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Utilization of biomass as a more sustainable and environmentally friendly substitute to fossil 

raw material has been proven to be beneficial in several industries. Cellulose is a linear long 

chain polysaccharide that can easily be converted into nanocellulose using mechanical or 

chemical or biological treatment. Known characteristics of nanocellulose, for example, high 

chemical resistance, surface area, and aspect ratio, makes nanocellulose more desirable than the 

original cellulose in certain applications. 

 

This study aims at utilizing mechanically produced nanocellulose from DES (deep eutectic 

solvent) treated pulp to modify commercial ultrafiltration membranes, in order to improve the 

rejection while permeability is maintained. For this purpose, RC70PP, UH004P, ETNA 10PP 

and UFX10 membranes were modified with nanocellulose. The results from this study showed 

that modification of the RC70PP and UH004P was successful and both gave an improved 

rejection while permeability was not affected. However, both the ETNA 10P and UFX10 

membranes showed no improvement after the modification with nanocellulose. In case of 

surface modification of RC70PP membrane, modified membranes with less negative surface 

charge compared to native membrane were obtained. In the best-case scenario, using 6.58 g/m2 

of nanocellulose from bleached DES treated softwood pulp in modification of the RC70PP 

membrane demonstrated the most improvement in rejection up to 90% and the permeability was 

maintained. 
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1. INTRODUCTION  

Water purification and wastewater treatment are major global concerns due to the rise in demand 

for portable water by the growing population. According to current estimate, about 663 million 

people are affected by lack of fresh water while over 1.5 billion people on a global scale suffer 

from water related diseases Cruz-Tato et al. (2017). In 2050, about 2.43 billion people will 

suffer from direct water shortages. In order to mitigate this problem, water purification for 

consumption purposes should be considered. Furthermore, treatment of effluent from the 

industry to make suitable for ecosystem discharge is required with various treatment techniques. 

Such treatments can be physical, chemical or biological treatment. 

  

Pressure driven membrane filtration processes are one example from the many physical 

treatment methods in use, also considered acceptable for possible water reclamation. 

Traditionally, it involves the usage of a selective semipermeable barrier to separate particles that 

are larger than the pore sizes of the barrier where pressure is the driving force. They are generally 

classified into four types, microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and 

reverse osmosis (RO). Several technologies and approaches have been studied to promote 

membrane performances and reduce the existing challenges associated with membranes, but 

they are mostly focused on either developing a mixed membrane matrix or chemically surface 

modifying membranes (Cruz-Tato et al., 2017).  

 

Nanocellulose has also been used as an innovative polymer for different membrane applications 

such as fuel cell membranes, wound healing mats, water and air filtration, gas barriers 

(Gopakumar et al., 2016). According to the study where nanocellulose was used for wound 

healing mats, it was proven that it is biocompatible with living tissues. In another study, 

Soyekwo et al. (2016), nanocellulose was produced chemically and used to synthesis 

nanofibrous ultrafiltration membrane that was used in the separation of ferritin and 10 nm gold 

nanoparticles. For example, the membrane with approximately 512 nm thick had rejection 

capacities of 92.8% and 93% for 10 nm gold nanoparticles and ferritin respectively. Their 

synthesized membrane was also capable in decolorizing aqueous methylene blue dye with 

adsorption capacity 80.57 mg/g. 
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Nanocellulose is a Nano-structured cellulose that can be obtained using two methods: 

biosynthesis (a bottom-up approach) and disintegration of plant material (top-bottom approach). 

Due to its remarkable properties, like excellent mechanical strength, high surface area, 

hydrophilic surface and high stiffness, nanocellulose can open a new window for preparation 

and modification of high performing membranes and filters in water treatment. However, 

nanocellulose and its modified forms have been successfully applied in various industries, their 

full potential are still in research stages. Based on the preparation method applied, nanocellulose 

can be derived in different forms as bacterial nanocellulose (BNC), cellulose nanofibers (CNFs) 

and cellulose nanocrystals (CNCs) (Koon et al., 2014). 

 

1.1 Aim and structure of the thesis 

The main goal of this thesis is to utilize cellulose nanofibers as a surface modifier for different 

commercial ultrafiltration membranes, to enhance their rejection capacity without the loss of 

permeability.  

 

The literature part will start with highlighting the basic principles of membrane technology, its 

characteristics, processes, applications, and factors that affect the performance of membrane 

separation processes. These will be all covered in chapter two of this study. Nanocellulose will 

be covered comprehensively in the next chapter, focusing on nanocellulose origin, the different 

existing structures and properties, characterization and various preparation, modification 

techniques and applications. At the end of this section, the preparations and performances of 

previously studied nanocellulose based membranes are being dealt. 

  

The experimental part will demonstrate how to prepare a nanocellulose modified membrane 

using varying concentration of nanocellulose on different types of commercial ultrafiltration 

membranes. This will also include the filtration and analysis methods carried out. Finally, the 

outcome will be discussed in the result section and possible prospects.   
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2. MEMBRANE TECHNOLOGY AND APPLICATIONS 

Membrane technology is a general term that is used to portray a range of separation processes 

with common similarity in the utilization of a membrane in its process. A membrane is described 

to be any semi-permeable film / barrier between two states. This barrier could be either thin or 

thick, homogenous or heterogeneous based on its structure, active or passive, natural or 

synthetic, charged or neutral. For separation to occur, a driving force is required, and this can 

be pressure difference, concentration difference, temperature difference, or electrical potential 

difference across the membrane.  

 

2.1 Pressure Driven Membrane Processes 

A common membrane processes type is the pressure driven membrane process. In this process, 

the driving force for separation is pressure difference. Based on the applied pressure and the pore 

size of the membrane, membrane processes can be classified as Reverse Osmosis, 

Nanofiltration, Ultrafiltration, and Microfiltration. Characteristics and classification of pressure 

driven membrane processes are represented in Table 1. 
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Table 1: Characteristics and classification of pressure driven membranes processes 

 Microfiltration 

(MF) 

Ultrafiltration 

(UF) 

Nanofiltration 

(NF) 

Reverse osmosis 

(RO) 

Operating 

pressure b (bar) 

<2 1-10 5-35 15-150 

Pore size b (µm) 0.02-4 0.02-0.2 <0.002 <0.002 

Separation 

mechanism c 

Sieving  Sieving, charge  Sieving, charge of 

membrane and 

compounds 

Diffusion, charge of 

membrane and 

compound 

Industrial 

configurations b 

Hollow fiber, 

spiral, tubular, 

plate and frame  

Hollow fiber, plate 

and frame, spiral, 

tubular 

Plate and frame, 

hollow fiber, 

spiral, tubular  

Plate and frame, 

spiral, tubular, 

Commonly used 

materials b 

Ceramics, 

Polysulfone 

(PS) 

Ceramics, 

Polysulfone, 

Polyvinylidene 

fluoride, 

Polyethersulfone, 

Polyamide thin 

film 

Cellulose acetate, 

Polyamide thin 

film 

Cellulose acetate 

thin film 

Rejected 

compounds b,c 

particles, clay, 

bacteria 

bacteria, particles, 

virus, 

macromolecules, 

proteins, 

polysaccharides 

multivalent ions, 

particles, 

macromolecules 

monovalent ions, 

multivalent ions, 

macromolecules, 

particles, small 

organic compounds 
aPrip Beier (2007), bInterstate Technology & Regulatory Council (2010), cVan der Bruggen et al. (2004) 

 

2.2 Pressure driven filtration modes 

2.2.1 Dead-end membrane filtration  

In a dead-end membrane filtration configuration, the feed flow is directly perpendicular to the 

membrane surface sheet. Due to the flow of feed, there is a high tendency for cake formation 

which leads to in most cases membrane fouling and high permeation resistance of feed as 

undesired particles are retained on the feed side. However, when a cake forms on the membrane 

surface, the cake will act as the primary separation barrier in cases when the filtrate is not the 

desired product. An illustration for a dead-end filtration flow configuration is given in Figure 1. 
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Figure 1: Dead-end filtration process (Atec Neu-Ulm, n.d.) 

 

2.2.2 Cross-flow membrane filtration 

In a cross-flow membrane filtration configuration, the flow of feed is tangential to the membrane 

surface. Due to the direction of the flow of feed, the tendency for cake formation is minimal 

consequently reducing membrane fouling as can be experienced in a case of a dead-end filtration 

type, this is so because of the presence of cross-flow velocity during filtration. Figure 2 shows 

the illustration of a cross-flow membrane filtration. 

 

 

Figure 2: Cross-flow filtration configuration (Wesselmann-eng.de, 2016). 
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2.3 Membrane preparation and separation mechanism 

Synthetic membranes can be either polymeric, glass, ceramic or metallic with polymeric 

membranes being the most common type. Polymeric membranes are prepared using various 

techniques namely; sintering, phase inversion, stretching, track etching, lamination (coating, 

grafting, interfacial polymerization) and most used method in preparation is phase inversion. 

Phase inversion method can be achieved through any of the following ways i.e. precipitation via 

evaporation of the solvent, immersion precipitation, thermal precipitation, precipitation by 

controlled evaporation, precipitation from vapor phase. 

  

Membrane separation mechanism of desired product (permeate or retentate) can be based on 

solution diffusion, different charge of component mixture, size exclusion (particle size and 

shape and sieving), different solubilities of components in the membrane (Mulder, 1998). A 

simple example of a membrane process is represented in Figure 3. 

 

 

Figure 3: Schematic representation of a typical membrane process 
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2.4 Membrane characterization 

The characterization of a membrane is done to study or identify certain properties of the 

membrane and therefore state possible fields for application. This can also serve as a feedback 

for the prepared membrane. Table 2 shows the characterization of specific membrane properties. 

   

Table 2: Some important membrane properties and their characterization method (Mulder, 

1998). 

Membrane properties Method of characterization 

Porous structure (size and 

shape, size distribution, 

porosity) 

Scanning electron microscope SEM, Mercury intrusion, 

permeability (flux-pressure), Atomic force microscopy AFM, 

Gas adsorption-desorption, Liquid displacement, 

Permporometry, and Thermoporometry. 

Largest membrane pore 

size 
Bubble-point 

Surface or pore charge 
Electrokinetic phenomena (streaming potential), Electro-

osmosis 

Hydrophobicity and 

hydrophilicity 
Contact angle 

Chemical structure ESCA, XPS, SIMS, AES, FT-IR, EDS, Raman spectroscopy 

  

2.5 Membrane Process Applications 

Membrane technology has progressed tremendously over the past decade and it is applied in 

many separation processes because of the benefits it presents. Benefits such as a continuous 

separation process, can be easily combined with other processes, easy upscaling, no additives 

are required, can be used to separate for a wide array of pollutants and water reclamation. For 

instance, RO membrane is considered twice cheaper in capital investment cost as compared to 

a vapor recompression evaporator (Kamla and Martin, 2010). However, there are some 

drawbacks associated with its application for example, membrane fouling and short membrane 

lifetime. Membrane applications (Table 3) stretch across a variety of industries ranging from 
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food and pharmaceuticals, textile, chemical and paper industries, municipal and industrial 

wastewater treatment plants. (Mulder, 1998). 

  

Table 3: Main industrial applications of some membrane processes 

Membrane process Applications 

MF, UFa Clarification of fruit juices and alcohol beverages, water 

treatment, oil-water emulsion, dairy. 

ROa Desalination brackish and sea water, concentration of sugar, milk, 

fruit juices. 

NFa Desalination of brackish water, separation of organic solvents, 

water softening, fractionation in sugar, retention of dyes. 

ELECTRODIALYSISb Fractionation, splitting of salts to free acid and base, 

concentration of amino acids from protein hydrolysates. 

GAS SEPARATIONa Helium separation and recovery, hydrogen recovery, sour gas 

treating, natural gas dehydration, syngas ratio adjustment. 

MEMBRANE 

CONTACTORSc 

Aromatics recovery, heavy metal removal from galvanic process 

bath, ammonia product recovery from off gas stream. 

a (Mulder, 1998), b (Moresi, 2006), c (Klaassen & Jansen, 2005). 

 

 2.6 Factors that affect membrane performance separation processes 

Common factors that affects a membrane separation performance are 1) Feed 

composition/nature, 2) Properties of the membrane and 3) Hydrodynamic conditions on 

membrane surface. The composition of the feed reflects the foulant type, pH, ionic strength and 

its concentration. Membrane properties are composed of pore size distribution, surface 

chemistry, pore size and surface roughness. Lastly, hydrodynamic conditions tell about the 

operational pressure and cross flow velocity. (Zhang et al., 2006). Therefore, these factors 

should be optimized based on the application and feed conditions in order to minimize fouling 

phenomena. 
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3. NANOCELLULOSE 

Nanocellulose is a nanoscale structured material extracted or prepared from cellulose found in 

either plants, animals or bacteria (Dufresne, 2014). The approach in which nanocellulose is 

biosynthesized by bacteria is so called the bottom-up method and when it is derived from plants 

or animals, it is considered as top-bottom approach.  

 

Cellulose polymer is a linear polysaccharide which consists of β-D-glucopyranose units linked 

by β-1,4 glycosidic bonds to produce a dimer (cellobiose). It is referred to as the most copious 

natural organic polymer (Kargarzadeh et al., 2017). A chemical structure of cellulose can be 

seen from Figure 4 (Abouzeid et al., 2018). 

 

 

Figure 4: Chemical structure of cellulose (Abouzeid et al., 2018)  

  

Nanocellulose in its natural state possesses numerous great properties that enables it to be 

utilized in a wide number of application areas like pharmaceuticals, cosmetics, pulp and paper 

(Ioelovich, 2016). The common structural types of nanocellulose that exists are CNCs, CNFs 

and BNC. They all possess similar chemical composition with different morphology, 

crystallinity and particle size due to the varying method of preparation (Phanthong et al., 2018). 

Cellulose nanomaterials have some advantages over native cellulose with good promising 

prospects. Such advantages are high aspect ratio (i.e. the length to diameter, l/d, ratio), water 

stability/hydrophilicity, high chemical resistance, high surface area, high crystallinity, it is 

biodegradable, renewable and the ability to functionalize its surface. However, these 

characteristics are unique to the methods of preparation. (Abouzeid et al., 2018). 
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3.1 Structure and properties of nanocellulose 

3.1.1 Cellulose nanocrystals (CNCs) 

CNCs are typically derived from acid hydrolysis (sulfuric, phosphoric or hydrochloric acid) of 

cellulose fibers of various origins, such as cotton, soft or hard wood and tunicate. Different 

terms have been used to describe CNCs such as nanowhiskers and crystalline nanoparticles and 

the terms can be used interchangeably. The rod like morphology display of CNCs are similar 

but they vary in dimensions features due to cellulose origin and conditions of hydrolysis. The 

rod like crystals are of diameter 10-20 nm, length of several hundred nanometer and about 90% 

crystallinity. The degree of crystallinity and aspect ratio are significant variables that determines 

possible properties of CNCs (Abouzeid et al., 2018; Phantong et al., 2018). 

 

3.1.2 Cellulose nanofibers (CNFs) 

Cellulose nanofibers (CNFs) are prepared form high pressure mechanical shearing of cellulose 

pulp. They are rod-like shaped like CNCs and contain both crystalline and amorphous regions. 

Other names used to denote CNFs are microfibrillated cellulose or nanofibers. There are several 

pretreatment procedures that can be applied to enhance the breaking down of cellulose fibers 

and consequently save energy cost of for example enzymatic, oxidation or acidic treatments 

which are used in the manufacturing of CNFs. These pretreatment methods will aid the hydrogen 

bonds to be weakened, i.e. cleaving the links between amorphous groups in CNFs. Hassan et al. 

(2014) studied the isolation of CNFs using Xylanase (enzymatic pretreatment). The enzyme 

used in their study was considered to assist in easy CNFs isolation, reduction in hemicellulose 

content, and increase in degree of polymerization of fibers. The type of pretreatment and method 

used can determine the dimensions of CNFs. Thus, CNFs compared to CNCs generally have a 

higher aspect ratio, a length of 500-2000 nm and diameter ranging from 20-50 nm and can 

contain some amount of non-crystalline fraction (Abouzeid et al., 2018). 

 

3.1.3 Bacterial nanocellulose (BNC) 

Using the bottom-up approach, BNC is synthesized from bacteria species, such as Acetobacter 

xylinus and Gluconacetobacter xylinus. Bacterial cellulose differs from CNCs and CNFs 



20 

produced based on top-bottom process. Regardless of its similarities with cellulose derived from 

plant, BNC is purer and free of lignin, hemicellulose, pectin and other forms of non-cellulose 

polymer. Due to its purity, BNC consists of only glucose monomer, and thus possesses a unique 

fine nanostructure with good crystallinity. Also, it can also be synthesized from xylose, fructose 

and galactose. BNC was first prepared by scientist named Brown where he generated an 

extracellular gelatinous mat that showed same composition and reactivity with cellulose. 

(Abouzeid et al., 2018) 

 

3.1.4 Comparison of different nanocellulose types  

The characteristics of nanocellulose can be compared based on its structure, dimension, physio-

chemical and mechanical properties. It can be seen from Table 4 that some structural 

characteristics [crystallinity (%), amorphicity (%), and specific gravity ((g/cm3)] of CNC and 

BNC are somewhat similar but significantly different from CNF. Also, the aspect ratio and 

degree of polymerization of each type of nanocellulose is distinctively different.     
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Table 4: Comparison of the characteristics of different types of nanocellulose (Adapted from 

Ioelovich, 2016)  

 

 

3.2 Characterization of nanocellulose 

Nanocellulose can be characterized using different analytical methods as presented in Table 5. 

More so, the following methods, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), atomic force microscopy (AFM) and light scattering can give information 

on the morphology, mean size and particle distribution of nanocellulose (Bajpai, 2017). The 
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morphology of nanofibrils is best assessed using the TEM tool because the images give a high 

resolution thus allowing for better view of sub-nanometer surfaces. 

  

Table 5: Different methods of characterization of nanocellulose (Bajpai, 2017) 

Methods Characteristics 

AFM, TEM Diameter 

NMR, IR, Titration Surface properties 

BET Surface area 

Electron microscopy, rheology Length 

NMR, WAXS, FT-IR, XRD Crystallinity 

 

3.3 Preparation of nanocellulose 

Nanocellulose can be prepared from cellulose using the following methods 1) Acid hydrolysis, 

2) Mechanical treatment. 3) Enzymatic treatment. The cellulose origin in most cases is usually 

from lignocellulose biomass. A schematic representation for an overview conversion process of 

lignocellulose biomass into cellulose can be seen from Figure 5. This thesis will not cover 

further the conversion of biomass to cellulose, more information can be found in work done by 

Brinchi et al. (2013). However, the steps needed to achieve nanocellulose from cellulose are 

presented here. 
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Figure 5: An overview of the conversion routes for lignocellulose biomass into cellulose. (Nilsson, 

2017). 

 

3.3.1 Acid hydrolysis 

Acid hydrolysis method considers the use of acid (i.e. sulfuric, hydrochloric or phosphoric) to 

hydrolyze cellulose of various origin. The product in this case is usually cellulose nanocrystal 

or nanocrystalline cellulose as seen from Figure 6. When cellulose fiber is hydrolyzed, the 

hydrogen bonds are disrupted, and amorphous region is cleaved; thus, allowing the formation 

of a well-defined crystalline rod. Using sulfuric acid is preferred the most compared to the other 

kinds of acid (i.e. hydrochloric and phosphoric) for hydrolysis because it is cheap and can be 

easily obtained. In addition, a more stable aqueous suspensions of CNCs can be obtained when 

produced from sulfuric acid hydrolysis as compared to hydrochloric and phosphoric acid 

hydrolysis. This might be attributed to the negatively charged sulfate groups (esters) that is 

released on the surface of CNC, and thus preventing agglomeration via repulsion (Abouzeid et 

al., 2018). 
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Figure 6: Schematic diagram of a typical cellulose nanocrystal preparation form cellulose (Phanthong 

et al., 2018). 

 

Several studies in the past have shown that nanocellulose can be derived from different cellulose 

resources. The properties of derived CNCs vary due to cellulose source, acid type used for 

hydrolysis, the concentration of acid, temperature and process time. An example of this is a 

research carried out by Wulandari et al. (2016) in which cellulose was separated from sugarcane 

bagasse and then, used to produce CNC with 50% sulfuric acid at 40 ℃ for a time of 10 minutes 

hydrolyzing period. The produced CNC was characterized, and the shape was spherical with 

mean diameter of 111 nm, modal size of 95.9 nm and crystallinity of 76.01%. In another study 

by Nilsson (2017), cellulose was extracted from wheat bran and hydrolyzed using acid of 72% 

(w/w), 40 and 50 ℃ for 1-5h to yield CNCs of diameter around 100 nm.  

 

3.3.2 Mechanical treatment 

This preparation method involves the use of high shear forces to breakdown the cellulose fibers 

into smaller sizes. Mechanical treatments for preparation of nanocellulose are classified into 

four, namely; micro-fluidization, cryocrushing, homogenization and micro grinding. Figure 7 

describes a typical cellulose conversion to CNFs. 
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Figure 7: Schematic diagram of a typical nanocellulose fiber preparation form cellulose (Phanthong et 

al., 2018).  

 

For a better efficiency and lesser energy requirement, pretreatments such as oxidation, 

enzymatic or acidification can be done on cellulose prior to mechanical treatment. The 

effectiveness of a pretreatment technique has been exemplified in a report by Ruan et al. (2017) 

in which cellulose was oxidized using Oxone (2KHSO5.KHSO4.K2SO4). In their study, the CNF 

had a diameter 10 nm and was a few hundred nm in length. However, the aspect ratio of obtained 

CNF was sharply reduced (Ruan et al., 2017).  

 

3.3.3 Enzymatic treatment 

Enzymatic treatment involves the use of enzymes to hydrolyze cellulose by mixing. The linking 

bonds (hydrogen bonds) present in cellulose are broken down with the aid of an enzyme. There 

are some limiting factors to enzymatic treatment when it is used to break down cellulose, these 

are 1) the presence of lignin and 2) the presence hemicellulose, as these factors make the 

cellulose difficult to access. Thus, there is a need for increased enzyme amounts than would be 

required with a pure cellulose, thereby reducing the overall efficiency (Nilsson, 2017). 

Enzymatic treatment on cellulose is not usually a sole process and due to this reason, there is a 

need for further processing on cellulose which in most cases will be a mechanical process. If the 

desired product is nanocellulose, cellulose nanofibers (NCFs) are most expected. 
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3.4 Deep Eutectic Solvents (DES) 

DES are formed from a combination of two or three components that can establish hydrogen 

bond interactions with each other. Components involved comprises of a hydrogen bond donor 

(HBD) and hydrogen bond acceptor (HBA). The resulting eutectic solvent usually has a melting 

point lower in comparison to that of individual components (Aydin K. et al., 2019). The 

structures of commonly used HBA and HBD for DES synthesis can be found from Figure 8.  

 

 

Figure 8: Structure of commonly used HBA and HBD for DES synthesis (Aydin K. et al., 2019) 

 

3.5 Modification of nanocellulose 

Nanocellulose can be modified to improve its functionality, interfacial compatibility with 

polymers matrices and aiding its dispersion in non-aqueous media. There are two major 

categories of nanocellulose modification, namely surface modification and physical 

modification.  For surface modification, this can be done either chemically or physically and 

there are different kinds of modification techniques under the surface modification category as 

shown in Figure 9. 
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Figure 9: Different modification techniques for surface modification of nanocrystal (Lin, 2014) 

 

3.5.1 Surface modification  

Nanocellulose exhibit a high number of hydroxyl group (2-3 mmol/g) on the surface and ample 

surface area (few 100 m2/g). This makes it possible to modify the surface in order achieve 

specific functionality (Thielemans, 2014). There are different kinds of modifications that can be 

done to improve or subject nanocellulose into a desired function. However, nanocellulose 

surface chemistry is governed primarily on its extraction procedure from the starting material- 

cellulose (Moon et al., 2011). The surface chemistry of nanocellulose prepared with commonly 

used methods is shown in Figure 10.  
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Figure 10: Different surface chemistries of common nanocellulose extraction methods. Hydrolysis of 

sulfuric acid to give sulfate ester groups (route 1), hydrolysis of hydrochloric acid to give hydroxyl 

groups (route 2), hydrolysis of acetic acid to give acetyl groups (route 3), TEMPO intermediate 

hypochlorite treatment (route 4) and carboxymethylation (route 5) supply carboxylic acid groups 

(Degruyter.com, 2019). 

 

3.5.1.1 Chemical surface treatment 

 

a. TEMPO-mediated oxidation 

This is a typical chemical pretreatment in nanocellulose fiber preparation, which is carried on 

pure cellulose prior mechanical treatment. At a mild aqueous condition with pH range of 9-11, 

it uses the catalyst 2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO) and hypochlorite (NaOCl) 

as its primary oxidant. Hence, the C6 hydroxyl group is oxidized on the surface of the cellulose 

into carboxylic group, thus, degrading the cellulose. The application of TEMPO-mediated 

oxidation method in preparation of CNFs has been reported in several studies. In study by Lin 

and Dufresne (2012), nanocellulose fiber with a sponge like structure was produced after the 

addition of a solution containing TEMPO and NaBr on cotton cellulose fiber solution. The 

TEMPO-Oxidized nanocellulose aided crosslinking in Alginate-based sponges which result in 

a structural and mechanically stable sponge. They also reported that the sponges displayed an 
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ultrahigh porosity, favorable water absorption and retention, and better compression strength, 

providing sponge with extension for practical applications.       

 

b. Sulfonation 

This modification is done usually when sulfuric acid is utilized in acid hydrolysis at the point 

of nanocellulose production. The surface of CNCs is left negatively charged after introducing 

the sulfate groups. However, in situations when hydrochloric acid or phosphoric is used during 

hydrolysis, sulfate groups can be attached to the surface of CNCs through esterification with 

sulfuric acid. The CNCs is electrostatically stable because the negative charged groups 

overcome the hydrogen bonds at adjacent nanocrystal position; thus, allowing it to be separate 

from each other. The extent of sulfonation relies on the concentration of sulfuric acid and 

hydrolysis time implied (Lizundia and Vilas, 2016).   

 

c. Polymer Grafting 

Polymer grafting is obtained by the covalent addition of a polymer on the nanocellulose surface. 

This can be carried out in two methods, either by grafting-from or grafting-onto technique. In 

the former, polymer chains are formed by polymerizing the surface of the substrate bearing the 

immobilized initiators. Whereas, the latter technique involves attaching a polymer chain that 

has been pre-synthesized onto the hydroxyl group present on the cellulose surface, with the aid 

of coupling agent (Islam and Zoccola, 2013). In a study by Wei et al. (2017), the surface of 

cellulose nanocrystal was grafted with canola oil fatty acid methyl ester. Their findings 

confirmed that the transesterified CNCs indicated a successfully grafted-onto of the long chain 

hydrocarbon, hydrophobicity was increased and the resulted modified CNCs is applicable as a 

hydrophobic coating or reinforcement in hydrophobic polymers.      

 

d. Silylation 

To improve nanocellulose dispersion in organic solvents, nanocellulose can be silylated with 

alkyldimethylchlorosilanes which has different alkyl moieties lengths in methylbenzene. In the 

early hours, reactions are fast until a maximum peak is attained. When the degree of substitution, 

DS is between the range of 0.6-1.0, CNCs morphology is not affected. However, with a larger 

DS, its core chains will be degenerated leading to the loss of its original morphology. To avoid 
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this incidence, isopropyldimethylchlorosilane and chlorodimethyl isopropylsilane with 

moderate DS are mostly used to silylate CNCs and maintain its nanocrystalline morphology. 

(Lizundia and Vilas, 2016). 

 

e. Acetylation 

Acetylation means substitution of acetyl functional group (COCH3) with hydroxyl group on 

nanocellulose surface using acetic anhydride. The process aims at reducing forces of interaction 

between fibers, improve hydrophobicity and dispersion of nanocellulose fiber, other polymers 

compatibility, enhance the thermal degradation and the optical features of nanocomposite film. 

The cost and availability of the chemicals used in acetylation modification makes it a promising 

process as compared to surface grafting, use of silane coupling agent and surfactant 

modifications. Studies have shown cases where acetylation has been used to modify or improve 

nanocellulose application, for example, nanocellulose fiber film produced from acetylated 

nanocellulose had improved thermal stability and optical transmittance due to NCFs improved 

dispersion in aqueous solution. The produced films were smooth, flat and uniform. (Yang et al., 

2018). In another research carried out by Xu et al. (2016), acetylation was done on surface of 

CNCs to improve its affinity towards polylactide (PLA).  

 

3.5.1.2 Physical surface treatment 

The adsorption of anionic, cationic or nonionic surfactants to modify/coat CNCs surface is the 

easiest approach to attain the dispersion of CNCs without flocculation in non-polar solvents. 

Most surfactants are organic compounds, with both hydrophilic and lipophilic properties, that 

contain water soluble and water insoluble components for hydrophilic and hydrophobic groups 

respectively. This is a simple process that involves the mixing in solvent where surfactants are 

physically absorbed on CNC in a non-covalent manner and therefore are easy to manage or 

control as compared to chemical modification. A successful surfactant-coated CNC will show 

an improved compatibility or dispersibility in non-polar organic solvent and reduced surface 

energy/tension (Lin, 2014). 

 



31 

3.5.2 Physical modifications 

This type of modifications will change nanocellulose in terms of its surface properties and 

structure and affects the cellulose matrix and the mechanical bonding. They do not require the 

use of chemicals or surfactants and are therefore environmental hazard free. Processes include, 

surface fibrillation, ultrasonic treatment, irradiation, electric currents and electric discharge 

(cold plasma, corona). Ultrasonic treatment is a simple and the most used modification 

technique and aids homogenous dispersion of nanocellulose in aqueous media.  

 

   3.6 Applications of Nanocellulose 

Nanocellulose is considered as a substitution for synthetic materials as a more environmentally 

friendly material, also, providing us with a completely new type of biomaterial that is cellulose 

nanocomposite. Recently, cellulose nanocomposites are commercially applied in a vast array of 

industries from packaging, medical, electronic, construction, automotive, pulp & paper, paint & 

coating to wastewater treatment. (Sharma et al., 2019). 

 

3.6.1 Nanocellulose use in Paper industry 

Harvested cellulose of about 100 megatons are utilized to produce paper and paperboard per 

annum. Different steps to paper making include paper components preparation, wet refining, 

wet sheet formation, drying, calendering, pressing and finishing. To produce a strong paper, 

refining the cellulose fiber is obligatory. Nanocellulose has shown to be a good additive in paper 

composition to improve strength of paper that can be 2-5 times stronger than common papers 

from traditional refining process. In addition to its mechanical strength, nanocellulose paper is 

optically clear, transparent and foldable (Asim, 2017). 

 

3.6.2 Nanocellulose in Biomedical industry 

Nanocellulose is low in toxicity, has good biocompatibility, is renewable, has good physical 

properties and is biodegradable. As a result, it can be applied in biomedical industries. 

Nanocellulose is mainly used in the biomedical industry as a stabilizer. For example, it is used 

to stabilize medical suspensions which will prevent the sedimentation of heavy compounds and 
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phase separation so as to give a homogenous suspension. Other health care applications of 

nanocellulose may be included in cosmetics, personal hygiene products and biomedicines. 

When nanocellulose is chemically modified, it can be used to transport immobilized enzymes 

and drugs in the body. Owing to its nano-size, it is possible to penetrate through the skin pores 

and treat diseases (Asim, 2017). From the study by Hakkarainen et al. (2016), CNF was 

produced from birch bleached pulp and used for wound dressing and healing.    

 

3.6.3 Nanocellulose as a Composite in the industry  

Nanocellulose is suggested to be a good composite material due to its transparency, great 

thermal and mechanical properties, and light weight. Nowadays, nanocellulose is used as filler 

to reinforce the polymer matrix, and this is because of its excellent mechanical properties. 

(Phanthong et al., 2018). According to a study reported by Sain (2007), nanocellulose extracted 

from soybean was added to a synthesized polymer and tested for its mechanical properties. Their 

result showed that the polymer which contained nanocellulose possessed a significantly higher 

stiffness and tensile strength in comparison to the reference polymer.  
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4. PREPARATION AND PERFORMANCE OF 

NANOCELLULOSE BASED MEMBRANES AND FILTERS 
 

In recent times, more interest has been made on water purification membranes prepared with 

nanocellulose. Up to now, several techniques have been applied in the preparation of 

nanocellulose-based membranes required for removal of specific contaminants.  

 

4.1 Electrospun-cellulose nanomaterial  

This is the impregnation of electrospun mesh with nanocellulose. The membrane produced 

possessed high surface area, and an interconnected but open pore structure. They are used at 

micro scale filtration level in terms of pollutant removal from water, and several efforts have 

been made to enhance the stability and functionality of the membrane formed by adding 

nanoparticles, crosslinking and blending with functional polymers. In addition, electrospun-

cellulose nanomaterial has the capacity to either create a full secondary layer in a two-layered 

composite membrane or be a potential layer to support secondary active surfaces by coating the 

fibers individually. For example, TEMPO oxidized CNCs, which have negatively charged 

functional groups employed to modify electrospun membranes and make it efficient in bacteria 

and virus removal via size exclusion and adsorption respectively. (Goetz et al., 2018). Based on 

the study by Goetz et al. (2018), Electrospun-cellulose nanocrystal (E-CNC) membrane 

demonstrated a nano-textured surface with enhanced mechanical properties, superhydrophilicity 

(0o contact angle) and antifouling surface feature. The results of their study demonstrated that 

prepared E-CNC membrane possessed a good retention of 56% for particles in the range of 0.5-

2.0 micrometers, 80-99% dye removal by adsorption and high flux more than 20,000 Lm-2h-1. 

In another study by Goetz et al. (2016), they achieved the surface coating of electrospun 

cellulose acetate membrane with chitin nanocrystal. The result of their study showed a high flux 

of 14217 Lm-2h-1 at 0.5 bar, hydrophilicity of 0o contact angle, high reduction in biofouling and 

biofilm formation, and a 131% and 340% increase in strength and stiffness respectively when 

5% chitin nanocrystal was used to coat the cellulose acetate mat. 
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4.2 Composite membrane 

Nanocellulose can be incorporated within the polymer structure of composite membrane. 

Several studies have reported the preparation of composite nanocellulose membranes via phase 

inversion technique. In 2013, Kong et al. utilized TEMPO oxidized CNF (TOCNF) as a 

hydrophilicity and reinforcement agent. They used phase inversion method in the fabrication of 

a cellulose triacetate composite ultrafiltration membrane. Additionally, they reported that both 

permeation flux and tensile strength of modified membrane are improved as a result of better 

hydrophilicity and reinforcement characteristic of TEMPO oxidized CNF. In a recent research 

carried out by Wang et al. (2018), a nanocellulose/filter paper (NC/FP) composite membrane 

was fabricated using a layer deposition method. In their work, an aqueous solution of well-

dispersed nanocellulose was placed on the substrate of a filter paper using vacuum filtration. 

They reported that both nanocellulose size and dosage influence the final pore structure and 

nanocellulose network deposited on the composite membrane. In addition, they demonstrated 

that the further drying of modified filter paper affects the performance of composite membrane 

as this was reflected from the obtained varying results. 

 

4.3 Coating 

In nanocellulose coating technique, the membrane material or surface is either spray coated, or 

dip coated with nanocellulose. An example of spray coating technique was reported in the study 

by Roy et al. (2018), where tissue paper was coated with modified nanocellulose to achieve a 

super-hydrophobic and superoleophilic separation material/membrane. The coated membrane 

produced was able to separate water/oil mixture and employed in wastewater treatment, also, in 

absorption of toxic dyes. In the above-mentioned study, the TEMPO oxidized nanocellulose 

fiber (TONCF) was surface modified using octadecylamine (ODA) using a coupling agent 

(glutaraldehyde, GA) in a medium containing deionized water and alcohol. Figure 11 and 12 

shows the synthesis of super hydrophobic nanocellulose and the coating process of tissue paper 

respectively.   
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Figure 11: Graphical representation of superhydrophobic CNF-ODA synthesis (Roy et al., 2018). 

 

 

 

Figure 12: Graphical demonstration of coating process of tissue paper (Roy et al., 2018). 

 

The super-hydrophobicity is responsible in preventing the passage of water through the coated 

tissue paper while the super-oleophilicity property will allow easily the smooth passage of oil 

through. The coated tissue paper was able to successfully separate different types of oils and 
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solvents including toluene, heptane, chloroform, hexane, 1,2-dichloroethane, pump oil, 

kerosene, diesel, silicon oil  that is combined with water in ratio of 1:1. Separation efficiency of 

the membrane was between 90-99% and remained high even after a 10-cycle separation. In 

another study, nanocellulose fiber is vacuum filtered and later dip coated with nanocellulose 

crystal containing either sulfate or carboxyl groups. The coated membrane produced displayed 

pore sizes within the nanofiltration range (74 Å) and after further treatment with acetone, a more 

porous membrane (tight ultrafiltration of 194 Å) was obtained thus increasing water flux from 

0 - 25 Lm-2h-1 at 0.45 MPa change in pressure (Karim et al., 2016).  
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5. MATERIALS AND METHODS 

5.1 Materials  
 

Amicon cell filtration unit was used to carry out the filtration experiments in dead-end mode as 

seen from Figure 13.  Deionized water (DI, 15 MΩ) used for all experiments was taken from 

CENTRA-R 60/120 system (Elga purification system, Veolia Water, UK). Polyethylene glycols 

PEG, Mw. approximately 4000 g/mol, (CAS: 25322-68-3), PEG, Mw. approximately 3000 

g/mol (CAS: 25322-68-3), PEG, Mw. approximately 2000 g/mol (CAS: 25322-68-3) and PEG, 

Mw. approximately 1000 g/mol (CAS: 25322-68-3) were supplied by Fluka AG (Switzerland), 

Fluka Analytical and Sigma life science (Germany) respectively. These PEGs were employed 

as the model compound for studying the rejection. Hydrochloric acid (HCl, 37%, CAS: 7647-

01-0) and Sodium hydroxide (NaOH) used for pretreatment of nanocellulose were purchased 

from VWR chemicals and ONE MED (Manufacturer: Caesar & Loretz GmbH) respectively. 

  

 

Figure 13: Amicon millipore filtration set up. 
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Four different commercial membranes with varying properties as presented in Table 6 were 

modified with nanocellulose and evaluated on its performance. The cut-off value presented here 

is based on the information gotten from the supplier. Nanocellulose used for the membrane 

modifications was produced from both bleached and unbleached softwood and hardwood DES 

treated pulp. 

 

Table 6: The used membranes and their properties 

Membranes MWCO 

(KD) 

Material Manufacturer  

RC70PP 10 Regenerated cellulose Alfa Laval 

ETNA 10PP 10 Polyvinylidene fluoride Alfa Laval 

UH004P 4 Polyethersulfone Microdyn-Nadir 

UFX10 10 Polysulfone Alfa Laval 

 

5.2 Methods 

5.2.1 Nanocellulose Preparation 

Nano-sized cellulose fiber was achieved mechanically with a high impact shear force equipment 

(IKA Ultra-Turrax) and sonification on pulp. As a result of the high speed (24,000 rpm), the 

fluid is influenced into generation of shear rates in the streams to decrease the size of the fibers 

to nanoscale. All the used nanocellulose samples were prepared from both spruce (softwood) 

and birch (hardwood) DES treated cellulose pulp, namely nanocellulose from bleached 

softwood (SWB), unbleached softwood (SWU), bleached hardwood (HWB) and unbleached 

hardwood (HWU). A detailed schematic representation can be seen from Figure 14 depicting 

how nanocellulose was prepared. 
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Figure 14: Schematic representation of mechanically produced nanocellulose 

 

5.2.2 Membrane modification with nanocellulose  

All membrane pieces were at first washed under running deionized water for about one minute 

before placed inside the filtration equipment (Amicon cell). Membrane compaction was done 

for twenty minutes at a pressure of 3 bars using DI water. The modification of the membranes 

was carried out by filtering specific amounts (2.63, 6.58, 13.16, and 26.32 g/m2) of beforehand 

prepared nanocellulose solution (0.2 g of DES-treated pulp in 200 ml deionized water) using a 

pressure of 0.5 bar through the membrane without the stirring condition. It was expected that 

the nanocellulose was evenly distributed over the surface of the membrane. In addition, FTIR, 

contact angle and surface charge measurements were conducted on both neat and surface 

modified RC70PP membranes to evaluate the effect of modification on the surface chemistry of 

the membrane and the presence of the modifier on the surface and the structure of the membrane. 

Soaking / 
hydration of 

cellulose

•Overnight soaking (0.2 g of DES  
treated pulp in 200 ml deionized water)

High 
mechanical 
shear force 

homogenizer

•24,000 rpm, 2 hours

Sonification
•Amplitude 100%, Pulser 6 seconds

•1 hour 

Centrifuge
•4,000 rpm, 30 
minutes

Nanocellulose
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5.2.3 Preparation of PEG solution 

PEG solutions were prepared by carefully weighing the required amount of PEG solid using 

four decimal analytical weighing balance. A concentration of 300 ppm PEG solution of various 

molecular weight (1, 2, 3, 4 kilodalton, KD) was respectively prepared in a 2-liter volumetric 

flask. For proper dissolution of the PEG solid in DI water, it was allowed to stir for about 16-18 

hours at a stirring speed of 250 rpm. 0.6 g of PEG solids was dissolved in 2 liters of DI water. 

With the aim of achieving approximately 300 ppm concentration of PEG solution, equation 1 

was used. 

 

 
2 𝑙𝑖𝑡𝑒𝑟 (2000 𝑚𝑙) ×

300 𝑚𝑔

1000 𝑚𝑙
 (1) 

 

Permeability measurement  

Procedure: 

1. Wash membrane with ultrapure deionized water for about one minute. 

2. Place membrane properly in filtration unit. 

3. Compaction with deionized water for 20 minutes at pressure of 3 bars, 25˚C and mixing. 

4. Pure water flux measurement is taken after eleven minutes at applied pressure of 1, 2 and 

3 bars at constant mixing and temperature (25˚C). 

5. Pure water flux measurement is done for both native and nanocellulose modified 

membranes. 

 

The permeability is calculated using equation 2. 

 

 
𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (𝐾𝑔)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 (𝑚2) ×  𝑇𝑖𝑚𝑒 (ℎ) × 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑏𝑎𝑟)
  (2) 

 

Rejection experiments 

Total Organic carbon (TOC) analyzer (Shimadzu TOC-L series, Tokyo, Japan) was employed 

in the determination of membrane rejection of PEG by measuring the organic carbon content. 
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First, the different filtration equipment parts were rinsed with deionized water to eliminate the 

presence of any leftover impurities and afterwards the filtration setup was again properly 

assembled. In the next step, the membrane was carefully washed for at least one minute with DI 

water and placed appropriately in Amicon cell. Afterwards, compaction was done on the 

membrane for twenty minutes at a pressure of 3 bars and subsequently the membrane 

modification using different amount nanocellulose was accomplished. In the modification stage, 

desired amount of nanocellulose in milliliters was allowed to filter across the membrane at low 

pressure (0.5 bar) thus forming a layer on the membrane surface. Subsequently, about 100 ml 

of PEG solution was used to rinse the system to avoid any form of dilution of the feed sample 

(PEG solution) and about 200 ml of feed sample was then introduced into the system, at a 

pressure of 0.8 bars, a temperature of 25oC, mixing speed of 200 rpm while filtration 

commences.  After filtration was ended, approximately 17 ml of permeate, feed and retentate 

was collected and analyzed respectively for organic carbon content using the TOC analyzer. 

Retention was calculated using equation 3.  

 

 
Retention  (%) = (1 −

2 × 𝐶𝑝

𝐶𝑓 + 𝐶𝑟
) × 100 (3) 

 

Where,  Cp is concentration in mg/l of permeate 

  Cf is concentration in mg/l of feed 

  Cr concentration in mg/l of retentate 

 

Characterization of Nanofibrillated cellulose 

X-Ray Diffraction (XRD) method was employed to evaluate the crystallinity of nanofibrillated 

cellulose with the use of X-Ray powder diffractometer model D8 Advance of Brunker with Cu 

Kα monochromatic radiation and θ-2θ geometry. The XRD patterns were obtained from 10 to 

40°. The samples for XRD were freeze-dried overnight prior to measurement and spectra for 

both starting materials and prepared nanocelluloses were recorded respectively on the XRD 

system. The proposed Segal empirical height ratio method was applied to determine the 

crystallinity index (%) as presented in equation 4 
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𝐶𝑟𝑙 =

𝐼200 − 𝐼𝑎𝑚

𝐼200
× 100% (4) 

 

Where, Crl is the percentage relative degree of crystallinity  

I200 is maximum intensity of the peak (200) at lattice diffraction 2θ = 22.5º 

Iam is minimum intensity amongst planar reflections (110) and (200) at 2θ = 16.5°  

 

Particle size distribution by number of produced nanocellulose was measured using Zetasizer 

nano application software and Zetasizer ZS Nano Malvern 2013 equipment. Samples 

(nanocellulose fiber) were placed in DTS0012 cell and measured. The parameters used 

(temperature 25 ℃, Viscosity 0.8872 cP) allows for the calculation of molecular weight using 

dynamic light scattering at an angle of 173°. 

 

Characteristics of Membranes 

The hydrophilicity or hydrophobicity of unmodified/modified membranes were calculated using 

contact angle measurement based on captive bubble method with the KSV contact angle 

measurement system (equipped with camera having Charged Coupled Device, CCD). 

Membrane samples were placed appropriately on the slide and submerged in a liquid phase (for 

example water, density 0.9986 g/cm3) after which a gas bubble is formed (for example air, 

density 0.0013g/cm3) using an inverted needle onto the underside membrane surface to give an 

inverted sessile drop. The bubble that is formed is measured for its contact angle. 

                       

Surface charge on modified membrane was determined by measuring its zeta potential. The 

SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz, Austria) was used which had an 

adjustable gap cell and a background electrolyte solution (1 mM KCl). All membrane samples 

had been stored in DI water and kept at a temperature of approximately 5 ℃ in a refrigerator, 

prior to the experiment. At the beginning of the experiment, the pH of the solution was first 

adjusted to about pH 8 using dilute KOH solution and later titrated from pH 8 to 2 automatically 
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with 0.05 M HCl solution during analysis. In order to calculate the zeta potential, streaming 

current measurement according to the Helmholts-Smoluchowski equation is used (equation 5). 

 

ζ =
𝑑𝑙

𝑑𝑝
 × 

η

ε × ε0
 ×  

𝐿

𝐴
  

 

(5) 

  

Where,  ζ – zeta potential, V 

     dl/dp – slope of streaming current versus pressure 

     η – electrolyte viscosity, kg·m−1·s−1 

    ε – dielectric constant of electrolyte, F·m−1 

     ε0 – vacuum permittivity, F·m−1 

    A – cross-section of the streaming channel, m2 

L – length of the streaming channel, m 

  

Fourier-transform infrared spectroscopy (FTIR) was used to show the presence of nanocellulose 

on the surface of membrane. Samples for the FTIR measurements were prepared by means of 

modification, later oven dried at temperature of 55 ℃ for two hours and the Universal ATR 

sampling accessory and Perkin Elmer spectrum software was able to show the formation of an 

ultra-thin layer on the surface of the membrane. Resolution was set at 4 cm-1 at the absorbance 

mode of FTIR spectrum of all unmodified/modified membranes were measured over the 

wavenumber range of 4000-400 cm-1 with the date interval 1 cm-1. In the final step, all recorded 

FTIR spectra were processed with ATR correction and baseline correction.      
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6. RESULTS AND DISCUSSION 

6.1 Characterization of produced Nanocellulose. 

6.1.1 Particle size distribution (PSD) 

The characterization of nanocellulose prepared from both softwood and hardwood DES treated 

pulp was done in order to understand the particle size distributions of the produced nanosized 

fibers. According to the acquired graphical representations in Figure 15 , the particle size 

distribution in nanocellulose prepared from bleached softwood had an average diameter of 7.2 

nm and maximum distribution of 3.1 nm while for the unbleached softwood, an average 

diameter of 17.7 nm and maximum distribution of 11.9 nm as seen in Figure 16 . Also, Figures 

17 and 18 showed nanocellulose produced from bleached and unbleached hardwood 

respectively with an average particle size of 98.7 nm, 61.8 nm and maximum distributions of 

58.7 nm, 37.84 nm was found respectively. 

 

From the particle size distribution results, it is evident that nanocellulose produced from 

hardwood had greater particle size compared to that prepared from softwood. This could be due 

to that hardwood fibers are usually short and thick while softwood fibers are thin and long, thus 

able to be nanosized easily during the mechanical treatment. Overall, these observations show 

that nanocellulose was successfully prepared from both softwood and hardwood.  
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Figure 15: Size distribution by number of nanocellulose from bleached softwood DES treated pulp 

 

 

Figure 16: Size distribution by number of nanocellulose from unbleached softwood DES treated pulp 
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Figure 17: Size distribution by number of nanocellulose from bleached hardwood DES treated pulp 

 

 

Figure 18: Size distribution by number of nanocellulose from unbleached hardwood DES treated pulp. 
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preparation steps according to Soyekwo et al. (2016)) with the mechanically produced 

nanocellulose from same starting material by means of particle size distribution. The particle 

size distribution of the chemically pretreated nanocellulose from bleached DES treated softwood 

pulp is represented in Figure 19. Nano sized fibers from chemically pretreating DES treated 

pulp from bleached softwood had a greater average diameter of 243.5 nm and maximum 

distribution of 295.3 nm compared to the mechanically produced nanocellulose as shown in 

Figure 20. This could be that the chemical pretreatment was not as effective in breaking down 

the interfibrillar bonds between the cellulose molecules compared to the high shear force 

mechanical homogenizer equipment will do. 

  

 
Figure 19: Size distribution by number of nanocellulose from chemical pre-treated bleached softwood 

DES treated pulp. 
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Figure 20: A comparison of size distribution by number of nanocellulose from both mechanical treatment 

and chemical pre-treated bleached softwood (M-nc is mechanical treatment and C-nc is chemical 

treatment). 

 

6.1.2 Crystallinity of produced nanocellulose 

The crystallinity of nanocellulose was measured by means of X-ray diffraction (XRD). From 
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Figure 21: XRD measurements for crystallinity of prepared nanofibrillated cellulose from DES treated 

pulp. 

 

Table 7: Crystallinity index of prepared nanofibrillated cellulose from DES treated pulp compared to 

their starting materials. 

Samples Crystallinity (%) 

DES treated pulp for SWB 30.5 

SWB (nanocellulose softwood bleached) 62.7 

DES treated pulp for SWU 44.3 

SWU (nanocellulose softwood unbleached) 59.6 

DES treated pulp for HWB 44.6 

HWB (nanocellulose hardwood bleached) 45.8 

DES treated pulp for HWU 23.7 

HWU (nanocellulose hardwood unbleached) 22.8 
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6.2 Characteristics of Regenerated cellulose (RC70PP) membrane modified with 

nanocellulose 

6.2.1 Surface charge characterization of RC70PP membrane 

Surface charge of the original and modified commercial RC70PP membranes with different 

nanocellulose (i.e. bleached and unbleached softwood and hardwood nanocellulose) were 

measured by means of zeta potential as a function of pH and can be seen from Figure 22. 

 

  

Figure 22: The zeta potentials of native and modified RC70PP. membranes with 6.58 g/m2 

nanocellulose  

 

Figure 22 shows that all the tested modified membranes have a negative zeta potential in the pH 

range of 3 to 8. The native RC70PP membrane has the most negative zeta potential at the 
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to the presence of less negative charge functional groups of nanocellulose. As can be seen from 

the FTIR spectrum of native RC70PP, the presence of C=O groups at wave number 1737 cm-1 

reveals the fact that this commercial membrane may still have some trace of acetate group as 

pure cellulose does not possess this group on its structure. Due to the penetration depth of IR 

beam the presence of C=O bands is also evidence on the spectrum of all modified membranes 

which is mostly related to the acetate still present, i.e. the native RC70PP. Close inspection of 

all spectra shows that the intensity of O-H (broad band between 3400-3000 cm-1) group and 

C=O (with pka value around 3) is higher for native RC70PP compared to all nanocellulose 

modified membranes. These higher intensities could be considered as a possible explanation for 

higher negatively surface charge of native RC70PP membrane compared to the other modified 

membranes. In addition, it should be also mentioned that the other factors, such as pore size and 

available surface area could affect the surface charge. As can be seen from the Figure 26, all the 

modified membranes demonstrated better rejection of PEG 3 KD compared to the native 

RC70PP membrane, indicating that they have smaller pore size compared to the native 

membrane. 

  

Furthermore, recent studies demonstrated that the increase of surface hydrophilicity might give 

higher negative value of zeta potential (Shi et al., 2007; Susanto et al., 2005). However, in this 

study the nanocellulose coated membrane was less charged than the virgin membrane although 

the hydrophilicity of the coated membrane was higher. This indicates that the nanocellulose 

used in the coating was less charged than the original membrane.     

 

6.2.2 Characterization of membrane hydrophilicity 

The hydrophilicity or wettability of all the modified RC70PP membranes including the native 

membrane were evaluated using the captive bubble water contact angle measurements. The 

results from this study according to Table 7 shows that all membranes including the native 

membrane are hydrophilic because their contact angles are below 90˚. Nanocellulose is 

hydrophilic as a result of the presence of OH group thus, the presence of nanofiber dispersion 

improved the surface wetting property of RC70PP membrane. The lower the contact angle, the 

more hydrophilic the membrane tends to be. 
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 Table 7: Contact angle for native and modified RC70PP membranes using 6.58 g/m2 nanocellulose 

prepared form DES treated pulp. 

MEMBRANE CONTACT ANGLE [o] 

NATIVE 48.5 

HWB (Hardwood bleached) 28.5 

HWU (Hardwood unbleached) 37.5 

SWB (Softwood bleached) 13.3 

SWU (Softwood unbleached) 23.2 

 

The most hydrophilic membrane is the one modified with SWB (contact angle of 13.3˚) while 

the membrane that shows the least hydrophilicity is that which was modified with HWU (contact 

angle of 37.4˚). Also, it can be seen from the results that nanofibers produced from softwood 

cellulose improved wettability on RC70PP membrane better than from hardwood cellulose. 

Almost in all the work performed on the RC70PP membrane, the sessile drop method was used 

to evaluate the hydrophilicity of RC70PP membrane and the value between 11 to 15˚ was 

reported. However, in work done by Susanto (2007), the hydrophilicity of this membrane 

(RC70PP Alfa Laval) is measured based on both captive and sessile drop. He reported the value 

of 33.7±5.3 for captive bubble technique which is in good agreement with the current work. In 

addition, it is mentioned in his work that the water spread onto the surface quickly, and thus it 

was challenging to measure the contact angle based on sessile drop for the RC70PP membrane. 

More so, the hysteresis between captive bubble and sessile drop is a common issue which can 

be caused as a result of the size of droplet and gravity during measurement.   

 

  6.2.3 Characterization of membrane surface property 

The surface property of the RC70PP modified membranes were characterized using FT-IR 

spectroscopy. Based on the acquired FTIR spectra presented in Figure 23, all modified 

membranes with nanocellulose irrespective of the cellulose source were not different with the 

native RC70PP membrane known to be a regenerated cellulose membrane. Absorption peaks 

were invariably like that of cellulose indicating that no new signals can be found in the modified 
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membrane (Wuldandari et al., 2016). Peaks at 3331 cm-1 and around 2885 cm-1 were because of 

the O-H and C-H stretching vibrations respectively. Also, peak at 1627 cm-1 is attributed to the 

O-H vibration of absorbed water while C-H and C-O vibrations that is contained in the 

polysaccharide rings of cellulose is around 1363 cm-1. At peak 1012 cm-1, the C-O-C group 

contained in pyranose ring is indicated. Furthermore, the presence of these cellulose signature 

peaks indicates that there is no further modification of the pulp material during the fabrication 

of nanocellulose. (Wuldandari et al., 2016) 
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Figure 23: FTIR spectra of native and modified RC70PP membrane using 6.58 g/m2 nanocellulose prepared from DES treated pulp. 

 

 

3331

2885

1737

1627

1363

1012

40090014001900240029003400

A
b

so
rb

a
n

ce
  

u
n

it

Wave number (cm-1)

HWB HWU SWB SWU NATIVE



55 

6.2.4 Permeability and Rejection capacity of RC70PP membrane 

Pure water permeability measurements for native and modified RC70PP membranes with 

nanocellulose (from softwood and hardwood DES treated pulp) were done before and after 

separation of 300 ppm 3KD Polyethylene glycol as shown in Figures 24 and 25 respectively. 

   

 

Figure 24: Pure water permeability measurements of native and modified membrane before separation 

of 3 KD PEG solution (SWB = Bleached softwood cellulose, SWU = Unbleached softwood cellulose, 

HWB = Bleached hardwood cellulose, HWU = Unbleached hardwood cellulose). 
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Figure 25: Pure water permeability measurements of native and modified membrane after separation of 

3 KD PEG solution (SWB= Bleached softwood cellulose, SWU= Unbleached softwood cellulose, 

HWB= Bleached hardwood cellulose, HWU= Unbleached hardwood cellulose). 
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by 5% meanwhile modified membranes did not show any significant difference when compared 

to its permeability prior filtration separation. 

 

The rejection of the modified membranes was also measured and compared to the native 

membrane. Rejection of 3 KD PEG solution increased by 34% units from the native membrane 

after modifying membrane with 2.63 g/m2 nanocellulose from bleached softwood cellulose as 

shown from Figure 26. However, 6.58 g/m2 nanocellulose modification of RC70PP membrane 

had the best rejection for 3 KD PEG regardless of the cellulose source (softwood or hardwood, 

bleached or unbleached) at a pressure of 0.8 bar. 

 

 

Figure 26: 3 KD PEG rejection of native and modified RC70PP membranes using different 

nanocellulose sources and quantities. 
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Table 8 respectively. However, the modifications of both ETNA 10PP and UFX10 membranes 

with nanocellulose were not successful because there were no improvements observed in their 

permeability and rejection.   

   

 

Figure 27: Cut-off curve for native and nanocellulose (2.63 g/m2 SWB) modified UH004P membrane. 
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7. CONCLUSIONS 

The purpose of this study was to find out if nanocellulose can be used to modify the surface 

of selected commercial ultrafiltration membranes to improve their rejection capacity while 

maintaining the flux.  

  

The experimental part of this work was undertaken to first prepare nanocellulose from DES 

treated pulp using mechanical treatment. Secondly, to carry out filtration experiments using 

the selected modified membranes with initially prepared nanocellulose.  Also, the 

characterization of both modified RC70PP membranes and nanocellulose was done. Based 

on the acquired results, the following conclusions can be made: 

 

i. The modification of RC70PP regenerated cellulose membrane was successful. 

RC70PP membrane modification with approximately 6.58 g/m2 nanocellulose from 

bleached softwood DES treated pulp showed the most improved rejection capacity 

of 3 KD PEG while the flux was maintained. 

ii. Modified RC70PP membranes were more hydrophilic compared to the native 

RC70PP observed from the measured contact angles. 

iii. The rejection capacity of modified RC70PP membrane with 6.58 g/m2 nanocellulose 

from DES treated bleached pulp of 3KD PEG was improved by 34% units. 

iv. The rejection capacity of modified UH004P membrane with 10 ml nanocellulose 

from DES treated bleached pulp of 2KD PEG was improved by 32%. 

 

Generally, this study shows that commercial membranes (RC70PP and UH004P) can be 

modified with nanocellulose, thus, improving the rejection capacity without affecting the 

permeability. 
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8. FURTHER RECOMMENDATIONS 

Herewith, the objective of the research was attained, however, there are possible improvements 

in terms of lower PEG (1 KD and 2 KD) rejection for both modified RC70PP and UH004P 

membranes that can be done. Also, ETNA 10PP and UFX10 membranes can be further 

researched for possible reasons and proposed solutions in order to achieve successful 

modification with nanocellulose. In addition, further research regarding the ability to use 

modified membranes with nanocellulose to separate real process water for example oily 

wastewater can be considered. 
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APPENDICES 

Appendix 1: DES treated pulp form both hardwood and softwood (unbleached and bleached).   

 

 

Figure 28: Pictures of different DES treated pulp used to produce nanofibrillated cellulose. 

 

Appendix 2:  Mechanically produced nanofibrillated cellulose for membrane modification. 

 

 

Figure 29: Picture of nanofibrillate celluose used to modify commercial ultrafiltration membrane. 
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Appendix 3: Cut-off curve measurements for 1, 2 and 3 kilodalton of 300 ppm PEG solution. 

 

Figure 30: Cut-off curve for modified RC70PP membrane with 6.58 g/m2 nanofibrillated cellulose 

from DES treated bleached softwood. 
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