR/TiO2 nanocomposite 

membranes at × 5,000 magnification, (a) 80% GR, (b) 70% GR, (c) 60% GR, (d) 50% GR, 

(e) 40% GR. 

EDX analysis was also conducted for the membrane surface at ×20,000 to identify 

the presence of GR and TiO2 throughout the membrane. The EDX analysis in Figure 4.16 

shows the agglomeration of particles in 40% GR that consists of Ti and O components. 

Furthermore, similar analysis, shown in Figure 4.17, was conducted for the nanocomposite 

membrane surface at ×20,000 to analyse the distribution of GR and TiO2 through the 

nanocomposite membrane. Based on Figure 4.17, it can be deduced that 80% GR and 60% 

GR indicated uniform distribution of GR and TiO2 compared to 40% GR. 

(e) 

(c) (d) 
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Figure 4.16: EDX analysis of membrane cross section for 40% GR at × 5,000 

magnification. 
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Figure 4.17: EDX analysis of membrane surface at × 20,000 magnification for (a) 40% 

GR, (b) 60% GR, and (c) 80% GR. 

4.3.3.2 FTIR Analysis of Nanocomposite Membrane 

The FTIR analysis shows the functional groups present in the nanocomposite 

membrane with ratios 40% GR, 60% GR, and 80% GR depicted in Figure 4.18. Similar peak 

structure for all the nanocomposite membranes was observed, indicating that the 

nanocomposite membranes have similar functional groups despite the difference in ratios of 

GR and TiO2. A similar finding is reported by Gontarek-Castro et al. where the incorporation 

of graphene in the membrane does not change the functional groups present in the 

membrane. Based on Figure 4.18, first peak that can be observed is at 1,400 cm-1 which 

indicates the wagging vibration of CH2 functional groups present in the membrane (Yin et 

al., 2021). The characteristic peak of PVDF can also be observed with the peak at around 

1,172 cm-1 indicating CF2 asymmetrical stretching (Nair et al., 2024; W. Zhou et al., 2021). 

The presence of hydrophilic functional groups in the membrane is also observed with the 

peak at about 1,070 cm-1 representing the stretching vibration of -OH groups (J. Zhang et al., 
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2022). The PVDF characteristic peak is observed with the asymmetrical stretching of C-C 

functional group indicated by the peak at around 877 cm-1 (Peng et al., 2023; J. Zhang et al., 

2022). In addition, two functional groups such as CH2 rocking and CF2 asymmetrical 

stretching are observed with the peak at around 835 cm-1 which also corresponds to the β 

phase of PVDF (Gontarek-Castro et al., 2021; P. Pal et al., 2020). The peak ranging from 

400 cm-1 until 700 cm-1 represents the stretching of Ti-O-Ti, confirming the presence of TiO2 

compound in all the nanocomposite membrane ratios matrix (Mishra et al., 2021). 

 

Figure 4.18: The FTIR results for nanocomposite membrane ratios at 40% GR, 60% GR, 

and 80% GR. 

4.3.3.3 X-Ray Diffraction Analysis of Nanocomposite Membrane 

X-ray diffraction (XRD) analysis was conducted to investigate the crystallinity of the 

pristine membrane and nanocomposite membranes. Figure 4.19 presents the key ratios (80% 

GR, 60% GR, and 40% GR) that exhibited significant differences for the XRD analysis. As 

observed in Figure 4.19, two prominent peaks at 18.6° (020) and 20.3° (200/110) in the XRD 
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patterns indicating the crystallinity of PVDF polymer. The peak at 2θ value of 18.6° indicates 

the primitive structure of PVDF polymer at α-phase while the peak at 20.3° is associated 

with the β-phase (A. Omar et al., 2023). Additionally, the presence of anatase TiO2 was 

confirmed by peaks at 25.4°, 38°, 48.1°, 54.02°, 55.23°, and 62.8°, corresponding to (110), 

(004), (200), (105), (211), and (204) planes, respectively (Tavakolmoghadam et al., 2019). 

It can be observed that nanocomposite membrane with ratio of 80% GR only retained anatase 

peak at 25.4° (110), compared to the membranes with ratios of 60% GR and 40% GR. This 

means that the incorporation of GR at 80% GR ratio affects the TiO2 crystallinity at other 

peaks except for 25.4°. Similar finding is reported where the increase in GR reduces the TiO2 

crystallinity peak which can be caused by micro-strain or inhomogeneities in crystal lattices 

due to the increase in the concentration of GR (AlShammari et al., 2020). Interestingly, the 

PVDF crystallinity, as evidenced by the constant peaks at 18.6° and 20.3°, appears to be 

unaffected by the varied GR concentration. It is also observed that the incorporation of GR 

and TiO2 does not affect the crystallinity of PVDF (Khassi et al., 2020).  

 

Figure 4.19: Stacked graphs of XRD analysis for 80% GR. 60% GR, 40% GR, and 100% 

PVDF. 
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4.3.3.4 Measurement of membrane porosity and mean pore size for nanocomposite 

membrane 

Table 4.3 shows the measurement of membrane porosity and mean pore size for the 

nanocomposite membrane. The porosity and pore size of the membrane increases as the 

amount of graphene increases. This is because the phase separation occurs due to the increase 

in the amount of TiO2 as it is a hydrophilic component (X. Wang, Ding, et al., 2022). This 

occurs during fast solvent and non-solvent exchange, where the top skin layer is formed due 

the concentration of polymer in the skin layer increases and this acts as a barrier to enhance 

the mass transfer between the solvent and non-solvent (Basko et al., 2023). This skin layer 

also consists of some pores which has different porosities compared to the sublayer (Basko 

et al., 2023). Based on the FESEM analysis, all of the nanocomposite membranes formed a 

thin top skin layer on the membrane which affects the porosity of the nanocomposite 

membrane. This thin top skin layer is due to the usage of NMP in this experiment. Water-

miscible solvents like NMP forms thinner skin layer and can suppress the formation of macro 

voids and increase the porosity of membranes (L. Lin et al., 2023). Hence, it can be assumed 

that the usage of NMP as a solvent improves the membrane structure and also the porosity 

of the membrane. On the other hand, the porosity and thickness of the skin layer in 

asymmetric membrane also affects the permeability of the membrane (L. Lin et al., 2023). 

The range of pore size for UF membranes is between 1 until 100 nm where UF membranes 

are usually fabricated via phase inversion method (Wan & Jiang, 2021). As seen in Table 

4.3, all of the mean pore size for the membranes are in the mentioned range for UF 

membranes. Therefore, it can be deduced that the nanocomposite membranes that are 

fabricated by the phase inversion method are ultrafiltration membranes. In addition, UF 

membrane is an excellent candidate for highly efficient dye removal as it has porous skin 

layers (Awad et al., 2021; Y. C. Lin et al., 2021). 
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Table 4.3: The porosity and mean pore size of GR/TiO2 nanocomposite membrane. 

Sample Porosity (%) Mean pore size (nm) 

80% GR 89.08 ± 0.75 87.60 ± 1.40 

70% GR 83.17 ± 1.31 87.05 ± 0.66 

60% GR 83.31 ± 2.07 78.41 ± 0.77 

50% GR 82.45 ± 0.59 74.04 ± 1.33 

40% GR 75.81 ± 0.75 68.29 ± 1.25 

Pristine 71.24 ± 0.96 63.77 ± 2.18 

 

4.3.3.5 Permeation Test for Nanocomposite Membrane 

Figure 4.20 shows the water flux results for the pristine and GR/TiO2 nanocomposite 

membranes where a significant trendline can be observed based on the graph. Based on 

Figure 4.20, the water flux increases as the amount of graphene increases. It can also be 

observed that 80% GR has a significantly higher water flux which amounts to 320.82 (± 

8.32) L/m2.h.bar compared to pristine membrane which is only 110.87 (± 7.50) L/m2.h.bar. 

This is due to the incorporation of GR and TiO2 which is able to increase the water flux 

because of the increase in porosity and hydrophilicity of the membrane, however, optimum 

ratio of GR/TiO2 is required during membrane fabrication (Junaidi et al., 2021). On the other 

hand, the water flux results are also dependent on the pore size as larger pore sizes leads to 

higher water flux (Y. Li et al., 2022). By referring to Table 4.3, 80% GR has the largest mean 

pore size followed by 70% GR, 60% GR, 50% GR, and 40% GR respectively. Thus, the 

enhanced water flux in Figure 4.20 can be justified by the increasing pore size that is shown 

in Table 4.3. 
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In addition, it can also be observed that 40% GR has low water flux which is in 

similar range with the pristine membrane even when GR and TiO2 is added into the 

membrane. This is due to the agglomeration of TiO2 that can be observed in the FESEM 

analysis depicted in Figure 4.15 (e). The agglomeration of TiO2 causes the decrease in water 

flux as higher concentrations of TiO2 leads to the decrease in membrane porosities (Sakarkar 

et al., 2021). The agglomeration of TiO2 also reduces the hydrophilicity of the membrane 

which leads to decreased membrane permeation (Frallicciardi et al., 2022; Sakarkar et al., 

2020). Thus, it can be concluded that GR and TiO2 are well dispersed in 80% GR which also 

significantly enhance the water flux of the nanocomposite membranes compared to pristine 

membrane. 

Figure 4.21 shows the dye rejection ratio results for three different concentrations 

which are 0.5 ppm, 1.0 ppm, and 1.5 ppm for pristine and GR/TiO2 nanocomposite 

membranes. Based on Figure 4.21, the same trendline for 0.5 ppm, 1.0 ppm, and 1.5 ppm 

can be observed which is the MB dye rejection ratio increases as the amount of graphene 

increases. This indicates that the incorporation of graphene enhances the MB dye rejection 

compared to pristine membrane where 80% GR is able to remove over 40% more MB dye 

than pristine membrane. This is because the properties of graphene that has unique structure 

and surface properties which allows selective separation of MB dye (L. Jiang et al., 2021; 

Wu et al., 2020). 

It can also be observed that the dye rejection rate for each membrane ratio is in a 

similar range despite varied concentrations of MB dye. This could be associated with the 

rejection mechanism of the membrane, which is size exclusion where the dye molecules are 

trapped by the nanocomposite membrane. However, possible adsorption and electrostatic 

interactions between membrane materials (viz., PVDF, TiO2, and GR) and methylene blue 
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dye could influence or contribute to the overall dye rejection mechanism. Additionally, GR 

and TiO2 have high adsorption capacities, hence their incorporation into membrane surface 

could provide additional surface area and more adsorption sites. A similar finding is 

observed in the nanocomposite membrane which incorporates graphene oxide and 

molybdenum disulfide, which is able to maintain a high dye rejection ratio of MB dye 

although there are different concentrations of MB dye (Ma et al., 2020). According to the 

literature, varied concentrations does not affect the dye rejection ratio of the membrane and 

electrostatic repulsion also occurs between the positively charged MB dye and the negatively 

charged graphene oxide/PVDF membrane which enhances the dye rejection rate (C. Wang 

et al., 2022). Thus, it can be deduced that the concentration of MB dye does not affect the 

dye rejection ratio of the nanocomposite membranes. However, increase in nanocomposite 

concentration improves the overall dye removal performance. 

 

Figure 4.20: The trendline for water flux of pristine and GR/TiO2 nanocomposite 

membranes. 
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Figure 4.21: The MB dye rejection removal rate for pristine and GR/TiO2 nanocomposite 

membranes at concentrations 0.5 ppm, 1.0 ppm, and 1.5 ppm. 

 

Figure 4.22: Dye rejection mechanism for nanocomposite membrane. 

4.3.3.6 Antifouling Performance and Reusability of The Nanocomposite Membrane 

Membrane fouling is the process where particles are accumulated onto the membrane 

surface or within the pore structure by chemical, mechanical or physical interactions which 

results to blocked or smaller membrane pores (Gul et al., 2021; L. Liu et al., 2019). 

Membrane fouling causes a decline in membrane flux and separation efficiency, along with 

extreme costs required to conduct chemical cleaning to reduce the effects of fouling, and 

membrane replacement (L. Liu et al., 2019; Zulkefli et al., 2021). Therefore, it is crucial to 
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fabricate membrane with antifouling properties that can overcome this issue, enabling the 

production to be more cost-effective. Flux recovery ratio (FRR) is evaluated to determine 

the antifouling performance of membranes, as higher FRR indicates excellent antifouling 

performance of membranes (Y. Ibrahim & Hilal, 2023; Kusworo, Kumoro, et al., 2023). 

Figure 4.23 depicts the flux recovery ratio for the pristine and nanocomposite membranes, 

which shows that the flux recovery ratio increases as the amount of graphene increases. In 

addition, it can also be observed that all of the GR/TiO2 nanocomposite membranes had 

better flux recovery ratio compared to pristine membrane, with 80% GR observed as the best 

flux recovery ratio. 

From Figure 4.24, it can be seen that 70% GR, and 80% GR has better dispersion of 

MB dye on the membrane surface compared to other ratios including the pristine membrane. 

It can also be observed that there are concentrated spots in the membranes as circled in Figure 

4.24. The concentrated spots are more obvious in the pristine membrane when compared to 

nanocomposite membranes. This indicates the pore blockage of the membrane due to the 

dye molecules that are attached to the membrane surface (Jin et al., 2022). As a result, this 

causes the water flux to decline and decreases the FRR as water is unable to flow through 

the blocked pores (S. Zhang et al., 2020). A similar finding can be observed where the flux 

recovery ratio reached 98.16% with the incorporation of GO as the surface properties of the 

membrane is improved and hence, reducing the fouling (W. Zhang et al., 2022). It is also 

reported that the addition of GO, TiO2 and poly (methyl methacrylate) is able to achieve 

better dispersion and enhance the surface properties of the membrane with the flux recovery 

ratio of 86.46% (Mohamat et al., 2023). 
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Figure 4.23: The flux recovery ratio of pristine and GR/TiO2 nanocomposite membranes. 

 

 

 

 

 

 

   

Figure 4.24: Pristine and GR/TiO2 nanocomposite membranes after MB dye testing, (a) 

Pristine, (b) 40% GR, (c) 50% GR, (d) 60% GR, (e) 70% GR, (f) 80% GR. 

Figure 4.25 depicts the antifouling performance of the pristine and GR/TiO2 

nanocomposite membranes that includes the total fouling, reversible fouling, and irreversible 

(a) (b) (c) 

(d) (e) (f) 

c 

c  

c 
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fouling. Based on Figure 4.25, it can be observed that the incorporation of GR and TiO2 are 

able to improve the antifouling properties of the pristine membrane as all of the GR/TiO2 

nanocomposite membrane ratios have less total fouling compared to pristine membrane. 

Moreover, 80% GR is the best ratio for antifouling performance as the total fouling is only 

33.49% compared to pristine membrane which has a total fouling of 72.24%. It is also 

important to determine the types of fouling whether it is reversible or irreversible fouling. 

Reversible fouling is loosely attached pollutants on membrane surface that can be removed 

by simple cleaning methods like backwashing and flushing while irreversible fouling is 

tightly attached pollutants on membrane surface that requires more vigorous cleaning like 

chemical cleaning (Hube et al., 2021; Ullah et al., 2021). In addition, repeated chemical 

cleaning can lead to membrane damage and requires membrane replacement (Ullah et al., 

2021). Based on Figure 4.25, it can be observed that 80% GR has the highest reversible 

fouling compared to irreversible fouling which means that 80% GR only requires simple 

cleaning process which does not cause damage to the membrane. This is due to the 

hydrophilic surface of the membrane with the addition of TiO2 which causes the adherence 

of dye molecules to be weaker on the nanocomposite membrane surface  (Haghighat et al., 

2020; Moradi & Zinadini, 2020). 
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Figure 4.25 The antifouling performance results for pristine and GR/TiO2 

nanocomposite membranes. 

Figure 4.26 shows the results of the membrane reusability test for each type of 

membranes where the reusability test is done by running the membrane with dye rejection 

test for three cycles. Based on Figure 4.26, it can be observed that 70% GR and 80% GR 

have the most stability in the reusability test for all three cycles as the membranes are able 

to retain the MB dye rejection ratio into a similar range with the initial MB dye rejection 

ratio. This means that the addition of GR and TiO2 at these two ratios improve the pure PVDF 

membrane performance which has lower stability during the reusability test. As seen in 

Figure 4.25, 70% GR and 80% GR still has some fouling, but this can be reduced by 

backwashing the membrane with water. The high mechanical strength of graphene improves 

the membrane structure and as a result, the cleaning process does not cause any damage onto 

the membrane (Memisoglu et al., 2023; Schweizer et al., 2020). Hence, the incorporation of 
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graphene is able to improve the reusability of the membrane as it able to withstand the 

cleaning process along with low membrane fouling. 

Based on Figure 4.26, it can also be observed that the pristine membrane only 

removes 36.76% of MB dye in the first cycle compared to its initial removal which is 

55.33%. This is due to its high irreversible fouling as seen in Figure 4.25 where this requires 

vigorous chemical cleaning to improve the fouling of the membrane and improve the 

reusability. Similarly, 40% GR, 50% GR, 60% GR also has a lower rejection ratio in the first 

cycle compared to its initial dye rejection ratio. This is due to the agglomeration of 

nanoparticles causes the membrane structure to become loose which enables the dye 

molecule to pass through the membrane (Hou et al., 2020). It is reported that Fe (III)/TiO2 

PVDF membrane has an efficiency loss of 8-16% after 3 cycles due to loss of catalytic 

nanoparticles and reduction of active sites on membrane surface after cyclic uses (C. Yang 

et al., 2021). It also observed that reduced graphene oxide (rGO)/TiO2/polyphenylenesulfone 

(PPSU) membrane is able to maintain the rejection rate at 80% and it declines by 7% after 8 

cycles (F. Dai et al., 2021). Similar trend was found in GR/TiO2 nanocomposite membrane 

which is supported by the mentioned literature (F. Dai et al., 2021; C. Yang et al., 2021).  
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Figure 4.26: The reusability test results for pristine and GR/TiO2 nanocomposite 

membranes. 

4.4 EXPERIMENT 3: Graphene/Nanocellulose/Titanium Dioxide Polyvinylidene 

Fluoride (PVDF) Nanocomposite Membrane to Improve Methylene Blue Dye 

Removal and Antifouling Performance 

4.4.1 Introduction 

The third experiment is based on the first and second experiment as this experiment 

combines all three nanomaterials which are NC, GR, and TiO2 into the PVDF matrix. This 

specific combination utilizes the key advantages provided by each nanomaterial such as NC 

contributing hydrophilicity, GR enhancing structure with surface area, as well as TiO2 for 

better wettability and antifouling performance, resulting in membranes with more balanced 

and superior performance. The fabrication of the membrane was done through phase 

inversion and was characterized by SEM-EDX, XRD, and UV-Vis. The membrane filtration 

performance was measured as a function of water flux, dye removal, antifouling, and 

reusability. The focus of this experiment is to investigate the synergistic effects of all three 

nanomaterials and analyze whether this formulation provides more improvements in 

performance compared to single or binary nanocomposite membranes. 
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4.4.2 Methodology 

Refer to Chapter 3, with Table 3.3 as the nanocomposite membrane composition. 

4.4.3 Results and discussion 

4.4.3.1 SEM-EDX Analysis of Nanocomposite Membrane 

The scanning electron microscopy (SEM) images of the NC/GR/TiO2 

nanocomposite membrane demonstrate that its morphology is similar to a pure PVDF 

membrane. Based on Figure 4.27 and 4.28, both membranes are asymmetric and consist of 

a dense porous upper sublayer and a porous finger-like sublayer which is common in phase 

inversion membranes (Xia et al., 2024). At higher magnification which is ×5,000, significant 

differences in the pore structure are observed. The NC/GR/TiO2 membrane shows a 

significantly higher density of pores with relatively larger pore sizes compared to the pure 

PVDF membrane. These differences are due to the presence of hydrophilic nanocellulose 

and TiO2 nanoparticles indicating faster solvent and non-solvent exchange during phase 

inversion, leading to more open macrovoid porous structures (Geleta et al., 2023; J. Zhang 

et al., 2022). 

Interestingly, there were no signs of agglomerations of the nanoparticles in the 

nanocomposite membrane which shows that NC, GR, and TiO2 were well dispersed within 

the polymer matrix. The absence of agglomeration in the nanocomposite membrane is likely 

due to the hydrophilic nature of nanocellulose and the improved compatibility it provides 

between the nanoparticles and PVDF matrix. Due to its abundance of hydroxyl groups which 

is also observed in the FTIR analysis, nanocellulose results in much better dispersion of 

fillers as well as enhanced interaction with the chains of the polymer making the resultant 

membrane structure more homogeneous (James, Rahman, et al., 2024; Sueraya et al., 2023). 

In contrast, it can be observed the pure PVDF membrane shows minimal agglomeration 
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issue, likely due to slower solvent–non-solvent exchange and lack of nucleating agents 

during the membrane formation process (FitzPatrick et al., 2025).  

Next, the findings of EDX analysis for both membranes are reported in Tables 4.4 

and 4.5. The carbon and fluorine values for the pristine PVDF membrane were found to be 

90.19% C and 9.81% F respectively, which confirms its chemical structure. The composition 

of the NC/GR/ TiO2 membrane deviates from this as carbon was reduced to 84.75% and the 

membrane contained 3.42% titanium, 2.49% oxygen, and 9.34% fluorine. The addition of 

Ti and O proves that the incorporation of TiO2 nanoparticles into the membrane was 

successful. The incorporation of TiO2 is able to increase the hydrophilic characteristics of 

the membrane, along with photocatalytic and antifouling properties (J. Jiang et al., 2022; X. 

Wang, Li, et al., 2022; Xu et al., 2025). Moreover, the decrease of carbon content in the 

nanocomposite membrane indicates that the carbonaceous regions of the PVDF structure 

were substituted with the nanomaterials containing oxygen and titanium. 
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Figure 4.27: SEM analysis of NC/GR/TiO₂ membrane at ×1,000 and ×5,000. 

  

Figure 4.28: SEM analysis of pure PVDF membrane at ×1,000 and ×5,000. 

Table 4.4: EDX analysis for pure PVDF membrane. 

Elements Composition (%) 

C 90.19 

F 9.81 

Table 4.5: EDX analysis for NC/GR/TiO₂ membrane. 

Elements Composition (%) 

C 84.75 

F 9.34 

Ti 3.42 

O 2.49 

(a) (b) 

(a) (b) 
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4.4.3.2 FTIR Analysis of Nanocomposite Membrane 

Figure 4.29 displays the FTIR spectra of both the pure PVDF membrane and the 

NC/GR/ TiO2 nanocomposite membrane in the wavenumber interval of 2400 to 400 cm⁻¹. 

Based on the comparative analysis of the peak characteristics and structure, it can be deduced 

both membranes display similar peaks which indicates integration of NC, GR, and TiO2 in 

the PVDF matrix did not alter the chemical structure of the polymer backbone significantly. 

This means that the covalent bonding interactions that could potentially form between PVDF 

and the nanomaterials added do not take place, ensuring intact PVDF membrane structure. 

Based on Figure 4.29, methylene (CH₂) groups attributed to PVDF polymer have a 

characteristic peak around 1400 cm⁻¹ (M. Ibrahim et al., 2025) while the strong band at 

approximately 1180 cm⁻¹ is assigned to the asymmetric stretching of the CF₂ groups which 

is a typical vibrational mode of the PVDF crystalline structure (Rihayat et al., 2025). Hence, 

this peak indicates that the formulation of the nanocomposite membrane does not affect the 

primary fluorinated carbon backbone of PVDF since this peak is observed in both 

membranes. In both pristine and nanocomposite membranes, another peak is observed at 

1065 cm-1 which corresponds to the stretching vibration of hydroxyl (-OH) groups (J. Zhang 

et al., 2022). This peak confirms the presence of hydrophilic functional groups in the 

membrane matrix, which were most likely created by the addition of nanocellulose due to 

its highly -OH group containing structure (Sreedharan et al., 2024). This corresponds with 

the increase in hydrophilicity and enhancement in antifouling performance associated with 

NC-based membranes (Taghipour et al., 2024). Another important feature in the spectra is 

the absorption at 877 cm⁻¹ which corresponds to C–C asymmetric stretching as one of the 

vibrational modes in PVDF (Sueraya et al., 2023). The band around 839 cm-1 may also be 

assigned to CF2 asymmetric stretch and CH2 rocking, and it is typical of the β phase 
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crystalline structure of PVDF (Nie et al., 2024; G. Wang et al., 2024). In summary, the FTIR 

analysis indicates that the incorporation of NC, GR, and TiO2 into the PVDF matrix does 

not change the chemical structure of PVDF functional groups. 

 

Figure 4.29: FTIR analysis of NC/GR/TiO₂ and pure PVDF membranes. 

4.4.3.3 XRD Analysis of Nanocomposite Membrane 

Figure 4.30 illustrates the X-ray diffraction (XRD) analysis pertaining to the PVDF 

membrane and NC/GR/ TiO2 nanocomposite membrane which were measured over a range 

of 2θ from 3° to 60°. The diffraction profiles show distinct peaks at 2θ value of 18°, 20°, 

38°, and 44° that reflect the crystalline features of the nanocomposite and pristine 

membranes and the impact of incorporating nanomaterials. The two peaks around 18° and 

20° can be noted for distinguishing α-phase of PVDF, (020) and (110) crystallographic 

planes respectively (Concha et al., 2024).  Based on Figure 4.30, the intensity of the two α-

phase peaks for both nanocomposite and pristine membranes are similar which indicates that 

the addition of NC, GR and TiO2 does not alter the arrangement of crystalline PVDF. This 
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is because the α-phase is the most thermodynamically stable form out of all crystalline 

phases of PVDF (Marshall et al., 2021). 

Next, the sharp peak on 2θ value of 38° in both membranes are observed which 

corresponds to the α-phase PVDF crystalline structure to crystal planes (002) 

(Mohammadpourfazeli et al., 2023). It can be analysed that this peak for NC/GR/TiO2 

decreased in intensity which means that the crystallinity of PVDF is reduced. The reduction 

in crystallinity can be explained by several synergistic effects. NC with its high surface area 

and hydrogen bonding capacity, acts as a nucleating agent at low concentrations, but at 

higher loadings it can impede crystallinity (Janićijević et al., 2024; Xu et al., 2022). Other 

than that, the rigidity and planar conformation of GR might constrain PVDF chain mobility, 

thus preventing polymer segments from forming organized crystalline structures (J. hui 

Yang et al., 2021). In addition, TiO2 is known to either promote or suppress crystallinity 

depending on its dispersion as well as interaction with the polymer (Almeida et al., 2024). 

In this study, the results indicate that the three fillers combinations inevitably conspired to 

disrupt the crystallization of PVDF, thus yielding lower peak intensities. Out of the sharp 

peaks, absence of TiO2 or graphene indicates that these fillers have good dispersion and 

compatibility with the PVDF matrix without agglomeration which aligns with the SEM 

findings. 
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Figure 4.30: XRD analysis of NC/GR/TiO₂ and pure PVDF membranes. 

4.4.3.4 Measurement of Membrane Porosity and Mean Pore Size for Nanocomposite 

Membrane 

The porosity and mean pore size of the NC/GR/ TiO2 as well as the pure PVDF 

membranes are tabulated in Table 4.6. The results show that NC/GR/ TiO2 membrane has a 

greater porosity of 91.37% in comparison to 87.73% for the pure PVDF membrane. This 

porosity increase aligns with SEM morphological analysis which reveals more profound 

pore features in the nanocomposite membrane as seen at ×5,000 magnification. The increase 

in porosity associated with NC/GR/TiO2 membrane is primarily caused by the synergistic 

effects of NC combined with TiO2. The presence of hydroxyl groups in NC facilitates greater 

water uptake during phase inversion therefore allowing the formation of a porous matrix 

(Geleta et al., 2023). On top of that, TiO2 makes porous material because of its active surface, 

which promotes pore creation by solvent-non-solvent exchange and accelerates phase 

separation (Geleta et al., 2023). Moreover, the usage of NMP solvent also enhances the 

porosity of both membranes as NMP is very well known in increasing porosity due to its 

miscibility with water and its ability to form a thin external skin layer which leads to less 
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macrovoids and higher overall porosity (Sueraya et al., 2024). In addition, the average pore 

size of both membranes is between 2-100 nm which is within an ultrafiltration (UF) range, 

verifying their classification as UF membranes (Qin et al., 2023). Organic dyes and 

macromolecules are best separated with UF membranes because of their high selectivity and 

moderate flux, which is beneficial for wastewater treatment (Feng et al., 2022; Siagian et al., 

2021). Increasing porosity enhances permeability, but selectivity, antifouling behaviour, and 

the size of the pores influence the overall behaviour which will be explained in the next 

section. 

Table 4.6: The porosity of GR/NC/TiO2 nanocomposite membrane. 

Sample Porosity (%) Pore size (nm) 

NC/GR/TiO2 91.37 ± 0.40 20.82 

Pristine 87.73 ± 2.00 4.87 

 

4.4.3.5 Membrane Permeation Test for Nanocomposite Membrane 

Figure 4.31 shows the water flux and MB dye rejection performance of the pristine 

PVDF membrane in comparison to the NC/GR/TiO2 nanocomposite membrane. According 

to Figure 4.31 (a), it is clear that the NC/GR/TiO2 membrane has a water flux greatly 

surpassing that of the PVDF membrane, with values at 512.76 L/m².h.bar and 109.48 

L/m².h.bar, respectively. The drastic enhancement in water permeability is explained by the 

synergistic effects caused by the nanocomposite fillers. As discussed earlier, the presence of 

nanocellulosic compounds significantly improves the membrane's hydrophilicity because 

these structures contain numerous hydroxyl functionalities (Mbakop et al., 2021). GR also 

plays a role in enhancing porosity and increased permeable resistance because of its 2D 

geometry and its good compatibility with PVDF at lower concentration (Pusty & Shirage, 
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2022). The nanoparticles of TiO2 also enhance the water flux by improving membrane 

surface roughness and creating more hydrophilic surfaces for easier passage of water 

(Shawky et al., 2024). 

Based on Figure 4.31 (b), NC/GR/ TiO2 membrane has a greater MB dye removal 

which is 92.13% compared to PVDF membrane which is only 54.28%. The increase in MB 

dye removal is significantly better because of the more proficient hydrophilicity, enhanced 

surface charge interactions and pore structure of the nanocomposite membrane. Both NC 

and TiO2 have functional groups that can form hydrogen bonds and electrostatically interact 

with the dye molecules which allows more effective adsorption and separation of MB dye 

(Mohammed et al., 2021; Oyarce et al., 2022). In addition, the incorporation of GR improves 

the MB dye removal as the aromatic structure of the dye is rejected by GR due to its large 

surface area and π bonds (Ederer et al., 2022). Therefore, the combination of these 

nanomaterials provides several rejection mechanisms such as size exclusion, surface 

adsorption, and electrostatic repulsion. 

    

Figure 4.31: The trendline for water flux and MB dye rejection for GR/NC 

nanocomposite membrane, (a) Water flux, (b) MB dye rejection. 

 

 

(a) (b) 
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4.4.3.6 Membrane Antifouling and Reusability Test for Nanocomposite Membrane 

FRR is an essential indicator of a membrane's antifouling capability and its potential 

for reuse in long-term applications. Figure 4.32 presents the FRR values of the pristine 

PVDF membrane and the NC/GR/TiO2 nanocomposite membrane. The pristine membrane 

exhibits a relatively low FRR of 35.44%, indicating severe membrane fouling and poor 

recovery after cleaning. In contrast, the NC/GR/TiO2 membrane shows a significantly higher 

FRR of 95.95%, suggesting excellent antifouling performance and effective flux recovery. 

This significant enhancement in FRR for the nanocomposite membrane can be attributed to 

its improved surface properties and hydrophilicity. The nanocomposite membrane with the 

incorporation of NC, GR and TiO2 is expected to enhance hydrophilic nature of the surface, 

hence decreasing the surface adhesion of foulants and contaminants making it easier to 

remove them during the washing phase (Khurram et al., 2021; Steffi et al., 2022). Surfaces 

with hydrophilic characteristics are known to form a hydration layer that acts as a physical 

barrier to prevent organic fouling (Xiong et al., 2022). Apart from that, TiO2 is widely known 

for its antifouling and self-cleaning properties along with its photocatalytic and hydrophilic 

characteristics (X. Wang, Li, et al., 2022). 
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Figure 4.32: Flux recovery ratio of pristine and nanocomposite membrane. 

Next, the antifouling performance of both pristine PVDF membrane and 

NC/GR/TiO2 nanocomposite membrane was evaluated by analysing the total fouling, 

reversible fouling, and irreversible fouling ratios as shown in Figure 4.33. Based on the 

results, it is evident that the NC/GR/TiO2 membrane exhibits remarkably improved 

antifouling performance compared to the pristine membrane. The total fouling ratio of the 

nanocomposite membrane was only 9.05%, whereas the pristine membrane showed a much 

higher total fouling of 70.89%. This significant reduction indicates that the incorporation of 

NC, GR, and TiO2 into the PVDF matrix is able to effectively minimize the membrane 

fouling. 

Furthermore, NC/GR/TiO2 membrane also displayed a lower irreversible fouling 

ratio of 4.05% and reversible fouling of 5%, compared to the pristine membrane which 

exhibited 64.56% irreversible fouling and 6.33% reversible fouling. This shows that most of 

the fouling on the NC/GR/TiO2 membrane was weakly adhered and could be easily removed 

by physical cleaning, such as backwashing with water (S. Park et al., 2022). On the other 

hand, the high irreversible fouling of the pristine membrane indicates that the dye molecules 

are strongly adhered into the membrane pores or surfaces, which makes it more difficult to 
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remove and requires chemical cleaning (Gul et al., 2021). Hence, the results shows that 

NC/GR/TiO2 membrane has superior antifouling properties as it is more hydrophilic, has 

smoother surface morphology, and therefore the membrane material interacts less strongly 

with dye molecules. 

On the other hand, the reusability of the membranes was also tested by subjecting the 

membranes to one cleaning cycle followed by reuse in MB dye removal. The MB dye 

rejection ratios are depicted in Figure 4.34 where it demonstrates that the NC/GR/TiO2 

membrane retained a high performance of 86.18% even after reuse, compared to its initial 

dye rejection of 92.13%, indicating only a slight decrease in performance. In comparison, 

the pristine membrane showed a major drop in dye rejection ratio from 54.28% to 36.39% 

even after one cycle. This significant drop in dye removal efficiency is due to the high degree 

of irreversible fouling observed in the pristine membrane, which leads to severe pore 

blockage and reduced selectivity (Kallem et al., 2022). Thus, the result in this study shows 

that incorporation of NC, GR, and TiO2 into the PVDF membrane improves its antifouling 

properties and reusability, indicating its potential in practical water treatment applications. 
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Figure 4.33: Results of total fouling, reversible fouling, and irreversible fouling for 

pristine and nanocomposite membrane. 

 

Figure 4.34: Results for membrane reusability test. 
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATIONS 

5.1 General Summary 

This chapter presents all the conclusions made for each experiment including the 

findings of the study by summarizing all the analysis made based on the three nanocomposite 

membranes which are GR/NC, GR/TiO2 and NC/GR/TiO2. Each study is concluded 

individually in the following sections based on its contribution in improving the membrane 

performance such as water permeability, dye rejection, antifouling performance and 

reusability. The first section highlights GR/NC dye removal capability which emphasises 

the role of nanocellulose in enhancing porosity and hydrophilicity. Next, the second section 

concludes the improvement in permeability and antifouling performance by GR/TiO2 

nanocomposite membrane due to GR and TiO2. Last but not least, the GR/NC/TiO2 

membrane focuses on the synergistic effects of combining all three nanomaterials which 

offer the most balanced performance across all metrics. Hence, these conclusions will 

support the objectives of the study in developing PVDF nanocomposite membranes 

incorporated with NC, GR, and TiO2 for enhanced methylene blue dye removal along with 

recommendations for future studies in this field. 

5.2 Conclusion 

5.2.1 EXPERIMENT 1: Graphene/Nanocellulose Polyvinylidene Fluoride (PVDF) 

Nanocomposite Membrane to Intensify Methylene Blue Dye Removal and 

Antifouling Performance 

As a conclusion, graphene/nanocellulose PVDF nanocomposite membranes with 

varying ratios were successfully fabricated, demonstrating high dye removal efficiency and 
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excellent antifouling performance. Extensive characterization methods were applied to 

evaluate the membrane performance. The FESEM-EDX analysis shows that 20% GR and 

30% GR have no agglomeration in the membrane pores and the nanocomposites are 

dispersed evenly through the membrane matrix, allowing efficient dye removal. The TEM 

analysis indicated that the nanocellulose used in the nanocomposite membrane has a rod-

like structure with a spherical morphology and this morphology enables the nanocomposite 

membrane to have better permeation and dye rejection. The XRD analysis revealed that all 

of the nanocomposite membranes are able to retain the crystallinity of PVDF except for 20% 

GR and 30% GR. The absence of characteristic PVDF peaks in the 20% GR and 40% GR 

membranes may indicate changes in PVDF crystallinity, which could contribute to the 

enhanced separation efficiency of MB dye molecules. Next, the membrane porosity and pore 

size measurements classified the nanocomposite membranes as UF membranes due to the 

pore size range, with all ratios displaying high porosities. The membrane permeation test 

shows that 20% GR exhibited the highest water flux results with the value of is 435.15 ± 

1.73 L/m2.h.bar and highest dye removal efficiency which is 94.47% (± 0.16). This indicates 

that 20% GR has an excellent membrane permeation and selectivity. In addition, the 

antifouling and reusability test shows that 20% GR has the best antifouling performance as 

it has a high flux recovery ratio and low total fouling. Based on the total fouling results, all 

of the nanocomposite membranes have higher reversible fouling than irreversible fouling, 

enabling the membranes to be reused effectively compared to pristine membrane. Therefore, 

based on the characterization methods that have been conducted, it can be deduced that 20% 

GR is the optimum ratio for efficient dye removal and excellent antifouling properties in 

GR/NC PVDF nanocomposite membrane. There are several limitations that need to be 

considered for future improvements such as long-term stability of the membrane in industrial 
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wastewater treatment which contains various types of contaminants as this study only 

focuses on MB dye removal. Despite these limitations, the excellent dye removal and 

antifouling properties exhibited by the GR/NC PVDF nanocomposite membrane in this 

study is a promising approach in improving the membrane technologies for water 

purification. Hence, future studies should address the limitations mentioned and explore new 

techniques in the synergistic effects of GR and NC in PVDF membranes in wastewater 

treatment technologies. 

5.2.2 EXPERIMENT 2: Impact of Titanium Dioxide/Graphene in Polyvinylidene 

Fluoride (PVDF) Nanocomposite Membrane to Intensify Methylene Blue Dye 

Removal, Antifouling Performance, and Reusability 

In conclusion, a novel GR/TiO2 nanocomposite membrane was produced with 

excellent dye removal efficiency and antifouling performance. Extensive characterization 

techniques were conducted to assess the fabricated GR/TiO2 nanocomposite membranes. 

Field-emission scanning electron microscopy (FESEM) revealed that membranes containing 

80% and 70% GR exhibited increased sponge-like structures compared to other ratios. This, 

along with energy-dispersive X-ray spectroscopy (EDX) analysis, indicates that reducing 

TiO2 content minimizes particle agglomeration, promoting even distribution on the 

membrane surface. Fourier-transform infrared spectroscopy (FTIR) confirmed the presence 

of similar functional groups across all membranes despite varying GR/TiO2 ratios. X-ray 

diffraction (XRD) analysis, however, highlighted differences in crystallinity. Especially, at 

80% GR, the anatase phase of TiO2 was largely absent, while other membranes retained the 

characteristic crystallinity of PVDF. For the membrane permeation analysis, graphene 

incorporation increased membrane porosity, thereby enhancing permeation. Consequently, 

both membrane flux and methylene blue (MB) dye rejection improved with increasing 

graphene content. Comprehensive analysis reveals that 80% GR represents the optimal ratio 
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for GR/TiO2 composite membranes, maximizing MB dye rejection in PVDF membranes 

despite varied MB dye concentrations. 80% GR also has the best antifouling properties with 

flux recovery ratio (FRR) of 88.13%, and total fouling of 33.49%, along with excellent 

reusability up to 3 cycles. Hence, incorporating graphene and titanium dioxide has 

demonstrably enhanced the performance of pristine PVDF membranes in terms of porosity, 

water flux, MB dye rejection, and antifouling performance. 

5.2.3 EXPERIMENT 3: Graphene/Nanocellulose/Titanium Dioxide Polyvinylidene 

Fluoride (PVDF) Nanocomposite Membrane to Improve Methylene Blue Dye 

Removal and Antifouling Performance 

As a conclusion, the performance of the NC/GR/TiO2 nanocomposite membrane in 

dye removal alongside its permeability, antifouling properties, and reusability were 

fabricated and evaluated with success. The developed membrane's characterization 

confirmed that incorporating NC, GR, and TiO2 into a PVDF matrix outperformed the 

pristine PVDF membrane. The SEM-EDX analysis demonstrated the absence of 

agglomeration and enabled uniform dispersion of the nanoparticles within the membrane 

structure. This results in improved porosity along with membrane permeability. XRD 

analysis showed a slight reduction in the intensity of characteristic PVDF peaks in the 

nanocomposite membrane, possibly indicating reduced crystallinity or structural 

modification due to the introduction of nanomaterials, which in turn improved membrane 

hydrophilicity and separation efficiency. Additionally, the water flux of the nanocomposite 

membrane increased substantially to 512.76 L/m².h.bar, compared to 109.48 L/m².h.bar for 

the pristine membrane, demonstrating a significant enhancement in permeability. Similarly, 

the methylene blue (MB) dye rejection efficiency was significantly improved, with the 

nanocomposite membrane achieving a removal rate of 92.13%, compared to 54.28% for the 

pristine PVDF. Antifouling performance also improved drastically, with total fouling 
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reduced from 70.89% in the pristine membrane to only 9.05% in the nanocomposite 

membrane. The nanocomposite membrane also exhibited a flux recovery ratio (FRR) of 

95.95%, far outperforming the pristine membrane with an FRR of 35.44%, indicating 

excellent antifouling resistance. Reusability tests further confirmed the robustness of the 

nanocomposite membrane, where it retained 86.18% of its dye rejection capacity after a 

single cleaning cycle, while the pristine membrane only retained 36.39%. These 

advancements are mainly due to the synergistic effects of NC, GR, and TiO2, as the ternary 

membrane outperformed both binary nanocomposite membranes and the pristine PVDF 

membrane in permeance, antifouling resistance, and reusability. 

5.2.4 Summary 

This study successfully fabricated and characterized three PVDF-based 

nanocomposite membranes with different nanomaterial combinations which are GR/NC, 

GR/TiO2, and NC/GR/TiO2 using the phase inversion method, focusing on improving the 

conventional PVDF membranes used for water treatment processes. Each combination of 

nanomaterials was utilised based on their functional properties to enhance membrane 

performance with regards to permeability, dye rejection, antifouling capability, and 

reusability. 

The first experiment with GR and NC showed the highest efficiency for dye removal 

at 94.47% percent along with four times increase in water flux compared to the pristine 

membrane. The uniform dispersion of nanomaterials along with the rod-like morphology of 

NC contributed to improved antifouling membrane performance and reusability. The 

membrane containing 20% GR displayed the best antifouling performance identifying it as 

the optimal loading ratio. 
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In the second experiment, enhanced antifouling performance and increased water 

flux were observed with the GR/TiO2 membranes. The formulation containing 80% GR 

exhibited the best performance with a sponge-like morphology, low TiO2 agglomeration, and 

higher dye rejection compared to other GR/TiO2 ratios. Furthermore, this membrane showed 

high flux recovery ratio and maintained reusability over several cycles indicating practical 

applicability. 

The water permeance and dye removal capabilities were highest for the 

nanocomposite membrane made using all three nanomaterials, NC, GR, and TiO2 as water 

flux reached 512.76 L/m²·h·bar with 92.13% dye removal. In industrial filtration systems, 

the membrane typically operates around 200 until 450 L/m²·h·bar under standard operating 

pressure with dye removal over 90% as a standard (Patiu et al., 2025; Pundir et al., 2024; 

Rendón-Castrillón et al., 2023; Shahzad et al., 2021). Moreover, the membrane displayed 

remarkable antifouling properties with a FRR of 95.95%, retaining structural stability after 

being reused. Based on high-performance filtration membranes, the FRR typically range 

from 80% to 95% after cleaning cycles in testing on industrial scale (Awad et al., 2021; 

Darwish et al., 2023; Z. Li et al., 2025; Osman et al., 2024). The enhancement in 

hydrophilicity, porosity, and durability was due to the synergistic effects of the three 

nanomaterials, which performed better than the conventional PVDF membrane. 

Flux recovery ratios (FRR) in high-performance ultrafiltration membranes typically 

range from 92–97% after cleaning cycles in industrial-style testing (Y. C. Lin et al., 2021). 

My nanocomposite NC/GR/TiO2/PVDF membrane achieved an FRR of 95.95%, indicating 

excellent antifouling performance and robust structural stability. These results suggest 

competitive usability in large-scale applications with reduced cleaning frequency and 

associated operational costs. 
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Hence, the incorporation of functional nanomaterials has significantly enhanced the 

performance of PVDF membranes. In this study, optimal membrane performance was 

considered based on the high water permeance while maintaining methylene blue rejection 

above 90% and a flux recovery ratio exceeding 85%. Although the GR/NC membrane 

yielded the highest dye rejection, the NC/GR/TiO2 membrane had the best balance and 

performed excellently in all parameters. These results provide crucial information for 

designing versatile and high-performance membranes for wastewater treatment and 

highlight an important starting point towards the future optimization of these membranes for 

practical use. 

5.3 Recommendations 

The overall findings of this study showed that the incorporation of NC, GR and TiO2 

into PVDF membranes significantly improves the water flux, dye rejection rate, and 

antifouling performance of the nanocomposite membranes. Among each of the tested 

formulations, every nanocomposite membrane demonstrated significant improvements 

which confirms the potential of the nanomaterials in water purification technologies. Based 

on these promising results, a few recommendations are proposed to improve the study in this 

area of research. 

i. Future studies should explore other nanomaterial combinations or varying loading 

ratios of NC, GR, and TiO2. This can further improve the analysis in efficient 

synergistic effects of nanomaterial combinations in improving membrane 

performance especially in water purification systems. 

ii. As this study focused on MB dye as a model dye, future studies should include 

various dye types to analyse the versatility and selectivity of the fabricated 

membranes in a wide range of industrial wastewater. 
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iii. Future research should also apply advanced characterization techniques such as 

contact angle measurements, atomic force microscope (AFM), and mechanical 

testing. These characterization methods are able to provide a deeper understanding 

on the surface properties, hydrophilicity, and mechanical strength of the 

nanocomposite membranes. 
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