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Abstract 

The present study aims to produce fully biobased nanofibrous membranes for water 

decontamination purposes. Cellulose acetate was chosen to produce membranes by 

electrospinning, and cellulose nanocrystals were chosen to functionalize these mats, providing 

functional groups able to bond with pollutants such as heavy metals present in wastewaters. 

The experiments were run varying the electrospinning parameters in order to determine the 

conditions under which the best defect-free membranes were obtained. Electrospinning a 

solution of 20wt% CA of average molecular weight equal to 30kDa, with a tip-to-collector 

distance of 20cm, an applied voltage of 20kV and a flow rate of 2mL/h proved to be the most 

promising conditions. The composition, the morphology and the functional properties of the 

as-spun membranes were characterized with fourier transform infra-red (FTIR), scanning 

electron microscope (SEM), Brunauer–Emmett–Teller (BET) and water vapor transmission 

rate (WVTR), respectively. The electrospun membranes consisted of very porous networks of  

nanofibers with smooth surface and  average diameter of 325 ± 82 nm. Functionalization of 

the membranes was carried out through impregnation using filtration with two types of 

cellulose nanocrystals suspensions, CNCSA and CNCBE.  Flux measurements and copper and 

silver adsorption tests were run on the modified membranes as well as on the as-spun mats. 

The high surface area of the mats, their high flux and water vapor permeability, were 

considered beneficial for water remediation by adsorption purposes. The modification with 

CNCBE led to conclusive results in term of adsorption but it also led to a drastic reduction of 

the flux permeability. This could be explained respectively by a higher functionality of 

CNCBE, higher retention of nanocrystals on CA membrane and by the formation of a 

nanocrystals film on the electrospun mat during impregnation step.  The modification with 

CNCSA did not lead to conclusive results in term of adsorption even if it did not affect the 

permeability of the membrane. This could be explained by the lower retention of the 

nanocrystals on the CA fibers during the impregnation. The study showed that CA based 

membranes functionalized with cellulose nanocrystals can have potential application in  

removal of heavy metal ions by water cleaning.  
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1. Introduction 

 

1.1. Context 

The access to clean water is currently of major concern, affecting people throughout the world 

and being an issue expected to grow worse in the future years with the lack of drinking water 

resources. Indeed, 50% of the countries in the world will suffer from water scarcity in 2025 

(Figure 1) that represents a major threat to food security, human health and natural ecosystem 

(1,2).  

 

Fig.1 - Water scarcity: a major current concern growing worse (2) 

Currently, 1,2 billion people have no access to drinking water, 2,6 billion people have limited 

or even no sanitation, and diseases due to unsafe water kill millions of humans annually, that 

include 3900 children victims each day (3). Besides, a lot more suffer from diseases because 

of water impurity. For instance one of the main sources of malnutrition can be attributed to 

contamination through water holding bacteria and viruses, which leads to intestinal infections, 

diarrheal diseases and bad digestion of the food. Drinking water contamination with toxic 

heavy metals is another example of major concern: a contamination of drinking water with 

arsenic can lead to bladder, lung, kidney, liver and skin cancer; a high concentration of copper 

can cause weakness, lethargy and anorexia; excessive presence of mercury leads to 

neurobehavioral disorders, attention deficit, hyperactivity disorders and intellectual 

retardation and a high concentration of cadmium results in nephrotoxic effects and bone harm 

(1,4). Be it in developing nations or in industrialized countries, and without excluding regions 

considered as water rich, increasing population and human activity such as industrial, 
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agricultural and domestic activities, marine dumping and atmospheric deposition (5,6) 

threaten the world’s environment, contaminating amongst others the clean drinking water 

resources with heavy metals and distillates but also with developing micropollutants such as 

nitrosoamine and endocrine disrupter (3,7). For these reasons, besides the need to employ 

alternatives to minimize environment stressing, an active research is needed to optimize and 

develop very effective, low-cost and less energy consuming techniques for water sanitization 

and decontamination.  

Up to now, various materials such as nanoparticles, polymers, organic compounds and 

inorganic clays have been used as powder, thin films or membrane for water purification 

(1,5,8-19). Physical and chemical techniques have been studied, in particular reverse osmosis, 

filtration, ion exchange, electro-chemical precipitation, flocculation, flotation, advanced 

oxidation, biological treatment and adsorption. Membrane technologies have proved to be the 

most efficient and easiest method to remove pollutants from water, especially adsorption 

technology that is among the most popular method currently used. Indeed, adsorption presents 

advantages such as versatility through the various adsorbents that can be used, easy handling, 

high efficiency, reversibility, and contrary to other methods, it can have a low operating cost 

and does not produce solid waste that should be disposed thereafter (4,20). A good choice of 

the material is needed to insure an optimal adsorption. Among the materials under 

investigation, nanofiber membrane materials are the most valuable and reliable (5). Recent 

researches have focused on electrospinning, which is a simple, low-cost and versatile way to 

produce long and continuous fibers of the sub-micron range. This simple technique presents 

multiple advantages such as the possibility of electrospinning a wide variety of polymer and 

biopolymer solutions or melts, inorganic and hybrid materials. During the process, a number 

of parameters namely nanofiber composition, size and shape can be controlled to achieve the 

desired properties. Also, the membranes obtained through this technique present a large 

surface area-to volume ratio as well as high and tunable porosity with very small pore size 

which are highly interesting characteristics for applications in various fields (7,21,22). To be 

more specific, affinity membranes that are based on the separation through the immobilization 

of specific ligands on the surface of the membrane, a high surface area to volume ratio is 

among the most important requirements (23). Also, the lower cost/benefit ratio is required. 

The choice of biopolymers as adsorbent has been favored as they do not generate solid waste, 

they can be regenerated and they are biodegradable (20,24). Cellulose has been extensively 

studied for the last two decades as it is the most abundant available polymer and for this 
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reason it is an inexpensive material. Its natural form being little suitable for electrospinning as 

not soluble in solvents appropriate for electrospinning, derivative of cellulose such as acetate 

ester of cellulose acetate called in a shorter way cellulose acetate (CA) are often used. Indeed, 

CA fibers present better physical properties, a higher modulus, adequate flexural and tensile 

strength (4,25,26). In order to adsorb pollutants in contaminated water, the fibers can be 

functionalized with specific groups that will bond with the contaminant species. In this study, 

cellulose acetate nanofibrous mats are produced by electrospinning, followed by a physical 

functionalization with cellulose nanocrystals, aiming to the adsorption of heavy metal ions as 

part of water remediation.  

1.2. THE ELECTROSPINNING PROCESS 

Electrospinning, a process on which research focused recently, is a simple, low-cost and 

versatile technique with which long and continuous polymer nanofibers are formed using 

electrostatic forces. The obtained fibers have smaller diameter (2 nm to several micrometers), 

smaller pores and higher surface area than fibers obtained with standard fiber-spinning 

techniques such as melt spinning, wet spinning and dry spinning that usually lead to fibers 

with diameters between 10 and 50 µm (27-29). A variety of natural or synthetic polymers and 

composite materials can be electrospun from solutions or melts, and non-woven fabrics made 

of nanofibers are produced this way. This simple technique enables to control the nanofiber 

composition, size and shape so that desired properties can be achieved. Furthermore, the 

membranes obtained through this process present a large surface area-to-volume ratio, that 

can be 10
3
 times the ratio of a microfiber (30), as well as a high and tunable porosity up to 

90% with very small pore size, good mechanical properties and water permeability which are 

highly interesting characteristics for applications in various fields (31). Indeed, electrospun 

nanofibers are already employed in various areas such as environment, biomedical, catalysis, 

bioengineering, filtration, electronics, defense and security and protective clothing (21,30). 

The term electrospinning, which comes from electrostatic spinning, has been used since 

around 1994. Nevertheless, it is an old technique that has been employed for the fabrication of 

non-woven fabrics in textile industry for more than 60 years. Electrospinning was observed in 

1897 by Rayleigh for the first time, was studied more in depth by Zeleny in 1914 and patented 

in 1934 by Formhals. The latter published several patents until 1944 presenting experimental 

setup with which polymer fibers were produced with the help of an electrostatic force (21). 
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The process has been the topic of 

numerous studies through the century 

and all around the world: more than 200 

universities and research centers are 

currently working on electrospinning, 

the produced fibers and the influence of 

the parameters on the properties. 

Furthermore, more than 50 patents have 

been published over the 60 past years, 

with an increasing number of 

publications about electrospinning in 

the course of the last decade. The current amount of publications is indeed about 2000 papers 

per year, usually dealing with the understanding of the complex electrospinning process, with 

the relation between the operating and material parameters and the fibers obtained, with the 

development of the electrospinning devices and finally with the nature of the fiber formed, 

that is to say their polymeric nature but also the fibers composed with ceramic, metallic, metal 

oxide, organic/organic, organic/inorganic and inorganic/inorganic composite materials (31).  

On Figure 2 is illustrated the increasing number of publications containing the terms 

"electrospinning" and "cellulose acetate" in their titles, between 2008 and the 10th September 

2012 (25). 

 
1.2.1.  Fundamentals of electrospinning process 
 
1.2.1.1. Experimental setup 
 

Figure 3 shows a schematic illustration of the basic electrospinning setup. The experimental 

setup employed for electrospun nanofibers production is basically composed of three parts: a 

spinneret or capillary tube such as a pipette tip, a syringe or a needle filled with polymer 

solution or melt, a high voltage supplier and a collecting metal sheet such as a plate, screen or 

rotating mandrel, and that can be covered with a fabric or foil for example. The polymer 

solution is electrically charged by the high voltage source that supply about 10 to several tens 

of kV (21,32). This electrical charging leads to the creation of a jet of the polymer out of the 

spinneret. The charge injected to the polymer solution being of opposite polarity with the 

collector, the polymer is accelerated towards the screen and is received as an interconnected 

Fig. 2 - Graph illustrating the number of publications for the last ten 
years containing the terms "electrospinning" and "cellulose acetate" 

in their titles. 
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web of ultra-fine fibers. A syringe 

pump can be added to the setup in 

order to control the flow rate of the 

polymer fluid.  

Most of the polymers used for 

electrospinning are dissolved in 

solvents to form a solution that is then 

placed in the capillary tube. In this case 

electrospinning is most of the time 

conducted at room temperature and 

under atmosphere conditions. Working 

under ventilation system can be 

needed in the case of smelly or 

harmful emissions of the polymer solution. In the case of melt, polymers are molten at high 

temperature and then introduced into the capillary tube. Electrospinning is then conducted 

under vacuum conditions (30).  

Various systems have been used concerning the polymer feeding mode. In some cases the 

spinneret was placed vertically, i.e. perpendicularly to the collector lying underneath, in 

which case the polymer solution/melt is collected with the help of gravitation. The flow can 

also be controlled by the tilt of the capillary. In some setups, the feeder was placed 

horizontally and a pump was used in order to initiate the jet of the polymer solution. The 

pump has also been used with vertical capillary tube, being in all the cases a way to control 

the flow of polymer fluid (22). 

To supply the electrical charge, either an electrode is inserted into the polymer fluid, or the 

electrode is the needle of the syringe itself. As for the counter electrode, it is connected to the 

conductive collector plate. The application of an electrostatic field leads to the charging of the 

polymer solution. For an electrostatic field of low intensity, the drop of polymer fluid at the 

end of the capillary tube is held through the surface tension of the solution. By increasing the 

strength of the electrostatic field, the liquid surface gets electrically charged and shear stresses 

are produced by the repulsion between these charges. As these forces are opposite to the 

surface tension direction, the initially hemispherical drop elongates and adopts a conical shape 

called Taylor cone which is the equilibrium shape of a drop subjected to an electric field (27). 

Fig. 3 - Schematic of an electrospinning experimental setup 
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When the applied voltage reaches a critical value, the equilibrium between the forces is 

broken as the repulsive electrical forces get stronger than the surface tension forces. This 

leads to the ejection of a charged jet of the polymer solution from the tip of the conical drop. 

Figure 4 shows the formation of the Taylor cone from the hemispherical drop. After the jet 

initiation, its route is controlled by the electrical field. The charges that are carried are the 

cause of repulsive forces that result in bending instabilities of the jet: it quickly whips through 

spiral loops in the space between the tip and the collector. While getting closer to the metal 

screen, the diameter of the loops increases, that corresponds with the elongation of the jet and 

the decrease of its diameter. These bending instabilities can lead to an elongation of the jet up 

to 100,000 times in less than one second in the short distance that separate the tip of the 

syringe and the collector (33,34). In the case of an electrospun polymer solution, the solvent 

evaporates during the course of the jet, as for a molten polymer, the polymer solidifies during 

this step. The fibers obtained deposit on the collector: they can be collected either as non-

woven fabric or as aligned yarns.  

 

Fig. 4 - Taylor cone formation: (a) Charged surface of the polymer solution owing to the electrical field. (b) The 
pendant drop elongates. (c) The charge-charge repulsion leads to the formation of the Taylor cone and to the jet 

initiation(32). 

 
 

In Table 1 are listed different solvents and polymers that have been used to form viable 

electrospun nanofibers, the concentrations used and the possible applications of the fibers 

obtained. These combinations led to usable electrospun fibers under 3 nm to over 1 µm of 

diameter (30).  
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Table 1 - Electrospun polymers from polymer solutions (30) 

Polymer Solvent Concentration Perspective 
application 

Nylon6,6, PA-6,6 Formic acid 10 wt.% 
Protective 
clothing 

Polyurethanes, PU 
 

Dimethyl formamide 
Dimethylformamide 

10 wt.% 
10 wt.% 

Protective 
clothing 
Electret filter 

Polybenzimidazole, PBI Dimethyl accetamide 10 wt.%  
 

Protective 
clothing 
Nanofiber 
reinforced 
composites 

Polycarboate, PC Dimethyl formamide:tetrahydrofuran(1:1) 10 wt.%  Protective 
clothing 

 Dichlormethane 15 wt.%  Sensor, filter 
 Chloroform, tetrahydrofuran   
 Dimethylformamide:tetrahydrofuran (1:1) 20 wt.% Electret filter 
Polyacrylonitrile, PAN Dimethyl formamide  Carbon nanofiber 
Polyvinil alcohol, PVA Distilled water 8–16 wt.%  
Polylactic acid, PLA: 
poly(d, l-lactic acid) Mw =109,000 

 
Dimethyl formamide 

 
 

 
Membrane for 
prevention of 
surgery induced 
adhesion 

poly(l-lactic acid) Mw =100,000 Methylene chloride and dimethyl 
formamide 

 Same as above 

poly(l-lactic acid) Mn =150,000 
g/mol 

Dichlormethane  5 wt.% Sensor, Filter 

Mw=205 kDa  Dichloromethane 14 wt.% Drug delivery 
system 
 

Polyethylene-co-vinyl acetate, 
PEVA Mw=60.4kDa  

 14 wt.% Drug delivery 
system 

PEVA/PLA PEVA/PLA=50/50 [84]   14 wt.% Drug delivery 
system 

Polymethacrylate (PMMA) / 
tetrahydroperfluorooctylacrylate 
(TAN) 

Dimethyl formamide : toluene (1:9)   

Polyethylene oxide, PEO    
Mw=1,000,000 Distilled water:ethanol (3:2)  

 
4 wt.% Microelectronic 

wiring, 
interconnects 

 Isopropyle alcohol+water 10 wt.% Electret filter 
Collagen-PEO  
Purified collagen, nominal 
molecular weight 900 kD 
 

 
Hydrochloric acid  

 
1–2 wt% 

 
Wound healing, 
tissue 
engineering, 
Hemostatic 
agents 

PEO: Mn=900,000  Hydrochloric acid (pH =2.0) 1 wt% Wound healing, 
tissue 
engineering 

Polyaniline (PANI) /PEO blend 
 
 
 
Pan: Mw=120,000 Da, 
PEO: Mw=900,000Da, 
Pan/HCSA /PEO: 11–50 wt.% 

Chloroform 
 
Camphorsulfonic acid 
 
Chloroform  

 
 
2 wt.% 
 
2–4 wt.% 

Conductive fiber 
Conducting fiber 
Conducting fiber 

Polyaniline (PANI)/ Polystyrene Chloroform   Conductive fiber 
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(PS)  
Camphorsulfonic acid  

 
2 wt.% 

Conductive fiber 

Silk-like polymer with fibronectin 
functionality 

Formic acid 0.8–16.2 wt.% Implantable 
device 

Polyvinylcarbazole  
Mw =1,100,000 g/mol 

Dichlormethane 7.5 wt.% Sensor, filter 

Polyethylene Terephtalate, PET 
Mw=10,000–20,000 g/mol 

Dichlormethane and trifluoracetic 4 wt.%  

polyacrylic acid-polypyrene 
methanol, PAA-PM 
Mw=50,000 g/mol 

Dimethyl formamide  Optical sensor 

Polystyrene, PS    
Mw=190,000 Tetrahydrofuran, dimethylformamide, 

CS2(carbon disulfide), toluene, 
 

18–35 wt.%  

M=200 kDa Methylethylketone 8% Enzymatic 
biotransformatio
n 

Mw=280,000  Tetrahydrofuran 15 wt.% Catalyst, filter 
M=280,000  Dimethylformamide 30 wt.% (Flat ribbons) 
Polymethacrylate, PMMA 
Mw=540,000 

Tetrahydrofuran, acetone, chloroform   

Polyamide, PA Dimethylacetamide  Glass fiber filter 
media 

Silk/PEO blend  
Mw(PEO)=900,000 g/mol 

Silk aqueous solutions 4.8–8.8 wt.% Biomaterial 
scaffolds 

poly vinyl phenol, PVP 
Mw=20,000, 100,000 

Tetrahydrofuran 20, 60% (wt./vol.) Antimicrobial 
agent 

Polyvinylchloride, PVC 
 

Tetrahydrofuran/dimethylformamide=100/0, 
80/20, 60/40, 50/50, 40/60, 20/80, 0/100 
(vol.%) 

10–15 wt.%  

Cellulose acetate, CA Acetone, acetic acid, dimethylacetamide 12.5–20% Membrane 
Mixture of PAA-PM (polyacrylic 
acid - poly(pyrene methanol)) 
and polyurethane 

Dimethylformamide 26 wt.% Optical sensor 

Polyvinil alcohol (PVA)/Silica, 
PVA: Mn=86,000, silica content 
(wt.%): 0, 22, 34, 40, 49, 59  

Distilled water   

Polyacrylamide, PAAm 
Mn=5,000,000 

 1–10 wt.%  

PLGA  
PLGA(PLA/PGA)=(85/15) 

Tetrahydrofuran:dimethylformamide (1:1) 1 g/20 ml Scaffold for tissue 
engineering 

Collagen Hexafluoro-2-propanol  Scaffold for tissue 
engineering 

Polycaprolactone, PCL 
 

Chloroform:methanol (3:1) 
toluene:methanol (1:1), and 
dichloromethane:methanol (3:1) 

  

Poly(2-hydroxyethyl 
methacrylate), HEMA 
M=200,000  

Ethanol:formic acid (1:1), ethanol 12, 20 wt.% / 
8, 16, 20 wt.% 
 

(Flat ribbons) 

Poly(vinylidene fluoride) , PVDF 
M=107,000  

Dimethylformamide:dimethylacetamide 
(1/1) 

20 wt.% (Flat ribbons) 

Polyether imide, PEI Hexafluoro-2-propanol 10 wt.% (Flat ribbons) 
Polyethylene gricol, PEG 
 M=10 K 

Chloroform 0.5–30 wt.%  

nylon-4,6, PA-4,6 Formic acid 10 wt.% Transparent 
composite 

Poly(ferrocenyldimethylsilane), 
PFDMS  
Mw=87,000 g/mol 

Tetrahydrofuran:dimethylformamide (9:1) 30 wt.%  

Nylon6 (PA-6) /montmorillonnite 
(Mt)  
Mt content=7.5 wt.% 

Hexa-fluoro-isopropanol (HFIP), 
HFIP/dimethylformamide: 95/5 (wt%) 

10 wt.%  
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poly(ethylene-co-vinyl alcohol) 
Vinyl alcohol repeat unit: 56–71 
mol% 

Isopropanol/water: 70/30 (%v/v)  2.5–20%w/v Biomedical 

Polyacrylnitrile (PAN) / TiO2   Photovoltaic and 
conductive 
polymers 

Polycaprolactone (PCL) / metal 
Metals: gold, ZnO 

  ZnO: cosmetic 
use 

Polyvinyl pyrrolidone, PVP    
Polymetha-phenylene 
isophthalamide 

   

 

With the development and improvements of the technique, the electrospun nanofibers 

produced have not been based only on polymers but also on ceramics, metals and metal 

oxides, organic/organic, organic/inorganic and inorganic/inorganic composite systems 

(22,31,35-38). The use of copolymers, blends or organic fillers for electrospinning enables to 

improve in particular the mechanical and barrier properties and the thermal stability of the 

final product (21,39). 

 

1.2.1.2. Applications 
 

Currently the main fields of application of produced and studied electrospun nanofibers are 

filtration and medical prosthesis. This is well illustrated by the US patents on electrospun 

nanofibers  shown in Figure 5. By and large, electrospun nanofibers are promising for 

applications in diverse areas such as filtration and affinity membranes, biomedical for 

instance for tissue engineering scaffold, drug delivery carrier and wound healing, protective 

clothing, electronic materials, semi-conductive materials and optical areas (23,30). On Figure 

6 are gathered in a diagram the most likely fields of application on which research focuses 

(30). 

 

 

Fig. 5 - Application fields of electrospun nanofibers evidenced by US registered patents (30) 
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Fig. 6 - Potential applications of electrospun polymer nanofibers (30) 

 

Filtration efficiency of 

electrospun membranes is 

related to the thinness of the 

fibers and in air and water 

filtration, the removal of tiny 

particles in the submicron range 

is required. In water 

decontamination for example, 

viruses of nanoscaled diameters 

have to be removed. On Figure 

7 are compared the diameters of 

some particles, objects or biological organisms with the diameters of electrospun nanofibers 

(37). The dimensions of the components of a filter have to correspond to the size of the 

undesired particles in the submicron range that has to be filtered. Nanoscaled fibers from 

electrospinning meet this need, and their very high surface area to volume ratio enable to 

capture particles under 0,5 µm in filters made of these fibers. Furthermore, some polymers 

can be functionalized with the help of specific agents that, when used as a filtration 

membrane, target the species to filtrate (30). 

Fig. 7 - Comparison of the diameters of electrospun fibers to those of particles 
and biological species 
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1.2.2.  Factors influencing the electrospinning process  

 

Most of the soluble or fusible polymers can be electrospun under the condition that diverse 

parameters that govern the electrospinning process are properly adjusted. These parameters 

can be gathered in three different groups: the solution and molecular parameters, the process 

parameters and the ambient parameters. On one side, solution and molecular parameters cover 

solubility, viscosity, pH value, solvent vapor pressure, entanglement density, glass-transition 

temperature, melting point, crystallization velocity, conductivity, molecular weight, molecular 

weight distribution and surface tension. On the other side, process parameters include applied 

electric field, tip to collector distance, geometry of the electrodes, and feeding or flow rate. 

Finally,  the ambient parameters consist of the humidity and temperature of the media. By 

varying these parameters, the obtained fibers morphology and diameters are affected: an 

appropriate determination of them leads to the desired morphology and diameters of the 

electrospun nanofibers, that is to say the obtaining of uniform fiber morphology with the 

minimal bead-on-string formation (21,37,40,41). In Table 2 are presented some of these 

parameters and in some cases their influence on the produced electrospun fibers.  

Table 2 - Electrospinning parameters (solution, processing and ambient) and their effects on fiber morphology 
(21,63) 

Parameters Effects on fiber morphology 

Solution parameters  
Viscosity Low-beads generation, high-increase in fiber diameter , 

disappearance of beads. 
Polymer concentration Increase in fiber diameter with increase of concentration. 
Molecular weight of 
polymer 

Reduction in the number of beads and droplets with increase of 
molecular weight. 

Conductivity Decrease in fiber diameter with increase in conductivity. 
Surface tension No conclusive link with fiber morphology, high surface tension 

results in instability of jets. 
Elasticity  

 
Processing parameters  
Applied voltage Decrease in fiber diameter with increase in voltage. 
Distance between tip and 
collector 

Generation of beads with too small and too large distance, minimum 
distance required for uniform fibers. 

Feed rate/Flow rate Decrease in fiber diameter with decrease in flow rate, generation of 
beads with too high flow rate. 

Needle diameter  
 

Ambient parameters  
Humidity High humidity results in circular pores on the fibers. 
Temperature Increase in temperature results in decrease in fiber diameter. 
Atmospheric  pressure  
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1.2.2.1. Solution properties 
 

Solution parameters include the nature of the solvent, the solution concentration, viscosity, 

surface tension and conductivity, the molecular weight of the polymer and the dielectric 

constant. These parameters are closely related. For example, the morphology and the size of 

the nanofibers produced through electrospinning depend among others on the viscosity, the 

conductivity and the surface tension of the polymer solution, and while the concentration of 

the solution determines its viscosity, the surface tension and the conductivity are mainly 

determined by the solvent (21,31). For that reason, the different parameters described below 

can overlap with each other at some points. 

i. Solvents 

 

Various physical properties of the solvents have an influence on electrospinning, namely the 

dielectric constant, the functional group of the solvent, its solubility, the molecular weight, the 

boiling point, the molecular interactions, the latent heat of vaporization, the viscosity and the 

surface tension. In Table 3 are gathered some of commonly used solvents for electrospinning 

solutions (42).  

The choice of the solvent to prepare the polymer solution intended to be electrospun is a key 

step in the electrospinning process as it must enable the spinnability of the polymer. The 

chosen solvent has in a first phase to dissolve the polymer molecules to form the electrified jet 

and secondly to carry them  to the collector. Various requirements are needed as for the used 

solvent. During the travel of the jet in the air, a fast evaporation of the solvent is needed to 

enable the fiber to dry in a short time, hence the vapour pressure of the solvent is a significant 

property to consider while choosing it. The volatility of the solvent also influences the 

formation of the nanofibers through the phase separation taking place during the route of the 

jet (21). For these reasons, vapour pressure is a parameter studied in a large number of paper 

that observe the effect on electrospinning of various solvents with different values of vapour 

pressure. A solvent with a low value of this parameter combined with an insufficient flow 

easily lead to nozzle plugging (31,40).  

The choice of the solvent is also of major importance through its effect on the critical solution 

concentration. Indeed, an important criteria for a successful electrospinning process is the 

polymer solution concentration: under a critical minimum concentration ce, droplets will be 

formed instead of continuous jet, which is the principle of electrospraying. While increasing 

the concentration over ce, the fiber diameter increases and the bead defects in the formed 
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fibers decreases. This critical concentration value ce and the chain entanglement in a polymer 

solution depend on the chain length of the polymer and on its conformation in solution: this is 

directly related to the intermolecular interactions between this polymer and the selected 

solvent. The quality of the solvent rest upon this polymer-solvent intermolecular interaction. 

Thus, for a specific polymer, the choice of the better solvent is determining for the value of ce 

and thus essential for a successful electrospinning process.  

To find the better solvents or solvent systems for the polymer of interest, solubility parameters 

are considered and solubility diagrams such as Teas graph, Crowley's solubility maps or 

Hansen graphs can be used as guides in the solvent selection for polymer solution preparation 

(40). A solvent can have poor, partial, partial to high or high solubility which is a qualitative 

level of quality that has been used to characterize a solvent. In a solvent of high solubility, the 

polymer-solvent intermolecular interactions are maximized as the polymer chains swell and 

expand in the solvent. In a solvent of poor solubility, polymer-solvent intermolecular 

interactions are limited which favors the polymer-polymer interactions that result in the 

contraction of the chains (42). It has been experimentally seen in a study that for single 

component solvents, a high solubility led to electrospraying, partial solubility led to stable 

electrospinning and no spinning was possible for solvent systems with poor solubility. The 

same analyze for binary solvent systems led to a similar observation: solvents of low 

solubility were more suitable for electrospinning solutions than solvents of high solubility 

(31,40).  

In a general way, the interactions between the solvent and the polymer have an influence on 

various parameters, starting with the viscoelasticity and the critical minimum solution 

concentration ce, and also the morphology, the diameter, the crystallinity, the tensile strength 

and the aspect ratio of the electrospun fibers (42). 

Table 3 - Commonly used solvents for electrospinning and their physical properties (42) 

solvent  
 

Mw 
 

bp 

(C) 

ϵ at 20 °C dipole 
 

electrical 
conductivity 
at 25 °C (S 

m−1
) 

latent 
heat 

(kJ mol−
1
) 

 

surf. 
tension at 
20 °C (mN 

m−1
) 

abs  
viscosity 
at 25 °C 
(mPa s) 

acetic acid 60 118 6,2 1,7 6,0.10
-7

 24,3 27,4 1,13 
acetone  58 56 20,6 2,9 5,0.10

-7
 29,6 23,3 0,33 

acetonitrile 41 81,6 37,5 3,2 6,0.10
-8

 29,8 29,1 0,38 
aniline 93 184 6,7 1,56 2,4.10

-6
 44,4 45,5 4,4 

BuAc  116 126 5,01 1,8 1,6.10
-6

 35,9 25,1 0,73 
chloroform 119 61 4,8 1,15 <1,0.10

-8
 29,4 27,16 0,57 

cyclohexanone  98 156 18,2 3,1 5,0.10
-16

 37,7 34,5 2,2 
DCM 85 40 9,1 1,8 4,3.10

-9
 28,1 28,12 0,44 

DEG 106 245 31,7 2,31 6,0.10
-5

 66,5 48,5 34 
diacetone 116 168 18,2 3,24   31,0 2,9 
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alcohol (25°C) 
DMAc 87 166 37,8 3,8  43,3 34 0,92 
DMF 73 153 36,7 3,8 6,0.10

-6
 42,1 35 0,82 

DMSO 78 189 46,6 3,96 2,0.10
-7

 52,9 43,7 2,0 
EtAc 88 77 6,02 1,7 1,0.10

-7
 32,4 24 0,46 

EDC 99 83,5 10,45 1,8 4,0.10
-9

 31,9 32,2 0,9 
EtOH  46 78 22,4 1,7 1,4.10

-7
 38,5 22,3 1,08 

2 -ethoxyethanol 90 135 5,3 1,69 9,3.10
-6

 39,9 28,2 2,5 
2-ethoxyethyl 
acetate 

132 156 7,6 (30C) 1,8  40,9 28,2 1,025 

ethylene glycol  62 198 37,7 2,31 1,2.10-4 52,4 46,5 20 
formic acid 46 100,8 58 1,41 6,4.10−

3
 23,2 37,67 1.78 

(20°C) 
glycerol 92 290 42,5 

(25C) 

 6,0.10
-6

  63,3 945 

MeOH  32 64 32,6 1,7 1,5.10
-7

 35,3 22,6 0,6 
MeAc 74 57 6,7 1,7 3,4.10

-4
 30 24 0,37 

PeOH  88 138 13,9 1,7  44,4 25,6 3,347 
PrOH  60 97 20,1 1,7 9,0.10

-7
 40,9 23,7 1,72 

THF 72 66 7,6 1,75 4,5.10
-3

 27,9 28 0,55 
H2O 18 100 79,7 1,85 5,5.10

-6
 40,6 72,75 0,89 

 

ii. Concentration  

 

Generally, solution concentration is one of the key variables that influences the production of 

nanofibers. A minimum concentration is required to enable the entanglement of the polymer 

chains and subsequently influences the electrospinning process. At low solution 

concentration, insufficient chain entanglements occurs which lead to a "bead-on-string" fiber 

morphology (42). By increasing the solution concentration, the defects are reduced as the 

beads adopt a spindle morphology. At high solution concentration, the flow cannot be 

maintained continuously so the fiber formation neither, leading to the production of large 

fibers. As a result, an optimum solution concentration ce is needed to produce uniform and 

continuous nanofibers (21,27,40). This optimal concentration or range of concentrations also 

depends on the solution surface tension and viscosity, and on the molecular chain length, the 

nature of the polymer and the chosen solvents for the electrospinning solution. As mentioned 

previously, for a determined polymer of specific average molecular weight and chain length, 

the selection of the solvent is of main influence for the determination of optimal solution 

concentration (40). 

iii. Molecular weight 

 

The molecular weight of the polymer strongly influences the morphology of the electrospun 

fibers, the rheological properties of the solution such as viscosity and surface tension, as well 

as the electrical properties as the conductivity of the solution and the dielectric strength. An 

optimal viscosity has usually been obtained with high molecular weight polymers. The 
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viscosity of the solution is indeed directly related to the molecular weight of the polymer as 

the latter represents the number of entanglements of the polymer chains in the solution. 

Hence, even for a low polymer solution concentration, the high molecular weight of the 

polymer can provide a sufficient viscosity to enable the electrospinning of the polymer 

solution (41). As observed for the concentration of the solution, a low molecular weight 

polymer solution is more likely to lead to bead defects while high molecular weight polymer 

solutions lead to fibers with higher average diameter (21).  

iv. Viscosity 

 

Another determinant factor for the 

electrospun fiber size and morphology 

is the viscosity of the polymer solution. 

A too low viscosity cannot lead to the 

formation of continuous nanofibers, 

and a too high viscosity is an obstacle 

to the ejection of the polymer jet out of 

the needle. As for the solution 

concentration, an optimal viscosity 

value or range of values is needed. As 

previously quoted, the polymer 

concentration, the viscosity of the 

solution and the molecular weight are 

related. Various studies draw the conclusion that an optimal range of viscosity values 

corresponds with a specific polymer, leading to an excellent morphology of the electrospun 

nanofibers (01). In a study about the effect of solution condition on the morphology and 

diameter of electrospun polyamide-6 fibers, solution viscosity has been shown to have the 

most important effect on the fibers morphology. It has been seen that an increase in the 

viscosity resulted in an increase of the fiber diameters, as illustrated on Figure 8 (43). 

v. Surface tension 

 

The surface tension of a solution mostly depends on the solvents used to dissolve the polymer, 

and it has an effect on the formation of droplets, beads and fibers. A lower surface tension is 

favorable for the electrospinning process as high values of surface tension lead to the 

Fig. 8 - Average diameter of electrospun PA-6 fibers in function of 
the electrospinning solution viscosity 
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instability of the ejected jet and thus the production of sprayed droplets. A solvent of low 

surface tension is nevertheless not always the more appropriate for electrospinning (21).  

vi. Conductivity 

 

The conductivity of the solution is an important parameter that depends on the nature of the 

polymer but also on the chosen solvent and on the presence or not of salts. The morphology of 

the obtained electrospun fibers is dependant of this conductivity. Indeed,  most of the 

polymers are conductive and once in solution, the charged ions strongly influence the jet 

formation. The presence of bead defects tend to decrease with an increasing electrical 

conductivity (44,45). Also, an increased conductivity leads to an increase in the mass flow 

and consequently results in fibers with higher diameters (43,44). An insulating solution or a 

too weak applied voltage prevent the formation of fibers as no proper elongation of the jet is 

enabled, problem that can be resolved by adding salts in the solution that make it more 

conductive (31,44). Also, a  low conductivity is more likely to lead to the formation of beads 

defects in the formed fibers. The adding of ionisable salts increases the solution conductivity, 

which enhances the uniformity of the produced fibers and reduces the beads formation (21).  

vii. Dielectric constant 

 

Dielectric constant ϵ, also called relative permittivity, has an influence on the morphology of 

the electrospun fibers. The dielectric constant of solvents has and major effect over the 

evaporation rate during the travel of the jet in the air. It has been shown that the higher the 

dielectric constant, the smaller the diameter of the resulting fibers (40). Furthermore, a work 

on the electrospinning of poly(ɛ-caprolactone) (PCL) solutions carried out with different 

solvent systems showed that an increase in the dielectric constant resulted on the one hand in 

the necessity to apply a higher voltage to achieve the stability of the jet, on the other hand in a 

diminution of the bead-on-string defects and in a higher interfiber space. The increase of the 

dielectric constant did not affect the mass of fibers spun per unit time (42). 
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1.2.2.2. Processing parameters 

i. Electrostatic voltage  

 

The electrospinning process can start from a specific voltage that has to be high enough to 

charge the solution and to create the electrical field. Voltage has an effect on fiber diameter in 

a way that depends on the solution concentration and on the distance between the needle and 

the collector. If it has been suggested that a higher voltage could lead to a more important 

ejection of polymer and that way to the production of fibers of larger diameter, it has been 

observed most of the time that an increasing applied voltage induced a stronger electrostatic 

forces on the jet, and then its stretching, as well as a faster evaporation of the solvent, that led 

to the formation of fibers of thinner diameter. Moreover, beads are more likely to form with a 

higher voltage (21,27).  

ii. Feed rate/Flow rate 

 

In the electrospinning process, the jet velocity and the material transfer rate are controlled by 

the flow rate of the polymer solution from the syringe. As a certain time is needed for the 

complete evaporation of the solvent during the travel of the jet, a low flow rate is appropriate. 

Indeed, a high feed rate leads to the formation of bead in the fibers as the solvent cannot 

evaporate totally before the deposit of the polymer on the collector (21).  

 

 

 

Fig. 9 - Correlation between electrospun fiber diameter (mm) and dielectric 
constant of solvents (40) 
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iii. Types of collectors 

 

In the electrospinning experimental setup, various types of collector can be used. It has to be 

conductive. It is often made of aluminum foil but this option is limited as for the transfer of 

the fibers and for the collection of fibers in an aligned form. Therefore, other types of 

collector are commonly used, among others conductive paper or cloth, pin, wire mesh, 

gridded or parallel bar, rotating rod or wheel, liquid baths. The rotating models has been used 

in order to get aligned fibers. To fulfill the same function, different models of split electrodes 

have also been used (21). 

iv. Tip to collector distance 

Like for the flow rate, a minimum value is needed for the distance between the tip of the 

needle and the collector, without what the solvent has no time to evaporate entirely. For too 

long or too short distances, beads formation is likely to occur (21).  

 
1.2.2.3. Environmental conditions 

i. Temperature 

The quality of the solvent is influenced as previously mentioned by the chemical 

compositions of the polymer and the solvent, but also by the temperature of the solution. 

Besides, the temperature as well as the humidity of the environment affect the morphology of 

the electrospun fibers, especially in the course of the phase separation during the jet travel 

from the tip to the collector (42). In different studies, it has been observed that an elevation in 

the solution temperature resulted on the one hand in a reduction of the electrospun fiber 

diameters, on the other hand in a higher deposition rate (43,46). Thus, for a same duration of 

electrospinning and a same solution composition and concentration, the thickness of the 

nonwoven fabric obtained is higher for a solution at high temperature than for a solution at 

ambient temperature. The increase in the solution temperature leads to the expansion of the 

polymer chain and thus to a diminution of the chain entanglements that corresponds with a 

diminution of the viscosity. Out of this phenomena comes the observed reduction in the fiber 

diameters (43).  

ii. Humidity 

The humidity of the electrospinning environment affects the surface morphology of 

electrospun fibers. Indeed, a study of electrospun polystyrene (PS) fibers highlighted that in 

an atmosphere with less than 25% humidity, the resulting electrospun fibers had a smooth 
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surface without feature, while in an atmosphere above 30% of humidity, pore formation 

started. With an increasing humidity, the number of pores in surface increases as well as their 

diameter, shape and size distribution (47).  

1.3. ELECTROSPINNING OF CELLULOSE-BASED NANOFIBERS 
 
1.3.1. Cellulose 

 

Cellulose is an organic polymer whose source in the nature is abundant, almost inexhaustible. 

Indeed, it is a main constituent of wood that contains up to 47% of cellulose, and is a 

structural element of plants cells. If wood is the principal source of cellulose, it also can be 

found in cotton, vegetable biomass, and it is synthesized by algae, some bacteria, marine 

animals called tunicates and can be extracted from annual crops. The raw material being 

almost unlimitedly available, biodegradable and biocompatible, it consists of a material of 

major interest for the increasing demand for environmentally friendly products (48,49). The 

structure of the cellulose is shown on Figure 10: it consists of a linear and semicrystalline 

polymer of cellobiose which is made of two glucose units linked by glucosidic linkages (C-O-

C) at the C1 and C4 positions. On the C1 carbon position is a reducing hemiacetal group, and 

on the other chain end, namely on the C4 position is an alcoholic hydroxy (OH-) group. The 

length of the chain is based on the degree of polymerization (DP), that is to say the number of 

repeating glucose units and that can vary from 20 for a cellulose synthesized in laboratory to 

close to 10000 for bacterial or wood cellulose (48). 

 

 

Fig. 10 - Chain structure of cellulose (48) 

Cellulose has strong inter- and intra- molecular hydrogen bondings that are responsible for the 

hydrophilic nature of the biopolymer. That makes it hard to dissolve in common solvents. 

Even if it dissolves in dimethylsulfoxide/paraformaldehyde or sulfur dioxide, these solvents 

are not suitable for electrospinning. The poor ability of dissolving cellulose led to the use of 
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cellulose derivatives, much easier to dissolve in common solvents. With the use of such 

derivatives, the stability and the structure of the cellulose can be affected in some cases. 

Despite the difficulties encountered for cellulose processing, applications are found in textile, 

paper, food additives, plastic and for propellant use (24).  

1.3.2. Cellulose acetate 

 

One of the commonly used cellulose 

derivatives is cellulose acetate (CA). In 

Table 4 are gathered the characteristics 

of CA. This semi-synthetic polymer is 

obtained by esterification of acetic acid 

with cellulose. In function of the 

esterification degree, corresponding to 

the degree of substitution or acetyl value 

(combined acetic acid (%)), the obtained cellulose acetates present different properties. Two 

main types of cellulose acetates are commonly used in industry, namely cellulose diacetate 

with an acetyl value of about 55% (degree of substitution of 2,4) and cellulose triacetate 

having 61% as acetyl value (degree of substitution of 2,9). The chemical structure of CA is 

shown on Figure 11 (50). 

Table 4 - Characteristics of the cellulose acetate (CA), Handbook of Polymers (51). 

PARAMETER UNIT VALUE 

GENERAL   
Common name - cellulose acetate 
Acronym - CA 
CAS number - 9004-35-7 
   
HISTORY   
Person to discover - Paul Schuetzenberger; Camille & Henri Dreyfus 
Date  - 1865; 1904 
Details - Dreyfus brothers begun experimental work on the development 

of cellulose acetate in 1904. In 1910 they opened a factory 
capable to produce 3 tons of cellulose acetate per day, mainly 
used as base for motion picture _ lm and lacquer also used by 
growing aircraft industry for fabric coatings for wings and 
fuselage covering 

   
SYNTHESIS   
Monomer(s) structure - (CH3CO)2O; cellulose 
Monomer(s) CAS number - 108-24-7; 9004-34-6 
Monomer(s) molecular weight(s) dalton, g/ 

mol, amu 
102,09 

Acetyl content % 32,0-60,9 

Fig. 11 - Chemical structure of cellulose acetate 
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Hydroxyl content % 3,5-8,7 
Method of synthesis - Cellulose derived from wood pulp is reacted with acetic 

anhydride in the presence of sulfuric acid, followed by the 
controlled partial hydrolysis in which sulfuric acid and some 
acetic acid groups are removed to achieve required degree of 
acetylation. 

Temperature of polymerization C 0-5 (1 h), 30 (3 h) 

Time of polymerization h 4-6 
Number average molecular 
weight, Mn 

dalton, g/ 
mol, amu 

30000-125000 

Mass average molecular weight, Mw dalton, g/ 
mol, amu 

45000-237000 

Polydispersity, Mw/Mn - 1,47-3,25 
Polymerization degree (number 
of monomer units) 

- 175-360 

Molar volume at 298K cm
3
.mol

-1
 246-264 

 

The first patent registered about electrospinning by Formhals deals with two cellulose 

derivatives, namely CA and propionyl cellulose. The following electrospinning experiments 

run with cellulose or cellulose derivative materials were nevertheless carried out many years 

later. In Table 5 are shown different electrospinning experiments that were conducted using 

cellulose acetate solutions. CA solubility in a solvent depends on the acetyl value. A limited 

number of solvents are suitable for CA, especially compared to other cellulose derivatives like 

cellulose nitrate or ethyl cellulose. This poor solubility can nevertheless be beneficial in terms 

of oil and solvent resistance (4,24,52).  

Table 5 - Some example of the electrospinning of cellulose acetate solutions 

Polymer(s) Solvent(s) Year of the 
experiment 

Ref  

Cellulose acetate 1/1 Acetone/alcohol + softening agent 1934 (53) 
Cellulose acetate  Acetone 1998 (54) 
Cellulose acetate 2/1 Acetone/DMAc 125 

3/1 Acetic acid/DMAc 
3/1 Acetic acid/acetone 

2002 (55) 

Cellulose acetate 1/9 - 3/17, 4/1 Acetone/H2O 2003 
2004 

(52,56,
57) 

Cellulose acetate 3/1/1 Acetone/DMF/ trifluoroethylene 2005 (23) 
Cellulose acetate 3/1/1 Acetone/DMF/trifluoroethanol  2008 (58) 
Cellulose acetate 2/1 Acetone/DMAc 2007 

2011 
(4,59) 

Cellulose acetate 17/3 Acetone/H2O 2007 (60) 
Cellulose acetate/PVA 2/1 Acetone/DMAc 2004 (61) 
Cellulose acetate/hydroxyapatite Acetone or 1/1 acetone/AA 2006 (62) 
CA/β-CD-MAH-VBDMH 2/1 Acetone/DMF 2014 (63) 

 

CA presents good physical properties that make it an important cellulose ester in industry. 

Indeed, CA fibers have a high modulus and adequate flexural and tensile strength. The usual 

applications of this cellulose derivative are semi-permeable membranes for dialysis, 
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ultrafiltration and reverse osmosis, but it is also used as component in adhesives and as film 

base in photography (4,24,52). The low absorption characteristics of the CA membranes 

enable a high throughput, and they present a thermal stability with high flow rates (52).  

Some examples of CA-based nanocomposites based on the adding of fillers have been 

reported. The electrospinning of CA solutions with dispersed Fe2O3 nanoparticles led in 

general to uniform composite fibers that presented enhanced properties and having potential 

applications in biomedical field or in separation process (64). An electrospun mixture of CA 

with specially chopped polyaniline nanoparticles resulted in the production of biocompatible 

nanoporous and bio-composite membranes. The electro-active actuator based on this obtained 

material had better abilities for electromechanical deformations than the actuator made of 

pure CA (65). CA fibers with silver nanoparticles have been produced by electrospinning. The 

electrospun solution was made of CA and small amounts of silver nitrate (AgNO3). The 

resulting fibers were then submitted to slow and fast photoreduction. These CA fibers with 

silver nanoparticles are interesting for their very strong antimicrobial activity (57). Also 

cellulose acetate reinforced with cellulose nanocrystals (CNC) have been produced by 

electrospinning with the aim of improving the properties of pure CA electrospun nanofibers 

(66).  

1.4. FUNCTIONALISATION OF CELLULOSE ACETATE 
 
1.4.1. Principle  
 

As mentioned previously, electrospun nonwoven fabrics made of polymer nanofibers offer 

properties of major interest for many applications, through their high surface to volume ratio, 

their high porosity but also through the possibility of functionalizing the fibers surface. 

Among the various advantages previously described of cellulose and  its derivatives, their 

high density of hydroxyl groups are of particular interest as various reactions can be carried 

out on these sites. Surface functionalization is a common field of application of cellulose or 

cellulose derivatives nanofibers and enables to obtain functional nanomaterials (67). After 

electrospinning, the fibers surface of the produced mats can be provided with functional 

groups such as carboxylates (–COO
-
), sulfates (-SO4

2-
), aldehyde (-COH), but also with 

proteins for example. The modification can be carried out according two different ways: a 

chemical treatment or a physical modification.  
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1.4.2. Chemical functionalization 
 

The chemical modifications are based on various chemical reactions possible, using reagents, 

on different groups of the modified materials. In the case of CA, the numerous hydroxyl 

groups (OH) are site of various possible reactions, such as oxidation or hydrolysis. Here are 

reported three examples of chemical functionalization of CA fibers for different applications.  

In the work of Ma and Ramakrishna, an electrospun regenerated cellulose (RC) nanofiber 

mesh was functionalized with bacterial cell wall proteins, namely protein A and protein G, 

constituting an affinity membrane for immunoglobulin G (IgG) purification. To obtain this 

membrane, CA nanofiber membrane was produced by electrospinning, then submitted to a 

heat and an alkaline treatment in order to get RC nanofiber membrane. The latter was 

oxidized with the help of NaIO4 and protein A/G was immobilized on the resulting membrane 

by covalent bond. The obtained affinity membrane had the ability to capture IgG molecules 

(58). 

In the context of water treatment, electrospun CA nonwoven membrane for heavy metal ion 

adsorption was produced in a work of Tian and functionalized through surface modification 

by grafting poly(methacrylic acid) (PMAA) on the CA electrospun fibers. This modification 

provided carboxylates groups that could bond with heavy metal ions. The adsorption capacity 

of the modified membranes was tested for Cu
2+

, Hg
2+

 and Cd
2+

 and proved to be higher for 

Hg
2+

. The possibility to remove the adsorbed metal ions from the membrane surface using 

saturated ethylenedinitrilo tetraacetic acid solution enabled to re-use the membrane for metal 

ion adsorption (4). Also for heavy metals adsorption, in another study, electrospun CA 

nanofibers were produced and functionalized with oxolane-2,5-dione. The adsorption tests 

were run in simulated heavy metal laden wastewater containing cadmium and lead. 

Regeneration of the fiber mats was investigated, and the material proved to keep its 

adsorption efficiency (20). 

1.4.3. Physical functionalization  
 

The physical modifications also consist of the introduction of negatively charged 

nanoparticles but through physical procedures, such as filtration or infusion. For example in 

the work of Ma, electrospun PAN scaffolds were impregnated with cellulose nanocrystals 

(CNC). The mats were placed in a dead-end cell, the CNC suspension was poured on the 

treated mat and the modification was carried out by infusion under gravity. The result 
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expected was getting CNC between and on the electrospun fibers, providing carboxylates 

groups. After this functionalization,  crystal violet dye, bacteria and viruses was successfully 

removed from polluted water (68).  

 
1.4.4. Cellulose nanocrystals for functionalization: advantages and origin 
 

Previous research have proven the efficiency of cellulose nanocrystals in terms of adsorption 

of pollutants in contaminated water. Indeed, in the work of Peng Liu and al, the successful 

adsorption by CNC was observed for various heavy metal ions (69). Besides, CNC are of 

major interest as they enable working with biobased materials. Indeed, these nanocrystals are 

obtained from cellulose which is the most abundant available biopolymer. The origin of 

cellulose in nature and the way to obtain CNC is illustrated in Figure 12. In the cell walls of 

the plants, layered meshes of fibrils can be found. One fibril is actually a bunch of 

microfibrils, which are themselves bunches of cellulose molecules. These cellulose molecules 

are made of crystalline regions and of amorphous regions. Carrying out acid hydrolysis enable 

to hydrolyse the amorphous regions while the crystalline regions remain intact, being more 

resistant to acid attack. The nanocrystals obtained are these crystalline parts, having a rod 

shape, their crystallinity being similar to the one of the original cellulose fibers. They can 

have a width of few nanometers and a length ranging from tens of nanometers to micrometers.  

 

Fig. 12 - Way to obtain CNC from cellulose molecules 
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1.5. CURRENT EXISTING TECHNOLOGIES FOR WATER REMEDIATION 
 

Wastewater contamination with heavy metals has its origins in various industries. Obviously 

it is the case of metal industry where electroplating and metal surface treatment such as 

anodizing and cleaning, electroless depositions, milling, conversion-coating and etching, are 

processes that release wastewater with cadmium, chromium, copper, nickel, zinc, lead, 

vanadium, platinum, silver and titanium. Printed circuit board manufacturing is also a 

important source of pollution as it generates tin, lead and nickel. Besides, the treatment of 

wood with chromated copper-arsenate in wood processing industry is at the origin of the 

release of chromium species and cadmium sulfide. Two more examples of contaminating 

processes are the petroleum refining releasing nickel, vanadium and chromium and the 

photographic processes in which silver and ferrocyanide are used to produce film. The 

wastewaters stemming from these activities need to be treated and a wide range of techniques 

can be employed with all their advantages and limits (70). 

Table 6 shows some  heavy metal ion contaminants that are frequently present in water and its  

toxicity effect.  

Table 6 - The most harmful heavy metals with their effects on health and the MCL standards 

Heavy metal  Toxicities MCL (mg/L) 

Arsenic  Skin manifestations, visceral cancers, vascular disease 0.050 
Cadmium  Kidney damage, renal disorder, human carcinogen 0.01 
Chromium  Headache, diarrhea, nausea, vomiting, carcinogenic 0.05 
Copper  Liver damage, Wilson disease, insomnia 0.25 
Nickel  Dermatitis, nausea, chronic asthma, coughing, human carcinogen 0.20 
Zinc  Depression, lethargy, neurological signs and increased thirst 0.80 
Lead  Damage the fetal brain, diseases of the kidneys, circulatory 

system, and nervous system 
0.006 

Mercury  Rheumatoid arthritis, and diseases of the kidneys, circulatory 
system, and nervous system 

0.00003 

 
In various studies or reviews are described numerous different current methods used to treat 

contaminated wastewater or groundwater. For groundwater treatment for example, one can 

resort to more than thirty five methods that can be classified under three types of treatment 

processes: chemical, biochemical/biological/biosorption and physico-chemical treatments 

(Figure 8) (71). The physico-chemical treatments that are often studied, especially for heavy 

metal ions removal from wastewater, are chemical precipitation, flotation, coagulation-

flocculation, ion exchange, adsorption, membrane filtration, photocatalysis and 

electrochemical methods such as electrodialysis, electrochemical precipitation and membrane 
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electrolysis. The observation of the literature leads to the conclusion that adsorption, ion 

exchange and membrane filtration are the most employed methods for water remediation 

(70,72,73).  

 

1.5.1. Adsorption 
 

Adsorption is an appropriate process for heavy metals removal from wastewater and has 

recently become one of the alternative for such a purpose.  Adsorption involves a mass 

transfer process in the course of which a substance is transferred from a liquid phase to the 

surface of a solid, the adsorbent, getting fixed on it through physical and/or chemical 

interactions. The adsorbents can be low-cost as derived from agricultural waste, industrial by-

product, natural material or modified biopolymers. Activated carbon is a commonly used 

adsorbent as it has a large surface area, high adsorption capacity and surface reactivity, and it 

can be used to adsorb Ni(II), Cr(VI), Cd(II), Cu(II) and Zn(II). However, activated carbon is 

costly and agricultural waste can be used as an alternative to it. In Table 7 are gathered some 

of the most efficient low-cost adsorbents in terms of adsorption capacity. Three steps can be 

distinguished in the pollutant adsorption onto the adsorbent: first occurs the transport of the 

heavy metal ions from the wastewater to the surface of the adsorbent; in a second time the 

pollutant is adsorbed on the particle surface; finally the pollutant is transported within the 

adsorbent solid. The choice of the adsorbent rest above all upon its technical applicability and 

its cost-effectiveness (70,72). 

Table 7 - Summary of the highest reported adsorption capacities of low-cost adsorbents and activated carbon (72). 

Source of adsorbent Type of adsorbent Adsorption capacity (mg/g) 

  Cd(II) Cr(VI) Cu(II) Ni(II) Zn(II) 

Agricultural waste  Hazelnut shell  170    
 Orange peel    158  
 Citric acid-modified 

soybean hull 
  154,9   

Industrial by-products  Red mud    160  
 Blast-furnace slag    133.35  103.33 
Natural materials  HCl-treated clay   83.3 80.9 63.2 

Activated carbon  GAC type Filtrasorb 400  145    

 HNO3
-  treated ACF  146     

 

Usual methods used for heavy metal ions removal from wastewater usually have limitations 

such as a high cost or a limited efficiency, especially in the case of very dilute solutions. If 

adsorption is one of the most used processes for that purpose, it nevertheless has limitations: 
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on the one hand, the adsorption efficiency, equilibrium time, selectivity, regeneration and 

stability depend on the adsorbent used. On the other hand, difficulties are encountered for the 

recycling of powdered nanoparticle materials. For these reasons, current research studies 

focus on the application of nanofiber membrane materials for adsorption (7).  

1.5.2. Membrane filtration 

 

Membrane filtration technologies are also a part of the physico-chemical processes for water 

remediation. They are of particular interest as with such processes, suspended solid, organic 

compounds and in addition to this inorganic contaminants such as heavy metals can be 

removed. Various types of membrane filtration methods are currently applied depending on 

the size of the particles to remove, the most used being ultrafiltration (UF), microfiltration, 

nanofiltration (NF), reverse osmosis (RO), forward osmosis and pressure retarded osmosis. 

For heavy metal ions removal especially, UF, NF and RO are preferred (5,70,72).  

 

1.5.2.1. Ultrafiltration (UF) 
 

UF involves the use of a permeable membrane at low transmembrane pressure and enable to 

remove dissolved and colloidal material. The pore size of UF membranes, between 5 and 20 

nm, limits the filtration to macromolecules and suspended solids, and to compounds with a 

molecular weight ranged from 1000 to 100000 Da. This means that dissolved metal ions as 

hydrated ions or low molecular weight complexes would not be held in UF membranes. 

Different solutions have been tested to adapt UF to heavy metal ions removal from 

wastewater, for instance the micellar enhanced ultrafiltration (MEUF) and the polymer 

enhanced ultrafiltration (PEUF). MEUF proved to be appropriate for such a purpose. In this 

process, surfactants such as sodium dodecyl sulfate (SDS), are added to wastewater, and once 

the critical micelle concentration (CMC) is overstepped, the surfactant molecules aggregate to 

form micelles that can bind metal ions, forming metal-surfactant structures large enough to be 

trapped in the UF membrane (73). Depending on the membrane characteristics, the removal 

efficiency that can be reach is over 90% for a metal concentration between 10 and 112 mg/L, 

a pH between 5 and 9,5 and a pressure between 2 and 5 bar. If low driving force and small 

space are required through the high packing density of UF, some drawbacks such as 

membrane fouling prevent a wider application of this method in wastewater treatment. 

Indeed, membrane fouling leads to flux decline, increasing transmembrane pressure and 

biodegradation of the membrane materials, resulting in a elevation of the operational costs for 

the membrane system (72).  



40 | P a g e  

 

1.5.2.2. Reverse osmosis (RO) 
 

Reverse osmosis is run under pressure, the treated water passing through the membrane with 

the retention of the heavy metal. The membrane pore size can be down to 10
-4

 µm, 

dimensions that have been developed to correspond with the environmental legislation. At 

hydrostatic pressure superior to the osmotic pressure of the treated solution, cationic 

compounds can be removed from water. RO proved to be more effective than NF and UF for 

heavy metal removal from wastewater in the case of metal concentrations between 21 to 200 

mg/L. Also RO shows the best results for a pH between 3 and 11 and a pressure between 4,5 

and 15 bar, the pressure being the major parameter affecting the efficiency of heavy metal 

removal. RO presents a lot of advantages such mechanical strength, chemical and thermal 

stability, high water flux rate, high salt rejection and resistance to biological attack. 

Furthermore, RO is employed by industrial users to successfully comply with the effluent 

limit of the discharge standards given by environmental legislation. However, some issues put 

limitations to the process, namely the easy fouling of the small pores that can be irreversible 

and thus the necessity of replacing the membrane increasing the operational cost, but also the 

decreasing membrane performance over the time leading to a decrease in the permeate flow 

rate, the high energy consumption, the scaling of CaCO3 or CaSO4  and finally the 

requirement of experienced people to carry out the process (72). 

 

1.5.2.3. Nanofiltration (NF) 
 

Nanofiltration is an intermediate process between UF and RO. The removal of pollutants out 

of effluents rest upon steric (sieving) and electrical (Donnan) effects. A Donnan potential is 

generated between the anions present in the NF membrane and the ions in the effluent to 

reject the latter. The small pores and the membrane surface charge enable the rejection of 

charged solutes smaller than the membrane pores along with bigger neural solutes and salts. 

Depending on the membrane characteristics, NF is efficient for inorganic effluents with a 

metal concentration of 2000mg/L, with a pH between 3 and 8 and with a pressure between 3 

and 4 bar. Unless NF is a promising method for heavy metal ions rejection such as nickel, 

chromium, copper and arsenic from wastewater, it has been less investigated than UF and RO 

for this application. However, NF present the advantages of being easy to carry out, of being 

reliable and of less energy-consuming compared with RO for example (72,73). 
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In the current study membrane filtration combined with adsorption was used  attempted  to 

produce water cleaning products. Cellulose acetate produced by  electrospinning was used as 

the support layer and nanocrystlas of cellulose was used as unctional entity for adsorption of 

metal ions. The aim was to prepare a fully biobased membarne with high flux and efccievt 

removal of  metal iosn from water. 
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2.Experimental Part 

 

2.1. MATERIALS 
 
2.1.1. Preparation of electropun membranes 
 

 Acetone ≥ 99,8%  CHROMASOLV
® 

and N,N-Dimethylacetamide (DMAc) ≥ 99,5% 

for analysis were used as solvents for the electrospinning solutions and were purchased from 

Sigma-Aldrich (Pty.). Two cellulose acetates of different molecular weights were purchased 

from the same supplier in the form of white powders and used as solute, one being of average 

Mn ~50,000 (by GPC) and 39,7 wt.% of acetyl content, the other of average Mn ~30,000 (by 

GPC) and of 39,8 wt.% acetyl content. All the reagents were used as received. 

 

2.1.2. Modification of electrospun membranes 
 

Cellulose nanocrystals were supplied by Division of  Material Science, Luleå University of 

Technology. These cellulose nanocrystals (CNC) in suspension were produced by acid 

hydrolysis and were generated from two different sources, consequently having different sizes 

and functional groups. Cellulose nanocrystals obtained from cellulose sludge mainly by 

chemical treatment and that are called here CNCSA, presented a diameter between 5 and 10 

nm, a length ranging from 150 to 200 nm and sulfate functional groups (-SO4
2-

) and was 

prepared following the procedure by Liu et al (69). CNCBE, obtained after chemical and 

mechanical treatments, had similar diameters but higher length than CNCSA, going up to μm, 

and presenting carboxylate functional groups (-COO
-
) and was produced following the 

procedure reported by Mathew et al. (74). These CNC were used for a physical modification 

of the cellulose acetate membranes produced by electrospinning. The CNCSA being in a 1.311 

wt% concentration suspension and the CNCBE in a 1.5 wt% concentration suspension, the 

initial solutions were diluted in distilled water to get a concentration of 0.4 wt%. 

 

2.1.3. Adsorption Tests 
 

 Silver nitrate AgNO3 and copper(II) nitrate trihydrate Cu(NO3)2*3H2O for analysis 

from Merck, Germany were used for the metal adsorption tests. 
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2.2. ELECTROSPINNING 
 
2.2.1. Electrospinning solutions 
 

 Several solutions of various concentrations were prepared, based on Tian study (4). . 

Two sets of solutions were prepared from  cellulose acetate (CA) with average molecular 

weights of 30kDa and 50kDa, respectively. In each set, six different solute concentrations, 10 

wt.%, 15 wt.%, 20 wt.%, 25 wt.%, 30 wt.% and 35 wt.% were prepared in acetone/DMAc in a 

2:1 (w:w) ratio. The composition of the electrospinning (ES) solutions is detailed in Table 8. 

Initially, acetone was mixed with DMAc in a 2:1 (w:w) ratio in an Erlenmeyer flask. Then, a 

magnetic stirrer was inserted as well as a weighted quantity of cellulose acetate and the flask 

was fitted with a stopper to avoid the evaporation of the solvent in the course of the following 

stirring step. Calculations were done to get approximately 20mL of the solution. Under 

magnetic stirring and at room temperature, the powder dissolved in three hours for the lowest 

concentrations to several days for the highest ones. After total dissolution, the mixture was 

homogeneous and transparent.  

Table 8 - Compositions of the electrospinning solutions 

Solute: CA  10wt% 15wt% 20wt% 25wt% 30wt% 35wt% 

Solvent: 

Acetone/DMAc (2:1, w:w) 90wt% 85wt% 80wt% 75wt% 70wt% 65wt% 

Sample code        

CA (Mn ~50000) S5010 S5015 S5020 S5025 S5030 S5035 

CA (Mn ~30000) S3010 S3015 S3020 S3025 S3030 S3035 

 
2.2.2. Electrospinning process 
 

The electrospinning setup (Figure 13) utilized in this study consists of a 20mL polypropylene 

syringes that were purchased from Sigma-Aldrich, South Africa, and were utilized to load the 

electrospinning solution. An electrically grounded, detachable, flat metal screen that is 

adjustable to a desired height and direction was used to collect electrospun nanofibers. A high 

voltage power supply was used to produce voltages ranging from 0 to 30 kV and a distance of 

10 to 30 cm (0 kV–3 kV/cm) was maintained between the nozzle and the collector screen. A 

pump was used to control the quantity and the flow rate of the polymer solution from the 

spinneret. A blunt metallic needle with outer diameter of 16 mm, inner diameter  of 1 mm and 
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the length of 50 mm supplied by PROMOLAB PTY LTD, South Africa, was utilized as a 

spinneret. 

 

 

Fig. 13 - Electrospinning setup: a) voltage supplier, b) pump, c) syringe, d) needle, e) collector screen. 

For each tested solution, an optimization of the electrospinning parameters to get defect-free 

nanofibers was aimed and determined through the variation of the average molecular weight 

of CA, polymer concentration,  needle tip-to-collector distance, flow rate and finally, the 

supplied voltage. First the solution was loaded in the syringe, pushed manually until it 

reached the tip of the needle. All experiments were carried out at room temperature. The 

parameters tested are gathered in Table 9. 

Table 9 - Parameter tested for the electrospinning window determination. 

Modified parameter Values     

CA Mn (Da) 50000   -    30000 

CA concentration (wt%) 10 - 15 - 20 - 25 - 30 

Tip-to-collector distance (cm) 10 - 15 - 20 - 25 - 30 

Flow rate (mL/h) 1- 1,5 - 2 - 2,5 - 3 - 3.5 - 4 - 4,5 - 5  

Voltage (kV) 10 - 12,5 - 15 - 17,5 - 20 - 25  

 

The proper electrospun membranes were quite easily removable from the aluminum foil used 

to cover the collector: thus no coating of other nature had to be used to collect the electrospun 

mats. The electrospinning of about 6mL of polymer solution led to the production of suitable 

membranes. The latter were then removed from the collector with the help of a razorblade and 

kept in a plastic bag hermetically closed.  

a 

b 

c 

d 

e 
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2.3. MODIFICATION OF ELECTROSPUN MEMBRANES 
 

The CA membranes with the best characteristics (20wt% and 30kDa) were selected for both 

chemical and physical functionalization  purposes. Then, the rest of the samples were 

characterized in their as-spun state and in order to draw up a comparison. The physical 

modification was performed by impregnating cellulose nanocrystals (CNCs) into the CA 

membrane, resulting in a negatively charged cross-linked nanostructured mesh (68). The high 

surface-to-volume ratio of the CNCs combined with the presence of active sites confer them a 

high surface reactivity and good adsorption abilities, especially concerning metal ions (75).  

 
2.3.1. Preparation of CNC solutions 
 

Previously selected CNC solutions were used. 100mL of solution with a final concentration of 

0.4wt% of CNC were prepared, weighting first the needed quantity of original CNC solution, 

determined with the help of Equation (1), then diluting it in distilled water in a 100mL 

volumetric flask, as represented on Figure 14.  

 

         
                      

                             
          

 

Fig. 14 - (a) Measurement of the required mass of the original CNC solution and (b) dilution of this quantity with 
distilled water in a 100mL volumetric flask. 

2.3.2. Filtration 

The electrospun membrane was cut similar to the dimensions of the Whatman  filter paper 

(90mm diameter, 1 qualitative circle, Cat. No. 1001 090). The membrane was weighed before 

modification (Mettler Toledo, MS303S, 0,001g precision) and was placed on the filter paper 

on a Büchner funnel, being part of the vacuum filtration kit. While the vacuum filtration was 

performed, the membrane was first soaked with distilled water, and 25mL of the prepared 

CNC solution was then added  in  order to have 0.1g of CNC on the membrane. The filtration 

was carried out until no solution remained on the membrane. The experimental setup of the 
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vacuum filtration is shown on Figure 15. Having 0,1g of CNC on a 90mm diameter 

membrane corresponds with 0,1573g of CNC per m
2
 of membrane.  

 
2.3.3. Drying 
 

The filtration step was followed by a drying step in the course of which the modified 

membrane stuck on the filter was placed in a glass Petri dish in the oven and dried in vacuum 

at 70C for 30 minutes to crosslink the cellulose nanowhiskers network. Once dry, the 

membrane was separated from the filter, weighed and stored in a hermetically closed plastic 

bag. 

 

  

 
Fig. 15 -  Setup for the membranes physical modification with CNC: vacuum filtration.  

 

 
2.4. CHARACTERIZATION TECHNIQUES 
 
2.4.1. Scanning Electron Microscopy (SEM) 
 

The morphology of the unmodified CA electrospun fibers was observed using the FEI Quanta 

200 Scanning Electron Microscope (SEM). One sample of dimensions 3mm × 5mm was cut 

in each produced membrane. Seven samples could be horizontally fixed on the SEM holder 

with the help of  carbon conductive double-faced tape and without necessary pre-treatment. 

The holder was then placed in the specimen chamber and the observation carried out. With 

the images obtained, the image analysis software ImageJ was used to determine the average 

fiber diameter of the electrospun fibers. In order to do this, 50 sections of each nanofiber 

sample were manually determined and measured, and the average diameter calculated.  

After modification, the electrospun mats were also observed by scanning electron microscopy. 
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2.4.2. Chemical surface analysis with ATR-FTIR 
 

Chemical surface analysis of the CA nanofibers was performed by Fourier transform infra red 

spectrometry (FTIR) on the unmodified membranes. Attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectra of the unmodified samples were taken with a 

Platinum ATR Spectrometer, model TENSOR 27 (Bruker) (Figure 16). The samples were 

measured directly on a Diamond IRE with a single bounce mode.  The force applied to the 

samples during spectral measurements was about 80N.  Spectra were analysed using OPUS 

spectroscopy software.  

 

 
Fig. 16 - Platinum ATR Spectrometer used for the ATR-FTIR spectra determination. 

 
 
2.4.3. BET surface area determination. 
 

The equipment used for the surface area determination of the as-spun membranes was a BET 

surface area analyzer Gemini and sample preparation device FlowPrep 060, both from 

Micromeritics (Figure 17), as well as an analytical balance from Scale Tronic, model JD-210. 

A sample preparation was carried out before the surface area analysis. Each sample was 

placed into a clean pre-weighed quartz tube that was fitted with a stopper. The closed tubes 

were placed in a degassing unit at 50C for approximately 5 days under a constant flow of 

nitrogen gas. The degassed test tubes were re-weighed to determine the actual sample weight. 

After degassing, each test tube was inserted into the BET surface analyzer and the surface 

area analysis performed. The samples were analyzed using 10 adsorption points. The relative 

pressures chosen were between 0,1 and 0,45. The characteristics of the tested samples are 

gathered in Table 10. 
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Table 10 - Characteristics of the samples used for surface area determination 

Sample 
number 

Average 
molecular 
weight 
(kDa) 

Electrospinning parameters 
 

Mass of the 
sample (g) 

CA concentration 
of the ES solution 
(wt%) 

Flow 
rate 
(mL/h) 

Voltage 
(kV) 

Tip-to-
collector 
distance (cm) 

1 50  15 1 20 30 0.15 

2 30 15 2  20 20 0.158 

3 30  15 2 20 20 0.1511 

4 30  20 2 20 20 0.1564 

5 30  20 2 20 20 0.1537 

6 30  25 2 20 20 0.1574 

7 30  25 2 20 20 0.1576 

 

 
Fig.  17  - Equipment used for surface area determination  

 
 
2.4.4. Water vapor permeability (WVP) 
 

The water vapor permeability of the electrospun nanofibrous mats was determined according 

to the ASTM E398-03 standard and with the help of the water vapour permeability tester 

LYSSY L80-4000 from PBI Dansensor, Switzerland. This tester is made of two chambers 

between which the mat sample, fixed on self-adhesive test cards, was inserted: the lower 

compartment was saturated with water and the upper one was dry and contained a sensor 

measuring the relative humidity level. The permeability rate which corresponds with the water 

vapor transmission through the mat from the lower to the upper compartment is calculated in 

g.m
-2

.day
-1

. The test, automatically controlled, consisted first in the drying of the upper 

chamber with the help of a purged flow to the defined level of 10% Rh, secondly in the 

monitoring of the time necessary to increase the humidity from 10% to 15%. The permeability 
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rate was directly determined in g.m
-2

.day
-1

. This test was run until stabilization and repeated 

from 3 to 6 times.  

 
2.4.5. Flux measurement 
 

Flux permeability is a major parameter for membranes. The tested membranes were placed in 

a dead-end cell (Sterlitech HP4750 Stirred cell, U.S.A) of 300mL capacity. The cell was filled 

with distilled water and this solvent was pushed through the membrane at a pressure of 

1kp/cm
2
 for the as-spun and CNCSA modified mats and of 3kp/cm

2
 for the mats modified with 

CNCBE. The pressure was applied at room temperature through a nitrogen source. The 

experimental setup is shown in Figure 18. The active filtration area in this cell was 14,6 cm
2
. 

As soon as the pressure was applied, the stopwatch was started and the volume (V) of water 

flowing out was measured in function of time (t). With these data, and knowing the pressure 

(P) and the active filtration area (A), the average flux permeability of the membrane, in 

L/(MPa.h.m
2
) could be calculated, as shown in Equation (2).  

      
 

     
           

 

 

Fig. 18 - Experimental setup for flux permeability determination 

Before carrying on these measurements, a sample preparation was performed. Discs of sample 

of diameter between 47 and 50 mm were cut. The dry membrane was weighed (Mettler 

Toledo MS 303S, 0.001g precision) and its average thickness determined using the value of 

the thickness in 13 different points on the sample, chosen as represented in Figure 19. To 

measure it, a thickness gage from Mitutoyo was used, model ID - C112XBS with a precision 

of 0,001mm. Then a conditioning step was run by soaking the membrane in distilled water for 

a determined time. Indeed, the manual of use of the dead-end cell  specifies that the specimen 
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need to be conditioned prior to the measurement to reach an equilibrium and to obtain reliable 

results. 

The proper conditioning time was determined the following way: a dry piece of membrane 

was weighed, then soaked in distilled water. The samples were then subsequently, and then 

weighed at regular time intervals (Mettler Toledo AG 245, 0.0001g precision). The time 

needed to reach a stable mass was considered as the necessary conditioning time, as illustrated 

in Figure 20. 

 

 Fig. 19 - Points chosen on 
the sample to determine the 
specimen average thickness 

 

Fig. 20 - Conditioning time determination: theoretical evolution of the mass of the 
membrane soaked in aqueous solution in function of time 

After weighing, measuring the thickness and conditioning the membrane in distilled water, 

the flux measurement was performed. In Table 11 are gathered the experimental conditions 

for each sample. 

Table 11 - Experimental parameters for flux measurements 

Sample Conditioning time (h) Pressure applied (kp/cm
2
) 

Unmodified 2 1 

Modified with CNCSA 2 1 

Modified with CNCBE 24 3 

 
2.4.6. Adsorption tests 
 

To highlight the effect of the functionalization with CNCs, adsorption tests were run with the 

unmodified as well as with the CNCSA and CNCBE modified membranes. Two types of 

polluted waters were used, one with copper ions and the other with silver ions, with an initial 

metal concentration of 0,100g/L each. The same dead-end cell used for the flux measurement 

was used for the adsorption tests, in order to make the metal solution cross the membrane, 
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which was considered more representative of the water filtration process than an adsorption in 

static. After a step of membrane conditioning in distilled water, the dead-end cell was filled 

with 300mL of metal solution and the same pressure used during the flux measurement was 

applied. For the as-spun and the CNCSA- modified membranes, the contact time between the 

solution and the membranes was 40 minutes, and of 1 hour for the CNCBE-modified 

membranes. To determine the concentration of metal ions in the solutions before and after 

contact with the membranes, ICP/OES was used. In this way, the efficiency of the adsorption 

of the membranes was determined. The adsorption capacity of CNC and of the membrane for 

the silver and copper ions  was calculated by Equation (3). 

 

                     
        

 
         

 

with ci the initial concentration of silver or copper in the solution (mg/L), c the silver or 

copper concentration in the filtrate, determined by ICP (mg/L), V the volume of silver/copper 

solution that went through the membrane during the adsorption test (L), and m the mass of the 

CNC present on the membrane (0,1g) or the mass of the membrane (g) in function of the 

value calculated.  
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3. Results and discussion 

 

3.1. INFLUENCE OF ELECTROSPINNING PARAMETERS ON THE ELECTROSPUN 
NANOFIBERS 
 
 It was aimed to get electrospun defect-free nanosized fibers made of cellulose acetate, 

leading to membranes with good mechanical stability in order to handle and modify them 

without damaging them, and presenting good porosity to be able to use them for filtration 

purposes. To achieve this goal, the processing parameters as well as the solution nature and 

concentration were varied one by one and their effects on the CA fibers morphology and 

diameter was examined with the help of scanning electron microscopy. The varying 

electrospinning parameters were the solution concentration, the CA molecular weight, the tip-

to-collector distance, the applied voltage and the flow rate of the polymer solution.  

 

3.1.1. Solution concentration 
 

 As described previously, six solutions of different concentrations (from 10 wt% to 35 

wt%) of cellulose acetate of each average molecular weight were prepared. CA dissolved 

faster in the case of Mn ~30000 than for Mn ~50000. In all the cases, CA dissolved totally in 

the solvent, leading to a transparent solution, but while it required two to three hours for the 

lowest concentrations, the solutions made of 30% and 35% for the CA of Mn~50000 (S5030
 

and S5035) needed several days to completely dissolve. The viscosity of the solutions 

increased with the CA concentration, and the same stirring rate being applied to all the 

solutions, the stirrer could not rotate for the highest concentrations. Besides, the solutions 

S5030, S5035 and S3035 did not even flow due to their high viscosity, and consequently could 

not be loaded in the syringe to be electrospun. These solutions were not appropriate for 

electrospinning, therefore we did not test them. Additionally, S3030 solution was not tested 

because of time limitations, and S5025 solution was really hard to electrospin due to a too high 

viscosity: the solution was hard to force through the syringe needle, and at the tip of the 

needle, a drop was stretching and while falling by gravity after gaining enough mass, the drop 

partially exploded into droplets and partially fell on the ground. No sustainable jet was 

achieved. Therefore, no proper mat was produced to be analyzed with this solution. 
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Concerning the fibers diameters, SEM images enabled to determine, from 50 measurements 

per image, the average, lowest and highest diameters obtained in each case. The results of 

these calculations are presented in Table 12, as well as the %change in diameter for the 

minimal and maximal values of diameter in reference to the values measured for 10%CA, i.e. 

the lowest CA concentration.  

For CA with Mn=30kDa as well as for CA with Mn=50kDa, an increase in fibers diameter is 

observed with the increase in solution concentration. Indeed, the minimum fiber diameter of 

the as-spun fibers ranges from 82 nm at lower concentration to 145 nm at higher 

concentration for CA (Mn=50kDa) and from 65 nm to 249 nm for CA (Mn=30kDa). The 

maximum fiber diameter changes the same way, going from 537 nm to 1071 nm for CA 

(Mn=50kDa) and from 429 nm to 2348 nm for CA (Mn=30kDa). Obviously the average 

diameter follows the same trend ranging from 233±105 nm for 10%CA to 427±218 nm for 

20%CA (50kDa) and from 163±66 nm for 10%CA to 792±486 nm for 25%CA (30kDa). This 

phenomenon can be explained by the fact that with a higher concentration, the polymer chain 

entanglement is more favored, leading to a higher viscosity of the solution which is then more 

resistant to be stretched by the charges on the jet, reducing the bending instability and in this 

way, producing fibers with higher diameters (27,76,77).  

Table 12 - Relation between the concentration of CA (Mn=50kDA and Mn=30kDa) polymer solution and the change in 
diameter of the electrospun nanofibers at an applied voltage of 20 kV and flow rate of 3mL/h. 

Sample 
Code 

CA 
concentration 

(%) 

Tip-to-collector 
distance (cm) Diameter (nm) 

%Change in 
diameter w.r.t. 

10% CA 

Min Max Average Min Max 

S5010 10 15 82 537 233±105 - - 
S5015 15 15 121 593 263±116 48 10 
S5020 20 15 145 1071 427±218 77 99 

S3010 10 20 65 429 163±66 - - 

Fig. 21 - Electrospinning solutions preparation 
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S3015 15 20 105 512 275±116 62 19 
S3020 20 20 117 1009 390±217 80 135 
S3025 25 20 249 2348 792±486 283 447 

 

As for the fibers morphology, their aspect are described in Table 13. Changes in fiber 

morphology are directly related with the solution concentration. Two critical concentrations, 

namely Ci and Cf, correspond with the transition from bead-only structure to bead-free fibers. 

At concentrations below Ci, chain entanglements cannot occur in the solution, leading to the 

production of beads only. Ci is close to the entanglement concentration Ce at which chain 

entanglements in the solution start being significant. Thus at Ci, fibers emerge from the beads 

and above Ci, beaded fibers are produced. At a concentration above Cf, defect-free fibers are 

produced and the fibrous structure is stabilized (78). In this study, all the solution tested had a 

concentration above Ci, leading to the electrospinning of beaded fibers or uniform fibers, but 

in no case only beads were produced. In agreement with this theory, a reduction of the defect 

tends to occur with the increase in concentration. This phenomenon can especially be 

observed in the case of CA (Mn=30kDa) for which at 10%CA, beads can be observed, at 15% 

these beads tend to elongate forming spindle-like beads, and at 20% these beads disappeared 

to give way to uniform and smooth fibers. SEM images of these three last cases are shown in 

Figure 22. In the high concentration solutions, as previously described, the viscosity is higher 

than in low concentration solutions, which correspond with a greater entanglement of polymer 

chains in the solution, leading to a more stable jet during electrospinning which reduce or 

prevent the formation of beads (76). 

Table 13 - Relation between the concentration of CA (Mn=50kDA and Mn=30kDa) polymer solution and the change in 
morphology of the electrospun nanofibers at an applied voltage of 20 kV and flow rate of 3mL/h. 

Sample 
Code 

CA 
concentration 

(%) 
Fibers Morphology 

S5010 10 Presence of few spindle-like beads 
S5015 15 Presence of few beads and junctions 

S5020 20 
Fibers without beads but a little bit irregular and undulating 
morphology with light variations in diameter along a single fiber 

S3010 10 Presence of beads 
S3015 15 Presence of spindle-like beads 
S3020 20 Uniform fibers without beads and with smooth surface 
S3025 25 Uniform fibers with some junctions 

 

a b c 
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Fig. 22 - SEM micrographs showing the change in morphology of electrospun nanofibers from solutions with a) 
10wt% CA, b) 15wt% CA and c) 20wt%CA 

3.1.2. Average molecular weight 
 

CA with Mn=30 kDa and Mn=50kDa were tested, and fibers morphology was observed at 

different concentrations. From Table 14, it can be seen that the tendency is that the higher the 

molecular weight, the higher the fibers diameters. Besides, in table 16 are compared 

electrospun fibers under same electrospinning conditions and same concentration but with 

different Mn. Fibers from 10wt% of CA (Mn=30kDa) present almost spherical beads while 

fibers from 10wt% of CA (Mn=50kDa) present less beads with a spindle-like shape. At 

15wt% CA the same phenomenon can be observed with a lot of spindle-like beads for Mn=30 

kDa and only a few of them for Mn=50 kDa. Also for 20wt% CA, some beads defects can be 

observed at lowest Mn while no defects appear at highest Mn. As observed in previous studies 

(76,78,79), a higher average molecular weight corresponds with a reduction in the number of 

beads. This phenomenon as well as the increase in fibers diameters can be explained in the 

same way as in the case of an increasing concentration: with a higher Mn, the polymer chain 

entanglement is more favored, leading to a higher viscosity of the solution which is then more 

resistant to be stretched by the charges on the jet, reducing the bending instability and in this 

way, producing fibers with less defects and higher diameters.  

  

a b c 
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Table 14- Relation between the average molecular weight of CA (Mn=50kDA and Mn=30kDa) the change in 
morphology of the electrospun nanofibers for given concentrations. 

CA concentration 
Voltage 

Flow rate 
distance 

CA with Mn=30 kDa CA with Mn=50 kDa 

10wt% CA 
20kV 
3mL/h 
15cm 

  
15wt% CA 
20kV 
3mL/h 
20cm 

  
20wt% CA 
20kV 
3mL/h 
15cm 

  
 

 
3.1.3. Tip-to-collector distance 
 

It has been reviewed that in the cases the distance between the needle tip and the collector 

screen was too small or too large, bead generation was favored, and a minimal distance was 

necessary for the production of uniform fibers (21,43). In our case, distances of 15, 20, 25 and 

30cm were tested with the other parameters fixed but no significant difference or progression 

were noticed on the SEM images, neither for Mn=50kDa nor for Mn=30kDa, as it can be 

observed on Figure 23.  
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Fig. 23 - SEM micrographs highlighting the non-influence of the distance between the tip of the needle and the 
collector screen, fibers produced for distances of a) 15cm, b) 20cm and c) 25cm 

3.1.4. Applied voltage 
 

It has been reported that beads could be generated while increasing the applied voltage, the jet 

being initiated not from the cone but inside the syringe (27). In our case, no increase in bead 

formation as been observed. However, it was observed that voltages inferior to 20kV were not 

supplying enough electric forces, resulting in an instable jet and solution dropping vertically, 

elongating slowly at the tip of the needle and partially falling under gravity and splitting into 

wet droplets. Some fibers could nevertheless be produced when the drop reached a specific 

length but the conditions were not proper for the production of membranes by 

electrospinning.  

The minimal, maximal and average diameter of the electrospun fibers was measured from 50 

measurements on each SEM picture. The values are gathered in Table 15. It can be observed 

that an increase in voltage leads to a decrease in the fibers diameters. At higher voltage, the jet 

is subjected to stronger electrostatic forces and in this way is more stretched, leading to the 

formation of fibers of thinner diameters.   

Table 15- Relation between the applied voltage and the diameters of the electrospun fibers. 

Voltage (kV) 
Diameter (nm) 

Min Max Average 

10 Voltage too low 
12,5 177 854 373±146 
15 149 665 341±116 

17,5 104 608 275±113 
20 104 544 266±91 

 

 

 

 

 

 

a b c 
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3.1.5. Flow rate 
 

An increase in the flow rate led to an increase in the fiber diameters, as observable in Table 

16, but had no influence on the fibers morphology, as illustrated on Figure 24. This can be 

explained as a higher flow rate corresponds with a higher quantity of material going out of the 

needle in the same amount of time, which logically leads to the production of fibers with 

higher diameters. 

Table 16 - Relation between the flow rate of the solution and the diameters of the electrospun fibers. 

Flow rate 
(mL/h) 

Diameter (nm) 

Min Max Average 

3 136 917 386±207 
2,5 114 810 330±154 
2 61 686 267±154 

 
 

 

Fig. 24 - SEM micrographs highlighting the non-influence of the solution flow rate on the fibers morphology, fibers 
produced for flow rates of a) 3 mL/h, b) 2,5 mL/h and c) 2 mL/h 

3.1.6. Conclusions and samples preparation 
 

The investigations about the influence of the electrospinning and solution parameters led to 

the conclusion that the best membranes were obtained for a solution concentration of 20wt% 

CA of Mn = 30 kDa, with a solution flow rate of 2 mL/h, with a distance between the tip of 

the needle and the collector screen of 20 cm and an applied voltage of 20 kV. Samples for 

further characterization were then produced by electrospinning for 3 hours, leading to mats 

with an average thickness of 0,223 ± 0,066 mm and fibers of average diameter 325 ± 82 nm. 

This diameter value was calculated based on 50 measurements run on two SEM pictures, 

shown in Figure 25, of two different mats produced with the same parameters. The results of 

the measurements are available in Table 17. 

a b c 
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Samples of 15wt% CA with the others parameters similar to the previous description were 

produced too to have elements of comparison in some of the characterization tests. Further 

characterization tests could not be run on them because of time limitations. 

 

Table 17 - Calculation of the minimal, maximal and average fibers diameters on two of the mats obtained with the best 
parameters.  

Membrane 
number 

Diameter (nm) 

Min Max Average 

71 61 686 267±154 
81 124 1160 383±228 

average - - 325±82 

 

 

Fig. 25 - Picture of one of the mats obtained with the best parameters, b) and c) SEM micrographs of two of the mats 
obtained with the best parameters. 

 

3.2. PROPERTIES OF AS-SPUN MEMBRANES 
 
3.2.1. Composition (FTIR) 
  

The ATR-FTIR spectra of the CA (Mn=30kDa) used in this work is given in Figure 26a. The 

ATR-FTIR spectra of CA electrospun nanofibers from 15wt%, 20wt%, 25wt% CA of 

Mn=30kDda solutions and from a 15wt% CA of Mn=50kDa solution are shown in Figure 

26b. The band assignments for the infrared spectrum of CA are listed in Table 18. As can be 

observed in Figure 26, there is no obvious difference between the spectra of CA and CA 

electrospun mats, which could be easily expected as we are dealing with pure cellulose acetate 

in each case.  

Three strong adsorption bands can be observed: at 1742cm
-1

 which corresponds to the C=O 

stretching, at 1228cm
-1

 which corresponds with the acetyl groups and at 1036cm
-1

 that is 

considered to be characteristic of the pyranose ring, which allows a positive identification of 

a b c 
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cellulose derivatives (80,81). In the work of He Jianxin (82), the adsorption band at 1626 cm
-1

 

is related to water adsorption and at 1368 cm
-1

 is assigned to the vibrations of CH3. 

Table 18 - Band assignments for the infrared spectrum of electrospun CA 

Wavenumber (cm−1) Assignment  

1742 C=O stretch (80,81) 
1626 Water adsorption (82) 
1368 CH3 (on the acetate group) vibrations (80,82) 
1228 COCH3 group (81) 
1036 Pyranose ring (80) 

 

 

Fig. 26- ATR-FTIR spectra of a) CA (Mn=30kDa) and b) CA electrospun membranes 

3.2.2. Morphology (SEM)  
 

The morphology of the electrospun nanofibers is shown in Figure 27. The nanofibers are 

uniform and their surface is relatively smooth without defects such as beads. The network has 

wavenumber (cm
-1

) 
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much porosity. Previously given other properties of the CA nanofibrous mat are gathered in 

Table 19. 

Table 19 - Properties of the electrospun CA nanofibers 

CA electrospun nanofibers properties  

Morphology of the nanofibers Smooth surface, no beads and droplets 

Diameter of the nanofibers 325 ± 82 nm 

Thickness of the CA nanofibrous mat 0,223 ± 0,066 mm 

 
3.2.3. Functional properties (BET, WVTR) 
 
3.2.3.1. BET surface area 
 

The BET surface areas of the tested electrospun mats are gathered in Table 20 and vary 

between 21,56 m
2
/g and 77,52 m

2
/g. This last value is incoherent as too high, but it would 

need further investigation to be explained. The large surface area is one of the very attractive 

attributes of electrospun membranes for separation technology. Generally, electrospun 

membranes have a surface area ranging up to 40 m
2
/g (18). The samples tested here present a 

surface area close to this value, which is promising for potential applications as affinity 

membranes, as in this type of application, the highest surface area to volume ratio is desired 

as the separation is based on the immobilization of specific ligands on the surface of the 

membrane. Thus, the highest the surface area, the highest the quantity of ligands that can be 

fixed on the surface, and then the most efficient the adsorption of pollutants from 

contaminated environment. 

Table 20 - Specific surface area of the electrospun mats 

Sample  BET surface analysis (m2/g) 

20% CA (30 kDa) 33,2294 
20% CA (30 kDa) 77,5178 
15% CA (30 kDa) 21,5612 
15% CA (30 kDa) 34,1340 

 
3.2.3.2. Water vapour permeability  (WVP) 
 

Water vapor permeability is a property of major importance in the application of electrospun 

mats, for that reason water vapour transmission rate was measured for samples of 15wt% and 

20wt% CA (30kDa), and are given in Table 21. The WVTR being mostly influenced by the 

network morphology, it is consistent to observe that the values are similar for the two types of 

membranes tested which have similar nanofibrous and porous structures.  
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Table 21 - Water vapor permeability rates of the electrospun mats 

Sample  Testing temperature (oC) Water vapour transmission 
rate (g.cm-2.day-1) 

20% CA (30 kDa) 20.2 1640.68 
20% CA (30 kDa) 20.1 1477.86 
15% CA (30 kDa) 20.5 1500.78 
15% CA (30 kDa) 20.0 1536.51 
15%CA (30 kDa) 19.9 1434.07 

 

3.3. CHARACTERIZATION OF PHYSICALLY MODIFIED MEMBRANES 
 
3.3.1. Morphology  
 
3.3.1.1. Visual appearance  
 

The visual aspect of the membranes before and after modification is shown on Figure 27. 

After filtration with CNCSA, the visual aspect of the membrane did not change, remaining a 

matt white membrane. On the contrary, the modification with CNCBE led to the formation of a 

shiny white layer covering the initial mat. As described in the Materials and Methods section, 

CNCSA are shorter than CNCBE. Consequently the latter are more likely to entangle and form a 

film than the shorter nanocrystals that flow more easily through the electrospun membrane 

porosity.  

 

Fig. 27 - Pictures of a) as-spun membrane b) Membrane modified with CNCSA and c) Membrane modified with CNCBE 

3.3.1.2. Thickness and mass 
 

The values of gain mass due during modification and the average thickness of the mats is 

given in Table 22. A mass and noticeable thickness gain are observed in the case of CNCBE 

modified mats which are logically related to the formation of a nanocrystals layer on the 

original mat. However, a mass loss in the case of the modification with CNCSA would need 

further investigation to be interpreted.  

 

a b c 
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Table 22 - Mass variation related to modification with nanocrystals and thickness of the membranes 

Sample % mass gain during 
modification  

Mats average thickness (mm) 

Unmodified - 0,223 ± 0,066 
Modified with CNCBE 11,338 0,304 ± 0,086 
Modified with CNCSA -8,506 0,431 ± 0,091 

 
3.3.1.3. SEM 
 

On Figure 28 are shown the SEM micrographs of the CNCSA modified mats. Some 

nanocrystals were observed on the nanofibers surface, as well as in some areas of the 

membranes where the nanofibers form an intersection. Thus, few of the CNC got fixed on the 

fibers while most of them just flew through the membrane during filtration without 

impregnating the mat, justifying the similar visual aspects between the as-spun membranes 

and the CNCSA modified ones. A higher contact time between the CNC and the electrospun 

mat could be needed to enable the nanocrystals getting fixed on the CA nanofibers surface. A 

modification by infusion of the membrane in the CNC suspension instead of filtration could 

be a solution.  

On Figure 29 are shown the SEM micrographs of the CNCBE modified mats. On Figure 29a 

and b, the presence of a nanocrystals film on the CA nanofibers is highlighted, which 

confirms what had been observed visually. At a closer scale (Figure 29c), it can be observed 

that the CA nanofiber is surrounded by CNCBE, which is whished and prove the success of the 

modification. However, the presence of a CNC layer is not desirable: a lower CNCBE 

concentration during the modification, and again using infusion instead of filtration could 

avoid this film formation and lead to a better modified membrane, with a network of CNC 

mixed up with the CA fibers of the mat.  

 

Fig. 28 - SEM micrographs of CNCSA modified mats: a) CA electrospun fibers with few CNC, b) presence of CNC at the 
intersection of CA fibers, c) presence of CNC on the surface of a CA fiber 

 

a b c 
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Fig. 29- SEM micrographs of CNCBE modified mats: a) Layer of CNC (down left) on the nanofibrous electrospun mat 
(up right), b) Layer of CNC (down) on the nanofibrous electrospun mat (up), c) CNC surrounding a CA nanofiber 

3.3.2. Functional properties (flux measurements, adsorption) 
 
3.3.2.1. Flux measurements 
 

After the conditioning of the membranes, flux measurements were run and the values 

obtained are given in Table 23. The flux permeability for the as-spun and CNCSA-modified 

samples is really high. Besides, the modification with CNCSA did not affect the flux 

permeability, which could be expected with the SEM observations that showed the low 

impact of the modification with CNCSA. On the contrary, the flux permeability is drastically 

reduced in the case of CNCBE-modified membrane, with a flux of 40 L/(h.m2.MPa) compared 

to around 126.10
3 

L/(h.m2.MPa) for the as-spun and CNCSA-modified mats. This can be 

easily justified by the presence of the nanocrystals layer on the CNCBE-modified membrane 

which led to a loss of porosity compared to the initial electrospun mat.  

Table 23 - Results of the flux permeability tests 

Sample Unmodified CNCSA CNCBE 

Flux L/(h.m2.MPa) 126178±2140 125207±1512 40 

 

Even if in some studies, flux permeability tests have been run on membranes under high 

pressures (17,75), in other works, the pressures used are way lower than the one we used 

(23,83). Indeed, we used 1kp/cm
2
 and 3kp/cm

2
, that corresponds to 98.10

3
 Pa and 294.10

3
 Pa. 

In the work of Ma (23), the water flux of regenerated cellulose membranes is determined 

under pressures ranging from 0,5psi to 2,5psi, that is to say from 3,4.10
3
 Pa to 17.10

3
 Pa, 

which is much lower than the pressures used in this study. Also in the work of Gopal (83), the 

water flux is  determined for polysulfone electrospun nanofibers membranes under pressures 

going up to 3psi (20.10
3
 Pa). From 1,8psi, the flux is increasing in an exponential manner 

with increasing pressure, and beyond 3psi, they consider the flux too fast to be measured 

a b c 
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accurately. For lack of pressure regulator graduated under 1kp/cm
2
 (98.10

3
 Pa), we could not 

run the flux permeability tests at lower pressure which could be interesting as more accurate 

for the highly permeable membranes used in this work.  

 
3.3.2.2. Adsorption 
 

After the conditioning of the membranes, adsorption of copper and silver were tested and the 

measurement of the solutions concentrations was carried out with ICP-OES. The initial and 

final concentration values are given in Table 24. It can be observed that the modification with 

CNCSA did not improve the adsorption properties of the membrane. Again, this can be 

explained by the low efficiency of the nanocrystals fixation on the electrospun mat during 

modification, providing too few functional groups to adsorb metal ions. On the contrary, the 

successful functionalization of the mats with CNCBE that we could observed previously is 

highlighted in the adsorption test where we can see an improvement in copper and silver 

adsorption compared to the as-spun membranes. In Table 25 are gathered the adsorption 

capacities of the CNC and of the membrane regarding the CNCBE-modified mats.  

Table 24 - Results of the copper and silver adsorption tests 

Concentration - 
Sample 

Copper 
concentration 
(mg/L) 

Quantity of 
copper adsorbed 
(mg/L) 

Silver 
concentration 
(mg/L) 

Quantity of silver 
adsorbed (mg/L) 

Initial 99,8 - 106 - 

Final - As-spun 96,4 3,4 102 4 

Final - CNCSA 98,5 1,3 105 1 

Final - CNCBE 83,2 16,6 71,2 34,8 

 

Table 25 - Adsorption capacity of the CNC and of the membrane for the CNCBE-modified membranes 

Adsorption capacity Copper Silver 

mg/g of membrane 1,4 2,5 
mg/g of CNC 3,0 7,0 

 

The adsorption efficiency by CNCBE of the silver ions is in this case of 7,0mg/g of CNC. Liu 

and al. (69) tested the adsorption of silver ions in water by pure CNC, and the highest silver 

ion removal was obtained under neutral pH. with a removal of 34,35mg/g, which represents 

five times our result. Based on this observation, the effect of pH and functional groups content 

should be investigated for our materials in a future work.   
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Conclusions 

- Cellulose acetate nanofibers were successfully prepared by electrospinning process. It was 

revealed that a solution of 20wt% CA of average molecular weight equal to 30kDa, separating 

the tip of the needle and the collector with a distance of 20cm, applying a voltage of 20kV and 

a flow rate of 2mL/h were the best electropsinning conditions.. After electrospinning for 3 

hours, membranes with beadless morphology and of 0,2 mm average thickness were obtained. 

- The electrospun membranes consisted of very porous networks of uniform nanofibers with 

smooth surface and of average diameter 325 ± 82 nm. 

- The surface areas of the as-spun electrospun mats ranged from 21,56 m
2
/g to 77,52 m

2
/g. 

The high surface area of the mats, in the same way as a high flux and water vapor 

permeability, were considered beneficial for applications in water filtration by adsorption of 

the pollutants.  

- Functionalization of the membranes through filtration were carried out with two types of 

cellulose nanocrystals suspensions, CNCSA and CNCBE. CNCSA being shorter, few of them 

remained in the nanofibrous network of the electrospun membrane, while CNCBE, of higher 

length, got fixed around the CA nanofibers but also formed a nanocrystals layer on the 

electrospun membrane.  

- The flux permeability tests as well as the copper and silver adsorption tests led to two 

conclusions:    

 The membrane modification with CNCSA did not lead to a reduction of flux 

permeability, which is whished, but did not provide functionality neither, which make 

these modified membranes bad candidates for adsorption of pollutants in contaminated 

water. 
 CNCBE provided functionalization, which is whished, but reduced drastically the flux 

permeability. 
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Future work and suggestions 

 

- The flux permeability tests should be run at lower pressure in order to get more accurate 

values, as for the highly permeable membranes such as the ones used in this work, the 

pressure applied might be too high to be accurate.  

- In order to get a better the fixation of the CNCSA on the CA nanofibers of the electrospun 

membranes, a modification by infusion instead of filtration could be relevant, increasing the 

contact time between the nanocrystals suspension and the nanofibers. 

- In order to limit the flux reduction due to the modification with CNCBE, it could be 

interesting to reduce the concentration of the nanocrystal suspension during the modification 

step, limiting the possibility of formation of a nanocrystal layer on the electrospun mat. 

Moreover, to avoid the formation of this  film, the modification could be made by infusion 

instead of filtration, which could favor the distribution of the nanocrystals onto the fibers 

surface. 

- Besides copper and silver, the adsorption could be tested with various other heavy metal 

found in wastewaters, such as cadmium, lead, chromium or nickel. 

- The influence of pH and functional groups content on the metal ions adsorption capacity 

should be investigated as well. 
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