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and an EWC of 74.5 %. The membrane was used for the adsorptive removal of lead ions (Pb2+) 

from aqueous solutions. An optimum pH of 7 was observed and the maximum adsorption 

capacity was predicted to be 21.37 mg/g. The experimental data fitted well to the Langmuir 

model and the kinetics data followed the pseudo second-order model. The second phase of this 

study explored the surface charge reversal of the CNC before embedding within the membrane 

polymeric matrix. Form this phase of the study, two membranes were fabricated. One 

membrane with pure water as non-solvent coagulation bath and the other membrane with a 

coagulation bath made of 50% (V/V) pure water and IPA. The former was used for the 

adsorptive removal of congo red dye from aqueous solutions. A PWF about 64 L m-2 h-1, an 

EWC of 82.11 % and a WCA value of 54.1o were observed. Optimum removal efficiency was 

recorded at initial solution pH of 7. The Langmuir isotherm was a better fit to the experimental 

data obtained with a predicted maximum adsorption capacity of 41.49 mg/g. The kinetic data 

followed the pseudo second-order model. The latter on the other hand, was explored as a 

potential membrane adsorbent for the removal of fluoride ions (F-) from aqueous solutions. 

The composite membrane recorded an optimum removal efficiency at pH 6. An average PWF 

of 45.5 L m-2 h-1 was observed as well as a WCA value of 59.9o and EWC of 76.8 %. The batch 

adsorption data collected confirmed the feasibility and spontaneous nature of the process. The 

monolayer adsorption mechanism was illustrated through the successful application of the 

Langmuir isotherm model. A maximum adsorption capacity of 26.81 mg/g was predicted. 

Predominant chemisorption interaction between the adsorbate and the functional groups at the 

surface of the membrane adsorbent was observed through the successful application of the 

pseudo second-order model to the kinetics data. In view of the above and considering the 

availability of sawdust as a biomass waste material; its conversion into CNC for the 

development of potentially low-cost membrane adsorbents could represent a promising 

alternative for the efficient treatment of dyes and dissolved pollutants laden effluents. 
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However, in the water treatment field, the water matrix to be treated substantially influences 

the choice of the sorbent material. 

Keywords: Membrane, nanocellulose, adsorption, wastewaters, dyes, pollutants, water 

treatment.
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technologies such as ion-exchange (Alvarado et al., 2013), chemical precipitation (Golbaz et 

al., 2014; A. M. Silva et al., 2012), coagulation and flocculation (Han et al., 2016), oxidation 

and filtration (Piispanen & Sallanko, 2010), adsorption (Mohan et al., 2014; Mthombeni et al., 

2015) and biological methods (Dittert et al., 2014; Fomina & Gadd, 2014) to remove most 

contaminants from aqueous solutions. 

However, high equipment and operating costs, large consumption of reagents, huge space 

requirement, inefficient removal of polluting ions at low concentrations, significantly high 

volume of sludge and by-products generation are numerous drawbacks associated with the use 

of most of these traditional water remediation techniques (Basumatary et al., 2017; Hu et al., 

2007). Therefore, the application of an advanced water treatment technology such as membrane 

filtration process has lately become the centre of attention in numerous research studies 

(Mautner et al., 2017; Thakur & Voicu, 2016; X. Wang et al., 2017). Membrane separation 

technology is an energy driven process that utilizes a physical barrier (membrane) to separate 

components in a mixture. The process is based in the different transport rate of each species 

through the membrane (Madhura et al., 2018). This advanced process is increasingly being 

used in various developed countries for water quality improvement because of its innate 

advantages over other traditional water treatment technologies (Thakur & Voicu, 2016). 

Membrane filtration processes can be precisely tailored to the specific requirements of the 

finished (water) product. Furthermore, the technology can be highly automated and therefore, 

does not require highly skilled operators (Lawrence K.Wang, Yung-Tse Hung, 2018). 

Nevertheless, the filtration technique remains a relatively recent concept in developing 

countries.  Because it is an expensive process associated with various operational limitations 

such as fouling, high energy demand induced by high pressure requirements to push water 

through the membranes (Elt et al., 2011). Fortunately, recent advances in nanotechnology have 

led to the development of nanotechnologically engineered materials with the potential to 
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overcome most limitations related to the cost-effective applications of membrane processes for 

water quality improvement (Al-Qahtani, 2017; Gangadhar et al., 2013; Savage & Diallo, 2005). 

Recently, the use of raw materials from natural sources for the development of membranes is 

one novel approach that has been considered by numerous researchers. Among them 

nanocellulosic materials have been on the spotlight because they are readily available, non-

toxic, biodegradable and practically renewable, making them sustainable materials for several 

applications. The combination of chemical inertness, hydrophilic surface chemistry, high 

strength and high surface area makes nanocelluloses (NC) very promising materials for high-

performance membranes with the purpose of selectively removing various contaminants from 

aqueous solutions (Herrera-Morales et al., 2017). 

Moreover, the reported rigidity and high mechanical strength of nanocellulose-based 

membranes are essential properties in pressure-driven water treatment applications. The 

intrinsic hydrophilicity of nanocellulose combined with tuneable surface chemistry, have the 

potential to reduce membrane fouling. The main challenge in the development of 

nanocellulose-based membranes lies in designing low-cost membranes that offer optimal 

access to functional sites, high flux and mechanical stability (Carpenter et al., 2015; Herrera-

Morales et al., 2017). The forestry sector of South Africa currently produces more than 300 

tons of cellulosic biomass waste such as sawdust per year. The cellulosic waste (sawdust) has 

no economic value and is normally sent to landfills. This disposal technique only helps to 

worsen an already over-stressed environment while increasing liabilities to all stakeholders 

(Merwe-Botha et al., 2017). Converting this waste (sawdust) into cellulosic products of high 

value for different applications would not only solve the current waste disposal crisis but also 

generate a substantial market for the cellulosic waste. 
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hindering the application of this advanced filtration technique in developing countries such as 

South Africa. Thus, improved membrane modules should possess exceptional inherent 

properties such as excellent permeability, low fouling propensity, high selectivity and good 

mechanical strength. NC have been identified by various environmental studies as excellent 

prospective components for the fabrication of membranes, because they are low cost, 

biocompatible, readily available and intrinsically exhibit excellent physico-chemical and 

mechanical properties relevant to membrane filtration processes.  

The application of membrane technology for water quality improvement in practice suffers 

from various challenges. These include up scaling (process engineering), restricted filtration 

specificity and fouling. Consequently, this project attempted to overcome these limitations by 

developing potentially low-cost composite membranes reinforced with sawdust derived CNC 

and holding tuned properties for specific water treatment applications. The low-cost production 

and high performance of the developed membranes in removing various contaminants from 

aqueous solutions demonstrated in laboratory scale, will pave the way for pilot scale operations 

if found successful in controlling levels of numerous contaminants in aqueous solutions. 

1.3 Justification of the study 

Clean water shortage and contamination of natural water resources, compounded by the 

limitations of conventional wastewater treatment infrastructures call for the development of 

highly effective water quality remediation techniques. Membrane separation process is quite a 

reputable technology used universally for water quality improvement. However, the high 

design, operating and maintenance costs of this water treatment technology, hamper its 

application in developing countries such as South Africa where constrained financial budget is 

often allocated to environmental remediation. The design of low-cost, mechanically stable 

membranes that provide large filtration area and easy access to active functional sites, while 
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locally and therefore spur the economic growth. Besides, this work could also have 

international impacts by benefiting other developing countries where the use of membrane 

technology for water quality improvement remains an abstract concept. 

1.4 Research aim and objectives  

This project mainly focused on the development of innovative, economically viable  and 

industrially adaptable technology to convert forestry biomass (sawdust) into high-value CNC-

based composite membranes and investigating the performance of the membranes in removing 

various contaminants from aqueous solutions. Subsequently, this study intended to achieve the 

following specific objectives:  

1. Develop a simple route such as a one-pot synthesis method for the development of 

composite membranes reinforced with sawdust derived CNC for water quality 

improvement. 

2. Perform physical and chemical characterization of the developed membranes. 

3. To investigate the antifouling properties of the prepared membranes. 

4. To explore the performance of the prepared membranes in removing various 

contaminants from aqueous solutions through batch equilibrium, kinetics, and filtration 

experiments. 

5. To apply existing mathematical models to the experimental data collected to describe 

the adsorption mechanisms under investigation. 

1.5 Research questions 

1. Throughout this study the following research questions are to be answered 

2. Would it be possible to prepare the CNC-based membranes via a one pot synthesis 

technique and successfully apply them for water quality improvement? 
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3. Would it be possible for the fabrication process to enhance the inherent adsorptive 

properties of the composite membranes?   

4. Would it be feasible for the composite membranes to exhibit improved antifouling 

properties? 

5. Would it be feasible for the prepared membranes to highly performed in removing 

various contaminants from aqueous solutions through batch equilibrium, kinetics, and 

filtration experiments. 

6. Would it be possible to match the performance of the membranes to their properties to 

validate their potential industrial usage? 

1.6 Research hypotheses 

1. It is hypothesized that composite membranes reinforced with sawdust derived CNC can 

be successfully fabricated through a simple preparation technique and applicable for 

water quality improvement. 

2. It is hypothesized that the intrinsic physico-chemical properties of the prepared 

membranes can be tailored to be suitable for the removal of specific contaminants in 

water. 

3. It is also hypothesized that the use of CNC-based fillers enhances the antifouling 

properties of the composite membranes. 

4. It is further hypothesized that the adsorption and filtration efficiencies of the 

membranes towards their respective pollutant are strongly influenced by process key 

parameters. 

5. It is finally hypothesized that commonly applied mathematical models are sufficient for 

a good description of the experimental data collected throughout the study. 
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1.7 Contribution to knowledge 

Ultrafiltration membranes are low pressure filtration membranes, which through size exclusion 

are used mainly to remove suspended solids and solutes of high molecular weights. The 

membrane materials are made of synthetic polymers or natural cellulosic materials derived 

from trees. In this study however, we develop a novel process route for fabricating UF 

membranes from sawdust- derived cellulose nanocrystals. The fabricated membranes exhibit 

both adsorptive and filtration features/properties. The adsorptive nature of these membranes 

make them unique and thus suitable for removing dissolved contaminants. This opens a new 

frontier in application of UF membrane, as previous studies mainly focused on filtration aspects 

of the membranes. Furthermore, it is shown that when the UF membranes are functionalized, 

they can remove both cationic and anionic contaminants from water. Finally, the fabricated 

membranes were regenerable and thus can be used in several adsorptive filtration cycles. 

1.8 Structure of the thesis 

This project intended to produce CNC-based composite membranes for the efficient removal 

of dyes and dissolved pollutants from aqueous solutions. Significant findings and discussions 

from the study are structured into this thesis made of seven chapters outlined as follows: 

Chapter 1: Introduction 

This section of the thesis comprises of background, motivation, the main and specific 

objectives of the study as well as its significance and its contribution to knowledge. 

Chapter 2: Literature review 

The chapter presents a detailed review on the latest advances in the fabrication and applications 

of NC-based composite membranes. A brief analysis of few other conventional wastewater 

treatment technologies is also performed. 
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Chapter 3: A novel sawdust-derived CNC-based nanocomposite membrane for effective 

removal of Methylene blue (MB) dye from aqueous solutions.  

The chapter systematically describes the preparation, characterization and application of CNC-

ZnO-based composite membrane as adsorbent for the removal of MB dye from aqueous 

solutions. The focus is laid on the adsorptive properties of the membrane with detailed 

discussions of the results gathered through batch equilibrium, isotherms and kinetics studies. 

Preliminary filtration and regeneration investigations are also discussed. 

Chapter 4: Adsorptive removal of lead (II) from aqueous solutions using sawdust-derived 

CNC-based ultrafiltration membrane. 

This section discusses every aspect of a methodical study performed on the preparation, 

characterization and application of a sawdust derived CNC-based composite membrane for the 

adsorptive removal of lead ions (Pb2+) from aqueous solutions. Batch equilibrium, isotherms 

and kinetics experimental results are also mainly discussed in this study to highlight the 

adsorptive properties of the membrane. The filtration and reusability features of the prepared 

membrane are also systematically demonstrated. 

Chapter 5:  Functionalized sawdust-derived CNC-based ultrafiltration membrane for the 

removal of Congo red (CR) dye from aqueous solutions. 

The study conducted on the development, characterization and application of surface charge 

reversal CNC-based membrane for the adsorption of CR dye from aqueous solutions is 

rigorously discussed. Batch equilibrium, isotherms and kinetics experimental results as well as 

filtration and regeneration preliminary data are presented in detail.  
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Chapter 6: Adsorption performance of sawdust derived CNC-based nanocomposite 

membrane for the removal of fluoride from aqueous solutions. 

This section represents the final work documented in this thesis. The performance of the surface 

charge reversal CNC-based membrane in removing fluoride ions (F-) from aqueous solutions 

are extensively investigated through batch equilibrium adsorption, isotherms and kinetics 

experiments.  The filtration and regeneration properties of the prepared membrane are also 

presented. 

Chapter 7: Conclusion and recommendations 

This chapter summarises the conclusions and recommendations drawn from all the 

experimental results generated in correlation with the study specific objectives. 
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applications with polymeric membranes broadly utilised in various relevant industries as 

powerful tools for water quality improvement. Essentially, numerous membranes have been 

developed through well-established preparation techniques using several polymers. However, 

the operational efficiency of this technology remains critically affected by the fouling 

phenomenon which inevitably restricts the overall performance of the process (D. L. Kim et 

al., 2017; Nasrollahi et al., 2018). Membrane fouling involves the deposition and accumulation 

of particulate, colloidal, inorganic, organic and biological matter at the surface or within the 

pores of the membrane. This complex mechanism has severe operational implications 

including drastic increase of the trans-membrane pressure, sharp decrease in membrane 

permeability and lifespan which subsequently result in an increase in energy demand and 

operational costs. Specifically, membrane fouling propensity is strongly influenced by its 

intrinsic properties such as pore size, surface morphology, hydrophilicity and roughness. 

Therefore, the use of smart and readily available raw materials for the development of low-

cost, high-performance membranes possessing excellent characteristics has prompted the focus 

towards research directions relating to fouling-resistant, robust and cost-effective filtration 

processes (Farahani et al., 2019; D. L. Kim et al., 2017; Nasrollahi et al., 2018; X. Wang et al., 

2019). The rampant interest in greener technologies has drawn increasing attention to the use 

of biomass materials for membrane synthesis due to their environmental friendliness, 

availability and low cost. Additionally, the latest advances in nanotechnology relevant to the 

water treatment field provide a suitable platform for the control of the morphologies and 

chemical functionalities in these materials. As a result, various potentially good prospects 

escorting a new class of nanocomposite membranes with exceptional functionalities such as 

antibacterial, hydrophilicity and adsorptive capabilities have been represented over the years. 

Among these, nanocomposite membranes made of NM incorporated within conventional 

polymeric matrices have been on the spotlight because their tuneable structure and properties 
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including permeability, hydrophilicity, mechanical stability and reduced ecological footprint 

make them suitable for a large variety of applications in the water treatment industry (Carpenter 

et al., 2015; Chakrabarty & Teramoto, 2018; Karim, Claudpierre, et al., 2016b; Shak et al., 

2018b). 

The innate advantages of NC over other nano-engineered materials, has made them 

increasingly popular as excellent green reinforcement materials. These include low-cost, 

abundant availability, low abrasiveness, high strength, high aspect ratio, large surface area, 

tuneable surface chemistry and super-hydrophilicity make NC great candidates for the 

fabrication of high-performance nanocomposite membranes with the capability to selectively 

remove various contaminants from aqueous solutions (Ashori et al., 2019b; L. Bai et al., 2017a; 

Rafieian et al., 2019b; D. Zhang et al., 2018a). 

The use of NC as reinforcement materials in polymeric membranes as a strategy to overcome 

limitations associated with the applications of membrane filtration processes is an increasingly 

widespread topic in the literature. While great strides have been accomplished in surface 

modifications of NC and their applications as nanosorbents for wastewater treatment; limited 

research work has been dedicated to the use of functionalized NC in improving adsorptive, 

antibacterial and antifouling properties of composites membranes. Herein, this review forces 

on the critical analysis of the recent developments regarding the synthesis of functionalized 

NC-based composite membranes and their various applications in the water treatment industry 

over the last two decades. Emphasis is laid on novel NC production and surface 

functionalization techniques reported in literature as means to pave the way towards the 

successful industrial-scale applications of these outstanding NM, with special reference to 

membrane technology. Furthermore, commonly investigated membrane fabrication 

technologies are discussed and the match between membranes performance in improving water 
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towards the goal of designing cost-effective processes for wastewater purification and 

reclamation as an alternative with the potential to reduce the global demand in fresh water 

(Sumisha et al., 2015). Among current traditional remediation technologies, only a few are 

widely applied because of their simplicity and cost-effectiveness. These are described in Table 

2.1 with brief reports on their limitations.  

Table 2.1 Conventional wastewater treatment technologies 

TECHNIQUE DESCRIPTION LIMITATIONS REFERENCES 

Coagulation/flocculation 

Chemicals are used to precipitate 

dissolved matter. Polymers bind fine 

particles together into larger flocs that 

will be subsequently removed by filtration 

- Secondary waste generation 

- Space requirement- 

Additional purification 

systems required 

(Han et al., 2016) 

Ion - exchange 
The ion-exchange media referred to as 

resin exchanges its ions with the targeted 

pollutant ion in the aqueous solution. 

- Additional purification 

systems required.           

 -High capital and operational 

cost. 

(Alvarado et al , 2013) 

Chemical precipitation 
Chemicals are added to the aqueous 

solution to react with the dissolved 

pollutant and form insoluble precipitates 

- High operational cost- 

Excessive sludge generation     

- Poor settling mechanism           

- Ineffectiveness at low  

concentrations of pollutants 

(Nicolaidis & Vyrides, 

2014) 

Adsorption 

The molecules, atoms or ions referred to 

as adsorbates, in a gas or liquid, diffuse to 

the surface of a solid denoted as 

adsorbent. 

- Secondary waste generation      

- High operational cost                

- Additional purification 

systems required. 

(Mthombeni et al., 2015) 

Photocatalysis 

A semiconductor material denoted 

photocatalyst absorb light to raise it to a 

higher energy that is subsequently 

transferred to a targeted pollutant to 

initiate a decomposing reaction 

- Secondary waste generation      

- High operational cost                

- Additional purification 

systems required. 

(Yerkinova et al., 2018) 

The various drawbacks associated with traditional remediation techniques are strong evidence 

illustrating the growing necessity to develop a low-cost, versatile, environmentally friendly yet 

robust technology (Rambabu et al., 2019). Lately, several studies have been looking at 

expanding the applications of membrane technology by developing novel multifunctional 

membranes with minimal environmental footprints. Moreover, recent advances in 

nanotechnology could enable the control of structural and chemical functionality in these 
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limitations associated with the use of polymeric membranes. Hence, extensive efforts have 

been invested in investigating feasible approaches to improved inherent properties of 

conventional polymeric membranes through innovative modification processes. Concurrently, 

the astonishing achievements reported regarding the application of nanotechnology in solving 

various water quality issues could represent a solid foundation to produce nanotechnologically 

-based membranes with exceptional intrinsic properties (Tul Muntha et al., 2017). 

2.5.2 Nanocomposite membranes 

Nanocomposite membranes comprising of polymers with nanomaterials incorporated into the 

polymeric matrix have been increasingly fabricated recently as promising high-performance 

membranes for effective wastewater treatment and reclamation. Furthermore, their tuneable 

structure and properties including permeability, hydrophilicity, mechanical stability and charge 

density make them suitable for specific applications in wastewater treatment. Using 

conventional physical blending and dip-coating techniques, a large variety of nanomaterials 

have been incorporated into polymeric matrices. These include modified carbon nanotubes 

(CNT), zirconium-based nanoparticles, Alumina nanoparticles, iron oxide microspheres, 

hydrous ferric oxide and modified nanocelluloses among others. However, the successful 

preparation of these nanocomposite membranes is hampered by several challenges including 

(i) aggregation of the nanoparticles within the matrix of the polymer, (ii) incompatibility 

between the nanoparticles and the polymer matrix and (iii) insufficient understanding of the 

effects of nanoparticles addition on composite membrane characteristics and performance 

(Farahani et al., 2019; He et al., 2019; Z. Liu et al., 2018; Nasrollahi et al., 2018). The 

increasing interest in greener technologies has led to more attention drawn to the use of green 

biomass materials for membrane synthesis due to their environmental friendliness, availability 

and low cost. NC constitutes the fundamental building block in the structural tissues of plant 

and wood, making their usage as reinforcement materials an evident extension of their function 
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in nature. Also, their superior ability to form hydrogen bonds enables excellent inter-particle 

network formation which is a good compatibility property (Ashori et al., 2019b; L. Bai et al., 

2017a; Rafieian et al., 2019b; D. Zhang et al., 2018a). 

2.6 Nanocelluloses 

The advent and continuous development of nanotechnology has restored cellulose, one of the 

most ancient natural polymers in the considered novel and advanced forms of NC. Among 

other unique and naturally sustainable nanomaterials (NM), NC have lately attracted increasing 

attention in various research areas including membrane technology; owing to their remarkable 

mechanical, physicochemical and biodegradability properties (Rafieian et al., 2019b). 

Depending on the cellulosic source and the extraction technique these NMs present various 

morphological features and dimensions (A. Sharma et al., 2019). 

2.6.1 Sources and categorization 

The NC family consists of: (i) cellulose nanocrystals (CNC), (ii) cellulose nanofibers (CNF), 

and (iii) bacterial nanocelluloses (BNC) (A. Sharma et al., 2019). The CNC are highly 

crystalline defect-free, rod-like cellulose crystals also referred to as cellulose nanowhiskers 

(CNW) or nanocrystalline celluloses (NCC) (H. Liang & Hu, 2016). Meanwhile, CNFs are 

considered as substructural nano-scale units of cellulose fibres, sometimes named as cellulose 

nanofibrils (CNF), microfibrillated celluloses (MFC) or nanofibrillated celluloses (NFC) (Xie 

et al., 2018). Finally, BNC are known as microbial cellulose (MC) which can also be 

biosynthesized by microorganisms (Azeredo et al., 2019). 

Both CNC and CNF are extracted from sustainable sources such as cotton, wheat, hemp, beet, 

straw, algae, mulberry bark and wood among others (see Fig. 2.1) (Shak et al., 2018b). On the 

other hand, BCN are produced as exopolysaccharides by certain bacteria including Sarcina 
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haemodialysis membranes via a series of passive UF experiments (dialysis). The cellulose-

based composite membranes were more biocompatible compared to few other polymers such 

as to polysulfone (PSF), CA and unmodified cellulose. Another study, Razaq et al., (2011) 

produced high-capacity conductive paper sheets by blending PPy and CNF. The application of 

the fabricated paper sheets for the electrochemically controlled extraction of DNA oligomers 

was investigated. The composite materials were reported to be cost-effective and 

biocompatible. On the other hand, a toxicology report (DONG et al., 2012) confirmed no 

cytotoxic effects of CNC against nine different cell lines. The work was conducted using 3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide and the lactate dehydrogenase 

assays under concentration range of 0-50µg/mL and an exposure time of 48 hours. Following 

the same direction, (Pereira et al., 2013) evaluated in vitro cytotoxicity and adverse effects on 

gene expression of CNF using fibroblasts cells as specimens. The work concluded there is no 

obvious toxicity at low concentrations of CNF (~ 100 µg/mL). Among the NC substrate, BNC 

are mostly regarded as the most biocompatible cellulosic NM. This could be attributed to the 

biosynthesis process taking place during their production. Moreover, experiments performed 

on mice, endothelial and osteoblast cells did not reveal any evidence of cytotoxicity for BNC. 

Despite the need to investigate further the eco-toxicity of NC especially when incorporated 

within polymeric matrices for membrane fabrication, few studies have already demonstrated 

over the years that NC-based composites to be non-toxic (Jeong et al., 2010; G. D. Kim et al., 

2013). 

2.6.2.4 Dimensions and aspect ratios 

The geometrical dimensions of the produced NCs represented by their length (L) and width (w) 

have been reported to widely vary depending on the type of the cellulosic source, the production 

technique and the conditions under which the production proceeds. Microscopy and light 

scattering are typical technologies broadly used to accurately study the dimensional properties 
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of NC. Generally, there is a significant variation between the typically measured lengths of NC 

compared to their widths. The recorded widths are usually within the range of (10-50 nm) 

whilst the lengths span a larger window, from tens of nanometres to several micrometres, 

resulting to very high aspect ratios. Inefficient separation of multiple individual cellulosic 

fibres during production has been regarded as a potential cause of the inherent large aspect 

ratios of NC (Abdul Khalil et al., 2012; Habibi et al., 2010; X. Wang et al., 2019). 

Recently, post-treatments methods such as differential centrifugation, ultracentrifugation and 

filtration have been broadly adopted to minimize the heterogeneity in sizes of NC isolated from 

a single source. This geometrical feature endows NC with high surface area compared to the 

volume. This is a key parameter in the development of composite membranes because it 

enables excellent interaction between the nanofiller and the surrounding polymeric matrix 

(Nechyporchuk et al., 2016; Picheth et al., 2017; Thompson et al., 2019). Depending on the 

preparation technique, BNCs can also be produced as intact membranes. However, this 

production route may limit their applications especially when formulations with other 

components is a necessity (Azeredo et al., 2019). A comparative summary with regards to the 

sources, physico-chemical properties, ecotoxicity, applications and disposal techniques of NC 

and carbon nanotubes (CNT), one of the most popular NM is presented in Table 2.3. Notably, 

NC are derived from readily available, environmentally begnin and biodegradable resources.  

On the other hand, CNT sources materials have progressively raised growing environmental 

concerns because of their environmental persistence and non-biodegradability. The anticipated 

success of NC in the field of water quality improvement via membrane filtration processes has 

been posited with the exponential growth of academic publications addressing the cutting-edge 

benefits associated with the application of NC-based membrane filtration processes. 

Subsequently, the design of effective routes for NC production that maximize yield and 
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ultrasonication. The isolated CNC presented diameters ranged between 10-20 nm and lengths 

within the range of 50-250 nm. The maximum recorded production yield percentage was 10 

%. (Park et al., 2017), revealed enhanced defibrillation efficiency of wood-based microfibrils 

using a wet disk-milling process to produce CNF. Higher tensile strength of the prepared CNF-

based nanopapers was observed. Although it has been successfully used as a principal treatment 

to produce CNF and mostly as a post-treatment stage for CNC isolation, the technology has 

been associated with high energy consumption. Hence the emerging needs to develop low-cost 

alternative routes for efficient extraction of NC. 

2.7.3 Chemical isolation of NC 

The chemical extraction of NC has emerged as a robust approach and energy-efficient process. 

Due to its short reaction time, acid hydrolysis has been widely applied for the isolation of CNC 

from cellulosic sources. Unlike the mechanical disintegration process, acid hydrolysis 

selectively destroys the amorphous sections of the microfibrils while the crystalline regions 

remain intact. Therefore, it is mostly applied to produce CNC. The use of a large variety of 

acids for the chemical isolation of CNC has been investigated over the past two decades. These 

include sulphuric acid (H2SO4), hydrobromic acid (HBr), hydrochloric acid (HCl), 

Hypochloric acid (HClO), phosphoric acid (H3PO4), formic acid (CH2O2) and maleic acid 

(C4H4O4). Among these, sulfuric and hydrochloric acids have gained more attention because 

of the simplicity of their processes. Acid hydrolysis is also commonly used to produce BNC 

from bacterial cellulose microfibrils (Börjesson & Westman, 2015; Habibi, 2014b; Shak et al., 

2018b; Trache et al., 2020). Various reports have demonstrated the influence of process 

parameters such as temperature, residence time, fibre-to-acid ratio, nature and concentration of 

the acid on the physicochemical, thermal and mechanical properties of the extracted CNCs. 

Optimum production of CNCs via acid hydrolysis has been associated with relatively high acid 

concentrations (50 -70 wt %), reaction temperature within the range of (40 -500C) and reaction 
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time between (30-90 min). However, growing environmental concerns regarding the large 

volumes of water required, the corrosion of equipment and the generation of huge amounts of 

aqueous waste have progressively turned research attention towards the use of solid acids for 

sustainability and environmental purposes (Thompson et al., 2019; Xie et al., 2018). 

Kargarzadeh et al., (2012) investigated the effects of acid concentration, reaction time and 

temperature on the yield and characteristics of CNC isolated from kenaf bast fibres. An 

optimum time of 40 min was noted sufficient to achieve satisfactory production yield with an 

acid concentration of 62 wt % and a reaction temperature of 450 C. Y. Liu et al., (2014) 

addressed environmental concerns associated with the used of conventional acids by 

developing a green hydrolysis process to produce CNC using  phosphotungstic acid. CNC with 

relatively good dispersibility in aqueous phase and high thermal stability were successfully 

isolated. Because of their ability to destabilize hydrogen bonds within the cellulosic structure, 

the usage of ethylene diamine and urea for the pre-treatment of kraft pulp was evaluated in a 

project, and both chemicals were reported effective for enhanced isolation of CNFs from kraft 

pulp (Carrillo et al., 2014). Another green method involving the production of CNCs from 

bleached eucalyptus kraft pulp using ferric chloride-catalysed formic acid hydrolysis was 

developed by Du et al., (2016). High production yields (70-80 %.) of CNC possessing excellent 

crystallinity and thermal stability were reported. 

2.7.4 Biological isolation of NC 

Enzyme hydrolysis is another isolation method to produce NC. The technique utilizes enzymes 

to breakdown the cellulosic microfibrils. With regards to CNC and CNF, this approach is often 

considered as a pre-treatment stage to overcome high costs and various operational constraints 

associated with conventional production schemes. The enzyme system could either be mono-

component or multicomponent. In addition, the combination of enzymatic and mechanical 

treatments has been reported to extract NC with better mechanical properties compared to those 
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Figure 2.3 Various NC extraction processes from cellulosic source materials. 

2.8 Surface functionalization of NC for membranes synthesis 

For the past decade, research efforts have been increasingly focused on the optimum design of 

NC-based composite membranes with the potential to solve the trade-off correlation between 

permeability and selectivity while mitigating the issue of membrane fouling is crucial. Surface 

modification of NCs before incorporation within the polymer matrix has been regarded as a 

promising strategy to control the surface chemistry without altering the bulk structure of the 

nanocomposite membrane (Trache et al., 2020). Several surface modification techniques have 

been developed in the past with the principal objectives of reducing the NC surface energy and 

increase their degree of dispersion in numerous solvents (Eyley & Thielemans, 2014; Habibi, 

2014b; Hubbe et al., 2015; Thompson et al., 2019). With regards to membrane technology, 

emphasis is laid on the enhancement of the adsorptive capabilities while maintaining excellent 

permeability and antifouling tendency of conventional polymeric membranes by incorporating 

within their structural network, surface functionalized NC (Khulbe & Matsuura, 2018). 
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microsphere (0.1 ± 0.01 µm) was observed during a 48-hoursfiltration operation. Additionally, 

high anti-biodegradation, excellent chemical resistance, high hypochlorite resistance and large 

applicable pH range of the developed membranes were also reported at the end of the study. 

Last year, Li et al., (2019b) developed a nanocomposite membrane by embedding TEMPO 

oxidized CNFs within cellulose acetate polymer to generate hydrophilic nano-channels and 

facilitate the transport of water molecules through the membrane. An optimum pure water flux 

(PWF) value of 100 L m-2h-1 was obtained and good rejection performance for bovine serum 

albumin (BSA) protein was observed. 

2.8.2.2 Chemical functionalization by cationization 

The negatively charged surfaces of NC inhibit the mechanism of self-assembly or binding with 

negatively charged bio-macromolecules, nucleic acids and certain proteins through 

electrostatic interactions. Consequently, the importance of NC surface charge reversal for the 

design of advanced and multifunctional NC-composite membranes has been regarded in recent 

studies as a promising alternative with great potential for innovative applications. The primary 

purpose of surface cationization of NC is to convert surface anionic charges into cationic 

charges by simply grafting positively charged functional groups on the surface of pristine NC. 

Glycidyl trimethyl ammonium chloride (GTMAC) also referred to as 2,3-epoxypropyl 

trimethyl ammonium chloride (EPTMAC) and few other quaternary ammonium salts have 

been commonly employed as cationic epoxy reagents to reverse the charges at the surface of 

NCs. The reaction proceeds under aqueous alkaline conditions and sodium hydroxide (NaOH) 

is commonly used as the basic medium. The alkalinity of the system activates the hydroxyl 

groups and promotes the cleavage of the sulphate half-ester groups to ensure the pure cationic 

nature of the modified NC produced (Habibi, 2014b; Habibi et al., 2010; Picheth et al., 2017; 

Shak et al., 2018b; W. Zhang et al., 2018). The preparation of cationic NC and their potential 

applications in fabricating membranes have been gradually investigated over the past decade. 
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This is attributed to the excellent antibacterial properties and the zero chance of quaternary 

ammonium leakage into the environment. You et al.,  (2016) for instance, reported the surface 

cationization of CNC with 3-chloro-2-hydroxypropyl-trimethylammonium chloride and their 

use as reinforcement materials for the synthesis of nanocomposite injectable hydrogels to 

improve their mechanical properties. Recently, Chitpong & Husson, (2017) developed 

cationized CNF-based nanocomposite membranes and reported excellent water permeability 

as well as high performance (>160 mg/g) for the removal of trace amounts of cadmium ions 

(Cd2+) from aqueous solutions. Epoxy units of polyglycidyl methacrylate (PGMA) were used 

for the surface functionalization of the CNF. Another work demonstrated the good performance 

of EPTMAC-cationized CNF nanopapers for the adsorptive removal of nitrate (NO3
-) from 

aqueous effluents by dynamic filtration operations (Sehaqui et al., 2016). One project prepared 

a new class of cationic CNF-based aerogels in the form of a rigid porous material with surface 

rich in ammonium functional groups. The cellulosic material exhibited high performance in the 

adsorptive removal of orange (560 mg/g), red (160 mg/g) and blue (230 mg/g) dyes from 

aqueous solutions. Additionally, high resistance of the fabricated membrane to disintegration 

in water was also observed (Maatar & Boufi, 2017). Niide et al., (2010) suggested around a 

decade ago the incorporation of quaternary ammonium groups onto BNCs membranes as a 

promising approach for protein adsorption. The modification process did not alter the micro 

fibrous structure of the membranes. Excellent adsorption capacity for the model protein 

haemoglobin was obtained at pH conditions lower than its isoelectric point and attributed to 

electrostatic interactions. 

2.8.2.3 Chemical functionalization by esterification 

Esterification is also a broadly applied surface modification technique. Over the years, both 

homogenous and heterogeneous esterification reactions have been applied to produce esters-

based surface modified NC. The heterogeneous reaction is characterized by the insolubility of 
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membranes were evaluated for Cu2+and direct red 16 (DR 16) dye removal from water. The 

outcome of this work demonstrated high adsorption capacity of the membranes for Cu2+ (90%) 

and DR 16 dye (99%) (Rafieian et al., 2019b). The experimental achievements could open new 

opportunities for the development of esterified NC- based composite membranes with 

exceptional intrinsic characteristics. 

2.8.2.4 Chemical functionalization by amidation 

The amidation-mediated modification process is straightforward and mostly performed on 

carboxylic groups of pre-oxidized NC. The process has been reported successful in water or 

dimethyl formaldehyde (DMF) and mostly efficient within a pH range of 7-10 for NCs. The 

coupling of various amine derivatives with NCs has been explored and reported but among 

these, N-Ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) has received 

a great share of attention. Currently, the amidation-mediated reaction is applied as an 

intermediate stage for further functionalization. With relevance to the design of novel 

functionalized NC-based composite membranes, the application of this technique is basically 

an abstract concept. This could be because of the functionalization process tends to enhance 

the hydrophobicity of the composite membranes which is not favourable to water filtration 

processes (Habibi, 2014b; Hubbe et al., 2015). (J. Wang et al., 2015) reported the application 

of a flush-coating and post-cross-linking technique for the amidation of BC-based membranes. 

The functionalized cellulosic membranes presented excellent performance in removing lead 

and copper (II) ions from aqueous solutions. The recorded adsorption performance of the 

membranes after several cycles of adsorption and desorption remained good (over 90 %). In 

another study amino-modified CNC were used as additives during the synthesis of TFC 

membranes. The prepared membranes exhibited finger-like structure and high pollutants 

rejection capacities for various wastewater samples (Cruz-Tato et al., 2017). 
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Figure 2.4 Image illustrating typical reactions for various chemical functionalization of NC 

The advances on the surface manipulation of NC to produce high-performance composite 

membranes remain at an early stage. Significant milestones have been achieved regarding the 

successful incorporation of numerous functional moieties at the surface of these cellulosic NM. 

However, additional inputs in terms of guidance regarding the selection of appropriate surface 

functionalization technologies with significant relevance in membrane filtration processes are 

required. The reactions governing the various functionalization processes discussed are 

presented in Fig 2.4. The free hydroxyl groups present at the surface of NC play a vital role in 

enabling the attachment of a wide variety of functional groups onto the surface of these NM. 
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2.9 NC-based composite membranes: processing and applications in water 

quality improvement. 

Adsorptive membrane technology is a novel field of membrane technology. Hence, efforts are 

centred on the design of innovative preparation techniques to produce membranes that provide 

optimal access to functional sites, high permeation flux and superior antifouling properties. 

The application of adsorptive composite membranes for the removal of trace amounts of heavy 

metals and anionic dissolved pollutants may lead to a new class of sustainable technology. 

Over the past decade, various processing routes used to develop NC-based composite 

membranes and their applications in water treatment have been reported in literature (Khulbe & 

Matsuura, 2018). 

2.9.1 The phase inversion technique 

Phase inversion (PI) is a simple and straightforward process that converts a homogeneous 

solution into a solid state in a controlled mechanism. The conversion can be thermo-induced, 

evaporation -induced, vapour- induced and wet-induced. Among these, wet phase inversion is 

the mostly applied for preparation of NC-based membranes. During the process NC are 

generally added in a suitable solvent and dispersed using the mechanical stirring or 

ultrasonication technique. Afterwards a selected polymer is also dissolved in the same solvent. 

The resulting mixture is stirred at or above room temperature for a predetermined period to 

obtain a homogeneous casting solution. The final stage consists of casting membranes of 

predetermined thickness on a petri dish before immersion in a coagulation bath (see Fig 2.5). 

The surface morphology and pore size of the produced membrane can be controlled using 

solvents with different boiling points and porous the structure of the substrate (if applicable) 

(Dai et al., 2019; Gebreslase, 2018; Khulbe & Matsuura, 2018; Voisin et al., 2017b). Because 

of its user friendliness, this fabrication technique has been under the spotlight of numerous 
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better filtration performance against MgCl2 was achieved with membranes produced when the 

aqueous phase was introduced above the organic phase during the polymerization process. Few 

years ago, Asempour et al., (2018) demonstrated the potential industrial application of NC-

based hybrid membranes in water desalination in a project involving the production of a CNC-

based TFNC membrane. The membrane was prepared via (IP) of m-phenylenediamine and 

trimesoyl chloride. During the membrane preparation process, a predetermined amount of CNC 

was loaded into the active polyamide layer. The membrane performance in water desalination 

was evaluated and a rejection of 97.8 % was noted at optimum CNCs loading.  

 
Figure 2.5 Schematic illustrations of commonly utilized preparation techniques for NC-based 

composite membranes 

Over the years, many studies have been focused on improving compatibility between the 

aqueous and the organic phases to optimize surface tuning of the produced membranes. 
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countries lies in designing low-cost, efficient and multifunctional processes. The situation is 

compounded with the uprising environmental concerns redefining many industries and blurring 

traditional research boundaries. The recent drive towards sustainable and green technologies 

has generated the rampant application of advanced, renewable, biodegradable and green 

nanomaterials such as NC to substitute the non-renewable resources. A wide range of 

extraction and surface modification processes have been developed and successfully applied 

for the facile production of NC with enhanced intrinsic properties. Over the past decade, 

countless studies have addressed the large variety of benefits in exploiting the mechanical 

stability of these cellulosic NM, combined to their exceptional surface chemistry for the 

fabrication of high-performance hybrid membranes. However, the industrial application of 

membrane technology is mostly hampered by limitations such as cost-effective up scaling, bio 

fouling, and operational constraints. Therefore, the design of energy efficient and safe 

manufacturing applications and disposal routes for NC-based membranes appear as a robust 

approach for the commercial implementation of this technology globally. Lately, some efforts 

have been directed toward this direction with increasing research studies looking at the use of 

cost-effective raw materials such as forestry waste products to maintain a solid supply force of 

NC capable of satisfying the demand on the market. The increasing academic breakthroughs 

have provided more insight on the performance of NC-based membranes and have bench 

marked them against other water treatment processes. However, there is still a need for further 

investigation to improve the understanding on membrane fouling, recycling, and regeneration 

at industrial scale. Consequently, the next stage could involve considering the coupling of NC 

properties with those of other reputable NM for enhanced adsorption capacity, mechanical 

stability and excellent porosity. The improvement of conventional process conditions or the 

development of novel processing routes for the production multifunctional NC-based hybrid 
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membranes may also significantly contribute to pave the way towards the universal market 

realization of membrane technology. 
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Li et al., 2013; Nourmoradi et al., 2015). Consequently, it is critical to efficiently reduce the 

levels of MB dye molecules to acceptable concentrations in contaminated effluents prior to 

their discharge into the environment. 

Despite the great strides achieved over the years through conventional physical, chemical, and 

biological treatment methods; high energy consumption, high cost, and abundant toxic by-

products have remained major drawbacks hindering the applications of these technologies 

(Ghaedi et al., 2012; Nourmoradi et al., 2015; L. Zhang et al., 2012). Lately, the application of 

membrane adsorbent technology has rapidly become an attractive research avenue for many 

scientists and researchers. Membrane adsorbent technology is a membrane integration 

technique with the dual function of membrane filtration and adsorption (Khulbe & Matsuura, 

2018). A membrane adsorbent is typically made by connecting selected functional groups to 

the surface and porous wall of the polymeric membrane. This characteristic makes the 

technology an attractive alternative with the potential to overcome the issues of adsorbent 

recovery and membrane fouling. The development and application of various polymeric 

membrane adsorbents may pave the way to the next generation of reusable and portable water 

purification systems (Khulbe & Matsuura, 2018; G. Zheng et al., 2015). Although researchers 

have developed and applied numerous technique for the fabrication of high-performance 

membranes; the phase inversion method has gained a great deal of attention because it is a 

simple and effective fabrication technique for asymmetric polymeric membranes (Sadrzadeh 

& Bhattacharjee, 2013; D. Zhang et al., 2018a). 

Polyethersulfone (PES) has been widely used as a base polymer for the fabrication of 

asymmetric polymeric membranes. This is attributed to its distinctive physical and chemical 

properties such as high thermal stability, enhanced mechanical properties and good chemical 

tolerance (J. F. Kim et al., 2016; D. Zhang et al., 2018a). A large variety of highly efficient 

adsorption additives with unique physico-chemical properties have been embedded within 
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polymeric membranes to produce composite membrane adsorbents with high adsorption 

capacity, good selectivity as well as improved permeability and fouling resistance (Bao et al., 

2011; Gorgieva et al., 2019). Over the years, nanomaterials have attracted a lot of attention as 

exceptional adsorbents because of their high adsorption capacity, fast kinetic, biosafety and 

biocompatibility. Over the past decade, nano-structured cellulose such as cellulose 

nanocrystals (CNC), nanowhiskers, and nanofibers have been on the spotlight of many reported 

studies because of their versatile surface chemistry favourable to chemical modification for the 

development of cutting edge polymeric adsorptive composite membrane with high affinity for 

targeted pollutants (W. Chen et al., 2014; Gopakumar et al., 2018b; Karim et al., 2014).The 

isolation of CNC from sawdust, a waste by-product of the timber industry with limited 

applications could be regarded as a promising alternative with the potential of not only 

addressing environmental pollution but also converting waste into valuable end-products 

(Kalita et al., 2015; Nkalane et al., 2019b). However, the weak anionic attribute of CNC makes 

them unable to take up cationic dyes to a significant extent because they are neither planar nor 

adequately large for sufficient substantivity and affinity. The applications of suitable 

modifications with functional groups of higher affinity such as those rich in nitrogen, sulphur, 

and oxygen have been reported to significantly enhance the adsorption capacities of 

nanocellulose-based adsorbents towards cationic dye molecules (L. Liu et al., 2015; L. S. Silva 

et al., 2018). Indeed, the surface modification of CNC with inorganic nanoparticles such as 

zinc oxide (ZnO) or silver nanoparticles has demonstrated enhanced adsorption capacity as 

well as significantly improved mechanical and antibacterial properties (A. Ali et al., 2018; F. 

Dong & Li, 2018; Yadav et al., 2019; W. L. Zheng et al., 2014). Because the selected solvent 

used during the process of membrane fabrication plays a key role in the subsequent 

characteristics of the membranes formed, the uses of various solvents for membranes formation 

have been investigated. N-methyl-pyrrolidone (NMP) as a doping solution for membrane 
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fabrication has gained a great deal of attention over time due to good chemical affinities with 

most polymers. Moreover, when non-solvent induced phase inversion method is applied, it is 

vital for the non-solvent to have high affinity toward the solvent but not toward the polymer to 

successfully induce phase inversion during membrane formation and to efficiently remove 

residual solvent during the washing stage of the formed membranes (Arthanareeswaran & 

Starov, 2011; Jonoobi et al., 2019b; Y. Liu et al., 2014). 

This study aims at preparing high flux affinity membrane with high functionality for capturing 

MB dye molecules from aqueous solutions. Sawdust derived CNC decorated with ZnO 

nanoparticles are embedded within the polymeric matrix to synergistically improve the 

permeability, fouling resistance and adsorption capacity of the prepared nanocomposite 

membranes. The non-solvent induced phase inversion method is applied for the fabrication of 

the nanocomposite membranes and their subsequent physico-chemical, thermal, and 

morphological attributes are characterized using various microscopic and spectroscopic 

techniques like SEM, XRD, FTIR ATR, and TGA DSC. Furthermore, the surface 

hydrophilicity of the nanocomposite membranes is evaluated by measuring surface contact 

angles. Pure water flux, dye rejection and antifouling experiments are conducted to investigate 

the performance of these membranes towards MB dye molecules removal from aqueous 

solutions. The effects of key variables such as contact time, adsorbent dosage, solution pH, and 

initial dye concentration on the adsorption behaviour of MB onto the prepared nanocomposite 

membranes are also assessed and correlated. 

3.2 Experimental 

3.2.1 Materials 

The majority of chemicals used for the fabrication of the nanocomposite membranes namely, 

N-methyl-2-pyrrolidone (NMP), polyethersulfone (PES), ZnO nanopowder and polyvinyl 
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pyrrolidone (PVP) were of analytical reagent grade [AR Grade], purchased from Sigma-

Aldrich, South Africa and used as supplied. CNC-based suspension, isolated and processed 

from sawdust was obtained from the DST-CSIR Bio-refinery in Durban (South Africa). 

Methylene blue dye powder and other chemicals of analytical reagent grade [AR Grade]used 

for filtration/adsorption-desorption experiments like hydrochloric acid (HCL), sodium chloride 

(NaCl), sodium hydroxide (NaOH) were supplied by Merck Schuchardt (Pty) Ltd, South Africa 

and used without further purification. Deionised water was used as ultrapure water and to 

prepare all aqueous solutions. 

3.2.2 Methods 

3.2.2.1 Preparation of CNC-ZnO nanocomposites 

The procedure involving the isolation of CNC from sawdust has been reported in detail in 

another study (Gibril et al., 2018). The CNC-based suspension obtained was centrifuged and 

the precipitate was air-dried and crushed into fine powder. The CNC powder (5g) was weighed 

and dissolved in 100 ml of deionised water. The mixture was slowly stirred until the attention 

of a homogenous texture. Simultaneously, ZnO nanopowder (3g) was also weighed and 

dissolved in 100 ml of deionised water. Afterwards, the ZnO solution was slowly added drop 

wise to the CNC-based mixture under vigorous stirring at room temperature (25°C). The final 

solution was stirred further at room temperature (25°C) for an additional 24 hours. The 

resulting mixture was filtered using filter paper (Whatman, No. 42) and the residual cake was 

placed into a furnace at 250°C for 1h. The nanocomposite obtained was cooled, washed 

repeatedly with deionised water to ensure complete removal of excess chemicals and then 

finally dried at 60°C for 24 h (Nkalane et al., 2019b; Nourmoradi et al., 2015). 
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thoroughly with deionised water and storing them in sterilized vessels containing sufficient 

deionised water for subsequent usages. 

 
Figure 3.1 Illustration of the preparation of CNC-ZnO nanocomposite membranes via non-

solvent induced phase separation technique. 

3.2.2.4 Membrane characterization 

3.2.2.4.1 SEM Analyses 

The SEM images were used to investigate the effect of CNC-ZnO additive on the morphology 

of the prepared nanocomposite membranes. The sample specimens for SEM analyses were 

prepared by initially freezing the membranes in liquid nitrogen. Thereafter, the frozen samples 

were fractured and attached to the sample holders by carbon tapes. Finally, a thin layer of 

carbon was coated on the samples before SEM images of the surface and cross-section were 

captured and recorded. 

3.2.2.4.2 Contact angle measurement 

An increase in the hydrophilicity of the membrane is strong evidence of significant 

improvement in the anti-fouling property of a membrane. This property of prepared 

nanocomposite membranes was evaluated on the basis of contact angle measurement. The 

sessile drop technique (Baek et al., 2012) was used for the measurement of contact angle by a 
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Figure 3.3 FT-IR spectra of CNC and CNC-ZnO particles 

3.3.2 Membranes characterization  

3.3.2.1 SEM analyses 

The effect of CNC-ZnO additives on the morphological structure of the prepared membrane 

was studied by comparing the SEM images of the top surfaces and cross-sections of the PES 

pristine and PES/CNC-ZnO membranes (see Fig. 3.4). A smooth and uniformly porous top 

surface is depicted by the image of the PES membrane (see Fig. 3.4).A homogenous top surface 

composed of more pores is observed in the case of the PES/CNC-ZnO membrane (see Fig. 

3.4). The presence of additional pores at the surface of the composite membrane is attributed 

to the uniform distribution of the additives within the casting solution used for membrane 

fabrication (X. Wang et al., 2019). In cross-sectional images, the typical asymmetric porous 

and finger-like structure associated with PES-based UF membranes is observed in both cases 

(Huan et al., 2019).  
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Figure 3.4 SEM images of surfaces and cross sections for PES pristine (a, d and f) and 

PES/CNC-ZnO (b, c, e and g) membranes 

Additionally, a top layer, considered as the selective barrier and a sponge-like bottom 

substructure are also noticeable (see Fig. 3.4). The features of the top skin layer such as pore 

structure, thickness, and surface porosity have a direct influence on the mass transfer resistance 

during the filtration process (Sivakumar et al., 2006). A comparison between the images of the 

cross sections of the PES membrane and the PES/CNC-ZnO membrane reveals that decreasing 

finger-like voids and a more sponge like structure is depicted by the PES/CNC-ZnO membrane. 

The appearance of finger like macro voids within the polymeric structure of membranes has 

been reported in some studies dependent on the contents of the pore former PVP. Similar 
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3.3.2.3 Mechanical properties of membranes 

The mechanical properties in terms of tensile strength, elongation at break and strain at max 

load of the membranes are presented in Table 3.2. It is clearly noticeable that enhanced 

properties were observed upon addition of CNC-based nanofiller. The elongation at break 

increased from 2.66 mm to 3.33 mm; the tensile stress increased from 2.76 MPa to 3.2 MPa 

and the strain at max load (in %) increased from 14.22 to 16.77. The distribution of the 

nanofiller within the matrix of the membrane induces in strong interactions and structural 

networking which promotes the rigidity of the polymeric matrix (Azizi et al., 2014). Similar 

trends have been reported in numerous studies. Bai et al., (2012) for instance, reported 

increased index of tensile strength and elongation at break with the addition of CNC, reaching 

a peak at 0.1 wt % content of CNC nanofiller. The improved mechanical attributes observed 

were attributed to the net structure of CNC. Excessive contents of CNC in the casting solution 

have been associated with the agglomeration phenomenon, leading to weaker tensile strength 

and elongation at break of CNC-composite membranes.  

Table 3.2 Mechanical properties of the prepared membranes.      

Membranes  Elongation at break (mm) Tensile stress (MPa) % strain at max load 

PES  2.66 ± 0.5 2,76 ± 0.8 14.22 ± 1.0 

PES/ZnO  2.78 ± 0.7 2.44 ± 1.2 11.23 ± 0.8 

PES/CNC  3.01 ± 0.5 3.09 ± 0.7 16.12 ± 1.2 

PES/CNC-ZnO  3.33 ± 0.4 3.2 ± 0.8 16.77 ± 0.9 

3.3.2.4 Water content and porosity of membranes 

Efficient membranes are commonly characterised with high surface porosity and high-water 

content. These indicate their ability to remove pollutants from aqueous solutions while still 

achieving high permeation flux rates (Dang et al., 2006). The porosity and water uptake of the 
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fabricated membranes were evaluated and summarised in Table 3.1, to investigate the surface 

wettability of the membranes. As shown in Table 3.1, the lowest values of overall porosity and 

water absorption capacity are obtained from the pristine PES membrane. This indicates that 

blending additives into PES casting solution results in the formation of more hydrophilic 

membranes. Generally, hydrophilic membranes have been reported to exhibit higher surface 

wettability, leading to better permeability and greater antifouling properties. Consequently, 

increased values of overall membrane porosity and EWC have been associated with enhanced 

hydrophilic properties of membranes (Gumbi et al., 2018; H. H. Wang et al., 2019; D. Zhang 

et al., 2018a). As noticed from Table 3.1, the addition of nanoparticles (NP) leads to an 

increased in the number of pores within the membrane structure, which is reflected by an 

increase in overall surface porosity. Hydrophilic additives have been associated with the 

formation of additional weak points within the structure of the membrane due to immitigable 

stresses produced by shrinkage or syneresis. This results in the formation of fracture points, 

which eventually develop into pores, thus increasing the surface porosity of the composite 

membranes (L. Bai et al., 2017a; X. Wang et al., 2019). Similarly, increased values of EWC 

are observed in composite membranes compared to the PES pristine membrane. The highest 

values of EWC and overall porosity obtained with the ZnO-CNC/PES nanocomposite 

membrane can be attributed to the additive effect of pore widening and the hydrophilic 

character of CNC with abundant free hydroxyl groups (Rambabu et al., 2019; D. Zhang et al., 

2018a).The higher EWC values recorded with the nanocomposite membranes, suggests 

enhanced permeate flux rates and improved anti-fouling properties of these membranes. The 

aforementioned observations are in accordance with results reported in various studies; 

whereas the correlation between EWC and surface porosity of membranes is demonstrated 

(Rambabu et al., 2019; H. H. Wang et al., 2019; D. Zhang et al., 2018a). 



80 
 

3.3.2.5 Pure water flux of membranes 

The pure water flux is a key indicator of membrane permeability and is closely related to 

membrane properties such as porosity, hydrophilicity and mean pore size. Water permeation 

through the membrane strongly depends on both hydrophilicity and pore structure of the 

membrane (Rafieian et al., 2019b; Rambabu et al., 2019). Fig. 3.5 depicts over a precise period 

of time the PWF of different prepared membranes. The lowest PWF data recorded from the 

pristine PES membrane confirms the fact that PES is a hydrophobic polymer.  From Fig. 3.5 it 

is also noticeable that blending PES with nanomaterials promotes membrane PWF. However, 

a sharp increase in PWF data is only observed with PES/CNC and PES/CNC-ZnO 

nanocomposite membranes.  

 
Figure 3.5 Pure water fluxes of prepared membranes (operating pressure: 2 bar, effective 

filtration area: 14.6 cm2, membrane thickness: 250 µm). 

The noticeable increase in PWF of the PES/ZnO membrane is mainly attributed to enlarged 

mean pore size and increased porosity of the blend membrane. During the phase inversion 

process, the ZnO nanoparticles moved to the surface of the membrane and generated enhanced 
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thickening of the aqueous layer on the membrane surface resulting in improved PWF 

(Nasrollahi et al., 2018). The high values of PWF obtained with PES/CNC and PES/CNC-ZnO 

nanocomposite membranes is a good indication that increased hydrophilicity of the membranes 

is the primary factor. CNC have excellent hydrophilic properties due to their huge specific 

surface area and abundant surface hydroxyl groups (Ashori et al., 2019b). Fig. 3.5 clearly 

shows the wettability nature of the pristine PES membrane is significantly improved upon 

addition of CNC to the casting solutions. The highest values of PWF recorded from the 

PES/CNC-ZnO nanocomposite membrane can be attributed to the combined effect of enhanced 

pore network characteristics and hydrophilic nature of the membrane (Jonoobi et al., 2019b; 

Nasrollahi et al., 2018). In a study by (D. Zhang et al., 2018a), the enhancing effect of CNC 

loading on the PWF of PES/CNC composite membranes was reported. In another study 

(Nasrollahi et al., 2018), improved PWF of PES-based UF membranes was achieved and 

attributed to doping the casting solution with hydrophilic ZnO particles during membrane 

processing. 

3.3.2.6 Membrane hydraulic resistance (MHR) 

The hydraulic resistance of PES/CNC-ZnO nanocomposite membrane was measured and 

compared with those of PES, PES/ZnO and PES/CNC membranes (see Fig. 3.6). All 

membranes exhibit constant hydraulic resistance, which indicates good structural stability. The 

highest resistance was obtained from the PES pristine membrane and concurs with the 

measured PWF. The hydraulic resistance is inversely proportional to the flux, hence, the 

elevated MHR data presented by the PES membrane. Likewise, the highest PWF values 

recorded with the PES/CNC-ZnO membrane are further validated by the lowest hydraulic 

resistance exhibited by the membrane in Fig. 3.6. It is also noticeable from Fig. 3.6, the 

presence of additives within the membrane matrix results in a decrease in membrane hydraulic 
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resistance. This can be explained based on the differences in polymer structure. The addition 

of NP enhances segmental gaps between polymer chains which reduces membrane resistance. 

 
Figure 3.6 Hydraulic resistances of prepared composite membranes (operating pressure: 2 

bar, effective filtration area: 14.6 cm2, membrane thickness: 250 µm). 

Moreover, Cellulose based nanocomposite membranes have been reported to present a 

continuous sponge-like structure making them excellent prospects for improved PWF (Dang 

et al., 2007; Sivakumar et al., 2006). 

3.3.2.7 Fouling analyses 

Fouling is an unavoidable phenomenon associated with membrane filtration and caused by the 

deposition and adsorption of matter within pores of the membrane. Flux reduction is the direct 

consequence of membrane fouling. Therefore, FRR is commonly used to assess membrane 

antifouling properties (Nasrollahi et al., 2018). The antifouling ability of the blend membranes 

was first evaluated with FRR values which are graphically presented in Fig. 3.7. From the 

figure, it is clearly noticeable the PWF for all tested samples could not be fully restored to their 
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nanoparticles within the polymeric matrix enhances the nanocomposite membrane resistance 

to fouling. 

 
Figure 3.8 Fouling ratios of prepared composite membranes (operating pressure: 2 bar, 

effective filtration area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

This could be attributed to the improved hydrophilicity of the blend membranes (see Table 

3.1), promoting the adsorption of water molecules and forming an aqueous layer which 

minimises the mechanism of pore blocking. To further compare the antifouling ability of the 

prepared membranes, fouling ratios were calculated (see Fig. 3.8) as they characterise the 

interaction between the foulant and the membrane surface (Rafieian et al., 2019b). MB dye 

molecules being planer in identity can be adsorbed within the pore structure of the membrane 

by four types of forces, namely Van Der Waals, electrostatic, hydrogen bonding and 

hydrophobic forces (Vedula & Yadav, 2022). Although the total fouling ratio of the PES/CNC-

ZnO membrane (68.20 %) is higher than the other membranes, its lowest irreversible fouling 

ratio (12.1 %) compared to the remaining membranes indicates that most of the fouling is 

reversible with chemical cleaning. The extensive fouling obtained with the PES/CNC-ZnO 

membrane can be attributed to the improved adsorptive properties of the membrane towards 
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MB dye molecules. However, the high reversible fouling ratio recorded suggests that the 

existing adsorption forces are easily broken down and the majority of the dye molecules can 

be recovered during chemical treatment of the spent membrane (Nasrollahi et al., 2018). The 

PES/CNC-ZnO membrane was reusable for several run with a flux recovery ratio still above 

60% after the third filtration cycle. The highest irreversible fouling ratio was obtained from the 

pristine PES membrane (51.8%). This can be correlated to the strong hydrophobic interaction 

between the dye molecules and membrane surface (X. Wang et al., 2019). A similar trend was 

reported by a study (Rafieian et al., 2019b), presenting results of lower Rif, higher FRR and Rrf 

for various PES/CNC prepared membranes compare to pure PES membrane. The study 

concluded that nanocomposite membranes had a higher resistance toward fouling and this was 

related to the usage of CNC additives. Another study (Nasrollahi et al., 2018), confirmed the 

enhancing effect of ZnO-based additives on the antifouling performance of PES-based 

membranes. Higher FRR were achieved with ZnO modified PES membranes as compared with 

bare PES membrane. 

3.3.3 Batch equilibrium adsorption studies  

3.3.3.1 Effect of initial pH of dye solution 

The initial solution pH is a key control variable during the adsorption process. It has a 

significant impact on the mobility, solubility, speciation of the adsorbate; hence directly 

affecting the adsorbent-adsorbate interaction during the process (Hameed et al., 2008). In this 

study, the effect of the initial solution pH was investigated by conducting batch adsorption 

experiments within a pH range of 2-10. In this case, 0.1 g of the prepared membrane was 

contacted with 50 ml of MB laden aqueous solution (10 mg/L) at different pH values (2-10) in 

a thermostatic shaker set at 25oC and 160 rpm for 24 hours. A control sample only made of 50 

ml of MB laden aqueous solution (10 mg/L) was added to the batch to confirm adsorption was 

the only mechanism occurring. Fig. 3.9 illustrates the effect of initial solution pH on MB 
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removal by the prepared membranes. From the experimental data graphically summarized by 

the plot of percentage removal versus pH, it can be observed in this case, adsorption is the main 

mechanism responsible for the removal of MB molecules from the aqueous solution. All 

membranes displayed a common trend of higher MB dye removal percentages at alkaline pH 

values. MB dye exists in aqueous solution as cationic species (MB+) and undissociated 

molecules (MBo). At pH values below 3.8, the MBo species predominates whereas, cations 

(MB+) are practically the only species present at pH > 6 (Salazar-Rabago et al., 2017a).  

 
Figure 3.9 Effect of initial solution pH on MB removal from aqueous solution (Mass of 

membrane: 0.1 g, initial dye conc.: 10 mg/L, volume: 50 mL, and temp.: 25°C) 

Consequently, the low removal capacities of the membrane samples at low pH values can be 

attributed to the repulsive electrostatic forces between the negatively charged surface of the 

membranes and the predominant MBo. Moreover, at low pH hydrogen ions (H+) compete with 

MB molecules for available sorption sites. This results in a decrease of interaction between the 

adsorbent and the adsorbate. Increasing the pH leads to the increasing presence of cationic 

species (MB+) which improve the interaction between the adsorbent and the cationic dye 

molecules (Salazar-Rabago et al., 2017b). For all membrane samples, optimum removal 
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efficiencies are recorded within pH range of 7-10 due to strong electrostatic forces of attraction 

between the adsorbent and the cationic species (MB+) mainly present in solution. The lowest 

removal efficiency obtained from the pristine PES membrane suggests that anchoring 

nanoparticles within the polymer matrix generates composite membranes with improved 

sorption abilities towards MB dye molecules. From pH 7, the PES/CNC-ZnO membrane 

exhibited sharply enhanced removal efficiency which can be attributed to the synergetic effect 

of the abundant hydroxyl groups present at the surface of the CNCs and the catalytic potential 

of ZnO NPs. The latter has been reported to possess strong and selective sorption properties 

towards cationic pollutants (Nourmoradi et al., 2015). Oyewo et al. (2020b) reported from pH-

control experiments, a similar sorption behaviour of MB dye onto CNC/ZnO nanocomposite 

adsorbent. The results from the study displayed lower removal of dye within the pH range of 

2-4 and high removal capacity in the alkaline region. A similar trend of increased removal 

capacities with increasing pH was also reported when both CNC and ZnO were used in their 

pure forms. The PES/CNC-ZnO membrane was selected as the best performing sample and its 

adsorption properties towards MB dye molecules was further investigated in subsequent 

experiments. The initial solution pH 7 was selected for the remaining experiments because of 

the improved performance recorded. 

3.3.3.2 Effect of adsorbent mass 

The adsorption properties of the PES/CNC-ZnO membrane were further investigated through 

a study of MB adsorption as a function of adsorbent mass, illustrated by Fig. 3.10. The 

solid/liquid ratio is a key performance indicator of the capacity of an adsorbent and is 

commonly measured by determining the optimum adsorbent mass for a fixed initial pollutant 

concentration (Monsef Khoshhesab & Souhani, 2018; Muinde et al., 2020). Consequently, the 

batch experiments were performed by contacting different masses of PES/CNC-ZnO 

membrane with 50 ml of MB laden aqueous solution (10 mg/L) at the optimum pH, in a 
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thermostatic shaker set at 25oC and 160 rpm for 24 hours. The mass of adsorbent ranged from 

0.025 g up to 0.5 g. The experimental data obtained were plotted in Fig. 3.10 which illustrates 

the removal efficiency and adsorption capacity both as a function of adsorbent mass. 

 
Figure 3.10 Effect of adsorbent mass on MB removal from aqueous solution (initial conc.: 10 

mg/L, pH: 7, volume: 50 mL and temp: 25°C). 

A sharp increase in MB removal efficiency with increasing mass from dosage 0.025 g up to 

0.15 g is noticeable from Fig. 3.10. And this can be attributed to the fact that larger amounts of 

adsorbent provide increased active sorption sites for enhanced uptake of MB molecules from 

aqueous solution, follows is a very slow increase in MB removal efficiency with increasing 

mass up to 0.35 g. Afterwards, maximum removal of MB molecules was observed, giving a 

plateau to the plot within that specific mass range. This could be a result of complete occupancy 

of the internal pores of the adsorbent (Batmaz et al., 2014). From the trend exhibited by Fig. 

3.10, 0.15 g was selected as optimum adsorbent mass for the remaining adsorption experiments. 

On the other hand, it also observed from Fig. 3.10 that adsorption capacity of PES/CNC-ZnO 

membrane decreases with increasing adsorbent mass. This pattern has been attributed to limited 

number of adsorbate species in solution and the unsaturation of the active sites of the adsorbent 
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(Oyewo et al., 2020a). These results are in accordance with reports from two studies involving 

the removal of MB dye from aqueous solution by two different CNC and ZnO based adsorbents 

(Batmaz et al., 2014; Nourmoradi et al., 2015). 

3.3.3.3 Effect of initial dye concentration 

Basically, a specific amount of adsorbent provides sorption sites only for a precise number of 

adsorbate species in solution. Hence, the initial pollutant concentration has also a great 

influence on the outcome of the adsorption process (Muinde et al., 2020). For this reason, the 

effect of dye initial concentration on the adsorption properties of the PES/CNC-ZnO membrane 

was investigated and plotted in Fig. 3.11. Adsorption experiments were performed at various 

dye initial concentrations (10-100 mg/L) under optimal process conditions (contact time: 24 

hrs, pH: 7, volume: 50 mL, mass: 0.15 mg and temp.: 25o C). Optimum removal is achieved 

within dye initial concentration range of [10-50 mg/L]. Afterwards, a gradual decrease in 

removal efficiency with increasing concentration is observed. Because the amount of adsorbent 

is kept constant, there is limited number of active sites available. At lower concentrations, the 

ratio of active sites to the total number of dye molecules available in the solution is high, 

leading to strong sorbate-sorbent interaction. Hence, maximum removal efficiency can be 

achieved rapidly (Batmaz et al., 2014). This ratio decreases with increasing dye initial 

concentration and the available active site become insufficient for the increasing number of 

adsorbate molecules present in the solution. The adsorbent surface gets saturated leading to the 

gradual decrease in removal with increasing dye initial concentrations as observed from 60 

mg/L in Fig. 3.11 (Nourmoradi et al., 2015). 
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Figure 3.11 Effect of dye initial concentration on MB removal from aqueous solution 

(adsorbent mass: 0.15 g, pH 7, volume: 50 mL and temp: 298o C) 

Conversely, it is noted from Fig. 9 that increasing MB initial concentration results in higher 

adsorption capacities.  Higher MB concentrations in the solution automatically promote high 

deriving forces capable of easily overcoming the mass transfer resistance and therefore 

facilitate the rapid transfer of MB molecules from the aqueous phase to solid membranes 

(Batmaz et al., 2014). 

3.3.3.3 Effect of temperature 

Ideally, adsorption should occur at room temperature to minimise energy requirement. 

However, investigating the effect of temperature on the adsorption process is essential in order 

to understand the thermodynamic equilibrium between the adsorbate and the surface of the 

adsorbent. Temperature has been reported as a process parameter with great influence on the 

equilibrium capacity of adsorbent, the rate of diffusion of adsorbate molecules across the 

external boundary layers and the internal pores of the adsorbent particles. Furthermore, 

adsorption isotherms are highly temperature dependent (F. Zhang et al., 2013). The effect of 
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temperatures ranging from 25oC to 45°C on the adsorption capacity of the membrane at 

different dye initial concentrations was explored and graphically summarized in Fig. 3.12. As 

such, an increase in adsorption capacity with increasing temperature was achieved (see Fig. 

3.12). This indicates that the adsorption of MB dye onto the PES/CNC-ZnO nanocomposite 

membrane might be an endothermic process. The improved MB uptake at higher temperatures 

suggests enhanced kinetic energies overcoming mass transfer resistances. Consequently, faster 

rate of diffusion and collision of dye molecules occur within the polymeric structure of the 

membrane (Badawy et al., 2021). 

 
Figure 3.12 Effect of temperature on MB removal from aqueous solution (adsorbent mass: 

0.15 g, pH 7 and volume: 50 mL) 

A rise in temperature can initiate the activation of new sorption sites or induce swelling effect 

within the inner structure of the adsorbent, thus increasing the provided surface area favourable 

for MB adsorption. This would result in further adhesion of dye molecules at the surface of the 

membrane as well as improved intraparticle diffusion within the polymeric structure of the 

adsorbent. Moreover, higher temperatures also induce thinning of the boundary layer 
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surrounding the adsorbent, hence enhancing mass transfer of adsorbate from the bulk phase to 

the solid phase (Badawy et al., 2020). 

3.3.4 Adsorption isotherms  

Adsorption isotherms of MB dye adsorption on the prepared PES/CNC-ZnO nanocomposite 

membrane were studied to gain further insights of the process in terms of the nature and 

favourability, surface properties of the adsorbent, adsorption capacity as well as the potent 

interaction between the adsorbate and the adsorbent within the system.  

 
Figure 3.13 Equilibrium data fitted into linear Langmuir isotherm for MB dye adsorption 

onto PES/CNC-ZnO nanocomposite membrane. 

The maximum adsorption capacity was also determined (Durrani et al., 2022). For these 

purposes, experimental data were analysed through the application of the linear forms of two 

broadly used models namely, the Langmuir (Langmuir, 1917) and Freundlich (Freundlich, 

1906) models. Fig. 3.13 and Fig. 3.14 depict the graphs of the models and the calculated 

isotherm parameters are summarised in Table 3.3. The Langmuir model describes a monolayer 

adsorption process which includes a finite number of binding sites localised on the 
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homogeneous surface of the adsorbent. All active sites are considered equivalent and identical 

in adsorption energies and only be covered by a single layer without any interactions between 

the adsorbate molecules (Vedula & Yadav, 2022).  

 
Figure 3.14 Equilibrium data fitted into linear Freundlich isotherm for MB dye adsorption 

onto PES/CNC-ZnO nanocomposite membrane. 

On the other hand, the Freundlich isotherm predicts a heterogeneous system, involving 

multilayer adsorption. In this case, the model assumes that distribution of active sites on the 

adsorbent surface is energetically heterogeneous and adsorption capacity is related to the initial 

concentration of the adsorbate (Monsef Khoshhesab & Souhani, 2018). The graphs and 

calculated parameters revealed the Langmuir model as a better fit to the experimental data with 

higher correlation coefficients recorded (R2 > 0.999). The applicability of the Langmuir model 

is further substantiated by the fact that, the predicted maximum adsorption capacities calculated 

from the plots were closely matched with experimental data. Moreover, the low separation 
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Figure 3.16 Kinetics data of MB dye adsorption onto PES/CNC-ZnO nanocomposite 

membrane at different MB dye initial concentrations (adsorbent mass: 3 g; pH: 7; Temp: 

25oC and Volume-1 L). 

Experimental data gathered are graphically represented in Fig. 3.16 illustrating the influence 

of contact time and dye concentrations on the sorption properties of the nanocomposite 

membrane. From the figure, the time dependence of the sorption process is clearly 

demonstrated and a single pattern is observed for all three concentrations. Each graph illustrates 

a rapidly increasing adsorption rate at the beginning, followed by a gradually slower uptake 

rate as the process approaches an equilibrium state owing to the saturation of the active sorption 

sites. This is a common trend broadly reported in literature by numerous studies (Mishra et al., 

2017; Tambat et al., 2020; Vishan et al., 2019). High adsorption driving force generated by the 

large concentration gradient existing at the beginning of the process between the solid phase 

and the liquid phase, could be responsible for the rapid uptake phenomenon observed.  
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Figure 3.17 The pseudo-first order kinetic plot of MB dye adsorption onto PES/CNC-ZnO 

nanocomposite membrane. 

Moreover, the increasing initial MB dye uptake rate with increasing concentration presented in 

Fig. 3.16 could be attributed to the fact that higher solution initial concentrations would result 

in increased adsorption driving forces. With time, as the active sorption sites get occupied the 

concentration gradient decreases, hence reducing adsorption driving forces which gradually 

results in a slower uptake rate (Dhananasekaran et al., 2016). For all studied concentrations 

adsorption equilibrium was reached in less than 2 hours. This suggests that the rate of diffusion 

of MB dye molecules within the polymeric structure of the nanocomposite membrane is a rapid 

process. 

To gain a deep insight on the rate controlling mechanism governing the adsorption process 

under study, the experimental data were fitted to the linear forms of two commonly applied 

kinetics models; namely, the pseudo-first-order model (Corbett, 1972) and the pseudo-second-

order model (Ho & McKay, 1999). 
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Figure 3.18 The pseudo-second order kinetic plot of MB dye adsorption onto PES/CNC-ZnO 

nanocomposite membrane. 

Table 3.5 Kinetics parameters of MB dye sorption onto PES/CNC-ZnO nanocomposite 

membrane 

Initial 
Concentration 

(mg/L) 

Pseudo first-order model 

k1 (min-1) qe (mg/g) 
experimental 

qe (mg/g) 
calculated R2 

25 0.087 8.32 17.70 0.9699 

50 0.072 15.66 33.14 0.9906 

100 0.114 23.98 87.90 0.9263 

Initial  
Concentration 

(mg/L) 

Pseudo second-order model 

k2 (g/mg/min) qe (mg/g) 
experimental 

qe (mg/g) 
calculated R2 

25 0.078 8.32 8.36 0.9996 

50 0.017 15.66 15.87 0.9988 

100 0.022 23.98 24.15 0.9992 

Kinetics modelling assists in the calculation of parameters useful in providing information on 

controlling mechanisms such as mass transfer and chemical reaction guiding the adsorption 

process. Furthermore, these kinetics parameters also play a crucial role in the design of 
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adsorption systems at industrial scale (Azizi et al., 2017). The modelling of experimental data 

through the pseudo-first-order and the pseudo-second-order are illustrated in Fig. 3.17 and Fig. 

3.18 respectively. The calculated key parameters are presented in Table 4. From the plots 

obtained from each model and the correlation coefficients recorded in Table 4, it is evident that 

the pseudo-second-order is a more suitable model to describe the adsorption process under 

study. For each concentration, a linear graph was achieved with the pseudo-second-order model 

and the correlation coefficient extracted from the graph exceeded the value of 0.99. Moreover, 

the pseudo-second-order model showed good agreement between the experimental adsorption 

capacity and the calculated capacity (see Table 3.5). The best fit presented by the pseudo-

second-order model with no deviation from linearity observed, suggests chemical interactions 

on a homogeneous solid substrate. These involve the sharing or exchanging of electron through 

electrostatic forces between the dye molecules and the homogeneous surface of the membrane 

(Joudi et al., 2020). 

3.3.7 Filtration performance of the membrane  

In industrial application, the key properties of highly performing membranes include small 

pore sizes, high porosity, enhanced and stable flux rates as well as high pollutant removal 

capacity (Gorgieva et al., 2019). In this regard, the filtration performance towards MB dye of 

the prepared PES/CNC-ZnO membrane was investigated and the experimental data are 

graphically presented in Fig. 3.19. The results presented demonstrate high removal efficiency 

(~ 100%) and good permeate flux rates (up to 60 L/m2h). These are favourable characteristics 

for great prospects in ultrafiltration processes. The PES/CNC-ZnO membrane was 

characterised with relatively higher porosity and smaller pore sizes which promotes 

improvement of flux rate on one hand and improve rejection of pollutant on the other hand 

(Gorgieva et al., 2019; Huan et al., 2019).  
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Figure 3.19 MB dye removal efficiency and permeate flux of PES/CNC-ZnO nanocomposite 

membrane during filtration experiment (pressure: 2 bar; initial dye conc.: 10 mg/L; effective 

filtration area: 14.6 cm2) 

The anisotropic, open pore structure and the presence of multidirectional pore channels 

presented by the characterisation images, had a major enhancement effect on the adsorptive 

properties of the nanocomposite membrane (Huan et al., 2019). The high MB dye removal 

observed suggests that improved dye rejection was achieved from the synergy of adsorption 

and size exclusion mechanisms. The robust adsorptive and hydrophilic properties of CNC/ZnO 

additives also played a critical role in promoting high permeability as well as high removal 

efficiency of MB dye molecules from aqueous solutions. The occupation of sorption sites by 

dye molecules gradually lead to a restricted pore structure responsible for a higher MB dye 

rejection rate and progressive reduction of the permeate flux rate (Huan et al., 2019). In this 

study the internal fouling generated by the adsorption of MB dye within the pore structure of 

the membrane was easily reversible as demonstrated by the results obtained from fouling 

analyses. The prepared PES/CNC-ZnO nanocomposite membrane exhibited promising 
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From the plots it can be observed that for all cycles the adsorption capacity of the membrane 

is always higher than the desorption capacity. This suggests that a fraction of the adsorption of 

MB dye onto the membrane is irreversible. The significant desorption capacity recorded in 

each cycle indicates the MB dye sorption mechanisms is mainly attributed to weak interaction 

forces. However, the fraction that is irreversible is evidence that some of these interactions 

forces between MB dye and the membrane are strong chemical bonds (El Boujaady et al., 

2017). This is in agreement with the results obtained from thermodynamic studies. Figure 3.20 

also demonstrate that both adsorption and desorption capacities gradually decrease with 

increasing number of cycles. On one hand, this confirms that the regeneration of all sorption 

sites was not feasible causing the adsorbent to progressively lose its activity. With further 

increase in adsorption cycles, the sorption sites within the polymeric structure gradually 

became saturated, resulting in fewer available active sorption sites. On the other hand, the 

continuous decrease in desorption capacity was a manifestation of irreversible bonds formed 

between the adsorbing MB and active sites in each adsorption cycle (Gorgieva et al., 2019). 

However, only 40% reduction in adsorption percentage was observed after the third cycle 

thereby, indicating that PES/CNC-ZnO nanocomposite membrane could be regenerated and 

reused successfully for MB dye removal from aqueous solutions. 

3.4 Conclusion 

This work demonstrated the preparation of CNC-ZnO-based PES composite UF membrane as 

a membrane adsorbent for the removal of MB dye from aqueous solution. The membrane was 

prepared via the non-solvent induced phase separation technique and the CNC-ZnO nanofiller 

were embedded within the polymeric structure of the membrane through a blending process. A 

sponge-like structure with few finger-like voids was observed through SEM images of the 

cross-section area of the membrane. Enhanced antifouling properties of the membrane were 

indicated by a promising WCA value of 55.9o and a PWF of about 72 L.m-2.h-1. The improved 
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hydrophilicity of the composite membrane was mainly attributed to the presence of the sawdust 

derived CNC-based nanofiller. The fabricated CNC-ZnO/PES composite UF membrane 

exhibited promising performance in removing MB dye molecules from aqueous solutions. The 

optimum adsorption performance was recorded at an initial solution pH of 7, an adsorbent mass 

of 0.15 g for a volume of 50 mL and a process temperature of 25oC. With a MB dye initial 

concentration of 25 mg/L, the kinetics equilibrium was achieved around 120 min. The 

Langmuir isotherm model was a better fit to the data collected from the batch equilibrium 

experiments, describing a monolayer adsorption mechanism. Moreover, the positive value of 

the enthalpy calculated from the thermodynamic study conducted, revealed the endothermic 

nature of the process. Meanwhile, the kinetics experimental data fitted better into the pseudo-

second order model, which predicted a maximum adsorption capacity of 24.15 mg/g. Improved 

filtration performance was observed with close to 100 % removal achieved and filtrate flux 

around 50 L.m-2.h-1 after a process duration of 1.67 h. The reusability of the membrane was 

demonstrated with the achievement of 3 successful adsorption-desorption cycles. In view of 

the abundant availability of sawdust as a forestry waste and the competitive adsorptive 

properties recorded, the prepared membrane can be classified as a good prospect for the 

removal of MB dye from aqueous solutions. 
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anaemia (Hegazy et al., 2010), renal disorder (Campbell et al., 1981), peripheral neuropathy 

(Barats et al., 2000), low fertility (Winder, 1993), miscarriage (Hertz-Picciotto, 2000) and 

depressive disorder (Bouchard et al., 2009). These adverse effects are accentuated in children 

aged below 6 years and can severely impair their IQ levels (Azam et al., 2022; Ghorbani et al., 

2020). From health and regulatory perspectives, maintaining lead concentrations below 

maximum allowable limits in drinking water and industrial effluents is of great importance 

(Mohamed et al., 2022). Consequently, the applications of various physical and chemical based 

technologies for the removal of Pb (II) from aqueous solutions have been extensively studied 

over the years (Chowdhury et al., 2022). Recently the adsorptive ultrafiltration (UF) process 

has rapidly gained a great deal of attention as a promising hybrid technology, highly effective 

in removing heavy metals from aqueous solutions (Aryanti et al., 2018; X. Ma et al., 2017). 

The goal is to develop the next generation of UF composite membranes with both separation 

and absorption outstanding properties for economic and highly efficient applications in water 

quality improvement (Barakat, 2011). Blending nanomaterials (NM) within the polymer matrix 

of the membrane has increasingly been considered as a robust alternative with great potential 

in solving the trade-off relationship between selectivity and permeability as well as, mitigating 

the problem of membrane fouling during water treatment (X. Wang et al., 2018; T. Yu et al., 

2022). Over the years, cellulose nanocrystals (CNC) have been extensively applied in 

numerous studies as nano-additives for the preparation of highly performing nanocomposite 

membranes (Ashori et al., 2019b). They have gained immerse popularity as great prospect for 

this purpose because of their numerous advantages owing to their nanoscale diameters and 

large aspect ratio (Jonoobi et al., 2019b). These include cost-effectiveness (Klemm et al., 

2011), biodegradability (H. Bai et al., 2012), renewability (Rafieian et al., 2018), 

biocompatibility (Das et al., 2017), inherent environmental inertness (Moon et al., 2011) and 

good thermal stability (Carpenter et al., 2015). Moreover, the abundant hydroxyl groups at the 
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surface of CNC promote the incorporation of a large variety of chemical moieties which 

improves the inherent permeability, hydrophilicity and selectivity of the nanocomposite 

membrane (Goetz et al., 2016). To date, converting readily available bio-waste of no economic 

value into valuable end products is a common trend governing most research studies (P. Sharma 

et al., 2011). Wood sawdust is a readily available by-product of the forestry industry and its 

accumulation in landfill represents a serious pollution issue (Salazar-Rabago et al., 2017b). 

Exposure to sawdust can induce allergies and various respiratory disorders such as chronic 

bronchitis and asthma (Malmstrom et al., 1999). Consequently, the key objectives of this work 

are (i) the preparation of sawdust derived CNC-based nanocomposite UF membrane and (ii) 

the investigation of the inherent adsorptive and rejection properties of the prepared membrane 

towards Pb (II) in aqueous solutions. Polyethersulfone (PES) was used as the base polymer due 

to its good physico-chemical properties including high thermal stability (J. F. Kim et al., 2016), 

good chemical tolerance (D. Zhang et al., 2018a) and commendable mechanical properties 

(Arthanareeswaran & Starov, 2011). The non-solvent induced phase inversion method was used 

to prepare the CNC-based nanocomposite membrane. Various microscopic and spectroscopic 

techniques like contact angle measurement, SEM, XRD, FTIR ATR, and TGA DSC were 

applied to characterize the physico-chemical, thermal, and morphological attributes of the 

membrane. Pure water flux, pollutant removal and antifouling were conducted to evaluate the 

performance of the membrane in removing Pb (II) from aqueous solutions. Furthermore, 

detailed mathematical modelling of performance data was performed to obtain key water 

treatment parameters for the design of industrial scale water treatment systems. 

4.2 Materials and methods 

4.2.1 Materials 

The sawdust derived CNC-based suspension was obtained from the DST-CSIR Bio-refinery in 

Durban (South Africa). Chemicals of analytical reagent grade [AR Grade] including 
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Figure 4.1 SEM images of surfaces and cross sections for PES pristine (a, d and f) and 

PES/CNC-H2O/IPA (b, c, e and g) membranes 

Typically, the hydrophilic nature of CNC nanofiller promotes the phase separation process by 

enhancing the affinity of the casting solution for the non-solvent (solely water) during the 

coagulation process (Gumbi et al., 2018). This results into the creation of a finger-like porosity 

in the sub-layer of the membrane structure. But if the rate of the non-solvent (water/IPA) influx 

within the casting solution is higher than that of the solvent outflow during the solvent-non 

solvent exchange process, the resulting membrane would present a sponge-like morphology 

(Sukitpaneenit & Chung, 2012). 
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Table 4.2 Mechanical properties of the prepared membranes       

Membranes  Elongation at break 
(mm)  

Tensile stress (MPa)  % strain at max load  

PES/CNC_H2O (M1)  3.01 ± 0.1 3.09 ± 0.2 16.12 ± 0.5 

PES/CNC_H2O/IPA (M2)  2.90 ± 0.4  3,05 ± 0.3  15.99 ± 0.6  

4.3.1.4 Water content and porosity of membranes 

The EWC and porosity of membranes M1 and M2 were assessed and summarised in Table 4.1, 

to study the effect of coagulation bath on the morphological properties of the membranes. 

Membrane M1 represents the PES/CNC composite membrane prepared with the non-solvent 

coagulation bath made solely of ultrapure water. Membrane M2 refers to the PES/CNC 

composite membrane prepared with the non-solvent coagulation bath made of 50% (v/v) 

ultrapure water and 50% IPA. Membrane M1 was characterized with good overall porosity and 

water absorption capacity which is in accordance with numerous studies reported in literature. 

Zhang et al., (2018a) attributed the enhanced water content of the fabricated PES/CNC 

nanocomposite membranes to the hydrophilic character of CNC made of free hydroxyl groups. 

In another study, the addition of CNC within the polymeric matrix of the PES-based composite 

membrane was associated with greater pore size and porosity at the surface as well as in the 

bulk (L. Bai et al., 2017a). A decrease in EWC and surface porosity is observed with M2. 

Longer pores and higher surface porosity have been reported as common causes of better water 

retention by the blend membranes. Hence the lower values obtained with M2 could be the result 

of membrane swelling with narrow pores. The addition of alcohol in the coagulation bath has 

been reported to change the morphology of the prepared membranes from a finger-like 

structure to a porous sponge-like structure (N. Ali et al., 2007). Deshmukh & Li (1998), 

revealed in a study that an alcohol-based coagulation bath decreases the effective porosity of 

the membrane. This was attributed to delayed demixing which results in membranes with 

porous sponge-like structure rather that long finger-like structure. The presence of alcohol in 
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the coagulation bath induces the slow diffusion of the non-solvent into the forming structure, 

thus delaying the rate of precipitation. The strong interaction between the solvent and non-

solvent decreases their solubility and promoted the occurrence of delayed demixing which 

results in the formation of membranes with a spongy structure and lower surface porosity (Tsui 

& Cheryan, 2004). Nevertheless, the composite membrane obtained with the IPA-based 

coagulation bath still presents promising wettability and permeability properties due to the 

outstanding hydrophilicity feature of CNC additives. 

4.3.1.5 Pure water flux of composite membranes 

The PWF measurement of membranes M1 and M2 over a duration of 200 min are presented in 

Fig. 4.2. From the graphs, it can be observed that the presence of IPA in the coagulation bath 

has resulted in a decrease in the PWF of the composite membrane.  

 
Figure 4.2 Pure water fluxes of nanocomposite membranes (operating pressure: 2 bar, 

effective filtration area: 14.6 cm2, membrane thickness: 250 µm). 

This is a direct consequence of the sponge-like structure of membrane M2. The addition of IPA 

into the coagulation bath has resulted into the change from finger-like to sponge-like structure. 
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4.3.1.6 Membrane hydraulic resistance 

 
Figure 4.3 Hydraulic resistance of membranes (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm). 

The hydraulic resistances of the prepared membranes were measured over a period of 50 hours 

and the values are presented in Fig. 4.3. In both cases, a good structural stability is demonstrated 

by the nearly constant hydraulic resistances recorded throughout the filtration period. Higher 

values were obviously achieved with membrane M2 because hydraulic resistance is inversely 

proportional to the flux. The lower PWF data recorded with M2 (see Fig. 4.3), translates to a 

higher MHR which is also in accordance with the restricted pore network observed with M2. 

The presence of IPA in the coagulation bath hindered segmental gap formation between 

polymer chains which causes the increase in membrane resistance (Sivakumar et al., 2006). 

4.3.1.7 Antifouling studies 

The fouling phenomena is one of the fundamental obstacles hindering the broad application of 

UF polymeric membranes in the field of water and wastewater treatment (Aryanti et al., 2018; 

Ashori et al., 2019b). Consequently, the antifouling properties of the prepared membranes were 
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investigated and summarised in Fig. 4.4 and Fig. 4.5. The fouling parameters of the composite 

membranes M1 and M2 were measured in terms of FRR, Rf, Rrf and Rirf. Both membranes 

exhibited promising antifouling characteristics which can be attributed to their hydrophilic 

surfaces. This observation is in line with the common view that CNC based composite 

membranes possess good inherent antifouling features (Jonoobi et al., 2019b). In both cases, 

the fouling mechanism occurring is mainly due to the adsorptive nature of the membranes, 

promoting molecular binding and aggregation. Higher fouling ratios were recorded with 

membrane M2.  

 
Figure 4.4 Fouling ratios of membrane M1 (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

These can be attributed to the sponge-like structure and narrower pores of the polymeric matrix 

(N. Ali et al., 2007). The relatively higher reversible fouling ratios measured in both cases 

suggest that standard membrane cleaning can be used to restore the spent membranes. This is 

further substantiated by the high FRR values recorded. Due to the presence of IPA in the 
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coagulation bath, membrane M2 was characterised with a denser and narrower pores structure 

(N. Ali et al., 2007). 

 
Figure 4.5 Fouling ratios of membrane M2 (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

This increases the risk of intra-pore aggregation of pollutants and lowers the efficiency of 

membrane cleaning. Similar FRR data were reported in a study investigating the adsorptive 

properties of sulfonated polyimides based polysulfone UF membranes for the removal of heavy 

metals and proteins from aqueous solutions. The elevated irreversible fouling ratios measured 

were attributed to the adsorptive nature of the additives which promoted the deposition of 

protein molecule at the surface of the membrane; therefore, leading to pore blockage (Jafar 

Mazumder et al., 2020). 

4.3.2 Batch equilibrium adsorption studies 

4.3.2.1 Effect of solution initial pH 

The solution initial pH is a key physicochemical variable that has a direct influence on the 

sorbate speciation and the surface charge of the adsorbent (Dehghani et al., 2023). 
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Consequently, the effect of solution initial pH on the adsorption properties of both membranes 

was investigated by performing batch experiments at different pH ranging from 2 to 10. The 

outcomes are graphically summarized in Fig. 4.6. From the plots, an increase in Pb (II) removal 

capacity with membrane M2 is observed throughout the studied pH range. However, for both 

membranes, a single trend is observed with higher removal achieved at alkaline conditions. 

Under strong acidic condition, hydrogen ions are abundant and would compete with Pb (II) 

species for the negatively charged sorption sites of the membranes. This accounts for the low 

removal efficiency of lead ions at low pH.  

 
Figure 4.6 Effect of initial solution pH on Pb (II) removal from aqueous solution (Mass of 

membrane: 0.1 g, Pb2+ initial ion conc.: 10 mg/L, volume: 50 mL, and temp.: 25°C). 

The increase in pH translates to lower concentrations of H+ ions and stronger electrostatic 

attraction forces between cationic lead ions and negatively charged surface of membranes. 

Hence the increasing removal capacities observed in both cases with increasing pH. (Azam et 

al., 2022; Jaber et al., 2022; Zhao et al., 2016). This suggests that above pH 8, the removal of 

Pb (II) ions could be attributed to the adsorption of the species onto the surface of the membrane 

and the precipitation of the ions as Pb (OH)2. The higher removal capacity demonstrated by 

membrane M2 can be attributed to the sponge like morphology of the membrane. This provided 
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additional sorption sites and a larger pores volume for the uptake of the adsorbate. Considering 

the precipitation phenomenon of Pb (II) ions at strong alkaline conditions, pH 7 was selected 

as optimal pH and maintained for subsequent experiments. 

4.3.2.2 Effect of adsorbent dosage 

The optimal adsorbent dosage is a key parameter commonly used to study the economic 

viability of the process at industrial scale (Dehghani et al., 2023). Subsequently, the removal 

of Pb (II) ions from aqueous solutions was also determined as a function of various dosages of 

membrane M2 added to the solutions as shown in Fig. 4.7.  

 
Figure 4.7 Effect of adsorbent dosage on Pb (II) removal from aqueous solution (Pb2+ initial 

conc.: 10 mg/L, pH: 7, volume: 50 mL and temp: 25°C). 

From the graph a sharp increase in percentage removal with increasing adsorbent mass from 

0.025 g up to 0.15 g of the adsorbent is apparent. It is also noticeable from the graph that further 

increase of the adsorbent dosage up to 0.25 g does not present a significant effect on the 

removal efficiency. The rapid increasing of the removal efficiency observed can be associated 

with accessibility to an increased number of active sorption sites by a fixed number of Pb (II) 

species in solution leading to an increasing amount of Pb (II) adsorbed. The steady removal 
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efficiency depicted after the adsorbent dose of 0.15 g could be an indication of adsorption 

equilibrium. Conversely, a decrease in the adsorption capacity is observed with increasing 

adsorbent dosage. This could be attributed to the aggregation of adsorbent particles at high 

doses, hindering some active sorption sites, hence reducing the number of adsorbed ions. On 

the other hand, as the dosage increased, the ratio of number of adsorption sites to the number 

of Pb (II) species would increase which results in an increasing number of available active sites 

to be occupied by Pb (II) ions. Consequently, many sorption sites would remain unsaturated; 

hence a decrease in adsorption capacity is observed with increasing adsorbent dosages. Few 

studies reporting similar trends are available in the literature relevant to the adsorptive removal 

of Pb (II) from aqueous solutions (Aquino et al., 2018; Azam et al., 2022; Dehghani et al., 

2023; Jaber et al., 2022). In this study, the optimum adsorbent dosage was recorded to be 0.15 

g and was maintained for subsequent experiments. 

 4.3.2.3 Effect of initial concentration 

 
Figure 4.8 Effect of initial ion concentration on Pb (II) removal from aqueous solution 

(adsorbent mass: 0.15 g, pH 7, volume: 50 mL and temp: 298o C) 
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The effect of initial ion concentration on the adsorptive properties of membrane M2 towards 

Pb (II) in aqueous solutions was also investigated. Therefore, the batch experiment was 

conducted by maintaining all parameters such as pH, sorbent dose and temperature constant 

except for the Pb (II) initial concentration which was increased from 10 mg/L to 100 mg/L. 

Fig. 4.8 illustrates the removal efficiency and capacity of membrane M2 under varying Pb (II) 

initial concentration. A decrease in removal efficiency with increasing initial ion concentration 

is clearly noticeable. On the other hand, the adsorption capacity is observed to significantly 

increase with increasing initial Pb (II) concentration. This mechanism can be explained by the 

massive competition among Pb (II) ions to adhere onto limited active sorption sites available 

on the surface of the membrane. Furthermore, increasing initial ions concentration generate 

higher deriving forces which could easily break the mass transfer barriers and promote the fast 

transfer of Pb (II) ions from the aqueous phase to the surface of the membrane (Dehghani et 

al., 2023; Shaikh, 2020). 

4.3.2.4 Effect of temperature 

The effect of temperature on the sorption capacity of the composite membrane was investigated 

by performing batch adsorption experiments at varying temperature from 25oC to 45oC. The 

results summarized in Fig. 4.9 reveal that the adsorption uptake of Pb (II) ions increases with 

increasing temperatures. This is suggestive of the endothermic nature of the process. At higher 

temperatures, higher mobility of Pb (II) ions occurs which promotes intense interaction 

between the ions and the surface of the adsorbent. This facilitates particles diffusion into the 

pores of the adsorptive membrane therefore, enhancing adsorption uptake of Pb(II) species 

(Dehghani et al., 2023; Jaber et al., 2022). 
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Figure 4.9 Effect of temperature on Pb (II) removal from aqueous solution (adsorbent mass: 

0.15 g, pH 7 and volume: 50 mL) 

Some studies have reported similar trends in the literature. Hefne et al., (2008) for instance, 

investigated the adsorption of Pb (II) onto natural bentonite within the temperature range of 

293-313 K and reported the process to be endothermic and spontaneous in nature. Another 

work by Ngah & Fatinathan (2010) studied the removal of Pb (II) by natural composite 

chitosan-tripolyphosphate beads and concluded that the adsorption process was endothermic. 

4.3.3 Adsorption isotherm 

The fitting of experimental data into the Langmuir and Freundlich models are illustrated in Fig. 

4.10 and Fig. 4.11 respectively. Parameters calculated from the isotherm curves are presented 

in Table 4.3. From the correlation coefficient values (R2 > 0.99) obtained from both models at 

varying temperatures, it is evident that the Langmuir equation describes the experimental data 

better than the Freundlich equation. 
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adsorption uptake of Pb (II) species by M2 was investigated and the results are depicted in 

Fig.4.13. From the graphs obtained at different ion initial concentrations (25 mg/l; 50 mg/l and 

100 mg/l), a high adsorption rate was observed within the first 60 min, followed by a slower 

rate of adsorption until equilibrium was achieved after 100 min.  

 
Figure 4.13 Kinetics data of Pb (II) ions adsorption onto membrane M2 at different adsorbate 

initial concentrations (adsorbent mass: 3 g; pH: 7; Temp: 25oC and Volume-1 L). 

The rapid Pb (II) ions uptake rate at the initial stage of the process can be attributed to the 

existing high concentration gradient which aids the fast diffusion of Pb (II) ions onto the surface 

of the membrane (Azam et al., 2022). Additionally, the large amount of active sorption sites 

initially available also promotes the interaction between the ions and the surface of the 

adsorbent (Prasad et al., 2017). As the process duration increases, the sorption biding sites get 

occupied, leading to a slower uptake rate of Pb (II) ions onto the surface of the adsorbent (Hur 

et al., 2015). The slow increase in Pb (II) sorption rate recorded in the second stage of the 

process is related to the diffusion of the adsorbate within the internal micro-pores and meso-

porous of the membrane (Jaber et al., 2022). Once there were no more sites available for 

binding, the adsorption uptake gradually balanced and equilibrium was established after 100 
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min. To interpret further the mechanism of Pb (II) sorption onto M2, experimental data 

generated were fitted into two commonly used kinetic models namely, pseudo-first-order and 

pseudo-second-order models. The graphical representation of kinetic modelling is depicted in 

Fig. 4.14 and Fig. 4.15. Table 4.5 presents all calculated kinetic and statistical parameters. 

 
Figure 4.14 The pseudo-first order kinetic plot of Pb (II) ions adsorption onto M2. 

As presented by Table 4, the pseudo-first order model exhibited lower values of correlation 

coefficient (R2 < 0.99). Furthermore, the maximum uptake capacity qe, calculated from the 

linear equation of the model did not match the experimental values recorded. Consequently, 

the pseudo-first-order model was regarded as not suitable to describe the process (Jaber et al., 

2022). Meanwhile, higher correlation coefficients (R2 > 0.99) were obtained with the pseudo-

second order model and the calculated values of the maximum uptake capacity qe, are quite 

close to the experimental values. The calculated values of the pseudo-second order rate 

constant k2, decreased with increasing initial ions concentration.  
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Figure 4.15 The pseudo-second order kinetic plot of Pb (II) ions adsorption onto M2. 

This is in accordance with the experimental graphs presented in Fig. 4.13. As the initial 

pollutant concentration increases, longer contact time is required to reach equilibrium. These 

outcomes substantiate the fact that, the pseudo-second order model can be considered as a 

better fit than the pseudo-first order model (Aquino et al., 2018). Pseudo second-order kinetics 

reveals that chemisorption is the rate-limiting step for the adsorption of Pb (II) ions onto the 

membrane. This suggests that Pb (II) ions affix to the surface of the membrane through covalent 

bonds established between the adsorbent and the adsorbate (J. R. Kumar et al., 2010). 

Table 4.5 Kinetics parameters of Pb (II) ions adsorption onto membrane M2. 

Initial  
Concentration 

(mg/L) 

Pseudo first-order model 

k1 (min-1) qe (mg/g) 
experimental 

qe (mg/g) 
calculated R2 

25 0.0623 8.23 28.27 0.9323 
50 0.0865 15.66 311.96 0.3172 
100 0.0259 20.98 33.77 0.9807 

Initial  
Concentration 

(mg/L) 

Pseudo second-order model 
k2  

(g/mg/min) 
qe (mg/g) 

experimental 
qe (mg/g) 

calculated R2 

25 0.189 8.23 8.25 0.9999 
50 0.028 15.66 15.80 0.9995 
100 0.010 20.98 21.37 0.9989 
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4.3.6 Filtration performance of the prepared membrane 

Experimental data gathered from the batch filtration studies are summarized in Fig. 4.16. 

Throughout the duration of each filtration cycle, Pb2+ residual concentration in the filtrate 

remained quite low, resulting in high removal efficiency (99.7 %).  

 
Figure 4.16 Pb (II) ions removal efficiency and permeate flux rates of M2 (pressure: 2 bar; 

Pb2+ initial conc.: 10 mg/L; effective filtration area: 14.6 cm2) 

Good membrane permeability (67.88 L/m2h) is also recorded at the beginning of the process. 

This can be associated with the outstanding adsorptive and hydrophilic properties of CNC 

additives. The strong affinity of Pb2+ towards the negatively charged CNC embedded within 

the structure of the membrane facilitates the enhanced adsorption of the ions within the pores 

of the adsorbent. However, the active sorption sites at the surface of the membrane gradually 

get filled as time goes causing fouling of the membrane. As a results a decrease in the permeate 

flux rate is observed with increasing filtration time (Huan et al., 2019). Nevertheless, an 

acceptable permeate flux rate (44.71 L/m2h) was still recorded at the end of the filtration cycle 

thanks to the presence of CNC additives within the polymeric structure of the prepared 

membrane. The filtration performance of an adsorptive membrane is dependent upon its 
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adsorption capacity, kinetics, as well as hydrodynamics applied during operation (Zhao et al., 

2016). The results obtained in this case suggest that membrane M2 has promising intrinsic 

properties required for efficient filtration of Pb (II) contaminated aqueous solutions. 

4.3.7 Regeneration experiments 

 
Figure 4.17 Adsorption-desorption efficiency of Pb (II) molecules. 

Following the current trends in the field of adsorption, reusability is an advantageous feature 

that can enable the affordability and lower the environmental footprint of an adsorbent (Azam 

et al., 2022). The regeneration properties of M2 were investigated by conducting three 

adsorption-desorption cycles (see Fig. 4.17). HCl was selected as the most efficient diluent 

from the cleaning of the spent membrane. Acid solutions such as nitric and phosphoric acids 

have been reported to effectively desorb lead from various spent adsorbents (N. Li & Bai, 2006; 

J. Zhang et al., 2020). As shown in Fig. 4.17, the spent membrane still demonstrated more than 

70 % removal efficiency after 3 successive cycles. Compared to the first cycle, the removal 

efficiency of Pb (II) ions by regenerated M2 remained good for the additional 2 cycles, 

demonstrating efficient regeneration by HCl wash. This observation is also in agreement with 
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the higher reversible fouling ratios reported. The efficiency of HCl in regenerating the spent 

membrane can be associated with the substitution of Pb(II) ions by H+ ions on the surface of 

the adsorbent (Jaber et al., 2022). Despite the decreasing desorption efficiency with increasing 

number of successive cycles, the acid wash could still desorb more than 65 % of Pb (II) ions 

from the surface of the membrane. This proves that membrane M2 has promising inherent 

reusability properties. 

4.4 Conclusion 

A CNC-based PES composite membrane with a sponge-like polymeric structure and enhanced 

hydrophilicity was successfully fabricated, characterized and used as adsorbent for the removal 

of Pb2+ ions from aqueous solutions. The experimental results gathered revealed the adsorption 

process to be directly dependent on the solution initial pH, the adsorbent dosage, the 

temperature and the process duration. The Langmuir isotherm offered a better fit to the 

experimental data with an increase in sorption capacity from 21.37 mg/g at 25oC to 25.84 mg/g 

at 45oC. The spontaneous and endothermic nature of the process was demonstrated by the 

thermodynamic parameters obtained. An appreciable level of randomness at the solid-liquid 

interface was also observed. The fitting of kinetics data into the most commonly used models, 

predicted the chemisorption mechanism to be dominant. Pb2+ ions were successfully filtered 

from aqueous solutions by the fabricated membrane. A removal efficiency nearing 100 % was 

recorded for an influent concentration of 10 mg/L, a pressure of 2 bar and an effective filtration 

area of 14.6 cm2. The regeneration experiments performed indicated good reusability of the 

membrane up to three cycles without significant loss of capacity. This work presents CNC/PES 

nanocomposite membrane as a good prospect for the removal of Pb2+ ions from aqueous 

solutions.  
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2022) and membrane filtration (T. Wang et al., 2018) to name a few, have been practiced 

worldwide for the treatment of dye contaminated effluents. Most of these methods are 

ineffective, expensive or generate secondary waste (Al-Salihi et al., 2022). Over the years, 

adsorption and membrane filtration processes have grown quite popular due to advantageous 

features such as low operating costs, high efficiency, reusability, flexibility in design and 

operation (J. Wu et al., 2020; Zhu et al., 2020). Currently, adsorption and membrane 

technologies have been synergically applied as the next-generation of reusable and portable 

water purification technology (Z. Liang et al., 2021). Adsorptive membranes combine the 

commendable properties of membrane filtration and adsorption processes; making them highly 

efficient in removing trace amounts of a large variety of pollutant from aqueous solutions (S. 

Yu et al., 2021). The fabrication of mixed matrix membranes (MMMs) by embedding 

nanomaterials into polymer matrices have rapidly gained a great deal of attention as they 

exhibit superior permeability and antifouling properties. The selection of the nanofiller is an 

essential step because their inherent features such as particle size, dispersibility, water stability 

and hydrophilicity has a direct influence on the structure and chemistry of the MMMs (Ayyaru 

et al., 2019; Jun et al., 2020; U. Sharma et al., 2023). Cellulose nanocrystals (CNCs), an 

interesting class of cellulosic nanomaterials, have recently emerged as excellent nanofiller in 

the fabrication of MMMs. In addition to their polymer compatibility, CNCs based MMMs 

possess excellent permeability, adsorption and antifouling characteristics. The hydrophilic 

functional groups from the CNCs aid in the adsorptive removal of solutes from aqueous 

solutions. Furthermore, the high surface area and uniformly structured nanoscale porosity of 

CNCs not only significantly improve permeability, but also provides numerous interactive 

adsorption sites for a large range of pollutants (Gopakumar et al., 2018b). Polyethersulphone 

(PES) is a popular industrial choice in UF polymers due to its excellent membrane-forming 

ability. This is attributed to its distinctive physico-chemical properties including good chemical 
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5.2.2 Methods 

5.2.2.1 Surface functionalization of CNCs 

The narrative describing in detail the extraction of CNCs from sawdust has been reported 

elsewhere (Gibril et al., 2018). The nanoparticles obtained at the end of the extraction process 

possess negative charges on their surface. Therefore, surface re-engineering is required to 

induce positive charges at the surface of these nanofiller. Fortunately, the abundant OH- groups 

present at the surface facilitate the modification of surface charges by providing adequate sites 

for a large variety of chemical reactions (Jonoobi et al., 2019b). In this work a one pot 

modification technique was used to induce positive functional groups at the surface of the 

CNCs. Following this preparation route, 10 g of CNCs was firstly mixed with 40 ml of 

deionized water and constant stirring was maintained until a homogenous mixture was 

obtained. Thereafter, 1 g of EPTMAC was added to the mixture and the reactor was 

continuously stirred for a total reaction time of 4 hours. The resulting slurry EPTMAC-CNC 

was thoroughly rinsed with deionised water to remove excess chemicals and centrifuged before 

it was air dried. 

5.2.2.2 Preparation of EPTMAC-CNC/PES nanocomposite membranes 

The preparation of CNC/PES composite membranes using the non-solvent induced phase 

separation (NSIPS) technique and different CNCs loadings has been extensively studied 

elsewhere (D. Zhang et al., 2018a). Using the same preparation technique, 0.15g of EPTMAC-

CNC was initially contacted with 83 mL of NMP in an ultrasonic bath for 30 min to ensure 

uniform dispersion of the nanoparticles within the membrane matrix. The next step involved 

adding 2g of PVP to the mixture and stirring until complete dissolution was achieved. 

Thereafter, 15 g of PES was added and the mixing process was carried at 300 rpm and room 

temperature for a period of 24 hours. The homogeneous mixture obtained was degassed in a 

sterile environment for 24 hours in order to remove air bubbles which may cause holes on the 
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Figure 5.1 SEM images of surfaces and cross sections for PES pristine (a, d and f) and 

PES/EPTMAC_CNC (b, c, e and g) membranes 

Fig. 5.1 presents the SEM images of the cross sections of the membranes displaying an 

asymmetric structure for all cases. Embedding the CNCs fillers within the polymer induced the 

formation of a sponge like sub-layer in the composite membrane which may result in promising 

EWC values. The incomplete finger like structure of the PES-based pristine membrane could 

be caused by a faster exchange rate between solvent and non-solvent during the phase inversion 

process (Gumbi et al., 2018). The SEM images observed in this study suggest that the 

composite membrane possess promising porosity profile and networking, which are key 

characteristics of highly performing adsorbents. 
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Table 5.2 Mechanical properties of the prepared membranes.      

Membranes  Elongation at break 
(mm) 

Tensile stress 
(MPa) 

% strain at max 
load 

PES/CNC (M1) 3.01 ± 0.6 3.09 ± 0.1 16.12 ± 0.7 

PES/EPTMAC_CNC (M2)  2.96 ± 0.8 3.06 ± 0.5 16.11 ± 0.4 

5.3.1.4 Water content and porosity of membrane 

The EWC and overall porosity of the prepared membranes are presented in Table 1. Numerous 

studies have associated the presence of CNC within the structure of PES based membranes 

with increased surface porosity and EWC (Ashori et al., 2019b; L. Bai et al., 2017a; Jonoobi 

et al., 2019b; Rafieian et al., 2019b; D. Zhang et al., 2018a). Generally, pristine PES UF 

membranes prepared via the NSIPS technique present macro-voids within their polymeric 

matrix. However, their surface porosity is relatively low and their EWC is negatively affected 

by the hydrophobic nature of PES (D. Zhang et al., 2018a). Comparing the results obtained 

from both membranes (Table 5.1) it can be concluded that the surface modification of CNCs 

did not significantly affect their hydrophilic nature. The abundant free hydroxyl groups 

provided by loading CNCs into the casting solution generate the formation of hydrophilic 

nanocomposite membranes with enhanced EWC values (Omidvar et al., 2015; D. Zhang et al., 

2018a). Furthermore, CNCs loading in membrane preparation process, facilitate the phase 

separation stage required to generate polymer-poor phase membranes with high porosity and 

mean pore size (Omidvar et al., 2014; D. Zhang et al., 2018a). These observations are supported 

by the SEM images and WCA results discussed earlier. For the remaining studies membrane 

PES/CNC will be referred to as M1 and membrane PES/EPTMAC_CNC will be referred to as 

M2. 
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5.3.1.5 Pure water flux (PWF) of membrane 

 
Figure 5.2 Pure water fluxes of prepared membranes (operating pressure: 2 bar, effective 

filtration area: 14.6 cm2, membrane thickness: 250 µm). 

Figure 5.2 presents the data of PWF recorded from both membranes M1 and M2. In both cases, 

relatively constant values of PWF were obtained, which suggest structural stability of both 

membranes. The relatively high PWF of CNC-based membranes reported in the literature have 

been attributed to the pore size distribution, the large specific surface area, the pore volume, 

the hydrophilicity of the nanofiller and the thickness of the top skin layer (Ashori et al., 2019b; 

H. Bai et al., 2012; Rafieian et al., 2019b; D. Zhang et al., 2018a). The addition of an optimum 

CNCs content (1 wt%) in casting solutions, has been reported in numerous studies, to cause 

the acceleration of the instantaneous phase separation process which improves the permeability 

of the resulting CNC-based composite membranes (H. Bai et al., 2012). This is consistent with 

the promising EWC and porosity data obtained. A similar trend was reported by Zhang et al., 

(2018a) in a study exploring the antifouling and antibacterial properties of PES/CNC 

nanocomposite membranes prepared via the solution casting technique. The study reported 

increasing PWF from 92 to 195 L/m2h with increasing CNCs content from 0 to 1 wt %. After 



157 
 

the surface functionalization of CNCs, a slight decrease in PWF values is observed. This could 

be the result of a phenomenon of agglomeration and aggregation which could weaken the 

hydrophilic effect of the hydroxyl groups at the surface of membrane M2 (Rafieian et al., 

2019b). Moreover, the lack of optimal distribution of the functionalized CNCs can lead to 

porosity reduction or closure (Ashori et al., 2019b). This suggest that the PWF through 

PES/CNC composite membrane is not only affected by the surface hydrophilicity but by a 

trade-off relation between the aforementioned morphological properties of the membrane (D. 

Zhang et al., 2018a). 

5.3.1.6 Membrane hydraulic resistance (MHR) 

The MHR data of both membranes (M1 & M2) graphically represented in Fig 5.3 can be 

directly related to the transport resistance to water and are inversely proportional to the pure 

water flux of the membranes according to Eq. 5.4.  

 
Figure 5.3 Hydraulic resistance data of membranes M1 and M2 (operating pressure: 2 bar, 

effective filtration area: 14.6 cm2, membrane thickness: 250 µm). 

Consequently, it is evident for M1 to exhibits lower MHR data compared to M2. However, in 

both cases, structural stability was observed throughout the duration of the filtration process. 
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CNCs are optimum dosage are categorised as well-dispersed nanofiller when blended with 

various polymeric UF membranes. The reactive hydroxyl groups on the surface of CNCs 

promote the formation of a rigid network by forming hydrogen bonds with the coagulation bath 

(water). This maximizes the mass transfer mechanism during the phase inversion process 

(Antolín-Cerón et al., 2022). 

5.3.1.7 Antifouling experiments 

Fouling is a notorious membrane feature associated with excessive production cost, reduced 

permeability and selectivity (U. Sharma et al., 2023). The antifouling performance of 

membrane M1 and M2 are summarised in Fig. 5.4 and Fig. 5.5 respectively. There is no 

significant difference between the antifouling properties of both membranes.  

 
Figure 5.4 Fouling ratios of membrane M1 (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

The presence of hydrophilic nanofiller within the polymeric structures promote the formation 

of hydration layer which hampers the external attachment of foulant at the surface of the 

membrane and improves permeability (Watanabe et al., 2019). However, the slightly reduced 
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fabricated membrane M2 balanced the traditional membrane trade-off between permeability 

and selectivity, making it a promising commodity for the adsorptive removal of CR dye from 

aqueous solutions. 

5.3.2 Batch adsorption studies 

5.3.2.1 Effect of initial solution pH 

The optimum initial pH is a key variable required to achieve an efficient adsorption system. 

The pH of the adsorption medium significantly affects either independently or in conjunction, 

the ionization state of the dye molecules, the electrical charge at the surface of the adsorbent 

and the dissociation of the functional groups within the active sites of the adsorbent 

(Imessaoudene et al., 2023). Consequently, the role of pH on the adsorption of CR dye from 

aqueous solutions by membranes M1 and M2 was evaluated over a pH range of [2-10] and is 

depicted in Fig. 5.6.  

 

Figure 5.6 Effect of initial solution pH on the removal of CR dye from aqueous solution 

(Mass of membrane: 0.1 g, dye initial conc.: 10 mg/L, volume: 50 mL, and temp.: 25°C) 
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5.3.2.3 Effect of initial CR dye concentration 

The initial dye concentration within the adsorption system also plays a vital role (Radoor et al., 

2020). For this reason, this work also investigated the effect of initial CR dye concentration on 

the adsorption capacity and efficiency of M2 by conducting batch adsorption experiments at 

varying initial CR dye concentration from 10 to 100 ppm. Figure 5.8 presents the effect of 

initial CR dye concentration on the adsorption process. The amount of dye adsorbed by M2 at 

equilibrium increases with increasing initial concentration.  

 
Figure 5.8 Effect of initial CR dye concentration on adsorptive properties of M2 (adsorbent 

mass: 0.1 g, pH 7, volume: 50 mL and temp: 298o C) 

A higher dye concentration provides higher driving force to overcome the mass transfer 

resistance and enable the diffusion of dye molecules within the pores more rapidly (Al-Salihi 

et al., 2022). Moreover, at higher initial concentrations the interaction between the dye 

molecules and the adsorbent is amplified because there are more dye molecules surrounding 

the active sites of the adsorbent (Lafi et al., 2019).At lower initial dye concentrations, there are 

fewer dye molecules near the active sites which results in slower diffusion rate (Aminu et al., 

2020). Meanwhile, decreasing adsorption efficiency is observed with increasing initial dye 
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Figure 5.9 Effect of temperature on CR dye removal from aqueous solution (adsorbent mass: 

0.1 g, pH 7 and volume: 50 mL) 

The experimental data were fitted into the Langmuir and Freundlich models to obtain additional 

insights regarding the distribution of the dye molecules between the membrane surface and 

aqueous solution at equilibrium and to estimate the maximum adsorption capacity for this 

specific system.  

 
Figure 5.10 Equilibrium data fitted into linear Langmuir isotherm for the uptake of CR dye. 
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and process residence time (Ranjbar et al., 2020). The first set of experimental data presented 

in Fig. 5.13 demonstrates how the rate of CR dye uptake by M2 is time-dependent. The contact 

time impact on the adsorption process is investigated at various dye initial concentration (25, 

50, and 100 ppm) using a fixed mass of M2 (2 g). From Fig. 5.13, three different adsorption 

stages are observed for all studied concentrations. The first stage (0-25 min) involved a rapid 

increase in adsorption capacity, followed by a modestly increasing slope observed in the second 

stage (10-50 min).  

 
Figure 5.13 Kinetics data for the adsorption of CR dye onto M2 at different adsorbate initial 

concentrations (adsorbent mass: 2 g; pH: 7; Temp: 25oC and Volume-1 L). 

At the final stage (3rd stage), the slope reaches a plateau that lasts up to 450 min. This proves 

that initially, there is an abundance of available active sorption sites and a significant driving 

force caused by the initial large concentration gradient. As the process progresses, CR dye 

molecules gradually accumulate on the active sorption sites which become sterically hindered 

till fully occupied (Alamrani & Al-Aoh, 2021; Ranjbar et al., 2020). Although the kinetics 

experiments were monitored for 450 min, the maximum adsorption capacities for all the studied 
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temperatures were achieved before process duration of 100 min. Nearly a decade ago, similar 

observations were reported in a study investigating the adsorption Characteristics of CR dye 

from aqueous solution onto tea waste (Foroughi-Dahr et al., 2015).  

 
Figure 5.14 The pseudo-first order kinetic plot for the adsorption of CR dye onto M2. 

 
Figure 5.15 The pseudo-second order kinetic plot for the adsorption of CR dye onto M2. 
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provides a large specific and positively charged surface filled with active sites favourable to 

CR dye adsorption (U. Sharma et al., 2023). 

 
Figure 5.16 CR dye removal efficiency and permeate flux rates of M2 (pressure: 2 bar; dye 

initial conc.: 10 mg/L; effective filtration area: 14.6 cm2) 

Moreover, considering the size exclusion principle governing the filtration process, additional 

sieving effect could also facilitate the separation of CR dye molecules from the solutions(Fan 

et al., 2014). The pore size of the membrane promoted the adsorption of CR dye molecules by 

giving them access to the active sorption sites within the membrane structure (Ndlovu et al., 

2022). The presence of abundant sorption sites within the membrane structure can be attributed 

to the surface modified CNCs embedded within the polymeric structure (X. D. Du et al., 2017). 

Figure 5.16 also shows the permeability CR dye solution. The promising filtration flux values 

obtained can be explained by the highly porous nature of CNCs which promotes easy transport 

of water molecules by creating additional nano-channel pathways. The hydrophilic properties 

of the nanofiller enable the attraction of water molecules within the membrane structure and 
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facilitate the transport through their nano-channels (U. Sharma et al., 2023).These observations 

indicate the applicability of M2 for pre-filtration at low pressure. 

5.3.7 Regeneration studies 

The practical and commercial uses of the prepared membrane M2 at industrial scale were 

investigated by performing regeneration/reusability experiments (Ranjbar et al., 2020). The 

samples were subjected to three desorption-adsorption cycles and the results are shown in Fig. 

5.17  

 
Figure 5.17 Regeneration data for the adsorptive removal of CR dye by M2. 

The good regeneration capacity of M2 is clearly demonstrated by Fig. 3.17 in which CR dye 

removal efficiency above 75% is still obtained at the third cycle. Desorption experiments with 

CR dye-loaded M2 were conducted using a 2.5 M NaOH, selected as the best performing 

diluent. From the figure obtained it can be seen that M2 maintained over 75% of its original 

capacity after 3 cycles which also translate to promising desorption properties. Although the 

uptake of CR dye molecules onto M2 is governed by the chemisorption mechanism, the 



174 
 

interaction bonds between the surface sites of M2 and the adsorbate become weaker in an 

alkaline medium (NaOH), which facilitates the desorption process (Ahmad Aftab et al., 2023). 

The hydrophilic OH- groups strongly interacted with the surface sites of M2 while replacing 

the dye molecules (Ndlovu et al., 2022). Similar regeneration investigations were conducted 

using NaOH as a diluent to recover CR dye from jujube shell (El messaoudi et al., 2016). 

5.4 Conclusion 

This study successfully prepared a surface charge reversed CNC-based composite UF 

membrane via the non-solvent phase inversion technique. The adsorption capacity and 

filtration performance of the prepared membrane was demonstrated in removing CR dye from 

aqueous solutions. Batch equilibrium data revealed that solution initial pH, adsorbent dosage 

and contact time influenced the adsorption properties of the composite membrane. The 

prepared membrane achieved removal efficiencies beyond 90 % and a mixture of 

chemisorption/physisorption mechanisms seemed to be governing the process as the 

experimental data fitted better with the Langmuir isotherm and the pseudo-second order. 

Promising filtration properties were also observed with good removal efficiency recorded (~ 

100 %) and slow decrease in filtration flux with increasing filtration time. Furthermore, the 

membrane displayed good regeneration properties with good adsorption capacity still achieved 

after a third adsorption-desorption cycle. Through this work, it was demonstrated that a charge 

reversal modification process can be successfully applied on CNC and the nanofiller can be 

efficiently blended in membrane polymer matrices. Additionally, the study also suggested the 

efficient application of the membrane for the removal of CR dye from aqueous solution through 

the adsorption technique. 
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microfiltration, ultrafiltration, and gas separation membranes with a wide range of pore sizes 

ranging from 1 to 200 nanometres (Ashori et al., 2019b). But PES has few drawbacks related 

to low rejection and high hydrophobic nature which leads to inefficient removal capacity and 

severe fouling during the filtration process (Son et al., 2021). Thus, the addition of 

nanomaterials to polymer membranes in order to minimize or even overcome these inherent 

shortcomings is the subject of many ongoing studies (Ashori et al., 2019b; Ayyaru et al., 2019; 

Omidvar et al., 2015; X. Wang et al., 2019; D. Zhang et al., 2018a). Embedding nanofillers 

within membrane polymeric matrix is well known to upgrade their performance from 

improving barrier properties to enhancing membrane antifouling properties, depending upon 

the interfacial interactions (Ashori et al., 2019b). Cellulose nanocrystals (CNC) have been 

classified as advanced nanofillers owing to their commendable features including large aspect 

ratio, biodegradability, nontoxic, cost-effective, biocompatible and environmentally friendly 

(Ahmed et al., 2015). The abundant hydroxyl groups present at the surface of CNC are not only 

expected to enhance the hydrophilicity of CNC-based composite membrane but to also 

facilitate surface modification of CNC in order to impart new properties to the material for the 

intended application (N. Lin & Dufresne, 2014b). However, the surface modification 

techniques applied aim at preserving the original morphology and integrity of the nanocrystals 

during the functionalization process (Sunasee & Hemraz, 2018). In South Africa, the forestry, 

timber, pulp and paper industries extract about 47% value from trees and the rest of the material 

are lost as waste. Sawdust emerges as an unwanted by-product of the (FTPP) sector (Nkalane 

et al., 2019b). The disposal of sawdust in an economically and environmentally acceptable 

manner is a critical issue facing the FTPP industry (Gibril et al., 2018). The situation is 

compounded by the upcoming government regulations aiming at limiting or cancelling land 

filling as a waste disposal route (Pandey & Shukla, 2019). Therefore, converting sawdust 

instead of the wood itself as a source for the extraction of CNC would be an innovative venture, 
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highly beneficial in an economically and environmentally manner. This study forms part of a 

wider project based on the development of numerous downstream processes aiming at 

converting sawdust-derived CNC into high value chain products. The sawdust-derived CNC 

was charge-reversed through a cationization reaction and used as nanofiller for the fabrication 

of a PES/CNC nanocomposite ultrafiltration (UF) membrane. The membrane was prepared by 

the non-solvent induced phase separation method. The thin cast films were immersed in a 

coagulation bath made of 50% v/v mixture of deionised water and isopropyl alcohol (IPA). The 

main objective was to develop a porous membrane structure with abundant sorption sites to 

maximize the uptake of fluoride ions (F-) within the polymeric structure. The adsorption 

properties and filtration behaviour of the prepared membrane were studied in the removal of F- 

ions from aqueous solutions. The physicochemical properties such as surface morphology, 

porosity, hydrophilicity, hydraulic resistance and mechanical properties were also investigated 

and correlated to the performance achieved during water treatment. 

6.2 Materials and methods 

6.2.1 Materials 

The CNC suspension extracted from sawdust was obtained from the DST-CSIR Bio-refinery 

in Durban (South Africa). Sodium fluoride (NaF) and the 2, 3-epoxypropyl trimethyl 

ammonium chloride (EPTMAC) of AR Grade was purchased from Merck Schuchardt (Pty) 

Ltd, South Africa and used without further purification. Polyethersulfone (PES), N-methyl-2-

pyrrolidone (NMP) and polyvinylpyrrolidone (PVP), used for the fabrication of the membranes 

were purchased as analytical reagent grade [AR Grade] from Sigma-Aldrich, South Africa. The 

other chemicals used throughout the study such as hydrochloric acid (HCL), isopropyl alcohol 

(IPA), sodium hydroxide (NaOH) and sodium chloride (NaCl) were provided by Sigma-

Aldrich, South Africa and used as purchased. All aqueous solutions were prepared using 

deionised water. 
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6.3 Results and discussion 

6.3.1 Characterization of membranes 

6.3.1.1 SEM analyses 

The SEM imaging was one of the tools utilised to investigate the various morphological 

properties of the fabricated membrane in terms of polymeric structure, porosity and size 

distribution.  

 
Figure 6.1 SEM micrographs of surfaces and cross sections for PES pristine (a, d and f) and 

M2 (b, c, e and g) membranes. 

Figure 6.1 shows the micrographs of the top surface and cross section of the composite 

membrane against the PES pristine membrane. From the SEM micrographs of the surface there 
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6.3.1.5 Pure water flux (PWF) of membranes 

The PWF of membranes M1 and M2 are presented in Fig. 6.2. A decrease in PWF is observed 

with membrane M2. The same observation was recorded in chapter 4 and was attributed to the 

addition of IPA into the coagulation bath which is responsible for the sponge-like structure and 

narrow pores of membrane M2. The work from chapter 4 demonstrated that adding IPA in the 

coagulation bath has a direct consequence on the overall surface porosity and wettability. 

However, the higher decrease in PWF observe in this study could be a result of particle 

agglomeration during the phase separation process. 

 
Figure 6.2 Pure water fluxes of prepared membranes (operating pressure: 2 bar, effective 

filtration area: 14.6 cm2, membrane thickness: 250 µm). 

6.3.1.6 Membrane hydraulic resistance (MHR) 

The MHR of M2 was observed during a filtration process that was conducted for 50 hours and 

compared against the MHR of M1 (see Fig. 6.3).  
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Figure 6.3 Hydraulic resistance of prepared membranes (operating pressure: 2 bar, effective 

filtration area: 14.6 cm2, membrane thickness: 250 µm). 

As expected, the MHR values of M2 are higher than the MHR values of M1. This is in 

accordance with the results obtained from the PWF experiments. Another prominent 

observation is the stable and good structural stability of M2 displayed in Fig. 6.3 through the 

almost constant MHR values recorder throughout the filtration period. The higher MHR values 

can also be explained with the restricted pore network observed with M2. During membrane 

preparation, the binary mixture used as a coagulation bath hampered the process of segmental 

gap formation between the polymeric chains which resulted in increased membrane resistance. 

6.3.1.7 Fouling studies 

The antifouling properties of sawdust derived CNC based-PES UF composite membranes have 

been extensively discussed from chapter 3 to chapter 5.  
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Figure 6.4 Fouling ratios of membrane M1 (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

 
Figure 6.5 Fouling ratios of membrane M2 (operating pressure: 2 bar, effective filtration 

area: 14.6 cm2, membrane thickness: 250 µm, filtration duration: 1 hour). 

In this study the antifouling properties of membrane M2 are graphically summarised in Fig. 

6.5 and compare to those of membrane M1 represented by Fig . 6.4. According to numerous 
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studies, the increased fouling observed within the adsorptive membranes is mainly due to the 

presence of abundant sorption sites promoting molecular binding and aggregation of adsorbate. 

However, membrane cleaning has been proven quite effective in reversing binding reactions 

and restoring the spent membranes (N. Ali et al., 2007; Aryanti et al., 2018; Ashori et al., 

2019b; Jonoobi et al., 2019b). This explains the higher fouling ratios, followed by higher 

reversible fouling ratios recorded with membrane M2 (see Fig. 6.5). After 3 cycles a promising 

FRR slightly over 60% was achieved. As previously mentioned, due to the presence of IPA in 

the coagulation bath, membrane M2 was characterised with narrow and dense pores which 

increases the risk of intra-pore aggregation of F- ions and hampers the efficiency of membrane 

cleaning. In this case, chemical cleaning could be a more advantageous avenue to explore (N. 

Ali et al., 2007; Jafar Mazumder et al., 2020). 

6.3.2 Adsorption studies 

6.3.2.1 Effect of solution initial pH 

The influence of the solution initial pH on the adsorptive removal of F- ions by M1 and M2 

was studied within a pH range of [2-10] and the results are presented in Fig. 6.6. The adsorptive 

capacity for both membranes towards F- ions is strongly pH dependent and a single trend is 

observed in both cases. The F- ions removal efficiencies of both membranes increased with 

increasing pH values from 2 to 6. With a further increase in pH from 7 to 10, a sharp decrease 

in F- ions removal efficiencies for both M1 and M2 is observed. It appears as if the solution 

acidity or basicity could have an effect on the surface reaction and the electrostatic interactions 

between F- ions and the surfaces of the membranes. At lower pH, the abundant protons H+ 

present in solution combine with F- ions to form HF molecules which hampers the F- ions 

adsorption process onto the surfaces of M1and M2 (Dash et al., 2015). Meanwhile, the 

abundant OH- ions present in the basic medium compete with F- ions for the available active 

sorption sites (Asgari & Bowen, 2017). 
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Figure 6.6 Effect of initial solution pH on the removal of F- ions by M1 and M2 (Mass of 

membrane: 0.1 g, ion initial conc.: 10 mg/L, volume: 50 mL, and temp.: 25°C). 

In a nearly neutral medium, optimum adsorption efficiency for the removal of F- ions by both 

membranes is observed. Therefore, pH 6 was selected as the optimum pH and used in 

subsequent experiments. The higher removal efficiency obtained with membrane M2 

compared to M1 can be attributed to the narrow pores and sponge-like structure of the 

membrane, a direct consequence of the presence of IPA in the coagulation bath. 

6.3.2.2 Effect of adsorbent dosage 

The effect of change in mass of M2 on the uptake of F- ions from aqueous solutions was also 

investigated in this work as shown in Fig. 6.7. As expected, the increase in the amount of 

adsorbent resulted in an increase in the removal efficiency of M2 towards F- ions, due to the 

increasing surface area and number of available adsorption sites. 
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Figure 6.7 Effect of adsorbent dosage on the removal of F- ions by M2 (ion initial conc.: 10 

mg/L, pH: 6, volume: 50 mL and temp: 25 °C). 

On the other hand, the loading capacity of M2 decreased with increasing dosage of M2. This 

was caused by the fact that increasing adsorbent dosage for a given amount results in 

unsaturation of adsorption sites. But, after an adsorbent mass of 0.15 g, no significant change 

in the percentage removal of M2 was observed. At higher dosages, the overlapping of active 

sorption sites may occur due to the aggregation phenomenon, thus decreasing the retention 

surface area and removal efficiency of the adsorbent. In this case, 0.15 g was used as the 

optimum adsorbent dosage for further studies. Similar mechanisms were reported by a work 

investigating the removal of F- ions using iron infused  pisum sativum  peel derived activated 

carbon (Sahu et al., 2021).  

6.3.2.3 Effect of initial ion concentration 

Adsorption studies were carried out at varying F- ions concentrations to assess the effect of 

initial adsorbate concentration on the adsorptive properties of M2 towards F- ions in aqueous 

solutions (see Fig. 6.8). As presented by Fig. 6.8 a decrease in F- ions removal efficiency with 

increasing initial ions concentration is reported.  
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Figure 6.8 Effect of initial F- ions concentration on adsorptive properties of M2 (adsorbent 

mass: 0.15 g, pH 6, volume: 50 mL and temp: 298oC). 

At low adsorbate initial concentrations, the ratio of active sites to F- ions present in solution 

generate a high driving force responsible for the higher removal efficiency observed (Rudram 

& Reddy, 2020). The decrease in F- ions removal efficiency recorded with increasing initial 

ions concentration is due to the presence of an increasing amount of F- ions in solution as the 

adsorbent mass is kept constant, leading to the saturation of the available active adsorption sites 

at the surface of M2 (Suneetha et al., 2015). Because a fixed amount of adsorbent is used, the 

available sorption sites decrease with increasing initial F- ions concentrations. As a result, a 

decrease in the amount of F- ions adsorbed per unit mass is noted with increase in F- ions 

concentration (Meshesha Tulu et al., 2018). Meanwhile, the adsorption capacity of M2 

increased with increasing F- ions concentrations (see Fig. 6.8) because the increased 

concentration gradient acted as a higher driving force which overcame the mass transfer 

resistance between the bulk solution and the surface of the adsorbent (Malakootian et al., 2011). 

The adsorbent mass of 0.15 g was considered as optimum value for subsequent experiments. 
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6.3.3 Equilibrium isotherms 

In this section, the effect of temperature on the adsorption properties of M2 towards F- ions 

was initially evaluated.  

 
Figure 6.9 Effect of temperature on the removal of F- ions from aqueous solution by M2 

(adsorbent mass: 0.15 g, pH 6 and volume: 50 mL). 

Experimental data were collected from the adsorption capacity (qe) and F-equilibrium 

concentration (Ce) at various temperatures (25oC, 35oC and 45oC). The plots from Fig. 6.9 are 

strong evidence that F- ions uptake onto M2 is a temperature dependent process. The increased 

in F- ions removal capacity with increasing temperature observed, suggests the adsorption 

process may be endothermic in nature (Mourabet et al., 2015). At higher temperatures, 

increased activation energy enables enhanced collisions between F- particles and the active 

sorption sites available at the surface of M2, resulting in higher adsorption capacity. Higher 

initial ion concentrations require higher activation energy which can be achieved at high 

temperatures to obtain higher F- ions removal capacity. This is due to the fact that an increase 

in temperature of the system influences the chemical potential of the adsorption and the 

solubility (Kazi et al., 2018; Wambu et al., 2013).  
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Figure 6.10 Equilibrium data fitted into linear Langmuir isotherm for the uptake of F- ions. 

 
Figure 6.11 Equilibrium data fitted into linear Freundlich isotherm for the uptake of F- ions. 

Moreover, an increase in temperature also facilitate the diffusion of F- ions within the 

polymeric structure of M2 (Rudram & Reddy, 2020). Two most commonly used adsorption 

models, namely Langmuir (see Fig. 6.10) and Freundlich (see Fig. 6.11) isotherms were applied 

for the treatment of the experimental data obtained from the temperature study. The isotherm 

constants and correlation coefficients calculated from the linear forms of both isotherms are 
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summarized in Table 6.3. As it can be seen in Fig. 6.10, the Langmuir model was a better fit 

for the adsorption equilibrium data. This was confirmed with the highest correlation coefficient 

calculated, very close to unity (R2> 0.98). This suggests that the adsorption of F- ions onto M2 

is governed by the formation of monolayer coverage on the surface of the adsorbent as it is 

assumed by the Langmuir isotherm that the surface of the adsorbent is characterized with 

homogeneous active sites, all identical and energetically equivalent. The Langmuir isotherm 

values of RL calculated between 0 and 1 demonstrate that the adsorption process is favourable. 

In addition, the calculated values of the maximum adsorption capacity (qm) were quite similar 

to the experimental values recorded. On the other hand, the increasing values of qm with 

increasing temperatures was further confirmation of the endothermic nature of the adsorption 

process. 

Table 6.3 Summary of Freundlich and Langmuir parameters for the adsorption of F- ions 

onto M2. 

Temperature 

(K) 

Freundlich isotherms 

KF (L/g) 1/n (L/mg) R2  

298 4.6 0.375 0.9696  

308 6.49 0.398 0.9719  

318 8.05 0.378 0.9621  

Temperature 

(K) 

Langmuir isotherms 

qm (mg/g) KL (L/mg) R2 RL 

298 17.42 1.203 0.998 RL< 1 

308 25.3 0.262 0.988 RL< 1 

318 26.81 0.364 0.987 RL< 1 
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ions onto M2, followed by a gradual uptake of F- ions onto M2. Towards the final stage, the 

increasing aggregation of fluoride molecules with increasing time prevents them to diffuse 

further within the intra-porous structure of the adsorbent. As time increases, the meso-pores 

get fully occupied and gradually offer resistance to the diffusion of the aggregated adsorbate 

molecules within the polymeric structure (Ning et al., 2023).  

 
Figure 6.14 The pseudo-first order kinetic plot for the uptake of F- ions by M2. 

Consequently, the adsorption capacity starts to stabilize until equilibrium is reached after which 

no significant changes in adsorption capacity is observed. Faster F- ions uptake with increasing 

initial F- ions concentrations was noted and increasing equilibrium time with increasing initial 

F- ions concentrations was also observed (Iriel et al., 2018). The reaction pathway of the 

adsorption process was accurately revealed by fitting the experimental data into the pseudo-

first order and pseudo-second order models presented in Fig. 6.14 and Fig. 6.15 respectively. 

The supplementary Table 6.5 provides a summary of the calculated key parameters for both 

models. From the recorded values of the correlation coefficient (R2 > 0.99) (see Table 6.5), the 

pseudo-second order (PSO) model was found more suitable to predict the adsorption kinetics 
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of F- ions onto M2. Additionally, the adsorption capacities (qe) evaluated from the pseudo-

second-order plot was determined to increase with increase F- initial concentrations and very 

close to the actual values recorded experimentally. This further indicates the formation of 

chemical bonds during the adsorption process through exchanged or shared electrons between 

F- ions and M2. On the other hand, the decreasing values of the PSO constant rate (k2) with 

increasing initial ion concentrations reflect the increasing reaction rates observed with 

increasing initial ion concentrations. This is justified by the increasing concentration gradients 

obtained at the interface between the adsorbent surface and the adsorbate with increasing initial 

ion concentrations. Similar observations were made by Bakar et al., (2016) when investigating 

fluoride removal from aqueous solutions using quaternized palm kernel shell as adsorbent; and 

by Dash et al., (2015) in another study exploring the performance of cerium loaded mesoporous 

zirconium phosphate in removing fluoride from aqueous solutions. 

 
Figure 6.15 The pseudo-second order kinetic plot the uptake of F- ions by M2. 
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Table 6.5 Kinetics parameters for the adsorption of F- ions onto membrane M2. 

Initial 
Concentration 

(mg/L) 

Pseudo first-order model 

k1 (min-1) 
qe (mg/g) 

experimental 
qe (mg/g) 

calculated 
R2 

25 0.0371 7.76 11.671 0.9462 

50 0.0272 12.98 26.595 0.8761 

100 0.0115 17.72 20.602 0.8621 

Initial 
Concentration 

(mg/L) 

Pseudo second-order model 

k2 (g/mg/min) 
qe (mg/g) 

experimental 
qe (mg/g) 

calculated 
R2 

25 0.108 7.76 7.79 0.9999 

50 0.011 12.98 13.28 0.9980 

100 0.0024 17.72 19.19 0.9923 

6.3.6 Filtration experiments 

The filtration performance in terms of flux rate and selectivity towards F- ions of the membrane 

was also studied and the experimental data obtained are presented by Fig. 6.16 Promising 

removal efficiencies were recorded (removal > 90%).  

 
Figure 6.16 Removal efficiency and permeate flux of M2 towards F- ions (pressure: 2 bar; 

initial ions conc.: 10 mg/L; effective filtration area: 14.6 cm2) 
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The highly porous structure of the polymeric membrane provides abundant active sorption site 

for the enhanced capture of the F- ions. Good permeate flux rates were also observed (see Fig. 

6.16) and mostly attributed to the anisotropic structure of the membrane. Moreover, the 

presence of highly hydrophilic nanofillers (CNC) provides multidirectional pore channels 

which promote the enhancement of permeate flux rates (Jonoobi et al., 2019b). The presence 

of constricted pores could also suggest that the enhanced F- ions removal performance observed 

could result from a combined effect of adsorption and size exclusion mechanisms (N. Ali et 

al., 2007). The gradually decreasing permeate fluxes with increasing filtration time recorded 

could be explained by the imminent fouling phenomenon occurring within the polymeric 

structure as the F- ions progressively occupy the available sorption sites (Jonoobi et al., 2019b). 

However, the reversible nature of the fouling process was demonstrated earlier through the 

fouling studies performed. 

6.3.7 Regeneration studies 

 

Figure 6.17 Adsorption - desorption efficiency of F- ions (adsorbent mass: 0.15 g; pH: 6; 

temp: 25oC and volume: 50 ml). 
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High adsorption and desorption capacities as well as good reusability are key features for any 

adsorbent because they play a crucial role in determining the overall economic value of the 

adsorption process (S & PC, 2016). In this work, the reusability of the membrane was evaluated 

through regeneration studies. The desorption efficiencies of deionised water, 0.1 M NaCl and 

0.1 M NaOH aqueous solutions were preliminarily evaluated toward F-laden membrane and 

0.1 M NaOH aqueous solution was selected as the best desorption agent. Three adsorption-

desorption cycles were conducted under optimum process conditions (Ph: 6; adsorbent mass: 

0.15 g; initial ion concentration: 10 mg/l; volume: 50 ml and temperature: 25oC) and are 

depicted in Fig. 6.17. A decrease in removal efficiency with increasing number of cycle is 

easily noticeable. Because it is impossible to regenerate all the occupied sorption sites 

(irreversible fouling), the number of available active sites gradually decrease in subsequent 

cycles for the same amount of adsorbate in solution. As a result, the uptake efficiency of the 

regenerated membrane decreases with increasing number of cycles (Dash et al., 2015). 

Similarly, a decrease in desorption efficiency with increasing number of cycles is also noted. 

This is a direct consequence of the decreasing performance of the regenerated membrane with 

increasing number of cycles. 

6.4 Conclusion 

In this study, a surface modified CNC-based membrane was prepared and investigated for the 

removal of fluoride from aqueous solutions. Through the application of various 

characterization techniques such as SEM, tensile stress, membrane hydraulic resistance and 

WCA measurements, the hydrophilicity, structural rigidity and stability of the fabricated 

membrane was demonstrated. With an initial pollutant concentration of 10 mg/L, the optimum 

process parameters were set at pH: 7; volume: 50 ml; adsorbent mass: 0.15 g; contact time: 100 

min and temperature: 25o C. The equilibrium isotherm and kinetics data were described better 

by the Langmuir and pseudo-second order models respectively. This led to the conclusion that 
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monolayer adsorption and mostly chemisorption interactions are the governing mechanisms of 

the process. The membrane also exhibited good filtration properties towards F- ions and 

recyclability. Consequently, the prepared membrane presents great potential as a membrane 

adsorbent for the removal of F- ions from aqueous solutions. 
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The prepared membrane recorded an average PWF of 72 L m-2 h-1 and a WCA value of 55.9o. 

The membrane was used for the adsorption of MB dye from aqueous solutions. It was observed 

that temperature, adsorbent mass and initial solution pH had a direct influence on the 

performance of the membrane. However, at room temperature the optimum process pH was 

recorded as pH 7. The Langmuir isotherm was revealed as a better fit and it predicted a 

maximum adsorption capacity of 21.19 mg/g while the kinetics data followed the pseudo 

second-order model. The filtration properties of the membrane were evaluated at a pressure of 

2 bar, influent initial concentration of 10 mg/L and an effective filtration area of 14.6 cm2. 

Removal efficiency close to 100 % was achieved through filtration at a filtrate rate of 50 L.m-

2.h-1 after process duration of 1.67 h. Good regeneration properties were characterized by 

subjecting the membrane to 3 complete adsorption-desorption cycles after which the removal 

efficiency of the membrane was still about 60%.  

The second membrane was made of PES reinforced with pristine CNC nanofiller and was 

prepared in a coagulation bath made of 50% (v/v) pure water and isopropyl alcohol (IPA). The 

PWF of the membrane was recorded to be approximately 51.4 L m-2 h-1 with a WCA 

measurement of 65o. The membrane was investigated for the adsorptive removal of lead ions 

(Pb2+) from aqueous solutions. Equilibrium experiments revealed that 0.15 g of the adsorbent 

could achieve a removal efficiency of about 90% with an initial ion concentration of 10 mg/L, 

a volume of 50 mL at pH 7 and process temperature of 25 °C. The monolayer adsorption 

mechanism was observed in this study too with the Langmuir providing a better fit for the 

experimental data recorded. The kinetics data were successfully described by the pseudo-

second order model while the endothermic and spontaneous nature of the process was 

demonstrated through thermodynamic study. The filtration of Pb2+ ions was successfully 

achieved (~ 100% removal) for an influent concentration of 10 mg/L, a pressure of 2 bar and 

an effective filtration area of 14.6 cm2. The good removal efficiency of the membrane observed 
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after the third adsorption-desorption cycle was evidence of the regeneration properties of the 

composite membrane. 

At this stage of this work, the charges at the surface of the CNC were reversed through a 

cationization reaction before embedding the nanofiller within the matrix of the membrane. Two 

composite membranes were prepared with the surface modified CNC.  One membrane was 

prepared in pure water as the non-solvent coagulation bath and studied for the removal of CR 

dye from aqueous solution. The membrane recorded a PWF average value of 64 L m-2 h-1 and 

the membrane hydrophilic nature was confirm with a WCA value of 54.1o. For an initial 

pollutant concentration of 10 mg/L, volume of 50 mL at 25 °C, an optimum pH of 7 and an 

adsorbent mass of 0.1 g was required to achieve about 90 % removal. The Langmuir isotherm 

provided a better fit to the experimental data obtained and predicted a maximum adsorption 

capacity of 41.49 mg/g. The kinetics trend recorded followed the pseudo second-order model 

which confirms the existence of chemisorption interactions between adsorbate and the 

functional groups at the surface of the membrane. Similar CR dye removal efficiency (± 90%) 

was also observed through filtration experiments performed with influent concentration of 10 

mg/L, process pressure of 2 bar and effective filtration area of 14.6 cm2. The membrane 

exhibited great potential of reusability with a removal efficiency remaining above 70 % after a 

third adsorption-desorption cycle.  

The other modified CNC-based membrane was prepared in a coagulation bath made of 50% 

(v/v) pure water and IPA. A very sponge-like and intra-porous structure of the cross section of 

the membrane was observed through SEM images. This could explain the average PWF of 45.5 

L m-2 h-1 recorded. Good hydrophilic properties were characterized with a WCA value of 59.9o 

and EWC of 76.8 %. The membrane was used for the removal of F- ions from aqueous 

solutions. The spontaneous and endothermic nature of the adsorption process was confirmed 
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4. The scope of this work was limited at using synthetic contaminated water prepared in 

the lab. Consequently, it is recommended to further investigate the performance of the 

prepared membranes in removing the studied pollutants from real industrial waste 

effluents and documents the effect of co-existing ions on the efficiency of the process. 
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Study 1: Removal of MB dye from aqueous solutions 

Pure water flux of membranes 

 

Effect of adsorbent dosage 

 

Isotherms 

 

 

 

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt %) 1

Time (h) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1)
0,333 0,0175 36,0 0,029 59,6 0,0197 40,5 0,035 72,0
0,667 0,0333 34,2 0,0556 57,1 0,0361 37,1 0,0717 73,6

1 0,0521 35,7 0,0877 60,1 0,0585 40,1 0,1045 71,6
1,33 0,0707 36,4 0,1142 58,8 0,0753 38,8 0,1367 70,4
1,67 0,087 35,7 0,1492 61,2 0,1005 41,2 0,1734 71,1

2 0,1054 36,1 0,1749 59,9 0,1165 39,9 0,2129 72,9
2,33 0,1221 35,9 0,1959 57,6 0,1354 39,8 0,2395 70,4
2,67 0,1415 36,3 0,2316 59,4 0,1637 42,0 0,2815 72,2

3 0,1594 36,4 0,2707 61,8 0,1831 41,8 0,3219 73,5
3,33 0,1741 35,8 0,2961 60,9 0,1988 40,9 0,3442 70,8

PES PES/CNC PES/ZnO PES/CNC-ZnO

V (L) 0,05 C0 (mg/l) 10
pH 7

Dosages (mg) Ce (mg/L) R (%) qe (mg/g)
0,01 8,95 10,5 5,25
0,075 3,99 60,1 4,01
0,15 1 90 3,00
0,25 0,3 97 1,94
0,35 0,1 99 1,41
0,45 0,05 99,5 1,11
0,5 0,02 99,8 1,00

Effect of Dosages

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g)
10 0,3 3,23 0,15 3,28 0,05 3,32
20 0,5 6,50 0,4 6,53 0,14 6,62
30 1,1 9,63 0,84 9,72 0,44 9,85
40 2,01 12,66 1,31 12,90 0,84 13,05
50 3,3 15,57 2,01 16,00 1,4 16,20
60 5,7 18,10 4,1 18,63 2,8 19,07
70 12,6 19,13 8,2 20,60 5,7 21,43
80 20,3 19,90 15,1 21,63 12,01 22,66
90 28,9 20,37 23,4 22,20 18,9 23,70
100 38,6 20,47 32,6 22,47 26,7 24,43

ISOTHERMS

250C 350C 450C





268 
 

Kinetics 

 

 

V (L) 1
mass (g) 3

Time (min) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g)

0 23,1 0,63 46,8 1,07 90,5 3,17
10 20,6 1,47 40,3 3,23 80,7 6,43
15 16,5 2,83 33,9 5,37 70,5 9,83
20 10,6 4,80 26,9 7,70 60,8 13,07
25 6,4 6,20 20,7 9,77 52,3 15,90
30 4,01 7,00 15,9 11,37 44,6 18,47
35 3,1 7,30 12,4 12,53 37,1 20,97
40 2,05 7,65 10,11 13,30 33,05 22,32
45 1,41 7,86 8,77 13,74 30,05 23,32
50 1,03 7,99 6,99 14,34 28,7 23,77
55 0,44 8,19 4,89 15,04 28,6 23,80
60 0,2 8,27 4,32 15,23 28,5 23,83
65 0,05 8,32 3,84 15,39 28,1 23,97
70 0,04 8,32 3,55 15,48 28,05 23,98
75 0,05 8,32 3,47 15,51 28,05 23,98
80 0,04 8,32 3,33 15,56 28,05 23,98
85 0,03 8,32 3,22 15,59 28,05 23,98
90 0,02 8,33 3,14 15,62 28,05 23,98
95 0,01 8,33 3,11 15,63 28,05 23,98
100 0,02 8,33 3,09 15,64 28,05 23,98
105 0,01 8,33 3,01 15,66 28,05 23,98
110 0,03 8,32 3,01 15,66 28,05 23,98
115 0,04 8,32 3,01 15,66 28,05 23,98
120 0,04 8,32 3,01 15,66 28,05 23,98
150 0,03 8,32 3,01 15,66 28,05 23,98
180 0,02 8,33 3,01 15,66 28,05 23,98
210 0,02 8,33 3,01 15,66 28,05 23,98
270 0,01 8,33 3,01 15,66 28,05 23,98
330 0,03 8,32 3,01 15,66 28,05 23,98
390 0,05 8,32 3,01 15,66 28,05 23,98
450 0,04 8,32 3,01 15,66 28,05 23,98

25 ppm 50 ppm 100 ppm

Time (min) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt)
0 0,63 0,89 1,07 1,16 3,17 1,32
10 1,47 0,84 3,23 1,09 6,43 1,24
15 2,83 0,74 5,37 1,01 9,83 1,15
20 4,80 0,55 7,70 0,90 13,07 1,04
25 6,20 0,33 9,77 0,77 15,90 0,91
30 7,00 0,12 11,37 0,63 18,47 0,74
35 7,30 0,01 12,53 0,50 20,97 0,48
40 7,65 -0,17 13,30 0,37 22,32 0,22
45 7,86 -0,34 13,74 0,28 23,32 -0,18
50 7,99 -0,48 14,34 0,12 23,77 -0,67
55 8,19 -0,88 15,04 -0,21 23,80 -0,74
60 8,27 -1,27 15,23 -0,36 23,83 -0,83
65 8,32 15,39 -0,56 23,97 -1,88
70 8,32 15,48 -0,75 23,98
75 8,32 15,51 -0,82 23,98
80 8,32 15,56 -0,99 23,98
85 8,32 15,59 -1,18 23,98
90 8,33 15,62 -1,40 23,98
95 8,33 15,63 -1,52 23,98
100 8,33 15,64 -1,63 23,98

PSEUDO FIRST ORDER MODEL
25 ppm 50 ppm 100 ppm



269 
 

 

Filtration experiments 

 

Regeneration studies 

 

V (L) 1
mass (g) 3

Time (min) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg)
0 0,63 0,00 1,07 0,00 3,17 0,00
10 1,47 6,82 3,23 3,09 6,43 1,55
15 2,83 5,29 5,37 2,80 9,83 1,53
20 4,80 4,17 7,70 2,60 13,07 1,53
25 6,20 4,03 9,77 2,56 15,90 1,57
30 7,00 4,29 11,37 2,64 18,47 1,62
35 7,30 4,79 12,53 2,79 20,97 1,67
40 7,65 5,23 13,30 3,01 22,32 1,79
45 7,86 5,72 13,74 3,27 23,32 1,93
50 7,99 6,26 14,34 3,49 23,77 2,10
55 8,19 6,72 15,04 3,66 23,80 2,31
60 8,27 7,26 15,23 3,94 23,83 2,52
65 8,32 7,82 15,39 4,22 23,97 2,71
70 8,32 8,41 15,48 4,52 23,98 2,92
75 8,32 9,02 15,51 4,84 23,98 3,13
80 8,32 9,62 15,56 5,14 23,98 3,34
85 8,32 10,21 15,59 5,45 23,98 3,54
90 8,33 10,81 15,62 5,76 23,98 3,75
95 8,33 11,40 15,63 6,08 23,98 3,96
100 8,33 12,01 15,64 6,40 23,98 4,17
105 8,33 12,61 15,66 6,70 23,98 4,38
110 8,32 13,22 15,66 7,02 23,98 4,59
115 8,32 13,82 15,66 7,34 23,98 4,79
120 8,32 14,42 15,66 7,66 23,98 5,00
150 8,32 18,02 15,66 9,58 23,98 6,25
180 8,33 21,62 15,66 11,49 23,98 7,51
210 8,33 25,22 15,66 13,41 23,98 8,76
270 8,33 32,41 15,66 17,24 23,98 11,26
330 8,32 39,65 15,66 21,07 23,98 13,76
390 8,32 46,89 15,66 24,90 23,98 16,26
450 8,32 54,09 15,66 28,73 23,98 18,76

PSEUDO SECOND ORDER MODEL
25 ppm 50 ppm 100 ppm

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1 Co (mg/l) 10

Time (hr) Qp (L) Jp (Lm-2h-1) Ce (mg/l) Removal (%)

0,333 0,029 59,65 0,08 99,2
0,667 0,055 56,48 0,07 99,35

1 0,081 55,48 0,05 99,5
1,33 0,104 53,56 0,06 99,4
1,67 0,125 51,27 0,04 99,6

Co (mg/l) 10

Runs Ce (mg/l) Cr (mg/l) Removal (%) Desorption (%)

1 0,085 7,13 99,15 72
2 1,93 5,12 80,7 63
3 3,57 3,06 64,3 48
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V (L) 1
mass (g) 3

Time (min) Ce (mg/l) ���Î(mg/l) Ce (mg/l) ���Î(mg/l) Ce (mg/l) ���Î(mg/l)

0 23,1 1,81 46,8 2,31 90,5 1,55
10 20,6 2,11 40,3 2,05 80,7 1,23
15 16,5 1,64 33,9 2,6 70,5 1,46
20 10,6 1,77 26,9 2,14 60,8 1,88
25 6,4 1,91 20,7 2,53 52,3 1,96
30 4,01 2,02 15,9 2,18 44,6 1,74
35 3,1 1,89 12,4 2,47 37,1 1,46
40 2,05 1,87 10,11 2,16 33,05 1,88
45 1,41 2,11 8,77 2,48 30,05 1,65
50 1,03 1,89 6,99 2,63 28,7 1,85
55 0,44 2,05 4,89 2,11 28,6 1,63
60 0,2 1,88 4,32 1,92 28,5 1,66
65 0,05 1,69 3,84 1,52 28,1 1,84
70 0,04 1,78 3,55 2,21 28,05 1,96
75 0,05 1,96 3,47 1,99 28,05 1,87
80 0,04 2,08 3,33 2,36 28,05 1,82
85 0,03 2,41 3,22 2,55 28,05 2,01
90 0,02 2,13 3,14 2,48 28,05 2,06
95 0,01 1,97 3,11 2,13 28,05 1,94
100 0,02 1,92 3,09 2,34 28,05 1,93
105 0,01 2,13 3,01 2,16 28,05 1,98
110 0,03 2,22 3,01 2,33 28,05 1,63
115 0,04 2,16 3,01 2,41 28,05 1,79
120 0,04 2,16 3,01 2,14 28,05 1,76
150 0,03 1,89 3,01 2,16 28,05 1,88
180 0,02 1,92 3,01 2,2 28,05 1,93
210 0,02 1,93 3,01 1,87 28,05 1,9
270 0,01 2,41 3,01 1,98 28,05 1,47
330 0,03 2,33 3,01 1,63 28,05 1,68
390 0,05 2,01 3,01 2,18 28,05 1,46
450 0,04 2,08 3,01 2,21 28,05 1,88

25 ppm 50 ppm 100 ppm
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Study 2: Removal of Pb (II) from aqueous solutions 

Pure water flux of membranes 

 

Effect of solution initial pH 

 

Effect of adsorbent dosage  

 

 

 

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1

Time (h) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1)
0,333 0,031 63,8 0,025 51,4
0,667 0,062 63,7 0,05 51,3

1 0,094 64,4 0,075 51,4
1,33 0,124 63,9 0,099 51,0
1,67 0,155 63,6 0,125 51,3

2 0,188 64,4 0,15 51,4
2,33 0,218 64,1 0,175 51,4
2,67 0,25 64,1 0,2 51,3

3 0,279 63,7 0,225 51,4
3,33 0,31 63,8 0,248 51,0

PES/CNC_H2O PES/CNC_H2O/IPA

V (L) 0,05 C0 (mg/l) 10
mass (g) 0,1

pH Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g)
2 9,91 0,9 0,045 8,81 11,9 0,60 7,66 23,4 1,17
3 9,98 0,2 0,01 7,45 25,5 1,28 6,33 36,7 1,84
4 9,95 0,5 0,025 5,92 40,8 2,04 4,57 54,3 2,72
5 9,91 0,9 0,045 3,52 64,8 3,24 2,88 71,2 3,56
6 9,96 0,4 0,02 1,63 83,7 4,19 1,11 88,9 4,45
7 9,97 0,3 0,015 1,14 88,6 4,43 0,18 98,2 4,91
8 9,02 9,8 0,49 0,97 90,3 4,52 0,11 98,9 4,95
9 8,88 11,2 0,56 0,68 93,2 4,66 0,08 99,2 4,96
10 8,5 15 0,75 0,44 95,6 4,78 0,05 99,5 4,98

Control M1 M2

BATCH ADSORPTION STUDIES

Effect of pH

V (L) 0,05 C0 (mg/l) 10
pH 7

Dosages (mg) Ce (mg/L) R (%) qe (mg/g)
0,025 5,33 46,7 9,34
0,05 2,56 74,4 7,44
0,075 1,11 88,9 5,93
0,1 0,6 94 4,70
0,15 0,04 99,6 3,32
0,2 0,03 99,7 2,49
0,25 0,02 99,8 2,00

Effect of Dosages
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Isotherms 

 

 

Thermodynamic studies 

 

Effect of initial ion concentration 

 

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g)
10 0,03 3,32 0,009 3,33 0,005 3,33
20 0,2 6,60 0,15 6,62 0,09 6,64
30 0,55 9,82 0,33 9,89 0,01 10,00
40 1,1 12,97 0,55 13,15 0,005 13,33
50 3,5 15,50 2,05 15,98 0,95 16,35
60 5,3 18,23 3,11 18,96 1,06 19,65
70 11,4 19,53 8,49 20,50 6,1 21,30
80 17,44 20,85 13,22 22,26 10,88 23,04
90 25,76 21,41 18,66 23,78 15,66 24,78
100 37,65 20,78 25,87 24,71 20,22 26,59

ISOTHERMS

250C 350C 450C

V (L) 0,05 Mass (g) 0,15
pH 7

Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L)

0,03 3,32 0,01 0,009 3,33 0,00 0,005 3,33 0,00
0,2 6,60 0,03 0,15 6,62 0,02 0,09 6,64 0,01
0,55 9,82 0,06 0,33 9,89 0,03 0,01 10,00 0,00
1,1 12,97 0,08 0,55 13,15 0,04 0,005 13,33 0,00
3,5 15,50 0,23 2,05 15,98 0,13 0,95 16,35 0,06
5,3 18,23 0,29 3,11 18,96 0,16 1,06 19,65 0,05
11,4 19,53 0,58 8,49 20,50 0,41 6,1 21,30 0,29
17,44 20,85 0,84 13,22 22,26 0,59 10,88 23,04 0,47
25,76 21,41 1,20 18,66 23,78 0,78 15,66 24,78 0,63
37,65 20,78 1,81 25,87 24,71 1,05 20,22 26,59 0,76

LANGMUIR ISOTHERM

250C 350C 450C

T (K) 1/T (K-1) Kd ln K d

298 0,00336 110,667 4,706525692
308 0,00325 370 5,913503006
318 0,00314 666 6,501289671

THERMODYNAMIC STUDIES

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) R (%) qe (mg/g)

10 0,03 99,70 3,32
20 0,2 99,00 6,60
30 0,55 98,17 9,82
40 1,1 97,25 12,97
50 3,5 93,00 15,50
60 5,3 91,17 18,23
70 11,4 83,71 19,53
80 17,44 78,20 20,85
90 25,76 71,38 21,41
100 37,65 62,35 20,78
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Kinetics 

 

 

 

V (L) 1
mass (g) 3

Time (min) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g)

5 22,1 0,97 45,9 1,37 95 1,67
10 19,66 1,78 42,3 2,57 88,1 3,97
15 14,44 3,52 35,01 5,00 80,9 6,37
20 8,16 5,61 26,23 7,92 72,6 9,13
25 3,76 7,08 18,8 10,40 60,33 13,22
30 1,97 7,68 10,1 13,30 54,5 15,17
35 0,91 8,03 8,55 13,82 50,8 16,40
40 0,66 8,11 6,1 14,63 48,1 17,30
45 0,35 8,22 5,5 14,83 45,01 18,33
50 0,33 8,22 4,5 15,17 43,8 18,73
55 0,34 8,22 3,13 15,62 40,1 19,97
60 0,36 8,21 3,08 15,64 39,6 20,13
65 0,35 8,22 3,03 15,66 38,9 20,37
70 0,35 8,22 3,02 15,66 38,05 20,65
75 0,33 8,22 3,05 15,65 37,11 20,96
80 0,32 8,23 3,03 15,66 37,09 20,97
85 0,33 8,22 3,01 15,66 37,04 20,99
90 0,35 8,22 3,02 15,66 37,01 21,00
95 0,3 8,23 3,03 15,66 37,11 20,96
100 0,31 8,23 3,06 15,65 37,1 20,97
105 0,33 8,22 3,04 15,65 37,09 20,97
110 0,35 8,22 3,03 15,66 37,11 20,96
115 0,3 8,23 3,01 15,66 37,08 20,97
120 0,3 8,23 3,03 15,66 37,11 20,96
150 0,31 8,23 3,01 15,66 37,08 20,97
180 0,31 8,23 3,01 15,66 37,09 20,97
210 0,33 8,22 3,02 15,66 37,08 20,97
270 0,33 8,22 3,01 15,66 37,11 20,96
330 0,35 8,22 3,04 15,65 37,09 20,97
390 0,3 8,23 3,03 15,66 37,1 20,97
450 0,3 8,23 3,01 15,66 37,11 20,96

25 ppm 50 ppm 100 ppm

Time (min) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt)
5 0,97 0,86 1,37 1,16 1,67 1,29
10 1,78 0,81 2,57 1,12 3,97 1,23
15 3,52 0,67 5,00 1,03 6,37 1,16
20 5,61 0,42 7,92 0,89 9,13 1,07
25 7,08 0,06 10,40 0,72 13,22 0,89
30 7,68 -0,26 13,30 0,37 15,17 0,76
35 8,03 -0,70 13,82 0,27 16,40 0,66
40 8,11 -0,93 14,63 0,01 17,30 0,56
45 8,22 -1,88 14,83 -0,08 18,33 0,42
50 8,22 -2,18 15,17 -0,31 18,73 0,35
55 8,22 -2,00 15,62 -1,44 19,97 0,00
60 8,21 -1,78 15,64 -1,70 20,13 -0,08
65 8,22 -1,88 15,66 -2,48 20,37 -0,22
70 8,22 -1,88 15,66 -14,75 20,65 -0,49
75 8,22 -2,18 15,65 -2,00 20,96 -2,18
80 8,23 -2,48 15,66 -2,48 20,97
85 8,22 -2,18 15,65 -2,18 20,99
90 8,22 -1,88 15,66 -14,75 21,00
95 8,23 15,66 -2,48 20,96
100 8,23 15,65 -1,88 20,97

PSEUDO FIRST ORDER MODEL
25 ppm 50 ppm 100 ppm
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V (L) 1
mass (g) 3

Time (min) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg)
5 0,97 5,17 1,37 3,66 1,67 3,00
10 1,78 5,62 2,57 3,90 3,97 2,52
15 3,52 4,26 5,00 3,00 6,37 2,36
20 5,61 3,56 7,92 2,52 9,13 2,19
25 7,08 3,53 10,40 2,40 13,22 1,89
30 7,68 3,91 13,30 2,26 15,17 1,98
35 8,03 4,36 13,82 2,53 16,40 2,13
40 8,11 4,93 14,63 2,73 17,30 2,31
45 8,22 5,48 14,83 3,03 18,33 2,45
50 8,22 6,08 15,17 3,30 18,73 2,67
55 8,22 6,69 15,62 3,52 19,97 2,75
60 8,21 7,31 15,64 3,84 20,13 2,98
65 8,22 7,91 15,66 4,15 20,37 3,19
70 8,22 8,52 15,66 4,47 20,65 3,39
75 8,22 9,12 15,65 4,79 20,96 3,58
80 8,23 9,72 15,66 5,11 20,97 3,81
85 8,22 10,34 15,66 5,43 20,99 4,05
90 8,22 10,95 15,66 5,75 21,00 4,29
95 8,23 11,54 15,66 6,07 20,96 4,53
100 8,23 12,15 15,65 6,39 20,97 4,77
105 8,22 12,77 15,65 6,71 20,97 5,01
110 8,22 13,39 15,66 7,03 20,96 5,25
115 8,23 13,97 15,66 7,34 20,97 5,48
120 8,23 14,57 15,66 7,66 20,96 5,72
150 8,23 18,23 15,66 9,58 20,97 7,15
180 8,23 21,87 15,66 11,49 20,97 8,58
210 8,22 25,54 15,66 13,41 20,97 10,01
270 8,22 32,83 15,66 17,24 20,96 12,88
330 8,22 40,16 15,65 21,08 20,97 15,74
390 8,23 47,37 15,66 24,91 20,97 18,60
450 8,23 54,66 15,66 28,73 20,96 21,47

PSEUDO SECOND ORDER MODEL
25 ppm 50 ppm 100 ppm
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Filtration studies 

 

 

V (L) 1
mass (g) 3

Time (min) Ce (mg/l) ���Î(mg/g) Ce (mg/l) ���Î(mg/g) Ce (mg/l) ���Î(mg/g)
5 22,1 3,12 45,9 1,55 95 1,89
10 19,66 2,96 42,3 2,16 88,1 2,55
15 14,44 1,89 35,01 1,91 80,9 2,14
20 8,16 2,33 26,23 1,78 72,6 2,36
25 3,76 3,14 18,8 2,14 60,33 1,98
30 1,97 1,87 10,1 2,56 54,5 1,96
35 0,91 1,96 8,55 1,96 50,8 2,33
40 0,66 2,11 6,1 1,25 48,1 1,96
45 0,35 2,18 5,5 2,66 45,01 1,94
50 0,33 3,1 4,5 2,47 43,8 2,11
55 0,34 1,97 3,13 3,01 40,1 1,99
60 0,36 1,93 3,08 2,96 39,6 1,87
65 0,35 2,14 3,03 1,98 38,9 1,96
70 0,35 2,09 3,02 1,86 38,05 2,03
75 0,33 2,07 3,05 2,11 37,11 1,99
80 0,32 1,96 3,03 2,06 37,09 2,1
85 0,33 3,01 3,01 2,44 37,04 1,99
90 0,35 3,08 3,02 2,48 37,01 1,98
95 0,3 3,22 3,03 1,99 37,11 2,33

100 0,31 1,99 3,06 2,13 37,1 1,98
105 0,33 2,04 3,04 2,11 37,09 2,1
110 0,35 2,09 3,03 1,89 37,11 2,05
115 0,3 2,56 3,01 1,92 37,08 1,97
120 0,3 3,18 3,03 2,1 37,11 2,03
150 0,31 3,04 3,01 2,09 37,08 1,99
180 0,31 3,11 3,01 2,07 37,09 2,03
210 0,33 3,08 3,02 1,89 37,08 1,78
270 0,33 1,79 3,01 1,99 37,11 2,33
330 0,35 2,19 3,04 1,98 37,09 1,99
390 0,3 2,6 3,03 2,04 37,1 2,3
450 0,3 2,88 3,01 2,09 37,11 1,98

25 ppm 50 ppm 100 ppm

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1 Co (mg/l) 10

Time (hr) Qp (L) Jp (Lm-2h-1) Ce (mg/l) Removal (%)

0,333 0,033 67,88 0,04 99,6
0,667 0,065 66,75 0,05 99,55

1 0,092 63,01 0,05 99,5
1,33 0,112 57,68 0,04 99,65
1,67 0,109 44,71 0,03 99,7
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Regeneration studies 

 

Study 3: Removal of CR dye from aqueous solutions 

Pure water flux of membranes 

 

Effect of pH 

 

 

 

 

 

 

 

Co (mg/l) 10

Runs Ce (mg/l) Cr (mg/l) Removal (%) Desorption (%)

1 0,055 8,13 99,45 82
2 0,88 6,83 91,2 75
3 2,59 5,01 74,1 68

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1

Time (h) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1)
0,333 0,031 63,8 0,025 51,4
0,667 0,062 63,7 0,05 51,3

1 0,094 64,4 0,075 51,4
1,33 0,124 63,9 0,099 51,0
1,67 0,155 63,6 0,125 51,3

2 0,188 64,4 0,15 51,4
2,33 0,218 64,1 0,175 51,4
2,67 0,25 64,1 0,2 51,3

3 0,279 63,7 0,225 51,4
3,33 0,31 63,8 0,248 51,0

PES/CNC_H2O PES/CNC_H2O/IPA

V (L) 0,05 C0 (mg/l) 10
mass (g) 0,1

pH Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g)
2 9,91 0,9 0,045 8,81 11,9 0,60 7,66 23,4 1,17
3 9,98 0,2 0,01 7,45 25,5 1,28 6,33 36,7 1,84
4 9,95 0,5 0,025 5,92 40,8 2,04 4,57 54,3 2,72
5 9,91 0,9 0,045 3,52 64,8 3,24 2,88 71,2 3,56
6 9,96 0,4 0,02 1,63 83,7 4,19 1,11 88,9 4,45
7 9,97 0,3 0,015 1,14 88,6 4,43 0,18 98,2 4,91
8 9,02 9,8 0,49 0,97 90,3 4,52 0,11 98,9 4,95
9 8,88 11,2 0,56 0,68 93,2 4,66 0,08 99,2 4,96
10 8,5 15 0,75 0,44 95,6 4,78 0,05 99,5 4,98

BATCH ADSORPTION STUDIES

Effect of pH

Control M1 M2
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Effect of adsorbent dosage 

 

 

 

Isotherms 

 

 

 

V (L) 0,05 C0 (mg/l) 10
pH 7

Dosages (mg) Ce (mg/L) R (%) qe (mg/g)
0,025 5,33 46,7 9,34
0,05 2,56 74,4 7,44
0,075 1,11 88,9 5,93
0,1 0,6 94 4,70
0,15 0,04 99,6 3,32
0,2 0,03 99,7 2,49
0,25 0,02 99,8 2,00

Effect of Dosages

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g)
10 0,03 3,32 0,009 3,33 0,005 3,33
20 0,2 6,60 0,15 6,62 0,09 6,64
30 0,55 9,82 0,33 9,89 0,01 10,00
40 1,1 12,97 0,55 13,15 0,005 13,33
50 3,5 15,50 2,05 15,98 0,95 16,35
60 5,3 18,23 3,11 18,96 1,06 19,65
70 11,4 19,53 8,49 20,50 6,1 21,30
80 17,44 20,85 13,22 22,26 10,88 23,04
90 25,76 21,41 18,66 23,78 15,66 24,78
100 37,65 20,78 25,87 24,71 20,22 26,59

ISOTHERMS

250C 350C 450C

V (L) 0,05 Mass (g) 0,15
pH 7

Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L)

0,03 3,32 0,01 0,009 3,33 0,00 0,005 3,33 0,00
0,2 6,60 0,03 0,15 6,62 0,02 0,09 6,64 0,01
0,55 9,82 0,06 0,33 9,89 0,03 0,01 10,00 0,00
1,1 12,97 0,08 0,55 13,15 0,04 0,005 13,33 0,00
3,5 15,50 0,23 2,05 15,98 0,13 0,95 16,35 0,06
5,3 18,23 0,29 3,11 18,96 0,16 1,06 19,65 0,05
11,4 19,53 0,58 8,49 20,50 0,41 6,1 21,30 0,29
17,44 20,85 0,84 13,22 22,26 0,59 10,88 23,04 0,47
25,76 21,41 1,20 18,66 23,78 0,78 15,66 24,78 0,63
37,65 20,78 1,81 25,87 24,71 1,05 20,22 26,59 0,76

LANGMUIR ISOTHERM

250C 350C 450C
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Effect of initial dye concentration 

 

 

 

Thermodynamic studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) R (%) qe (mg/g)

10 0,03 99,70 3,32
20 0,2 99,00 6,60
30 0,55 98,17 9,82
40 1,1 97,25 12,97
50 3,5 93,00 15,50
60 5,3 91,17 18,23
70 11,4 83,71 19,53
80 17,44 78,20 20,85
90 25,76 71,38 21,41
100 37,65 62,35 20,78

T (K) 1/T (K-1) Kd ln K d

298 0,00336 110,667 4,706525692
308 0,00325 370 5,913503006
318 0,00314 666 6,501289671

THERMODYNAMIC STUDIES
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Kinetics 

 

 

V (L) 1
mass (g) 3

Time (min) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g)

5 22,1 0,97 45,9 1,37 95 1,67
10 19,66 1,78 42,3 2,57 88,1 3,97
15 14,44 3,52 35,01 5,00 80,9 6,37
20 8,16 5,61 26,23 7,92 72,6 9,13
25 3,76 7,08 18,8 10,40 60,33 13,22
30 1,97 7,68 10,1 13,30 54,5 15,17
35 0,91 8,03 8,55 13,82 50,8 16,40
40 0,66 8,11 6,1 14,63 48,1 17,30
45 0,35 8,22 5,5 14,83 45,01 18,33
50 0,33 8,22 4,5 15,17 43,8 18,73
55 0,34 8,22 3,13 15,62 40,1 19,97
60 0,36 8,21 3,08 15,64 39,6 20,13
65 0,35 8,22 3,03 15,66 38,9 20,37
70 0,35 8,22 3,02 15,66 38,05 20,65
75 0,33 8,22 3,05 15,65 37,11 20,96
80 0,32 8,23 3,03 15,66 37,09 20,97
85 0,33 8,22 3,01 15,66 37,04 20,99
90 0,35 8,22 3,02 15,66 37,01 21,00
95 0,3 8,23 3,03 15,66 37,11 20,96
100 0,31 8,23 3,06 15,65 37,1 20,97
105 0,33 8,22 3,04 15,65 37,09 20,97
110 0,35 8,22 3,03 15,66 37,11 20,96
115 0,3 8,23 3,01 15,66 37,08 20,97
120 0,3 8,23 3,03 15,66 37,11 20,96
150 0,31 8,23 3,01 15,66 37,08 20,97
180 0,31 8,23 3,01 15,66 37,09 20,97
210 0,33 8,22 3,02 15,66 37,08 20,97
270 0,33 8,22 3,01 15,66 37,11 20,96
330 0,35 8,22 3,04 15,65 37,09 20,97
390 0,3 8,23 3,03 15,66 37,1 20,97
450 0,3 8,23 3,01 15,66 37,11 20,96

25 ppm 50 ppm 100 ppm
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V (L) 1
mass (g) 3

Time (min) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg)
5 0,97 5,17 1,37 3,66 1,67 3,00
10 1,78 5,62 2,57 3,90 3,97 2,52
15 3,52 4,26 5,00 3,00 6,37 2,36
20 5,61 3,56 7,92 2,52 9,13 2,19
25 7,08 3,53 10,40 2,40 13,22 1,89
30 7,68 3,91 13,30 2,26 15,17 1,98
35 8,03 4,36 13,82 2,53 16,40 2,13
40 8,11 4,93 14,63 2,73 17,30 2,31
45 8,22 5,48 14,83 3,03 18,33 2,45
50 8,22 6,08 15,17 3,30 18,73 2,67
55 8,22 6,69 15,62 3,52 19,97 2,75
60 8,21 7,31 15,64 3,84 20,13 2,98
65 8,22 7,91 15,66 4,15 20,37 3,19
70 8,22 8,52 15,66 4,47 20,65 3,39
75 8,22 9,12 15,65 4,79 20,96 3,58
80 8,23 9,72 15,66 5,11 20,97 3,81
85 8,22 10,34 15,66 5,43 20,99 4,05
90 8,22 10,95 15,66 5,75 21,00 4,29
95 8,23 11,54 15,66 6,07 20,96 4,53
100 8,23 12,15 15,65 6,39 20,97 4,77
105 8,22 12,77 15,65 6,71 20,97 5,01
110 8,22 13,39 15,66 7,03 20,96 5,25
115 8,23 13,97 15,66 7,34 20,97 5,48
120 8,23 14,57 15,66 7,66 20,96 5,72
150 8,23 18,23 15,66 9,58 20,97 7,15
180 8,23 21,87 15,66 11,49 20,97 8,58
210 8,22 25,54 15,66 13,41 20,97 10,01
270 8,22 32,83 15,66 17,24 20,96 12,88
330 8,22 40,16 15,65 21,08 20,97 15,74
390 8,23 47,37 15,66 24,91 20,97 18,60
450 8,23 54,66 15,66 28,73 20,96 21,47

PSEUDO SECOND ORDER MODEL
25 ppm 50 ppm 100 ppm

Time (min) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt)
5 0,97 0,86 1,37 1,16 1,67 1,29
10 1,78 0,81 2,57 1,12 3,97 1,23
15 3,52 0,67 5,00 1,03 6,37 1,16
20 5,61 0,42 7,92 0,89 9,13 1,07
25 7,08 0,06 10,40 0,72 13,22 0,89
30 7,68 -0,26 13,30 0,37 15,17 0,76
35 8,03 -0,70 13,82 0,27 16,40 0,66
40 8,11 -0,93 14,63 0,01 17,30 0,56
45 8,22 -1,88 14,83 -0,08 18,33 0,42
50 8,22 -2,18 15,17 -0,31 18,73 0,35
55 8,22 -2,00 15,62 -1,44 19,97 0,00
60 8,21 -1,78 15,64 -1,70 20,13 -0,08
65 8,22 -1,88 15,66 -2,48 20,37 -0,22
70 8,22 -1,88 15,66 -14,75 20,65 -0,49
75 8,22 -2,18 15,65 -2,00 20,96 -2,18
80 8,23 -2,48 15,66 -2,48 20,97
85 8,22 -2,18 15,65 -2,18 20,99
90 8,22 -1,88 15,66 -14,75 21,00
95 8,23 15,66 -2,48 20,96
100 8,23 15,65 -1,88 20,97

PSEUDO FIRST ORDER MODEL
25 ppm 50 ppm 100 ppm
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Filtration experiments 

 

 

Regeneration studies 

 

Study 4: Removal of fluoride (F-) ions from aqueous solutions 

Pure water flux of membranes 

 

Effect of solution initial pH 

 

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1 Co (mg/l) 10

Time (hr) Qp (L) Jp (Lm-2h-1) Ce (mg/l) Removal (%)

0,333 0,033 67,88 0,04 99,6
0,667 0,065 66,75 0,05 99,55

1 0,092 63,01 0,05 99,5
1,33 0,112 57,68 0,04 99,65
1,67 0,109 44,71 0,03 99,7

Co (mg/l) 10

Runs Ce (mg/l) Cr (mg/l) Removal (%) Desorption (%)

1 0,055 8,13 99,45 82
2 0,88 6,83 91,2 75
3 2,59 5,01 74,1 68

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1

Time (h) Q (L) PWF (Lm-2h-1) Q (L) PWF (Lm-2h-1)
0,333 0,031 63,8 0,025 51,4
0,667 0,062 63,7 0,05 51,3

1 0,094 64,4 0,075 51,4
1,33 0,124 63,9 0,099 51,0
1,67 0,155 63,6 0,125 51,3

2 0,188 64,4 0,15 51,4
2,33 0,218 64,1 0,175 51,4
2,67 0,25 64,1 0,2 51,3

3 0,279 63,7 0,225 51,4
3,33 0,31 63,8 0,248 51,0

PES/CNC_H2O PES/CNC_H2O/IPA

V (L) 0,05 C0 (mg/l) 10
mass (g) 0,1

pH Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g) Ce (mg/L) R (%) qe (mg/g)
2 9,91 0,9 0,045 8,81 11,9 0,60 7,66 23,4 1,17
3 9,98 0,2 0,01 7,45 25,5 1,28 6,33 36,7 1,84
4 9,95 0,5 0,025 5,92 40,8 2,04 4,57 54,3 2,72
5 9,91 0,9 0,045 3,52 64,8 3,24 2,88 71,2 3,56
6 9,96 0,4 0,02 1,63 83,7 4,19 1,11 88,9 4,45
7 9,97 0,3 0,015 1,14 88,6 4,43 0,18 98,2 4,91
8 9,02 9,8 0,49 0,97 90,3 4,52 0,11 98,9 4,95
9 8,88 11,2 0,56 0,68 93,2 4,66 0,08 99,2 4,96
10 8,5 15 0,75 0,44 95,6 4,78 0,05 99,5 4,98

Control M1 M2

BATCH ADSORPTION STUDIES

Effect of pH
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Effect of adsorbent dosage 

 

Isotherms 

 

 

 

 

V (L) 0,05 C0 (mg/l) 10
pH 7

Dosages (mg) Ce (mg/L) R (%) qe (mg/g)
0,025 5,33 46,7 9,34
0,05 2,56 74,4 7,44
0,075 1,11 88,9 5,93
0,1 0,6 94 4,70
0,15 0,04 99,6 3,32
0,2 0,03 99,7 2,49
0,25 0,02 99,8 2,00

Effect of Dosages

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g) Ce (mg/l) qe (mg/g)
10 0,03 3,32 0,009 3,33 0,005 3,33
20 0,2 6,60 0,15 6,62 0,09 6,64
30 0,55 9,82 0,33 9,89 0,01 10,00
40 1,1 12,97 0,55 13,15 0,005 13,33
50 3,5 15,50 2,05 15,98 0,95 16,35
60 5,3 18,23 3,11 18,96 1,06 19,65
70 11,4 19,53 8,49 20,50 6,1 21,30
80 17,44 20,85 13,22 22,26 10,88 23,04
90 25,76 21,41 18,66 23,78 15,66 24,78
100 37,65 20,78 25,87 24,71 20,22 26,59

ISOTHERMS

250C 350C 450C

V (L) 0,05 Mass (g) 0,15
pH 7

Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L) Ce (mg/l) qe (mg/g) Ce/qe (g/L)

0,03 3,32 0,01 0,009 3,33 0,00 0,005 3,33 0,00
0,2 6,60 0,03 0,15 6,62 0,02 0,09 6,64 0,01
0,55 9,82 0,06 0,33 9,89 0,03 0,01 10,00 0,00
1,1 12,97 0,08 0,55 13,15 0,04 0,005 13,33 0,00
3,5 15,50 0,23 2,05 15,98 0,13 0,95 16,35 0,06
5,3 18,23 0,29 3,11 18,96 0,16 1,06 19,65 0,05
11,4 19,53 0,58 8,49 20,50 0,41 6,1 21,30 0,29
17,44 20,85 0,84 13,22 22,26 0,59 10,88 23,04 0,47
25,76 21,41 1,20 18,66 23,78 0,78 15,66 24,78 0,63
37,65 20,78 1,81 25,87 24,71 1,05 20,22 26,59 0,76

LANGMUIR ISOTHERM

250C 350C 450C
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Thermodynamic studies 

 

Effect of initial ion concentration 

 

 

Filtration experiments 

 

Regeneration studies 

 

 

 

T (K) 1/T (K-1) Kd ln K d

298 0,00336 110,667 4,706525692
308 0,00325 370 5,913503006
318 0,00314 666 6,501289671

THERMODYNAMIC STUDIES

V (L) 0,05 Mass (g) 0,15
pH 7

Co (mg/l) Ce (mg/l) R (%) qe (mg/g)

10 0,03 99,70 3,32
20 0,2 99,00 6,60
30 0,55 98,17 9,82
40 1,1 97,25 12,97
50 3,5 93,00 15,50
60 5,3 91,17 18,23
70 11,4 83,71 19,53
80 17,44 78,20 20,85
90 25,76 71,38 21,41
100 37,65 62,35 20,78

Pressure (Bar) 2 Thickness (µm) 250
Area (m2) 0,00146 Additive mass (wt.%) 1 Co (mg/l) 10

Time (hr) Qp (L) Jp (Lm-2h-1) Ce (mg/l) Removal (%)

0,333 0,033 67,88 0,04 99,6
0,667 0,065 66,75 0,05 99,55

1 0,092 63,01 0,05 99,5
1,33 0,112 57,68 0,04 99,65
1,67 0,109 44,71 0,03 99,7

Co (mg/l) 10

Runs Ce (mg/l) Cr (mg/l) Removal (%) Desorption (%)

1 0,055 8,13 99,45 82
2 0,88 6,83 91,2 75
3 2,59 5,01 74,1 68
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Kinetics 

 

V (L) 1
mass (g) 3

Time (min) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g) Ce (mg/l) qt (mg/g)

5 22,1 0,97 45,9 1,37 95 1,67
10 19,66 1,78 42,3 2,57 88,1 3,97
15 14,44 3,52 35,01 5,00 80,9 6,37
20 8,16 5,61 26,23 7,92 72,6 9,13
25 3,76 7,08 18,8 10,40 60,33 13,22
30 1,97 7,68 10,1 13,30 54,5 15,17
35 0,91 8,03 8,55 13,82 50,8 16,40
40 0,66 8,11 6,1 14,63 48,1 17,30
45 0,35 8,22 5,5 14,83 45,01 18,33
50 0,33 8,22 4,5 15,17 43,8 18,73
55 0,34 8,22 3,13 15,62 40,1 19,97
60 0,36 8,21 3,08 15,64 39,6 20,13
65 0,35 8,22 3,03 15,66 38,9 20,37
70 0,35 8,22 3,02 15,66 38,05 20,65
75 0,33 8,22 3,05 15,65 37,11 20,96
80 0,32 8,23 3,03 15,66 37,09 20,97
85 0,33 8,22 3,01 15,66 37,04 20,99
90 0,35 8,22 3,02 15,66 37,01 21,00
95 0,3 8,23 3,03 15,66 37,11 20,96
100 0,31 8,23 3,06 15,65 37,1 20,97
105 0,33 8,22 3,04 15,65 37,09 20,97
110 0,35 8,22 3,03 15,66 37,11 20,96
115 0,3 8,23 3,01 15,66 37,08 20,97
120 0,3 8,23 3,03 15,66 37,11 20,96
150 0,31 8,23 3,01 15,66 37,08 20,97
180 0,31 8,23 3,01 15,66 37,09 20,97
210 0,33 8,22 3,02 15,66 37,08 20,97
270 0,33 8,22 3,01 15,66 37,11 20,96
330 0,35 8,22 3,04 15,65 37,09 20,97
390 0,3 8,23 3,03 15,66 37,1 20,97
450 0,3 8,23 3,01 15,66 37,11 20,96

25 ppm 50 ppm 100 ppm
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V (L) 1
mass (g) 3

Time (min) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg) qt (mg/g) t/qt (min.g/mg)
5 0,97 5,17 1,37 3,66 1,67 3,00
10 1,78 5,62 2,57 3,90 3,97 2,52
15 3,52 4,26 5,00 3,00 6,37 2,36
20 5,61 3,56 7,92 2,52 9,13 2,19
25 7,08 3,53 10,40 2,40 13,22 1,89
30 7,68 3,91 13,30 2,26 15,17 1,98
35 8,03 4,36 13,82 2,53 16,40 2,13
40 8,11 4,93 14,63 2,73 17,30 2,31
45 8,22 5,48 14,83 3,03 18,33 2,45
50 8,22 6,08 15,17 3,30 18,73 2,67
55 8,22 6,69 15,62 3,52 19,97 2,75
60 8,21 7,31 15,64 3,84 20,13 2,98
65 8,22 7,91 15,66 4,15 20,37 3,19
70 8,22 8,52 15,66 4,47 20,65 3,39
75 8,22 9,12 15,65 4,79 20,96 3,58
80 8,23 9,72 15,66 5,11 20,97 3,81
85 8,22 10,34 15,66 5,43 20,99 4,05
90 8,22 10,95 15,66 5,75 21,00 4,29
95 8,23 11,54 15,66 6,07 20,96 4,53
100 8,23 12,15 15,65 6,39 20,97 4,77
105 8,22 12,77 15,65 6,71 20,97 5,01
110 8,22 13,39 15,66 7,03 20,96 5,25
115 8,23 13,97 15,66 7,34 20,97 5,48
120 8,23 14,57 15,66 7,66 20,96 5,72
150 8,23 18,23 15,66 9,58 20,97 7,15
180 8,23 21,87 15,66 11,49 20,97 8,58
210 8,22 25,54 15,66 13,41 20,97 10,01
270 8,22 32,83 15,66 17,24 20,96 12,88
330 8,22 40,16 15,65 21,08 20,97 15,74
390 8,23 47,37 15,66 24,91 20,97 18,60
450 8,23 54,66 15,66 28,73 20,96 21,47

PSEUDO SECOND ORDER MODEL
25 ppm 50 ppm 100 ppm

Time (min) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt) qt (mg/g) log(qe - qt)
5 0,97 0,86 1,37 1,16 1,67 1,29
10 1,78 0,81 2,57 1,12 3,97 1,23
15 3,52 0,67 5,00 1,03 6,37 1,16
20 5,61 0,42 7,92 0,89 9,13 1,07
25 7,08 0,06 10,40 0,72 13,22 0,89
30 7,68 -0,26 13,30 0,37 15,17 0,76
35 8,03 -0,70 13,82 0,27 16,40 0,66
40 8,11 -0,93 14,63 0,01 17,30 0,56
45 8,22 -1,88 14,83 -0,08 18,33 0,42
50 8,22 -2,18 15,17 -0,31 18,73 0,35
55 8,22 -2,00 15,62 -1,44 19,97 0,00
60 8,21 -1,78 15,64 -1,70 20,13 -0,08
65 8,22 -1,88 15,66 -2,48 20,37 -0,22
70 8,22 -1,88 15,66 -14,75 20,65 -0,49
75 8,22 -2,18 15,65 -2,00 20,96 -2,18
80 8,23 -2,48 15,66 -2,48 20,97
85 8,22 -2,18 15,65 -2,18 20,99
90 8,22 -1,88 15,66 -14,75 21,00
95 8,23 15,66 -2,48 20,96
100 8,23 15,65 -1,88 20,97

PSEUDO FIRST ORDER MODEL
25 ppm 50 ppm 100 ppm
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