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Abstract. The nanofiber membranes prepared by the electrospinning method have unique 

properties such as high specific surface area and high porosity with fine pores. These properties 

led electrospun nanofiber membranes to use for the removal of dye molecules from textile 

wastewater. In this study, a hydrophobic Thermoplastic Polyurethane (TPU) and a hydrophilic 

Poly (vinyl alcohol) (PVA) were selected for producing electrospun nanofibers and their 

sorption capacities were investigated. The largest sorption capacity reached to maximum 88.31 

mg/g, belong to BTCA cross-linked PVA membranes due to hydrophilic character of PVA. 

Contrary to expectation, hydrophobic character of TPU was dominant and incorporation of CD 

to the TPU nanofibers did not affect the sorption of the TPU membranes, and showed very low 

adsorption capacity (14.48 mg/g). 

1.  Introduction  

Dye wastewater discharge from the textile and dye industries has been one of the major environmental 

pollution concerns [1]. Dye’s large and complex molecular structure, high degree of chemical and 

photolytic stability in order to fulfil the fastness requirements cause high recalcitrance to degradation 

which have posed a great challenge for color removal and complete mineralization [1-2]. With the 

growing awareness and environmental concerns, it is imperative that reduce, reuse and degrade be 

adopted and measures taken to remove color from the industrial discharges [3].  

Thus, lots of researches have been undertaken in order to develop an effective treatment process for 

dye wastewater. For the removal of synthetic dyes from waters and wastewaters to decrease their 

impact on the environment, a wide range of methods have been developed. The technologies involve 

adsorption on inorganic or organic matrices, decolorization by photocatalysis, and/or by oxidation 

processes, microbiological or enzymatic decomposition, etc. [4]. Adsorption is one of the most 

effective, economically feasible techniques for the removal of textile dyes from wastewater [3]. 

The most important properties of any adsorbent are the surface area and structure. Furthermore, the 

chemical nature and polarity of the adsorbent surface can influence the attractive forces between the 

adsorbent and adsorbate [5]. The nanofiber membranes prepared by the electrospinning method have 

unique properties such as high specific surface area and high porosity with fine pores. These properties 

led electrospun nanofiber membranes to use for the removal of heavy metal ions [6-8] dye molecules 

from textile wastewater [9-11]. 



 

 

 

 

 

 

The electrospinning process simply uses a high voltage power source, a nozzle and a collector 

covered with aluminum foil. The potential difference between nozzle and collector leads to stretch of 

the solution and creates a thin jet from polymeric solution towards to the collector. During the stretch 

of the solution to the collector, the solvent evaporates and ultrafine nanofibers are collected [12, 13]. 

The electrospinning process has attracted a great deal of attention due to its relative ease of use, 

adaptability, ability to fabricate fibers with diameters on the nanometre scale [13,14], lots of 

possibilities for surface functionalization [15,16] with high surface area to volume or mass ratio, small 

inter-fibrous pore size and high porosity [13,17-18]. 

In the present study, a hydrophobic TPU and a hydrophilic PVA polymers were selected. TPU is 

chosen as a material for composing a nanoweb due to its chemical stability, mass transport, good 

mechanical properties, and also excellent nanofiber forming characteristic. On the other hand, PVA is 

a water-soluble synthetic polymer and because of its hydrophilic nature, PVA must be cross-linked to 

minimize swelling in water for water treatment applications. In this study polycarboxylic acids; 1,2,3,4 

butanetetracarboxylic acid (BTCA) and citric acid (CA) were selected as cross-linking agents for PVA 

nanofibers. Cyclodextrins (CDs) were incorporated to the PVA and TPU nanofibers to alter the 

adsorption properties due to inclusion complex formation ability [19]. Neat TPU and PVA, cross-

linked PVA, CD loaded TPU/CD and PVA/CD nanofiber membranes were prepared by the 

electrospinning method and its application for the removal of Reactive Red 141 (Figure 1) from 

aqueous solution was investigated. Then, the effects of contact time, incorporation of CD to the PVA 

and TPU nanofibers and cross-linking agents and their concentrations for PVA nanofibers have been 

investigated to obtain the optimum conditions for the maximum adsorption capacity of dye molecules. 

 

Figure 1. Reactive Red 141. 

2.  Experimental  

Thermoplastic polyurethane (Pellethane 2103-80AE, based on 4,4-methylene bisphenylene isocyanate, 

polytetramethyleneoxide and 1,4 butanediol) was received from Velox (Lubrizol Advanced Materials). 

PVA with average molecular weight of ~125,000 g/mol, 1,2,3,4 butanetetracarboxylic acid (BTCA), 

citric acid (CA), cyanamide, sodium hypophosphite monohydrate (NaPO2H2.H2O) and 

dimethylformamide (DMF) were purchased from Sigma Aldrich Chemical Company. β-CD was 

purchased from Wacker Chemie AG. 

Homogeneous TPU solutions were prepared by dissolving 10% (w/w) of TPU plastic granulates in 

DMF. β-CD was added into the spinning solution followed by a further stirring. To examine the 

effects of the amounts of β-CD, 10%, 20% and 30% β-CD (w/wpolymer) concentrations were used for 

TPU and 30% β-CD (w/wpolymer) was used for PVA. A weighed amount of PVA was dissolved in 

distilled water at 100°C to prepare an aqueous PVA stock solution at a fixed concentration of 10% 

w/w.  BTCA and CA as crosslinking agents were selected to be 5%, 10% and 20% (w/wpolymer) and 

were directly added into the spinning solution with cyanamide or sodium hypophosphite monohydrate 

as catalyst in ratio of 2:1 (w/w) followed by stirring for 10-15 min.  

As a control, neat-TPU and neat-PVA nanofibers were prepared by electrospinning. Uniform TPU and 

PVA thin films were generated by a solvent-casting method.  



 

 

 

 

 

 

Electrospinning of the polymer solutions was carried out by a set-up consisting of a syringe (10 

mL) with a stainless steel needle (22 gauges, and flat tip), a ground electrode and a high voltage 

supply (Simco, MP Series CM5 30 P, Charging Generator Output 30 kV DC). A grounded stationary 

rectangular metal collector covered by a piece of aluminium foil was used for the nanofiber 

deposition. After electrospinning, PVA/BTCA and PVA/CA nanofiber and control groups of neat 

PVA nanofibers and PVA films were heat set.  Heat set temperature were 110oC for cyanamide, 130oC 

for sodium hypophosphite monohydrate, for 20 min.  

The nanofiber membranes and films used for the adsorption of reactive dye. The kinetic studies 

were carried out in 15 mL test tube containing 10 mL of the adsorption solution with 100 mg/L dye 

concentration and 10 mg adsorbent. These tubes were stirred on the orbital shaker (Nüve, ST 402) at 

25oC over a time interval of 0-24 h. The residual dye concentration in the liquid was analyzed using a 

UV-Vis spectrophotometer (PerkinElmer Lambda 25) at 518 nm. The data were used to calculate the 

adsorption capacity (mg/g), qe, of the adsorbent. The dye concentration on the adsorbent surface at 

equilibrium (1) was calculated by; 

𝒒𝒆 =
(𝑪𝟎−𝑪𝒆)𝑽

𝒎
                                                                           (1) 

 

where C0, initial dye concentration in liquid phase (mg/L); Ce the equilibrium dye concentration 

(mg/L); V, total volume of dye solution used (L); m, mass of adsorbent used (g). 

3.  Results and Discussion  

The surface morphology of electrospun nanofibers of neat TPU and PVA, BTCA and CA cross-linked 

PVA, TPU/CD and BTCA cross-linked PVA/CD nanofibers were investigated by scanning electron 

microscopy (SEM) imaging. Figure 2 shows the representative SEM images of TPU and PVA 

nanofibers.  

Based on the SEM images bead free TPU and PVA nanofibers were produced. Table 1 lists the CD 

percentages, the crosslinker contents and the diameters of TPU and PVA nanofibers. TPU nanofibers 

were produced in the range of 506.12 nm and 762.92 nm, PVA nanofibers were produced in the range 

of 290.72 nm and 223.72 nm. 
 

    
TPU TPU/10CD TPU/20CD TPU/30CD 

    

PVA BTCA cross-linked PVA CA cross-linked PVA BTCA cross-linked 

PVA/CD 

Figure 2. SEM images TPU, TPU/CD, PVA, cross-linked PVA and PVA/CD nanofibers. 

 



 

 

 

 

 

 

 

Table 1. Diameters, CD percentages and crosslinker contents of TPU and PVA nanofibers. 

 

 CD percentage (%) Crosslinker content (%) Nanofiber Diameter 

(nm) ±SD 

TPU - - 506.12 ± 45.29 

TPU/10CD 10 - 636.53 ± 121.48  

TPU/20CD 20 - 722.48 ±116.72 

TPU/30CD 30 - 762.92 ± 140.19 

PVA - - 291.60 ±38.70 

PVA/5BTCA - 5 BTCA 290.72 ± 47.11 

PVA/10BTCA - 10 BTCA 282.56 ± 47.47 

PVA/20BTCA - 20 BTCA 235.92 ± 64.41 

PVA/5CA - 5 CA 260.30 ± 47.46 

PVA/10CA - 10 CA 253.37 ± 58.15 

PVA/20CA - 20 CA 223.72 ± 62.08 

PVA/20BTCA-30CD 30 20 BTCA 278.23 ± 51.33 

 

In order to determine the adsorption rate, the adsorption of Reactive red 141 dyes onto the 

membranes was studied as a function of contact time. The contact time between the adsorbate and the 

adsorbent is of great importance in wastewater treatment by adsorption. A rapid uptake of adsorbents 

and the establishment of equilibrium in a short period signify the efficiency of an adsorbent for use in 

wastewater treatment [20]. 

Figure 3 presents the effect of contact time on the adsorption of Reactive red 141 dyes onto the 

TPU nanofibers. Contrary to expectation, the equilibrium sorption capacity of TPU film, TPU, 

TPU/10CD, TPU/20CD, TPU/30CD nanofiber membranes after 24h was equal to 5.74, 8.95, 14.48, 

7.54 and 8.92 mg/g for initial concentration of 100 mg/L, respectively. It was possibly related with the 

hydrophobic character of TPU and incorporation of CD to the TPU nanofibers did not significantly 

affect the sorption of the membranes.  For all TPU nanofiber membranes, sorption capacities were 

lower than 10 mg/g at the initial stage (0-4h) (Figure 3a). 
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Figure 3. Kinetics of Reactive Red 141 by TPU film, TPU, TPU/10CD, TPU/20CD, TPU/30CD nanofiber 

membranes at 100 mg/L initial dye concentrations, a)0-4h b)0-24h. 

 



 

 

 

 

 

 

The inherent hydrophilicity of PVA makes it an attractive polymer for water treatment applications 

based on membranes [21]. However, PVA must be crosslinked to minimize its swelling in water for 

water treatment applications. Thus, BTCA and CA were added to the electrospinning solution of PVA 

and then electrospun PVA nanofibers were heat set after electrospinning process at 110 and 130oC. 

Sorption capacities of the PVA nanofibers were compared according to the crosslinker type and the 

crosslinker concentrations as well as different heat setting temperatures (110 and 130oC) in Figure 4 

and Figure 5, respectively. As a control, one of the PVA films and neat-PVA nanofibers were also heat 

set at same temperatures and one of them were left untreated.  In Figure 4, it was seen that the 

equilibrium sorption capacities of untreated PVA film and heat set PVA film were the lowest and 

reached to 17.50 and 17.60 mg/g after 24h. Beside, the equilibrium sorption capacities of untreated 

neat-PVA nanofibers and heat set neat-PVA nanofibers were 44.77 and 62.24 mg/g, respectively, 

which were higher than PVA films due to porous structure of nanofiber membranes, sorption capacity 

was higher. Heat setting also positively affected the sorption capacity because that provided a better 

preservation of nanofibrous structure for neat-PVA nnaofibers. On the other hand, the initial 

adsorption and overall uptake rates, and the capacity qe were increased with the increasing BTCA and 

CA addition. For 5, 10 and 20% of BTCA, qe was 81.13, 85.35 and 88.13 mg/g, for 5, 10 and 20% of 

CA, qe was 75.19, 76.70 and 80.86 mg/g, respectively. With the addition of BTCA and CA better 

crosslinking of PVA nanofibers were achieved and that affected the adsorption capacity of the 

nanofiber membranes. CD incorporation was also evaluated for PVA nanofibers and 30% of CD was 

added to the PVA/20BTCA polymer solution. However, sorption capacity of resulted nanofibers was 

88.31 mg/g, and quite similar to PVA/20BTCA nanofibers. This might be the result of inconvenience 

size of the Reactive red 141 to the cavity of the β-CD molecule.  
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Figure 4. Kinetics of Reactive Red 141 by PVA film, PVA film-heat set, PVA, PVA-heat set, PVA/5BTCA, 

PVA/10BTCA, PVA/20BTCA, PVA/5CA, PVA/10CA, PVA/20CA and PVA/20BTCA-30CD nanofiber 

membranes (heat set at 110oC) at 100 mg/L initial dye concentrations, a)0-4h b)0-24h. 

 

Figure 5 presents the adsorptions of the dye onto the PVA nanofiber membranes that were heat set 

at 130
o
C. The initial adsorption and overall uptake rates, and the capacity qe were lower than PVA 

nanofiber membranes that were heat set at 110oC, except for neat-PVA nanofibers. Higher 

crosslinking temperature caused higher crystallinity [22, 23] of BTCA and CA crosslinked PVA 

nanofibers and that caused a decrease in hydrophilicity as some of the hydroxyl groups of PVA 

nanofibers are consumed by reaction with the crosslinking agent [21]. For 5, 10 and 20% of BTCA, qe 

was 76.87, 71.94 and 46.45 mg/g, for 5, 10 and 20% of CA, qe was 47.67, 38.00 and 44.33 mg/g, 

respectively which were significantly lower than PVA nanofibers which were heat set at 110oC. 

Increasing of the BTCA and CA concentration also decreased the sorption capacity. Higher 

temperatures are known to chemically bonded crosslinking for PVA [21]. Thus, neat-PVA nanofibers 



 

 

 

 

 

 

showed better adsorption since heat setting at 130oC provided better self-crosslinking and durability 

than 110oC for neat-PVA nanofibers. However, excessive use of crosslinking agents at same 

temperature (130oC) led to decrease of adsorption.  
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Figure 5. Kinetics of Reactive Red 141 by PVA film, PVA film-heat set, PVA, PVA-heat set, PVA/5BTCA, 

PVA/10BTCA, PVA/20BTCA, PVA/5CA, PVA/10CA, PVA/20CA and PVA/20BTCA-30CD nanofiber 

membranes (heat set at 130oC) at 100 mg/L initial dye concentrations, a)0-4h b)0-24h. 

 

Figure 6 presents the initial and representative final color of the dye baths for TPU and PVA 

membranes.  The largest adsorption capacity belongs to BTCA cross-linked PVA membranes, which 

were heat set at 110oC and reached to maximum 88.31 mg/g due to hydrophilic character of PVA. 

Heat setting at 130oC decreased the sorption capacity of the PVA nanofiber membranes. Beside, at 

130oC increasing the crosslinking concentration also decreased the sorption capacity of the PVA 

nanofiber membranes due to consumption of hydroxyl groups by crosslinking agents. Contrary to 

expectation, hydrophobic character of TPU was dominant and incorporation of CD to the TPU 

nanofibers did not significantly increase the sorption of the TPU nanofiber membranes. They showed 

very low adsorptions and reached to maximum 14.48 mg/g.  

 

 

 

 

Figure 6. Dyebaths (a) before (b) after 

BTCA cross-linked PVA (c) after 

TPU/CD nanofiber membranes adsorption 

4. Conclusion 

In this study, the sorption capacity of electrospun TPU and PVA nanofiber membranes was 

investigated. Large surface areas per unit volume of those nanofiber membranes can very suitably 

remove specific materials by adsorption based on physical affinity. However, because of its 

hydrophobic structure of TPU nanofiber membranes, they showed quite low adsorptions. On the other 

hand, especially BTCA cross-linked PVA nanofiber membranes showed good performance in sorption 

of Reactive red 141 dye. The maximum sorption capacity reached to 88.31 mg/g. However, increase 

of the heat setting temperature from 110oC to the 130oC decreased the sorption capacity. Furthermore, 

the membranes become very small in volume after the adsorption process and complete drying. Thus, 

these materials could provide a new route for dye molecule removal from textile wastewater.  

a) b) c) 
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Abstract. There is a growing concern related to the effects of nanomaterials in health and safety. 
Nanotechnologies are already present in many consumer products, including textiles. 
“Nanotextiles” can be considered as traditional textiles with the incorporation of nanoparticles. 
They present often functionalities such as antibacterial, ultraviolet radiation protection, water 
and dirt repellency, self-cleaning or flame retardancy. Nanoparticles can be released from the 
textile materials due to different effects (abrasion and other mechanical stresses, sweat, 
irradiation, washing, temperature changes, etc.). It is then expectable that “nanotextiles” may 
release individual nanoparticles, agglomerates of nanoparticles or small particles of textile with 
or without nanoparticles, depending on the type of integration of the nanoparticles in textiles. 
The most important exposure route of the human body to nanoparticles in case of textiles is skin 
contact. Several standards are being developed under the auspices of the European Committee 
for Standardization. In this paper, it is presented the development and application of a test method 
to evaluate the skin exposure to nanoparticles, to evaluate the transfer of the nanoparticles from 
the textile to the skin by the effect of abrasion and sweat. 

1.  Introduction 
Recently there has been a rapid emergence of nanotechnology into several consumer products, which 
has led to concerns as regards the potential risk for human health following consumer exposure. There 
is also a concern in terms of occupational safety and health, related to the exposure of workers involved 
in manufacturing, processing and handling of consumer goods containing nanomaterials. Nanosafety is 
a growing concern: exposure to engineered nanomaterials has been associated with a number of health 
effects including pulmonary inflammation, genotoxicity, carcinogenicity and circulatory effects [1]. 

Textiles are one of the most heavily traded commodities in the world. The industry is very diverse 
and its products are used by virtually everybody from private households to large businesses. The textile 
industry is already an important user of nanotechnologies and there are a significant number of 
“nanotextiles” in the market, including many consumer goods, with the incorporation of nanoparticles. 
These include many textiles used in direct contact with the skin, such as underwear, shirts and socks but 
also interior textiles like cushions, blankets or mattress covers. 

There is a knowledge gap between the technological progress in nanotechnology and nanosafety 
research which is estimated to be 20 years, and it is likely to expand. The European Agency for Safety 
and Health at Work has established as priority for research related to the safety and health in Europe 
during the period 2013-2020 the increase of knowledge on nanomaterials in occupational settings, 



 
 
 
 
 
 

including new generation nanomaterials and understand their characteristics in relation to toxicity in 
biological systems [2]. 

The risk for the workers and for the consumers is linked to the characteristic properties of certain 
nanomaterials that make them different from their macroscale counterparts and will be determined by 
the chemical composition of the nanomaterial, its physicochemical properties, the interactions with the 
textile materials and the potential exposure levels. Ingestion exposure via the gut, airborne exposure via 
the lungs and dermal exposure are the most important exposure routes to be considered in a risk analysis. 
In addition, the increasing use of nanomaterials, including for industrial purposes, raises specific 
concerns regarding their disposal at the end of their life cycle with the unavoidable release to the 
environment that may lead to indirect human exposure. 

At present, some EU Regulations already include a specific mention to nanomaterials. This is the 
case of food (including additives and packaging), biocides and cosmetic products. But this is still not 
the case of textiles. 

The growing concern about the possible negative effects of nanomaterials on humans and on the 
environment can lead to restrictions to “nanotextiles”. In fact, for instance, the 2014 version of the 
ecological label GOTS (Global Organic Textile Standard) fully bans the presence of nanofinishes in 
textiles. Also in the recent discussion of the new version of the EU ecolabel for textiles, there were 
several voices to exclude nanomaterials. 

In the present paper, after making an overview of the use of nanotechnology in textiles, with special 
emphasis on textiles for major consumer applications, the safety and health concerns related to 
nanotextiles are presented. The paper includes then a case study concerning the development of a test 
method to evaluate the skin exposure to nanoparticles, mainly directed to the transfer of the nanoparticles 
from the textile to the skin. 

This paper does not deal with the penetration of the nanoparticles into the skin. There are many 
studies about this topic, related for instance to sunscreens and cosmetics, which are often based on 
nanomaterials. In fact, only the smaller nanoparticles seem to be able to penetrate in the undamaged 
skin, although in the skin is injured, larger nanoparticles can penetrate [3]. In a recent study, Larese 
Filon et al. [4] made a literature survey involving 129 relevant publications and concluded that the 
smaller nanoparticles, with dimensions smaller than 4 nm, can easily penetrate the skin, while those with 
dimensions from 4 nm than 20 nm, can potentially penetrate intact skin. Nanoparticles with size between 
21 and 45 nm can also penetrate and permeate in damaged skin. 

2.  Use of nanotechnology in textiles 
Often the first application of nanotechnology to textiles that comes to the minds is related to nanofibers. 
Nanofibers are normally produced by the electrospinning process. The polymer must previously be 
dissolved in a solvent. The process makes use of electrostatic and mechanical forces to spin fibers from 
the tip of a fine orifice or spinneret, with evaporation of the solvent. This process produces in fact a 
nonwoven web and nanofibers normally cannot be used in common textile processing. 

Nanofibers have applications in medicine, including artificial organ components, tissue engineering, 
implant material, wound dressing and drug delivery. In fact, all these products are not normally 
considered as textile products, as they do not fully enter in the definition of the EU Regulation 1007/2011 
(they cannot be processed like traditional fibres) and they are not normally present in general consumer 
products. This paper will not further consider nanofibers. 

In this paper we will also not include the use of carbon nanotubes. In fact, carbon nanotubes pose 
serious health problems but, due to the present high cost, are for the moment only used in high-tech 
products and not in “normal” textile products. 

When we speak about “nanotextiles” we refer normally to traditional textile products in which 
engineered nanomaterials (normally nanoparticles) are incorporated or on which a nanostructured 
surface has been applied. In fact, nanotechnology is already very often used in textile products and 
involves the incorporation of nanoparticles in textile materials or the nanostructuration of the surface, 
in order to obtain specific functionalities [5]. The most common effects are: water and dirt repellency 



 
 
 
 
 
 

(including self-cleaning properties, also called “lotus leaf” effect), antibacterial properties, protection 
against ultraviolet radiation and flame retardancy. 

Table 1 presents the nanomaterials that are more commonly used in the functionalization of textiles. 

Table 1. Nanomaterials used in the functionalization of textiles (adapted from [6]) 

Nanomaterial Function 
Silver (Ag) antibacterial (odour), electrically conductive 

Titanium dioxide(TiO2) 
UV protection 
self-cleaning 

water and dirt repellent 

Zinc oxide 

UV protection 
antibacterial 
self-cleaning 

abrasion resistance, stiffness 

Silicon dioxide (SiO2) 
water and dirt repellent 

abrasion-resistant, reinforcement 
improved dyeability 

Aluminium oxide (Al2O3)  
abrasion resistance 

flame retardant 

Nanoclays (e.g. montmorillonite) 
abrasion resistance 

flame retardant 
support of active ingredients 

 
Nanomaterials can be incorporated in textiles in two different ways: during fiber production or during 

textile finishing. 
During fiber manufacturing, nanoparticles can introduced by mixing in the polymer, before fiber 

spinning. The nanoparticles are evenly distributed inside the fiber volume. We can speak in this case of 
a “nanocomposite” material. The content of nanoparticles in the fiber can be as low as 0.1% to obtain a 
sufficient functionalization [7]. When the incorporation is done by this process, the nanoparticles are 
firmly incorporated in the textile fiber and the effect is highly durable. The nanoparticles are inside the 
fiber and normally can only be released by means of abrasion. This fact poses low risk in terms of safety 
and health both for the workers involved in the subsequent textile processing and for the consumers. 

The incorporation of nanoparticles is in most of the cases made during fabric finishing. It can be 
obtained by traditional processes like dipping (exhaustion process), padding, printing or coating. To 
assure a good adhesion of the nanoparticles to the textile surface, organic polymers are normally used. 

In this case, there are further concerns for the safety and health of the workers involved in the fabric 
finishing processing, due to the manipulation of the chemicals containing nanoparticles and of the textile 
itself. There must also be a concern for the workers in the garment manufacturing processes, which will 
be manipulating the textiles containing nanoparticles in all the cutting, sewing, pressing and packaging 
operations. 

Most of the nanotextiles present in the consumer products are based on the application of 
nanoparticles by means of the fabric finishing process. The release of nanoparticles during the daily use 
is a safety and health concern, which will be dealt in the next section. 

3.  Safety and health concerns related to nanotextiles 
There can be a variation in how tightly bound the nanoparticles are into the textile material, depending 
on the manufacturing processes. It is these factors and the use to which the textile is subjected that 
determine whether and to what extent nanoparticles can be released from it. 

Depending on the location of the integration of nanoparticles in the textile, they can be more or less 
heavily exposed to external influences. In addition, there can be different degrees of binding of the 
nanoparticles to the textile material (covalent bonding, ionic bonding, hydrogen bonding, Van der Waals 
bonding). The strength level of bonding depends primarily on the following factors [7]: type of 
nanoparticle (chemical composition, shape, etc.); type of fabric; ageing of the nanoparticle 
functionalization (e.g. photo-oxidative reactions on the nanoparticle surface can cause the destruction 



 
 
 
 
 
 

of functional groups and the covalent bond to the fabric); process engineering parameters during 
production; previous and subsequent finishing treatments of the textile fabric. 

The stability (durability) of the nanoparticles present in the textile is not only dependent on their 
binding to the fabric, but also on the impacts on the fabric during its life cycle (production, use, recycling 
/ disposal), which can damage the textile material or the bond between the nanoparticle and the fibers: 
abrasion, mechanical stress (such as strains, pressure), ultraviolet radiation, body fluids (sweat, saliva, 
urine), water (rain, washing), solvents (during textile processing or dry cleaning), detergents (either in 
textile processing or during laundry) and temperature changes; high temperatures (up to 225° C in textile 
finishing). 

It is known that textiles can lose between 5% (in the case of continuous filaments) and up to 20% (in 
the case of staple fiber loose materials) of their mass during use as a result of abrasion, mechanical 
influence, irradiation, water, sweat, washing detergents or temperature variations. Even if the 
nanoparticles remain attached to the fibers, they will be released from the textile material to the 
environment (either to the human body, air, water, soil) together with the fibers. In fact, nanotextiles 
may release individual nanoparticles, agglomerates of nanoparticles or small particles of textile with or 
without nanoparticles. 

For instance, in the case of textiles containing nano-silver, there are several studies concerning the 
release of silver nanoparticles during washing [8]. Some investigations that have been made show that 
some products can lose up to 35% of the silver in the washing water after only one wash; nevertheless, 
some suppliers of silver-based antibacterial finishes claim that there is practical no release during 
washing and that the finish remains effective after more than 50 washes. 

Safety and health concerns related to nanotextiles should consider all the life cycle of the materials: 
safety for the workers during all the manufacturing stages, especially in the case of the application of 
nanostructured materials in the fabrics, as mentioned in the previous section, safety for all the people 
involved in the trade phases (distribution and retail), safety for the consumers. Nanoparticles released 
from textiles to the air, to the water and to landfill must also be taken into consideration, as they can 
directly or indirectly affect humans. 

The nanoparticles can interact with the human body via three different ways of contact or penetration: 
inhalation, ingestion and skin contact. Although all the three pathways can be related to textiles, skin 
contact is of course the most relevant. This topic will be discussed in the next section. 

4.  Case study: development of a test method for skin exposure to nanoparticles 
The European Commission has recently issued a mandate to the European Standardization bodies to 
develop standards for testing methods and tools for the characterization, behaviour and exposure 
assessment of nanomaterials. The exposure takes into account aspects of health and safety of workers 
as well as of consumers and the environment itself.  

This mandate is being handled by the Technical Committee CEN/TC352 – Nanotechnologies. A 
roadmap identified 45 standardization projects in the field of "characterization of and exposure to 
nanomaterials" and "health, safety and environment". An extensive standardization programme has been 
prepared and is being developed, with conclusion foreseen for 2018. 

One of the possible exposures of humans to nanomaterials is skin exposure. As this topic can be very 
relevant for textiles, the Technical Committee CEN/TC248 (Textile and Textile Products) is developing 
a test method named: “Guidance on measurement techniques relevant to different exposure routes to 
nanoparticles – Skin exposure”. 

In order to evaluate the migration of nanoparticles from textiles to the skin, a possible test can be 
based on the use of an artificial perspiration solution under physical stress. Artificial perspiration 
solutions (acid and alkaline) are described in standard EN ISO 105-E04 (Textiles – Tests for colour 
fastness – Part E04: Colour fastness to perspiration). The artificial perspiration acid solution is already 
used in the following standard: EN 16711-2 (Textiles – Determination of metal content – Part 2: 
Determination of metals extracted by acidic artificial perspiration solution). 



 
 
 
 
 
 

In the standard EN ISO 105-E04, there is a simulation of contact with the skin of the textile to be 
tested, together with white standard adjacent fabrics, during 4h at 37ºC, but there is no mechanical stress. 
A possible alternative is to use a test similar to the test EN ISO 105-C06 (Textiles - Tests for colour 
fastness - Part C06: Colour fastness to domestic and commercial laundering), by immersing the textile 
to be tested in the artificial sweat solutions, under mechanical agitation in a thermostatic bad at 40ºC. 
Test is made both with the acid (pH 5.5) and with the alkaline (pH 8.0) artificial sweat solutions, with 
separate test specimens. The treatment is carried out during 30 minutes and involves the use of acrylic 
plastic balls to simulate physical stress. Nanoparticles, as well as their aggregates and agglomerates that 
can release nanoparticles, are then analysed in the extract solution. 

This method has been developed by von Goetz et al [9]. These authors have tested commercially 
available textile products intended for sports or outdoor activities (shirts, pants trousers and socks, for 
adults and also for children) which included finishes based on nano-silver (antimicrobial effect) and 
nano-titanium dioxide (UV protection). The content of nanomaterials in the tested textiles was up to 183 
mg Ag / kg of textile and 8543 mg Ti / Kg of textile. The tests show a significant release of nano-silver, 
which reached up to 14%. These results are much higher than other reported in the literature and 
contradict the producers that the claim that there is practically no release of nano-silver during the use 
of textiles and that the finish is permanent. In the case of titanium dioxide, no relevant release has been 
detected. 

Another test, which is also foreseen to be included in the standard test method under development, 
is the release from the textile by mechanical action, through a “linting” mechanism. This test is based in 
the method mentioned in the standard EN ISO 9073-10:2004 (Textiles - Test methods for nonwovens - 
Part 10: Lint and other particles generation in the dry state). 

Recently a pilot study involving the detection of silver in skin layers after dermal exposure to a 
functionalized textile has been published [10]. This study involves in vivo tests with human volunteers 
wearing sleeves functionalized with silver nanoparticles, during 5 days, 8h a day. The content of silver 
nanoparticles was the measured in the skin cells and also in urine. This study is interesting for research 
but the method cannot be used for regular quality control of textiles. The proposed method under 
development at CEN/TC248 can be easily used by textile testing laboratories to measure the transfer of 
nanoparticles to the skin, serving as a basis for an appropriate health risk assessment of nanotextiles. 

5.  Conclusions 
Nanomaterials have the potential to improve the quality of life and to contribute to industrial 
competitiveness in Europe. However, the new materials may also pose risks to the environment and 
raise health and safety concerns. The Scientific Committee on Emerging and Newly Identified Health 
Risks has concluded that, even though nanomaterials are not per se dangerous, there is still scientific 
uncertainty about the safety of nanomaterials in many aspects and therefore the safety assessment of the 
substances must be done on a case-by-case basis. In the case of textiles, there are still very few studies 
on the possible health risks involved with “nanotextiles”. 

The release of nanoparticles from textiles is particularly relevant when the incorporation is made by 
fabric finishing. It can occur by different mechanisms. In this paper, the release resulting from skin 
contact, involving abrasion and sweat, has been analysed more in detail, involving a possible standard 
text method. The studies made up to now involve silver and titanium dioxide nanoparticles, which are 
present in the most common nanotextiles in the consumer market. Nevertheless, there are still a lot of 
discussions on if these nanoparticles can really penetrate into the different skin layers and on the negative 
effects on human health. 

In the case of titanium dioxide, it is very commonly used in sunscreens, the nanoparticles being 
deliberately spread over a large surface of the skin. Comparatively, the dermal exposure coming from 
textiles is much lower, so the relative relevance of skin exposure coming from textiles can be questioned. 

Also in the case of nanosilver, it is used in deodorants, deliberately put on the skin, food packaging 
or even in toothpastes. Again the relevance of the silver nanoparticles from the textiles to the human 
body can also be questioned. 



 
 
 
 
 
 

Further research work involving experts in the area of textiles, of safety and health and of toxicology 
is needed before the emergence of any regulation concerning nanotextiles. 
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Abstract. In this systematic study, we describe the influence of various surfactants and polymers 

on aggregation stability of ZnO nanorods. Triton X-100, PVP and PVA were used to disperse 

nanorods. The surfactant/polymer stabilizing effect was monitored using the sedimentation study 

and photographic methods based on the decrease in the height of the interface as a function of 

time. The dispersion of nanorods when applied to cotton fabric, it exhibited functional properties 

like antibacterial activity and UV protection. The morphologies of nanorods and functionalized 

cotton were characterized by using SEM. 

1.  Introduction 

A new class of fluids are nanofluids (NFs) engineered by nanometer-sized materials (1-100 nm) which 

dispersed in base fluid. Nanofluids are two-phase systems comprising one phase (solid phase) in second 

(liquid phase) [1-3]. Dealing with nano-materials are an important issue due to their tendency to 

agglomeration because of their high surface area. The knowledge of settling behavior of particles because 

of gravity is important to prepare stable nanofluids [4, 5]. In this regard, the susceptibility to coagulate can 

be overcome using different numerical means. Dispersion of nanoparticles are investigated by many 

techniques including photographic method reported in literature [6].   

It is noted that in previous research application of zinc oxide nanorods was possible only in situ 

processes. Researchers paid no attention to form the stable dispersion of textile finish based on zinc oxide 

nanorods to impart functional properties to textile materials. The aim of this research work is to prepare 

dispersion of zinc oxide nanorods which is stable for longer time under room temperature storage 

conditions and its application to textiles to render them multifunctional.  In this work, the ZnO nanorods 

were prepared by the hydrothermal synthesis and applied onto cotton fabric, using different finishing 

formulations by pad-dry-cure method, for attaining considerably improved functional properties, i.e. UV, 

and anti-bacterial properties. 

2.  Experimental 

2.1.  Synthesis of ZnO nanorods 



The chemicals used in the synthesis of ZnO nanorods were zinc nitrate hexahydrate (Zn (NO3)2•6H2O 

Sigma-Al-drich) and hexamethylenetetramine (C6H12N4 Tok90, KASEI). ZnO nanorods were prepared 

by the normal hydrothermal synthesis reported elsewhere [7]. The morphologies and structures of the 

prepared samples were investigated by scanning electron microscopy and X-ray diffractometer. 

2.2.  Synthesis of ZnO suspensions 

Polyvinyl pyrrolidone (PVP) from Bio basic Canada Inc., Triton-X was obtained from Fisher scientific, 

UK and PVA from Sigma-Aldrich Czech Republic. All materials Table 1 were analytical grade and were 

used as received. Distilled water was used for all experimental trials. The ZnO nanoparticles suspensiosn 

were prepared according to design of experiment mentioned in Table 1. 

 

Table 1: Design of experiment for dispersion of 10% ZnO nanorods 

 

 

 

 

 

 

 

 

 

2.3.  Fabric treatments 

Mercerized cotton fabrics kindly provided by National Textile University (Faisalabad, Pakistan), were 

used as received. The cotton samples (30 cm·30 cm) were soaked for 10 min in different factors and their 

levels Table 2 of ZnO nanorods, under gentle stirring. 

 

Table 2 Different levels for fabric sample development 

Factors UNITS LEVELS 

1 2 3 

ZnO % 10 10 10 

PVP % 12 - - 

PVA % - 3  

Triton X-100 %   15 

 

3.  Results and Discussions 

3.1.  Morphology of ZnO nanorods 

The morphologies and microstructures of the prepared samples were investigated by scanning electron 

microscopy (SEM).  Figure 1 displays an SEM image of closely packed ZnO nanorods in rectangular 

geometrical shapes. 

Sample 

code 

Amount of ZnO 

nanorod w/vol% 

PVP 

w/vol% 

PVA 

w/vol% 

Triton X-100 

w/vol% 

1 10 12 - 
 

2 10 - 3 - 

3 10 

  

15 



 
Figure 1: SEM images of ZnO nanorods 

3.2.  Dispersion stabilization of ZnO nanorods in polymer solutions 

3.2.1.  Effect of Polyvinylpyrrolidone. In the present work, nanofluids sample at the fixed concentration 

10%w/v ZnO nanorods with 12% polymer stabilizer PVP was prepared. The steric stabilizing efficiency of 

PVP in ZnO nanorods suspension can be explained by a carbonyl group of PVP. Amphiphilic PVP has 

two electron rich species, oxygen and nitrogen so it can use any of these species to interact with 

nanostructures. But oxygen of carbonyl group has more feasibility to interact with ZnO nanorods so it 

plays its vital role in the dispersion.   

 

Figure 2: Effect of PVP on stabilization of 10% w/v ZnO nanorods 

After 1 week Error! Reference source not found. a slight decrease in sedimentation height for PVP 12% 

was observed which is due to compression settling. This compression settling is due to settling of upper 

layers of dispersion under its own weight which causes a minor decrease in height of sedimentation.  

Figure 2 gives the variation in the liquid-solid interface height as a function of time. Molecular weight 

of PVP has also influenced on the stability of ZnO nanorods. Its high molecular weight among others 

dispersants makes its suitable choice for better dispersions. 
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Table 3: Photographic comparison of 10% ZnO nanorods in PVP   

Dispersant Dispersant 

conc.% 

1 hr 1
st
 day 2

nd
 day 3

rd
 day 1 week 

 

 

 

PVP 

 

 

12 

     

 

3.2.2.  Effect of polyvinyl alcohol. The photographic comparisons of all nanofluids suspensions are shown 

in Error! Reference source not found.. 3% PVA solution can disperse 1% ZnO nanorods and Figure 3 

gives the variation in the liquid-solid interface height as a function of time.  Organic surface modification 

of the ZnO nanorods by PVA has been proven by good adhesion between them. PVA solutions containing 

ZnO nanorods form transparent multicomponent dispersions which are stable over 1 week.   
 

Table 4: Photographic comparison of dispersion behavior of ZnO nanorods in PVA 

 

Dispersant Dispersant 

conc. % 

1 hr 1
st
 day 2

nd
  day 3

rd
 day 1 week 

 

 

PVA 

 

 

3 

 

     



 

Figure 3: Effect of PVA on stabilization of 10% w/v ZnO nanorods 

3.2.3.  Effect of Triton X-100. Triton X-100 is a non-ionic and dispersion ability of Triton X-100 is due to 

its π-π interaction with ZnO nanorods. Stable dispersion results were observed with Triton X-100 = 10 

shown in   

3.2.4.   . After adding the right amount of surfactant, the agglomeration of ZnO nanorods was improved 

and stability can be observed in. Based on the above data, the dispersion behavior of ZnO nanorods when 

nanofluids containing 10% of Triton X-100 were better.  

 

Table 5: Photographic comparison of dispersion behavior of ZnO nanorods in Triton X-100 

 

Dispersant Dispersant 

cons. % 

1 hr 1
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day 

1 week 2 weeks 
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3.3.  Application of ZnO nanorods on cotton fabric  

In order to see the presence of ZnO nanorods present on cotton fabric, XRD analysis was carried out. 

Figure 4 shows XRD patterns of untreated and treated fabric with formulations containing ZnO nanorods.  

 

 

Figure 4: XRD patterns of untreated and treated cotton samples 

3.3.1.  Ultraviolet Protection Factor. The ZnO nanorods provide UV protection through absorption, 

reflection and scattering mechanisms. Since the nano objects with their external dimensions in the nano 

scale may be more reactive than normal bulk material. The influence of ZnO nanorods dose on the 

protective properties of treated cotton fabric samples is shown Table 8. When ZnO nanorods dispersed in 

different dispersing agents were applied on cotton fabric excellent results were observed. Improvement in 

the UV absorption properties of cotton fabric expressed in terms of UPF was observed. As we increase the 

concentration of ZnO nanorods, the UPF increases and exceeds the threshold of 40 which is the minimum 

requirement for clothing. The part of UV absorbed by ZnO is consumed in exciting electrons present in 

valence bands. 

 

Table 6: Input and output responses for treated cotton samples 

 

 

Sample 

No. 

 

Dispersant 

Dispe

r-sant 

(%) 

ZnO 

nanorods 

w/v % 

 

UPF 

 

UVA 

% 

 

UVB 

% 

Zone 

E.coli 

(mm)  

Zone 

S.aureus 

(mm) 

1 PVP 12 10 38.7 93.6 97.9 19 17 

2 PVA 3 10 80 95.1 98 19 18 

3 Triton X-100 10 10 89 93.4 98 18 15 

 

 



 

3.3.2.  Antimicrobial activity. There is an increasing demand of antibacterial materials in many textile 

application areas whilst preventing the fibers from damage and rotting. In most of the cases the 

antimicrobial effect is obtained through the application of nanoparticles into fibers during a spinning stage. 

But, organic metal quaternary ammonium compounds, organic silicones, silver nanoparticles have been 

used for antibacterial finishing of textile materials.  

Figure 5-Figure 6 show the antibacterial protection of treated samples against E.coli and S. aureus 

respectively. Samples surrounded by bacteria are untreated cotton fabric while treated samples shows the 

inhibition zones for gram positive and negative bacteria. All the treated samples have zones of inhibitions 

around them.  The antibacterial protection of the fabric sample treated with zinc oxide nanorods could be 

attributed to release of Zn+, production of reactive oxygen species (hydroxyl radicals and superoxide ions) 

and physical interaction of bacterial membrane with nanoparticles. 

 

Figure 5: Antibacterial results against S.aureus of treated cotton 

 

 

Figure 6: Antibacterial results against E.coli of treated cotton samples 

4.  Conclusion 

Among all dispersing agents the PVA can efficiently inhibit the coagulation of the ZnO nanorods and keep 

the ZnO nanorods well dispersed in aqueous dispersion solution at nanometric level. The effect of PVP 

polymer to disperse ZnO nanorods was also significant. The non-ionic surfactants disperse only lesser 

amount of ZnO nanorods. The synthesized zinc oxide nanorods have a strong antimicrobial activity 

against some bacteria. Excellent UV absorption results were observed with ZnO nanorods dispersed in 

PVA polymer. After that ZnO nanorods dispersed in PVP also showed good results on cotton fabric. 
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Abstract. Electrospinning is a straightforward, cheap and unique method to produce novel 

fibers with diameter in the range of 100 nm and even less.  Those nanofibers have a wide 

variety of applications such as: filters, membranes, composite reinforcement, drug delivery, 

protective barriers, sensors, wound dressings and tissue-engineered scaffolds where their 

unique properties contribute to product functionality. However, this process is characterized by 

a chaotic oscillation of the electrospinning jet which leads to the formation of beads an uneven 

nanofibers. This research work envisages the development of an apparatus to control the 

deposition of electrospun nanofibers through the use of a series of charged metal rings and the 

addition of a secondary power source, which enables a greater control over the polymer jet 

stream.   

 

 

1. Introduction 

 

It is common knowledge that electrospinning is an effective process to produce nanofibers. Amidst 

many other emerging applications the production of filters, membranes, composite reinforcement, 

drug delivery, protective barriers, sensors, wound dressings and tissue-engineered scaffolds produced 

with this technology is already a consolidated market. Nanofibers are valued for their small pore size 

and high surface area. 

 

The electrospinning process results from the ejection of a polymer fluid jet, from a capillary by the 

action of a strong electrostatic force, and its deposition onto a grounded target. An electrospinning 

apparatus, in its basic form, is comprised by a support containing the polymer solution (pippete or 

syringe), a pump, two electrodes, a DC voltage power supply in the kV range (typically 5kv to 25kv) 

and a grounded collector medium.  

 



 
Fig. Nº - Schematic view of the electrospinning process 

 

 

2. Experimental  

 

In this study PA nanofibers, with novel morphological properties, were developed via a newly 

designed electrospinning apparatus which allows a greater control on the oscillation of the 

electrospinning jet.   

 

PA 6 and PA 6,6  polymeric solutions were prepared by dissolving each polymer into a mixture of 

50% ratio of formic acid (Merck) and 50% of acetic acid (Sigma Aldrich). Afterwards 1% of NaCl 

was added to increase the electrical conductivity of the attained solution. The final mixtures were 

magnetically stirred (300rpm) and heated at 30ºc and 60ºc, respectively, to assure a homogeneous 

spinning solution. PA 11 was dissolved in 98% formic acid under magnetic stirring and heated at 90ºc 

for two hours. All solutions were cooled at room temperature prior being used in the electrospinning 

process. The main features of the prepared solutions are described in table 1: 

 

Table 1 – Characterization of the used polymeric solutions. 

Polymer Concentration  

% (m/v) 

Viscosity  

(mPA.s) at 23ºC 

Conductivity 

 (mS/cm) 

PA 6 
8 11,9 2,47 

10 14,1 2,59 

PA 6,6 
8 12,2 2,94 

10 14,6 3,02 

PA 11 
8 13,2 3.55 

10 15,7 3,82 

 

Two power supplies Glassman models PS/ML40P07.5-22 and PS/ML40P07.G06 were used to apply 

voltages ranged from 8,3 Kv to 25Kv to the electrodes. Polymer solution was fed through a syringe 

Nordson model precision dispenser tip with 0,25 mm inner diameter using a Harvard Apparatus model 

PHD 2000 Infusion pump at a constant rate of 0,01 mL/min for the PA6 and PA6,6 polymer solutions 

and 0,03 mL/min for the PA 11 polymer solution. Three stainless steel rings with a diameter of 10cm 

each and a metallic fixed collector panel completed the experimental setup. 

 



During the experimental development two types of connections between the stainless steel rings were 

used. Additionally, the parallel link was tested with two variants: increasing and decreasing the 

supplied high voltage. The particulars of those links are depicted in figure 1 and quantitatively defined 

in table 2.   
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Figure 1 – Electrospinning process variants 

 



 

 

 

Table 2 – Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 shows the variation of the average nanofiber diameter attained with different PAs and a 

different number of metal rings serially connected.   

 

Table3 – Average nanofiber diameter in serial connection 

Serial  

Connection 

Average nanofibre diameter (nm) 

PA6 PA6-6 PA11 

1 Ring 68.5 82.5 354.1 

 2 Rings 61.3 75.4 304.6 

3 Rings 60.4 84.2 263.8 

 

 

 

  
Figure 2 – PA 11 nanofibres produced with a serial connection and with 1 and 3 metal charged rings. 

 

 

Power  

Source 

Type  

of Rings 

Connection 

Distance  

(cm) 

Voltage  

(Kv) 

F2 F1 Ring 

1 

Ring  

2 

Ring  

3 

Ring 

1 

Ring 

2 

Ring  

3 

25KV 25KV Serie 

0  4 8 25 25 25 

0  6  --- 25 25 --- 

0  --- --- 25 --- --- 

25KV 25KV 

Parallel 

(Increasing 

voltage) 

0 4 8 
(D1) 

~8,3  

(D2) 

~16,7  

(D3) 

25  

0 6 --- 
(D2) 

~16,7 

(D3) 

25 
--- 

15KV 25KV 

Parallel 

(decreasing 

voltage) 

0 4 8 
(D3) 

25 

(D2) 

~16,7 

(D1) 

~8,3 

0 6 --- 
(D3) 

25 

(D2) 

~16,7 
--- 



The figures demonstrate that the number of rings has no particular influence in the electrospinning 

process of PA 6 and PA 6,6 whereas PA 11 evidenced a continuous diameter reduction with the 

addition of metal rings in the electrostatic field. Hence, it is possible to infer that, under the present 

conditions, the electrospinning process of PA 11 impart a higher drafting resulting in a more 

controlled deposition. It is possible to think that this phenomenon is due to the higher electrical 

conductivity of that polymer.  

 

In the second part of the experiment the connection between the stainless steel rings shifted to parallel. 

Table 4 shows the variation of the average nanofiber diameter attained with different PAs under the 

described conditions: 

 

Table 4 – Experimental setup 

  Average nanofibre diameter (nm) 

High Voltage 

Application 

Number of 

Rings 

PA6 PA6-6 PA11 

Increasing 2 89,6 86,8 152,9 

3 67,3 78,2 - 

Decreasing 2 73,5 83,7 206,9 

3 62,4 80,8 244,1 

 

In accordance with our finding with the serial link,  results seems to indicate that the increasing in the  

number of rings and the insertion of a second power source, led to a decrease in the average diameter 

of  PA 6 and PA 6,6 nanofibers, whereas PA11 presents a completely different behaviour. The full 

understanding of this phenomenon requires more studies to be carried out in the future. Eventually, 

this can be explained by the higher molecular weight of the polymer. Our trying to connect a third ring 

in the electrospinning process of PA 11 (increasing tension) failed since the polymer could not be 

successfully electrospun.  

 

4. Conclusions 

 

Our discoveries demonstrated that the use of the novel electrospinning drafting system - experimental 

variant with increasing voltage - proved to be successful in the obtainment of thinner nanofibers with 

lower standard deviation and few beads formations. This fact can be explained by the tight control of 

the electrostatic field which, in turn, exerts a greater control over the inherent instability of the 

polymer jet along his travel from the needle tip to the collector panel and, consequently,  ensuring a 

more controlled nanofiber deposition.  

 

The use of multiple charged metal rings acting as “lens” modify the electric filed from the very 

beginning – polymer jet initiation - until the deposition over the collector panel. Thus, a possible 

explanation for the phenomenon lies on the convergence of the electrostatic field towards a centreline 

on the collector panel. Additionally, the polarity difference enhancement assures a continuous increase 

– “drafting” - in the downward force of the polymer jet stream.     
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Abstract. In this work, the effect of fabrication parameters on silk fibroin (SF) 

nonwovens obtained by electrospinning were evaluated. Additionally, the relationship 

between secondary structures and thermal stability of the protein materials, with 

morphological characteristics of nonwovens obtained were analyzed. Silk fibroin in 

formic acid solution at 10% w/w was electrospun at 8 cm varying the ratio 

voltage/distance and flow rate. The nonwovens morphology was observed by Scanning 

Electron Microscopy (SEM) and fibers diameter were determined with ImageJ software. 

The changes in the secondary structure of silk fibroin before and after electrospinning 

were studied by Fourier Transform Infrared Spectroscopy (FTIR) and Differential 

Scanning Calorimetry (DSC) to evaluate the effect of electrospinning process in the 

molecular structure of SF. Optimum morphology of SF nonwovens were obtained at 

R = 1 kV/cm and low flow rate, these process parameters were related to higher contents 

of crystalline structures in the materials. Results showed that SF nonwovens obtained 

under controlled process parameters hold great potential to be utilized in several 

applications such as tissue engineering.  

1. Introduction 

Silk fibroin (SF) is the predominant protein in the silk fibrous waste (SFW), which are generated during 

the manufacturing process of silk textiles. Colombian silk industry produces fibrous wastes from 

rejected cocoons, residual pieces of cocoons, fibers, yarns, and others, which represent about 30% of 

cocoon weight and cannot be utilized in the manufacture of textile products [1] [2]. For Colombian 

sericultors, the development of new value-added products is important in order to increase the 

sustainability of their productive chain, for example, by transforming SFW into SF. SF has been 

explored as a versatile biomaterial for the formation of films, porous scaffolds and nonwovens for 

various biomedical applications, due to its biocompatibility, slow degradability and robust mechanical 

properties [3][4]. 

 

In the electrospinning process, there are different kind of parameters related to solution parameters 

(polymer type, solution concentration, and solvent properties); processing parameters (voltage, distance 

between syringe and collector, and flow rate); and environmental parameters (temperature, atmosphere 

pressure, and relative humidity) [5]. An appropriated election of these parameters will defined the 

morphology and characteristics of the nonwovens for medical applications such as controlled drug 

release and active ingredients for use in tissue engineering [6].  

 

SF is a protein with a secondary structure conformed by α-helices, β-sheets, β-turn and random coil, 

which evaluated by FTIR vibrate allow different frequencies associated with individual secondary 



 
 
 
 
 
 

folding, depending on the differential pattern in H-bonding and geometric orientations of amide bonds 

[7]. The applications for SF are related to the formation of the highly periodic crystalline regions [8]. 

The β-sheets serve as physical cross-links in silk-based biomaterials, providing mechanical stability and 

water insolubility, parameters directly related to degradation rates [4]. The ratio of different secondary 

structures has been used to examine the molecular conformation of silk, which strongly affect the 

properties of the SF materials as films or nonwovens [9]. 

In this work, the effect of fabrication parameters of SF nonwovens by electrospinning were evaluated, 

and the relationship between secondary structures and thermal stability, with morphological 

characteristics of nonwovens obtained were analyzed. Results showed that SF nonwovens obtained 

under controlled process parameters hold great potential to be utilized in several applications such as 

tissue engineering.  

2. Experimental Section 

2.1 Preparation of SF films 

Silk fibrous wastes (SFW) were degummed in aqueous solution of Na2CO3-0.5% w/v at boiling 

temperature during 30 min. Degummed SFW were filtered, rinsed with warm water, dried at 60 °C for 

24 h, and dissolved using LiBr 9.3 M at 60 °C for 4 h. SF solution was filtered, dialyzed, centrifuged 

and filtered. After that, the solutions were casted and dried at 35 °C for 72 h to obtain SF films [3]. 

2.2  Rheological behavior of SF/FA solutions 

SF films were cut into small pieces and dissolved in formic acid (FA) at 10 w/w% under constant 

stirring. The rheological behavior of the solution was studied with a Bholin Instrument CVO rheometer 

(Malvern, UK), using a cone-plate (4 °/40 mm) geometry, with a gap of 0.150 mm, at room temperature. 

Tests were performed in a shear rate range from 0.1 to 1000 1/s, and the viscosity of the solutions were 

measured among this range. 

2.3 Electrospinning of SF solutions 

The electrospinning process was performed using a set up equipped with a syringe with a metallic needle 

21G. The anode of a power supply was connected to the needle, and the cathode was connected to a flat 

metal plate to be used as static collector. The process was developed in a distance from the top of the 

needle to the collector of 8 cm, at voltages of 8 and 16 kV to obtain relations R (voltage/distance) of 

1 kV/cm and 2 kV/cm respectively. Using flow rates of 0.05 and 0.1 ml/h. 

2.4 Morphological characterization of nonwoven 

The nonwoven morphology was characterized by a SEM JSM 6490-LV (JEOL, Japan). The mean 

diameters of the SEM images were determined for 100 measurements using the ImageJ software.  

2.5 Chemical characterization (FTIR-ATR) 

FTIR was performed using an IR Affinity-1S spectrophotometer (Shimadzu Corp., Japan), equipped 

with ATR (SPECAC). A total of 64 scans with a resolution of 4.0 cm−1 were in 400 – 4000 cm−1 range 

[10]. The relative content of secondary structures in silk fibroin materials (films and nonwovens) were 

determined using second derivative analysis of the infrared spectra covering the amide I region 

(1595 – 1705 cm-1) by means of OriginPro software [10] [7] [4]. 

 



 
 
 
 
 
 

2.6 Thermal analysis of SF materials 

DSC for SF samples were measured in a TA Instrument Q2000 DSC under nitrogen atmosphere, with 

gas flow of 50 ml min-1. The heating rate was 10 °C min-1 from 30 to 320 °C. 

3. Results and Discussion  

3.1 Rheology of SF/FA solution 

 

Regarding the rheology of SF solution (see Figure 1), its behavior is very close to Newtonian flow. This 

approximated Newtonian behavior is due to the inability of the SF to aggregate in formic acid, allowing 

the solution to be subjected to a wide range of applied stresses, producing no major changes in the 

viscosity of the solution [11]. 

 

 
Figure 1. Viscosity vs. shear rate for the silk fibroin in formic acid at 10% w/w 

3.2 Morphology of the SF fibers 

 

Electrospinning conditions utilized in the production process are described in Table 1. Morphological 

features of the SF fibers are shown in Figure 2. SEM images of electrospun nonwovens obtained from 

SF/FA at 10% w/w and 8 cm were collected and analyzed with ImageJ software. The results indicate 

that nonwovens obtained with an operating value of R = 1 kV/cm, produced fibers with less amount of 

defects and beads. However, these electrospinning conditions also led to fibers with apparent tendency 

to larger diameters and higher dimension dispersion in terms of diameters (higher standard deviations 

compared to R = 2 kV/cm). It was also observed that at increasing flow rates while -remaining the rest 

of the parameters constant- fibers with higher amount of beads and irregularities were promoted. 

According to these results, more homogeneous morphology of SF nonwovens was obtained at 

R = 1 kV/cm and flow rate = 0.05 ml/h. 

 

Table 1. Process parameters of electrospun nonwovens 

Distance to collector (kV) R (kV/cm) Flow rate (ml/h) Name of the 

sample 

8 1 0,05 R1_L 
16 2 0,05 R2_L 

8 1 0,1 R1_H 

16 2 0,1 R2_H 
            Where: R = voltage/distance. 
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Figure 2. SEM (X1000) images of SF film at different R and flow rate 

3.3 Chemical analysis (FTIR-ATR) 

FTIR spectra of SF films and electrospun mats were collected in the range of 1700-1450 cm-1, being this 

the most informative region in the IR spectra of SF (amide I and II) [12]. The amide regions I and II 

showed characteristic peaks of the random coil and α-helix conformation around 1643 cm-1 and 

1539 cm-1, respectively [13].These peaks coexisted with distinctive absorption signals around 1515 cm-1 

(amide II), characteristic of β-sheet structures [14]. Results in Figure 3 suggest that crystalline and 

amorphous structures coexist in different proportion in the SF samples and a greater presence of β-sheet 

structures with defined signals in samples R1_L, R2_L and Film compared to R1_H and R2_H. 
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Figure 3.ATR-FTIR spectra of SF samples 

 

 
R1_L  D̅=184,5 ± 72,9 nm 

 
R2_L D̅= 132,4 ± 36,9nm 

 
R1_H  D̅= 143,8 ± 56,4nm  

 
R2_ H  D̅=126,4 ± 31,2nm  



 
 
 
 
 
 

In order to determine the proportion of crystalline and amorphous structures, and highlight each element 

in the overlapped secondary structure within the amide I band, the second derivative analysis was 

applied, as described in the literature [10] [7] [4]. Table 2 shows the changes in relative content of 

secondary structures in nonwovens compared to the film; this implies an effect of the electrospinning 

process and their parameters in the structure of the fibroin. The amount of crystalline structures for the 

nonwovens, mainly represented by β-sheet, increase in the following order: 

R1_L > R2_L > R1_H > R2_H. The amount of amorphous structures increase in opposite way. It 

demonstrated that electrospun mats obtained at R = 1 kV/cm contain a higher amount of β-sheet 

conformations than those obtained at R = 2 kV/cm. Additionally, the nonwovens produced at lower 

flows, showed higher crystallinity. These results are consistent with the required process parameters to 

obtain nonwovens yielding an overall better morphology. 

 

Table 2. Relative content of secondary structure of SF samples 

Assignment (%) Film R1_L R1_H R2_L R2_H 

β-sheet 38.1 42.9 30.3 35.7 25.5 

β-turn 1.4 1.0 0.4 0.4 0.1 

Crystalline structures 39.5 43.9 30.7 36.1 25.6 

Random Coil 33.9 10.5 40.0 12.7 38.0 

α-helix 12.7 27.0 14.4 41.3 30.6 

Turns and bends 13.9 18.6 14.9 9.9 5.8 

Amorphous structures 60.5 56.1 69.3 63.9 74.4 

3.4 Thermal analysis of SF materials 

Figure 4 shows the thermograms obtained from the nonwovens samples. All of them exhibited an 

endothermic peak around 100 °C associated with the evaporation of bound water. In the case of films 

analysis, this peak is not so pronounced and appears in a higher temperature, suggesting better 

interaction of the SF with water, when this one is in the form of nonwovens rather than in the form of 

films, due to a remarkable higher surface area [15]. SF films show a crystallization peak around 220 °C 

which is absent in the case of SF nonwovens. At the crystallization transition, unstable non-crystal 

structures can be transformed to β-sheet, similar findings were reported by Q. Lu, et al [4]. After the 

crystallization transition, the film started to degrade, showing an endothermal peak at around 277 °C. 

The degradation temperature for nonwovens are around 282 °C, exhibiting greater thermal stability 

related to the amount of amorphous structures found in the FTIR analysis. 
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Figure 4. DSC curves for SF samples 



 
 
 
 
 
 

4. Conclusion 

Optimum conditions for defects-free SF electrospun nonwoven, using formic acid as solvent, were 

obtained. Quantitative analysis (chemical and thermal) of the secondary structure in SF nonwovens 

indicated an increase of β–sheet structures and better morphological properties at decreasing R and flow 

rate in electrospinning process. These nonwovens has potential application in fields such as pharmacy 

(wound dressing and active ingredients carrier) and biomedicine [16]. 
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Abstract. Chitosan is of special interest for biotechnological and medical applications 

due to its antibacterial, antifungal and other intrinsic physical and chemical properties. 

The biopolymer can, e.g., be used for biotechnological purposes, as a filter medium, in 

medical products, etc. In all these applications, the inner surface should be maximized 

to increase the contact area with the filtered medium etc. and thus the chitosan’s 

efficacy. Chitosan dissolves in acidic solutions, opposite to neutral water. 

Electrospinning is possible, e.g., by co-spinning with PEO (poly(ethylene oxide)). 

Tests with different chitosan:PEO ratios revealed that higher PEO fractions resulted in 

better spinnability and more regular fibre mats, but make stabilization of the fibre 

structure more challenging. 

 

1. Introduction 

Chitosan was investigated with respect to its electrospinning properties by several groups. Varying 

morphologies were found, depending on the chitosan:PEO ratio [1,2], including the existence of 

membranes, beads or pure nanofibers. In former studies, we could point out the possibility to tailor the 

electrospun nonwoven between nanofibers and a thin layer membrane by modifying the chitosan:PEO 

ratio [3,4]. This raised the question how stabilizing processes, performed by different chemical post-

treatments [2], would change the surface structure of the nonwovens and thus their mechanical, 

optical, and other physical properties – which are directly linked to possible applications. 

Such applications can, e.g., aim at medical purposes due to the hemostatic properties of chitosan 

[5]. Being bioactive, chitosan can be used as a filter material for organo-chemicals or heavy metals 

from aqueous solutions [6]. Its fungicidal and bactericidal properties can be used in preserving agents 

[7] or agriculture [8]. 

To increase the inner surface of the chitosan material and thus the interaction with its environment, 

chitosan is often spun to nanofibers. Here, the material properties can additionally be found in a quite 

pure form. Pure chitosan nanofibers with a high molecular weight could be synthesized, e.g., from 

Drosophila melanogaster [9]. However, chitosan is usually blended with diverse other polymers to 

increase spinnability. Chitosan/polylactic acid nanofibers, e.g., were investigated with respect to their 

antibacterial properties against E. coli [10]. Antimicrobial activities against E. coli and S. aureus were 

tested using chitosan/poly(ε-caprolactone) blends [11] or chitosan/PEO blends [12].  

On the other hand, chitosan blended fibers can be used in the area of tissue engineering. 3D 

scaffolds from polyamide-6,6/chitosan or from poly(epsilon-caprolactone)/chitosan nanofibers were 

produced for this application [13,14], while chitosan nanofibers were used for capturing tumor cells 

from blood [15] or for transdermal drug delivery [16]. 

In spite of these broad variety of possible applications, investigations of needleless nanospinning of 

chitosan and chitosan blends are scarce [3,4]. This article concentrates on different approaches of 

electrospinning and crosslinking chitosan/PEO blends. 

 



 

 

2. Methods and Materials 

Nanofiber mats were produced with the needleless electrospinning machine “Nanospider Lab” from 

Elmarco (Czech Republic). Spinning was performed at a voltage of 80 kV, carriage speed 250 mm/s, 

nozzle diameter 0.9 mm, electrode-substrate distance 160 mm, relative humidity in the chamber 38 %, 

and temperature 22.5 °C. 

A chitosan solution was prepared from 2 wt% chitosan (190-310 kDa; 200-800 mPa·s; Sigma 

Aldrich) with 1 % acetic acid. The chitosan was solved in aqueous solution with sodium bicarbonate 

(NaHCO3), using a concentration of 20.16 g/l. PEO with a molecular weight of 600,000 daltons 

(concentration 8 %, S3 Chemicals) was added as a spinning agent in different chitosan:PEO ratios. 

Water was added to modify the viscosity of the polymer solution. 

For stabilization, different procedures were performed, based on Ref. 2. The dried nanofiber mats 

were subjected to neutral water, to H2O with 1 mol/L K2CO3, ethanol/H2O (70/30) with 1 mol/L 

K2CO3, 0.01 mol/L NaOH, etc. 

 

3. Results and Discussion 

Fig. 1 shows, as an example, a nanofiber mat with thin-film parts, electrospun from a chitosan:PEO 

1:2 solution (left panel). After 30 s in H2O (middle panel), the nanofiber mat is visibly thinner, and its 

structure has changed. Especially on top of the thicker fibres from the substrate, the fibres are 

apparently dissolved. 

 

  

Figure 1. Chitosan:PEO 1:2, spun with the above described parameters (left panel) and after 30 s in 

H2O (right panel). 

 
For stabilization of the nanofiber mats, it is necessary to wash out the PEO completely and before to 

neutralize the chitosan fibers [2]. It should be emphasized that the chitosan:PEO ratio of 1:2 is lower 

than the ratios tested in Ref. 2 due to the different electrospinning processes – here, we investigate 

needleless electrospinning, while in Ref. 2, a needle-based process is examined. This results in a 

higher ratio of PEO being necessary to enable fiber formation. 

Fig. 2 depicts the morphology of the chitosan/PEO nanofiber mat after stabilization for 30 s in H2O 

with 1 mol/L K2CO3 (left panel). Apparently, the original nanofiber structure is not retained. While in 

Ref. 2, the resulting morphology after stabilization exhibits relatively thick interconnected fibers, here 

a membrane-like structure with only some fibers being superimposed is visible. After washing the 

stabilized structure in water (Fig. 2, right panel), the original fiber structure is completely lost. 



  

Figure 2. Chitosan:PEO nanofiber mat after stabilization for 30 s in H2O with 1 mol/L K2CO3 and 

after washing in water for 30 s. 

 
Next, stabilization was performed for 30 s in Ethanol/H2O (70/30) with 1 mol/L K2CO3. The result is 

depicted in Fig. 3 (left panel). While in Ref. 2, stabilization with ethanol results in the finest and least 

connected fibers, here again the fiber structure is mostly lost after stabilization and completely 

vanished after washing in water (Fig. 3, right panel). 

 

  

Figure 3. Chitosan:PEO nanofiber mat after stabilization for 30 s in Ethanol/H2O (70/30) with 

1 mol/L K2CO3 and after washing in water for 30 s. 

 
This is why in the next test, 0.01 mol/L NaOH was used for stabilization. The resulting membrane is 

very fine, as can be recognized from the typical interference colors (Fig. 4, left panel), and thus more 

promising than the thicker mats observed before. However, after washing with water, the structure is 

again completely vanished (Fig. 4, right panel). 

Finally, to test whether the aforementioned methods stabilize the chitosan/PEO nanofiber mat at all, a 

contrasting test with immersing the nanofiber mat in acidic solution was performed. Fig. 5 (left panel) 

depicts the effect of immersing the mat for 30 s in 0.01 mol/L HCl, leading to large open areas where 

the mat is vanished. After washing, all remains of the nanofiber mat are disappeared, leaving back the 

thick fibers of the spinning substrate. 

Apparently, the routes given in literature for stabilization of chitosan/PEO nanofiber mats do not 

provide satisfying results when transferred from needle-based to needleless electrospinning. This 



problem can be attributed to the necessity to increase the ratio of PEO:chitosan to enable fiber 

formation, resulting in lower amounts of chitosan which can be stabilized with these approaches. 

While the changes in fiber mat morphology due to the stabilization process are known from the 

literature, this effect is strongly increased for needleless spun fiber mats with necessarily higher PEO 

concentration, resulting in a complete loss of the fiber structure. 

Interestingly, immersing chitosan/PEO nanofiber mats without stabilization in pure water has the 

smallest effect on the fiber morphology. This finding may be used for developing a new approach, 

using low-concentrated basic solutions in a first stabilization step and increasing the concentration in 

further steps. 

 

  

Figure 4. Chitosan:PEO nanofiber mat after stabilization for 30 s in 0.01 mol/L NaOH and after 

washing in water for 30 s. 

 

  

Figure 5. Chitosan:PEO nanofiber mat after immersing for 30 s in 0.01 mol/L HCl and after washing 

in water for 30 s. 

 
4. Conclusion 

Chitosan belongs to the “active” biopolymers with intrinsic antibacterial, antifungal and other 

properties. It can be co-spun with PEO from an acidic solution, resulting in different morphologies of 

the respective nonwoven, depending on the chitosan:PEO ratio and other spinning and solution 

parameters. 

Stabilizing such electrospun chitosan/PEO mats by different chemical routes changes the surface 

structure again. Depending on the stabilizing agent, membranes of different thickness and morphology 



are formed with increased water resistance, but without the original nanofiber surface structure. 

Apparently, needleless electrospinning of chitosan/PEO blends necessitates new or modified 

stabilization strategies and/or an optimized spinning process to decrease the necessary amount of PEO. 
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Abstract. In recent years, the basic electrospinning setup has undergone many modifications 

carried out to enhance the quality and improve the functionality of the resulting nanofibers. 

Being one of these modifications, coaxial electrospinning has attracted great attention. It 

enables to use different materials in nanofiber production and produce multi-layered and 

functional nanofibers in one step. In this study, TiO2 has been added to the shell layer of 

coaxial nanofibers to develop functional nanofibers which may be used in water treatment 

applications. The coaxial nanofibers containing TiO2 in the shell layer are compared to uniaxial 

nanofibers containing TiO2 in bulk fiber structure, regarding their morphology and 

photocatalytic activity. Uniform uniaxial and coaxial nanofibers with TiO2 were obtained. The 

average nanofiber diameter of coaxial nanofibers were higher. Coaxial nanofibers, which 

contained lower amount of TiO2, displayed similar performance to uniaxial nanofibers with 

TiO2 in terms of photocatalytic degradation ability against isoproturon. 

1. Introduction 

The well-known electrospinning technique is recently expanded to produce a novel class of nanofibers 

with core-shell structure which are either called core-shell or coaxial nanofibers. Coaxial 

electrospinning attracts great attention as it makes it possible to use different materials in nanofiber 

production and produce multi-layered and functional nanofibers in one step [1]. It was first reported by 

Sun et al. They successfully created coaxial fibers made of combinations of different materials: 

polyethyleneoxide (PEO)-poly (dodecylthiophene), polylacticacid (PLA)-palladium, and PEO-

polysulfone, and a composition of identical polymers (PEO-PEO) [2]. Since then many researchers 

have been using coaxial electrospinning. Unspinnable materials such as drugs, enzymes, etc. could be 

electrospun as the core of a fiber-forming polymer [3-6]. Nanofibers encapsulating epoxy within a 

polymeric shell were found to be suitable for self-healing applications [7]. Biocompatible nanofibers 

with improved mechanical properties [8], hollow nanofibers [9], nanofibers from unspinnable 

polymers [5,10] could be electrospun. Coaxial nanofibers encapsulating bio-based phase change 

material (bio-PCM) exhibited balanced thermal storage and releasing properties for thermo-regulating 

functions [11]. It could be possible to attach composite nanofibers onto a textile substrate by coaxially 

spinning PU (shell)/ Nylon-6 (core) nanofibers [12].  



 

 

 

 

 

 

Coaxial nanofiber structure is also expected to bring advantages in the photocatalyst immobilization. 

The incorporation of the photocatalysts into the shell layer of the coaxial nanofibers may result in 

decreased diffusion length, increased accessible surface area and more active sites, all of which are 

expected to improve the photocatalyst activity. In addition, another advantage is regarding the 

mechanical properties. Incorporation of high amount of additives to the nanofiber structure affects the 

mechanical properties negatively. When the additives are added to the shell and pure polymer is used 

as the core the sacrifice regarding the mechanical properties will not be that much. Furthermore, it 

may provide cost reduction especially when working with expensive additives. When the additive is 

only added to the shell instead of the bulk fiber structure, the additive amount used will be less and the 

costs regarding the additive will be lower. In this study, TiO2 was selected as the photocatalyst and 

used in the production of coaxial nanofibers containing TiO2 in the shell. For comparison, uniaxial 

nanofibers with TiO2 were also produced. Coaxial nanofibers were compared to uniaxial nanofibers in 

terms of morphology and photocatalytic activity.   

 

2. Experimental 

2.1. Materials 

Polyamide (PA6) (Sigma Aldrich, 181110), titanium (IV) dioxide (TiO2) (Sigma Aldrich, 718467, 

Aeroxide® P25), formic acid (Sigma Aldrich, F0507), acetic acid (Sigma Aldrich, 33209) were used 

as received. Isoproturon (Dr. Ehrenstorfer GmbH) and distilled water were used in photocatalytic 

activity tests.  

2.2. Methods 

18 wt% PA6 solution and 5 wt% PA6 solution with 200 wt% TiO2 (with respect to the polymer 

weight) were used as the core and the shell solutions respectively to obtain coaxial nanofibers with an 

actual TiO2 content of 8.4 wt%. Coaxial needle (Raméhart Custom Needle, 100-10-COAXIAL-2016, 

outer needle: 1.7 mm OD, inner needle: 0.9 mm OD) was placed on the needle holder of the 

electrospinning setup. Two pumps (KD Scientific Pump Series 100) were used to feed the core and 

shell solutions respectively. A high voltage power supply (Glassman High Voltage Series) was used to 

apply high voltage to the outer needle. The distance between the tip of the needle and the collector, the 

flow rates of the solutions and the voltage were adjusted to obtain stable electrospinning. In order to 

see whether the shell solution was electrospinnable, it was used as the electrospinning solution on the 

basic setup using uniaxial needle. Uniaxial PA6 nanofibers containing 50 wt% TiO2 were also 

produced for comparison. For uniaxial nanofiber production, a uniaxial needle (Sigma Aldrich, 

Z261351-1EA, Stainless steel 316 syringe needle, pipetting blunt 90 tip, 18 gauge, 6 inch) was placed 

on the needle holder. The electrospinning solution was fed to this needle by a pump (KD Scientific 

Pump Series 100). A high voltage power supply (Glassman High Voltage Series) was used to apply 

high voltage to the solution. Using a syringe of 10 mL, electrospinning solutions, were fed using PTFE 

tubing (OD=1/16’’=1.6mm OD) through the needle. The distance between the tip of the needle and the 

collector, the flow rates of the solutions and the voltage were adjusted to obtain stable electrospinning. 

Large homogeneous nanofiber webs were obtained using the in-house developed electrospinning 

machine, which contained a moving needle support and a moving collector [13]. Nanowebs with the 

same specific weight (10 g/m2) were produced. The speed of the aluminium foil was adjusted to obtain 

nanowebs with the same weight. 

2.3. Characterization 

The functionalised nanofibers were characterized in terms of morphology and photocatalytic activity 

against isoproturon. The morphologies of the nanofibers were analysed using scanning electron 

microscope (SEM, Jeol Quanta 200 FESEM). SEM images were taken at an accelerating voltage of 20 

kV. Before SEM analysis, the samples were coated with gold using a sputter coater (Baljes Union 

SKD 030). The fiber diameters were measured using Image J. The average nanofiber diameters and 



 

 

 

 

 

 

the standard deviations were based 80 measurements per sample. Average nanofiber diameters were 

expressed as the mean±standard deviation. Photocatalytic activities of the functionalised nanofibers 

against isoproturon were assessed under UV irradiation. Samples with diameters of 8 cm were 

immersed in 100 ml isoproturon solutions (5 mg/l) and illuminated from a 20 cm distance by a 300 W 

Osram Ultra-Vitalux lamp. Sampling was done after 1, 2, 4 and 6 h of illumination after which the 

concentration of the isoproturon was measured by recording its absorbance at 247 nm with a UV-Vis 

spectrophotometer. The percentage of degradation efficiency was calculated as C/C0 where C is the 

isoproturon concentration after the illumination for a certain period of time and C0 is the isoproturon 

concentration before the illumination. Non-functionalised electrospun nanofiber membranes were 

considered as a reference. UV-Vis absorption spectra of the isoproturon solutions were taken by 

Perkin-Elmer Lambda 900 spectrophotometer in the 300-1100 nm region. 

 

3. Results and Discussion 

3.1. Morphology 

SEM image of the web electrospun from 5 wt% PA6 solution with 200 wt% TiO2, which was prepared 

to be used as the shell solution in coaxial electrospinning, can be seen in Figure 1. The web produced 

on the basic electrospinning setup using uniaxial needle, consisted mainly of large TiO2 agglomerates 

with some nonuniform, very fine fibrous structures in between. It was not possible to obtain uniform 

composite nanofibers from the solution which is used as the shell solution in coaxial nanofibers. It was 

an unelectrospinnable solution. 

  

 
Figure 1. SEM images of the web electrospun from shell solution (5 wt% PA6 solution with 200 wt% 

TiO2) using uniaxial needle.  

 

SEM images of coaxial nanofibers with TiO2 in the shell and the uniaxial nanofibers with TiO2 in the 

bulk fiber structure can be seen Figure 2. The nanofibers were uniform in structure without any beads. 

 



 

 

 

 

 

 

a.  b.  

Figure 2. SEM images of a. PA6/50%TiO2 uniaxial; b. PA6/8.4%TiO2 coaxial nanofibers 

 

TiO2 agglomerates were visible on the SEM images. The coaxial electrospinning resulted in thicker 

nanofiber formation due to the higher total flow rate used in coaxial electrospinning and larger 

diameter of the coaxial needle compared to the uniaxial needle. While the shell solution was not 

electrospinnable on its own (Figure 1), it could be used as the shell solution in coaxial electrospinning. 

3.2. Photocatalytic degradation 

 

When TiO2 nanoparticles are exposed to UV light, electrons reaching the sufficient energy pass from 

the valence band to the conduction band, leaving holes in the valence band. While the holes react with 

water to produce hydroxyl radicals, the electrons react with molecular oxygen molecules producing 

superoxide radical anions. These two reactive species react with the organic contaminants and 

decompose them [14-17]. The photocatalytic activity of TiO2 is widely studied in literature. Im et al. 

(2007) prepared electrospun PAN-based nanofiber webs containing 100 wt % TiO2. They showed that 

the TiO2 containing nanowebs suspending on the dye solution had a dye removal efficiency of 60% 

[18]. Daels et al. (2014) produced polyamide-6 (PA-6) nanowebs containing TiO2 nanoparticles by 

electrospinning. They tested different types of TiO2 functionalization methods (inline functionalization 

and post-functionalization) with two types of TiO2 nanoparticles. The results of photodegradation with 

methylene blue in aqueous solution demonstrated excellent photocatalytic activity of TiO2 

nanoparticles immobilized in and on the nanowebs. After 2 h of UV irradiation, a degradation up to 

84% methylene blue was observed which further increased and resulted in a degradation up to 99% 

methylene blue after 6 h of illumination. They suggested that electrospun nanowebs functionalized 

with TiO2 nanoparticles could be used as a water filter medium [14]. Jeun et al. (2011) reported the 

production of composite of PAN nanoweb containing 100 wt % of sol-gel-derived nanometer size 

TiO2 and the effect of the e-beam irradiation on the photocatalytic ability of the nanowebs. While the 

nonirradiated PAN/ TiO2 nanofibers degraded methylene blue at the low rate of 58.6% for 3 h, e-beam 

irradiation resulted in a significant increase in the photodegradation ability (72.5%) of the nanowebs 

[19]. Jo et al. prepared polyacrylonitrile (PAN)-supported titania (PAN-TiO2) fibers with different 

TiO2 to PAN ratios and investigated their feasibility for indoor air cleaning applications. The TiO2 

content was changed as 5, 10, 50 and 100 wt % (with respect to the weight of PAN). The composite 

nanowebs were tested for their degradation efficiency against four different target compounds of 

benzene, toluene, ethyl benzene, and xylene. For all target aromatic compounds, the decomposition 

efficiencies of PAN-TiO2 fibers increased as the TiO2 content increased. For the highest TiO2 of 100 

w%, the decomposition efficiencies of the PAN- TiO2 fibers were close to 100% for the target 

compounds over the 3h photocatalytic process [20]. Cossich et al. (2015) produced TiO2 containing 

polyamide-12 nanofibers. TiO2 content was varied as 0, 10 and 20 wt % of TiO2. The photocatalytic 



 

 

 

 

 

 

performance of the samples was measured against methylene blue (MB). PA12 with 20 wt % TiO2 

removed nearly all the MB from the solution in 100 min [21]. 

In this study, the photocatalytic activity of coaxial nanofibers containing TiO2 in the shell layer was 

tested against isoproturon, which is one of the pollutants detected in surface and groundwater above 

permissible levels, and compared to that of uniaxial nanofibers containing TiO2 in bulk structure. 

Isoproturon photolysis was determined. Pure PA6 nanofibers were also tested as reference.   

The photocatalytic activity of the nanofibers in comparison with isoproturon photolysis, and 

photodegradation activity of PA6 of the nanofibers can be seen in Figure 3.  

  

 
Figure 3. Photodegradation activity of uniaxial and coaxial nanofibers.  

 

When isoproturon solution is exposed to UV-light for 6 hours without any nanowebs in it, 9.1 % of 

isoproturon is degraded as a result of photolysis. 12 % reduction is observed in isoproturon 

concentration when the isoproturon solution is exposed to UV-light with PA6 nanoweb in it which 

means that around 3 % isoproturon is absorbed by the nanoweb. Both coaxial nanofibers containing 

TiO2 in the shell layer and the composite uniaxial nanofibers with TiO2 were found to be effective in 

the degradation of isoproturon under UV irradiation. PA6/50%TiO2 uniaxial nanofibers and 

PA6/8.4%TiO2 coaxial nanofibers displayed around 38% photocatalytic activity. The photocatalytic 

activity of TiO2 is reported to be dependent on its content [22]. While uniaxial nanofibers contained 50 

wt% TiO2, coaxial nanofibers contained 8.4 wt% TiO2 in their shell layer. Coaxial nanofibers 

displayed similar performance to uniaxial nanofibers in terms of isoproturon photodegradation but 

with lower TiO2 content. This is attributed to the presence of TiO2 closer to the surface in coaxial 

nanofibers. 

 

4. Conclusions 

Uniform uniaxial and coaxial nanofibers functionalized with TiO2 were obtained. While the shell 

solution was not electrospinnable on its own using uniaxial needle, it could be used as the shell 

solution in the production of the coaxial nanofibers. Uniaxial nanofibers with 50 wt% TiO2 and 

coaxial nanofibers containing 8.4 wt% TiO2 closer to the surface of the nanofibers both displayed 

around 38% photocatalytic activity against isoproturon in 6 hours. Coaxial nanofibers can be 

suggested as an economical way of functionalization, which may be important especially when 

working with expensive additives. 
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  Abstract 

Needleless electrospinning operated as a one-stage process producing nanofibres webs 

from spinning solutions with the corresponding to the final use properties seems has a 

good future prospects. Complicated spinning solution designing started with the 

selection of composition and components proportion, pre-processing sequence and 

parameters establishing for every component and for their mixing. Spinning solution 

viscosity and electro conductivity together with the spinning distance and intensity of 

electromagnetic field are main parameters determined spin ability and properties of 

obtained nanofibers.  Influence of some pre-processing parameters of components, 

combinations of organic and non-organic components and their concentration 

influence on spinning solution viscosity and conductivity, as well on fibres diameters 

are under discussion. 

 

1. Introduction 

By integrating nanoparticles or other functional materials, the cellulose-based webs can achieve 

tailored properties. Optionally, low density and large specific surface area of nanofibers, small pore 

size and high porosity, excellent mechanical properties in proportion to the weight, possibility to 

incorporate different additives are attractive features for use cellulose based nano-nonwovens in a 

wide range of intermediate and final products. Morphology of nanofibers produced by needleless 

electrospinning influences a wide range of factors classified in three groups:  

1) solution properties – polymer  types and molecular weight, concentration, solvent properties, 

viscosity, conductivity, surface tension,  dipole moments, dielectric constants; 2) controlled processing 

variables such as flow rate,  electric field strength, distance between spinning electrode and collector, 

geometry of spinning electrode, collector composition and geometry; 3) ambient parameters 

temperature, humidity, air velocity. 

Complicated spinning solution designing started with the selection of composition and 

components proportion, pre-processing sequence and parameters establishing for every component 

and for their mixing. Every component included could change solution viscosity and electro 

conductivity, as a result spin ability, fibres and web quality. 

The solution for electrospinning should be in the semi-conducting range. An absolutely non-

conductive solution cannot be electrospun because no electric charges could be transferred to the 

droplet surface. However, if the solution is highly conductive, extra charge could not be accumulated 



on the droplet surface. As a result, fluid could not be drawn into fine filaments because of the very 

small stretching force [1].  

Polymer types and concentration are the most important factors affecting an electrospinning 

process, because they also affects many other solution properties such as viscosity, conductivity, and 

surface tension. For a polymer with a reasonable molecular weight, concentration changes can result in 

different types of fibres morphology.  Higher polymer concentration tends to result in coarser fibres. 

For the same polymer solution system, a higher viscosity suggests stronger entanglement between the 

polymer chains, which makes stretching more difficult. For some polymers, with the polymer 

concentration increase, the charge density in solution also increases. This will lead to a stronger 

stretching force hence with increased polymer concentration, as fibres stretched under two opposing 

forces. Reasonable number of studies has shown the presence of defects such as beads and droplets 

instead of fibres at low polymer concentrations [2, 3]. 

For some polymers, beaded fibres collected even the concentration is very high. In this case, 

the solution conductivity increase via the addition of other chemicals to the solution found to be an 

effective approach to stop the formation of beaded fibres. Additives such as inorganic salts, 

surfactants, and other polymers have been added into proposed polymer solutions to increase 

conductivity [4, 5].  With the increase in solution conductivity, uniform nanofibers can be obtained, and 

fibres diameters are even reduced with the increase in additive concentration. Some of these additives 

can also decrease the solution surface tension, which facilitates the electrospinning process.  

Therefore, solution properties such as viscosity, conductivity, surface tension affect the ability 

to form fibres, as well as alter the morphology of spun fibres. Solution viscosity alone is one of the 

most important property found to alter the fibres size and morphology. Solutions having viscosity 

above 2000 and below 100 mPa s could not be spun. If polymer molecular weight is comparative low 

(>60 000 g/mol) fibres could not be obtained [6].  

Solvent in solutions also affects fibres morphologies. Dry fibers are collected only when 

solvent evaporates completely from the filaments, before they deposit on the collector. For some 

solvents of low volatility, wet fibers would be collected, which merge together to form an 

interconnected web structure [7]  

For some highly volatile solvents, rapid evaporation of the solvent cools the filament and 

moisture could froze on the filaments surfaces, resulting in the formation of nano/micro-sized pores on 

the fiber surface [8]. 

Most of conclusions discussed above based on empirical studies of specific spinning solutions 

and obtained fibres properties. The goal of this study is to truck influence of functionalizing additives 

to the poly(vinyl alcohol) (PVA) based spinning solution and electrospun nanofibers diameters 

produced by needleless electrospinning process.  

 

2. Materials and methods 

Needle free nanofibres electrospinning   lab equipment (Nanospider LAB 200) from Nanospider™ 

production line developed by ELMARCO were used to estimate and compare  influence of 

composition and proportions on spinning solution main parameters. Three compositions with the 

polyvinyl alcohol PVA (Moviol 28-99, Mw ~ 145 000 from Sigma Aldrich) used as a matrix are under 

discussion. Variants of spinning solution:  

1) PVA composite with herbal extract from the spruce (Picea abies) needles sodium 

chlorophyllin with the concentrations  in a range from 1 wt% to 15 wt% [9]; 

2) PVA composite with cellulose nanofibers (NC) extracted from hemp shives (mean D 25+/- 1 

nm; 80% with D less than 30 nm)  in a range from 0.1 wt% to 2 wt% in water solution or 1 to 

20 wt% in composite fibres [10, 11]; 

 3) PVA 9 wt% composites with the cellulose nanofibers extracted from hemp shives 1 % in 

solution (or 10 % in composite) fibres and titanium dioxide (TiO2) nanoparticles (nanopowder: ca.21 

nm) [12].  



Viscosity of spinning solution measured by HAAKE Viscotester 6 plus, electro conductivity 

measured with the WinLab Data Line Conductivity meter, fibres diameters measured by atomic force 

microscopy (AFM Dimension Edge, non-contact regime).  

 

3. Discussion 

With the sodium chlorophylin added to the 8 wt% PVS water solution in a range from 1 to 5 wt% 

viscosity (VI) of spinning solution drops down fast decreasing by 16.5 % (Figure 1, left). This 

tendency describe linear equation (1):  

VI = 668.63 – 22.39 SChl (R2 = 0.98)    (1).  

Viscosity (VII) decrease rate (Figure 1, left) become slow (2.8 %) with the additives 

concentrations in a range from the 5 wt% to 15 wt% (0.5-1.5 wt% in spinning solution) and 

descriptive linear equation for this range (equation 2):  

VII = 569.57 – 16 SChl (R2 = 0.99)   (2).  

Fibres diameters (D) with the SChl concentration in a range from 0.1 to 0.5 wt% drop down 

from 507 nm (neat PVA) to 339 nm (with the 0.5 wt% SChl) following eqution (3):  

D = 507.51 – 33.51 SChl (R2 = 1)   (3). 

  
Figure 1. Influnece of SChl aditive on spinning solution viscosity (left) and electroconductivity (right) 

[9] 

Conductivity of the spinning solutions increase fast started from the net PVA (CPVA) 

solution conductivity 324 μS cm-1  and following proportionally to the  increase of SChl 

content from 0.1 wt% to 1.5 wt% corresponding to the equation (4):  

CPVA = 656.35 + 544.91 SChl   (4).  

As solution conductivity with 1.0 wt% and 1.5 wt% SChl additive correspondingly 

5830 and 8870 μS cm-1 exceed upper electro conductivity limit, it become too high for the 

normal fibres formation process. Rapid conductivity increase with the SChl concentration 

increase originated by the high conductivity of SChl. Conductivity of PVA 8 wt% solution in 

water 565 μS cm-1 (Figure 1, right) combined with the SChl additive in result of intensive 

compound mixing pre-treatment growth proportionally with the growth of SChl 

concentration.  

From the graph of Figure 2 (left) is seen that viscosity of neat PVA spinning solution 

increase non-linearly with the PVS concentration increase from 8 to 10 wt%. With the 

extracted from hemp shives nanocelulose additives (NC)  to the PVA solution viscosity of 

spinning solution drops down rapidly by 49 % till 1.0 wt% NC. Then in a NC range from 1.0 

to 2.0 wt% do not changes substantially more. At the same time, mean diameter of fibres 

decrease from 505+/-23 nm of PVA 8 wt% spinning solution to 225+/-10 nm from spinning 

solution with 2 wt% cellulose aditive (80 % of fibres diameters do not exceed 250 nm).  

 



  

Figure 2. Viscosity of neat PVS (left). Influence of NC additive concentration on spinning solution 

viscosity (right) [10, 13] 

Conductivity of the neat PVA spinning solution increase from 323 to 385 μS cm-1 (by 

19 %) in concentration range from the 8 to 10 percent (Figure 3, left). Although cellulose is 

non-conductive with NC additives conductiviness of solution increase by 22 percent, compare 

to the neat 8 %wt PVA solution ((Figure 3, right). It seems that the dispersion of cellulose 

nanofibres by ultrasound in PVA solution results in the charged NC particles generation 

imparting optional conductivity to the spinning solution.     

  
Figure 3. Conductivity change with the concentration of the PVA (left) and NC (right) of 

spinning solution [10, 11] 
All additives to the PVA matrix spinning solution [12] increase viscosity of spinning solution 

compare to the 9 wt% PVA solution (Figure 4). 1 wt% cellulose additive increase PVA/ and PVA/B 

solution viscosity to compare with neat PVA correspondingly by 95% and 173%.  Differences in pre-

processing time of cellulose nanofibers (PVA/A ball milling 10 minutes, ultrasonification 30 minutes 

and PVA/B 20 minutes ball milling, 60 minutes ultrasonification) lead to the substantial increase 

(40%) of PVA/B viscosity to compare with PVA/A. It could be explained, that more severe milling 

and ultrasonic treatment results in a higher cellulose fibrils dispersion intensity producing a great 

amount of even distributed in solution smaller particles. 

2 wt% TiO2 additive to the PVA solution increase viscosity 1.6 times, but this ratio a little (6%) 

decrease with 10% TiO2. In result of addition to the PVA/B 2 wt% TiO2 viscosity of the composition 

drops down by 40 % (Figure 4). 

 

 



  
Figure 4. Viscosity of samples with 1 wt% NC 

(PVA/A and PVA/B), TiO2 additive (2 wt% and 10 

wt%) and three component solutions PVA/B/TiO2 

[12] 

Figure 5. Conductivity of samples with 1 wt% NC 

(PVA/A and PVA/B), TiO2 additive (2 wt% and 10 

wt%) and three component solutions PVA/B/TiO2  

Influences on samples electro conductivity are not so dramatically (Figure 5). Imparting 

cellulose nanofibres increase conductivity of spinning solution by 12.3 % independently from pre-

processing time (samples PVA/A, PVA/B). 

Electro conductivity of composite solution with TiO2 increases correspondingly by 3.9% and 

7.2 % compare to the neat PVA solution. Increase of TiO2 content from 0.2 wt% to 1.0 wt% do not 

increase substantially conductivity (3.2%) as specific conductivity of the 0.2 wt% TiO2 water solution 

is 9.3 and 1 %wt TiO2 67.7 μS cm-1.  

  
Figure 6. PVA/10 wt% TiO2  nanoweb Figure 7. Mean diameters of composite nanofibres 

  

Nanofibers web from 9 wt% PVA spinning solution functionalized with 1 wt% TiO2 (10 wt% 

TiO2 in fibres) seen in Figure 6 consist of fibres varying in diameters and some defects in form of 

films. From the graph of Figure 7 seen that with the functional additive TiO2 mean diameters of fibres 

vary quite close to the corresponding neat PVA value. With added 1 wt% cellulose mean diameters of 

fibres drop down by 38 and 35 % compare to the corresponding values of two component composite 

fibres. 

Conformity of modified textiles properties important to the wearing comfort and the inserted 

additional functions determined by testing textiles “in vitro” verified “in vivo” in experimental 

wearing process 



Summary 

 Viscosity of net PVA spinning solution in a concentration range from 8 to 10 wt% increase non-

linearly, especially rapid in the range from 9 wt% to 10 wt%, at the same time conductivity grow 

moderate linearly. 

Conductive organic additive SChl in PVA based spinning solutions increase rapidly solution 

conductivity with the increase of additive concentration limiting its maximal spin able concentration. 

Conductivity of PVA 8 wt% solution in water 565 μS cm-1 combined with the SChl additive in result 

of intensive compound mixing pre-treatment growth proportionally with the growth of SChl 

concentration.  

With the increase of SChl concentration till 0.5 wt% viscosity of  spinning solution drops 

down decreasing fast by 16.5 %, further SChl concentration increase till 1.5 wt% do not change 

viscosity substantially. Nanofibres diameters decrease with the SChl concentration increase.  

Cellulose additive 1.0 wt% to the PVA 9 wt% solution decrease viscosity by 45 percent, and 

in a range from 1.0 to 2.0 mass percent by   6.0 percent only; conductivity of spinning solution 

increase moderate by 22 percent with cellulose additive 2.0 wt% to compare with the . Mean diameters 

of fibres decrease from the 505+/-23 nm of PVA 8 wt% spinning solution to 225+/-10 nm spun from 

solution with 2 wt% cellulose additive, 80 % of fibres diameters do not exceed 250 nm. 

Increase of plant cellulose pre-processing severity leads to the higher spinning solution 

viscosity.  Cellulose 1 wt% additive to the two component (PVA/TiO2) spinning solution allow to 

decrease mean diameters of nanofibres by 35 % compare to the mean diameters of fibres spun from 

PVA/TiO2 solution.  
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Abstract. Schiff base ligands are regarded as an important class of organic compounds on 
account of the fact that their complexation ability with transition metal ions. A new monomeric 
Schiff base Cu(II) complex, [Cu(HL)2], 1 [H2L= 2–((E)–(2–hydroxypropylimino)methyl)–4–
nitrophenol] has been synthesized and characterized by elemental analysis, UV and IR 
spectroscopy, single crystal X-ray diffraction and photoluminescence study. While the Schiff 
base ligand and its Cu(II) complex are excited at λex= 349 nm in UV region, the Schiff base 
ligand shows a blue emission band at  λmax = 480 nm whereas its Cu(II) complex shows a 
strong green emission band at  λmax = 520 nm in the solid state at room temperature. The 
luminescent properties showed that the Schiff base ligand and its Cu(II) complex  can be used 
as novel potential candidates for applications in textile such as UV-protection, antimicrobial, 
laundry and functional bleaching treatments.  
Keywords: Schiff base ligands, copper(II) complex, Photoluminescence, textile application. 

1.  Introduction 
In recent years, transition metal complexes containing Schiff base ligands have attracted a lot of 
attention with their widespread used for industrial purposes in textile such as stain bleaching and dye-
transfer inhibition [1]. Azo-benzene Schiff base ligands are considerable part of light sensitive 
materials which can absorb UV-radiation to convert it to less harmful energy by change of cis–trans 
isomerization or intermolecular proton transfer [2]. There are some researches on the photochromic, 
thermochromics, UV-protection, magnetic and photoluminescence properties of azo-benzene Schiff 
base compounds in the functional textile materials. Besides, Schiff base complexes can be use as new 
generation antimicrobial agents for textile applications with excellent biological activities they show 
[3]. In antimicrobial applications, Schiff-base complexes are considered to be among the most 
important stereochemical models in main group and transition metal coordination chemistry due to 
their preparative accessibility and structural variety [4]. In dyeing applications, Schiff base 
unsymmetrical complex 1:2 chromium has advantage in terms of quick dyeing with giving fast colors 
to leathers and wools [5]. In addition to this, Azo groups containing metal complexes are used for 
dying cellulose and polyester blending textiles [6]. In textile polymer manufacturing, organocobalt 
complexes with tridentate Schiff base act as initiator of emulsion polymerization and co-
polymerization of dienyl and vinyl monomers [7]. 



 
 
 
 
 
 

Textile surfaces are very convenient materials that suitable to Schiff base applications due to their 
elasticity, good hand properties, good biodegradability, biocompatibility and nontoxicity. This study 
presents the example of the most promising application of Schiff base ligands and their transition 
complexes.  

2.  Materials and methods 
All chemicals and solvents used for the synthesis were of reagent grade and used without further 
purification. The synthetic route of the Schiff base ligand and its Cu(II) complex are outlined in Figure 
1. 
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Figure 1. The synthetic route of the Schiff base ligand and its Cu(II) complex. 

3.  Results and discussion 
The title complex crystallize in the monoclinic space group P21/c and its asymmetric unit consists of a 
half of the monomeric [Cu(HL)2] unit. The CuII atom is located on a center of inversion and 
coordinated by two singly deprotonated Schiff base ligands (H2L) through two imine nitrogen (Nimi), 
and two alkoxy oxygen (Oalk) atoms in a mutual trans disposition.  

The Cu(II) complex crystallizes in the monoclinic space group P21/c, and its asymmetric unit 
composes of an half of the monomeric [Cu(HL)2] unit. The Cu(II) atom is located on a centre of 
inversion and coordinated by two singly deprotonated Schiff base ligand through two imine nitrogen, 
and two alkoxy oxygen atoms in a mutual trans disposition. The free ligand displays a broad emission 
band at  λmax = 480 nm which may be assigned to the n→π* or π→π* electronic transition (ILCT) [8]. 
While the free ligand is combined with Cu(II) in complex 1, intense green emission band exhibits at 
 λmax = 520 nm.   

The molecular structure of Cu(II) and the emission spectrums of the free ligand and its Cu(II) 
complex in the solid samples at room temperature are given in Figure 2 and Figure 3, respectively. 
 
 
 
 



 
 
 
 
 
 

 
Figure 2. The molecular structure of Cu(II) complex, showing the atom labelling scheme  

(with 50% probability displacement ellipsoids). 
 

 

 
Figure 3. The emission spectrums of the free ligand and its Cu(II) complex  

in the solid samples at room temperature (λexc.= 349 nm). 
 



 
 
 
 
 
 

4.  Conclusion 
A novel monomeric Schiff base Cu(II) complex, 1 has been synthesized and characterized by 
elemental analysis, UV and IR spectroscopy, single crystal X-ray diffraction and photoluminescence 
study. Crystal structure analysis of 1 shows that the CuII atom is located on a centre of inversion and 
square planar geometry. CuII atom is coordinated by two singly deprotonated Schiff base ligands 
(H2L) using ONON donors. The aliphatic –OH group of the ligand is not coordinated and moves away 
from the metal coordination zone. The intermolecular O−H···O hydrogen bonds link the molecules 
which form 1D chains along b axis. C−H···π and π···π contacts also connect the molecules which 
form to 3D structure. Furthermore, photoluminescence studies of complex 1 show the red shift and the 
stronger of the emission compared with its free ligand as a result of the influence of the coordination 
of metal atom to the ligand.  

The luminescent properties showed that the photoluminescence arose from the intraligand 
emission, and that it is novel potential candidates for applications in optoelectronic devices and 
functional textile materials. 

As a future work, it can be focused on the analyzing at the synthesis of Schiff base Cu(II) complex 
with the textile surface by experimental tests. And also, to ensure a chemical reaction between the 
Schiff base synthesis and the fibers, microscopic views of the textile surface after application may be 
investigated. 
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Abstract. The development of new multifunctional textiles containing nanoparticles (NPs) has
a special interest in several applications for pharmaceutical and medical products. Cu, Zn and
Ag are the most promising antimicrobial NPs, exhibiting strong antibacterial activities.
However, most of antimicrobial textiles coated with NPs are not able to perform a controlled
release of NPs because of the high degree of aggregation. The aim of this study is to assess the
effect of NPs stabilizers such as citrate, alginate and polyvinyl alcohol (PVA) in Cu, Zn and
Ag NPs dispersions. The obtained dispersions were used to develop a new class of antibacterial
NPs coatings onto polyamide 6,6 (PA66) and polyester fabrics (PES) by Double Dielectric
Barrier (DBD) plasma discharge. Dynamic light scattering (DLS) was used to evaluate the best
dispersing agent in terms of size, polydispersity index and zeta potential. Coating efficiency
was evaluated by SEM, XPS and FTIR. The washing fastness of the coatings developed was
also tested. The results show that the best dispersions were obtained using 2.5% of citrate for
ZnO, 5% Alginate for Cu and 2.5% alginate for Ag NPs. SEM, XPS and FTIR analysis shows
that DBD is an efficient deposition technique only for Ag and Cu NPs and that better perform
in PA66 than PES fabric. The DBD deposition in air display similar results in term of NPS
deposition of usually more efficient plasma jets using carrier gas such as N2 and Ar.

1. Introduction
Medical textiles are used in a range of applications from bandages, dressings, suture and surgical
clothing to implants such as scaffolds, stents and meshes.[1] Infections associated with these devices
are responsible for at least 2-7% of post-operational complications increasing mortality and healthcare
costs.[2] The typical strategies to prevent hospital-acquired infections rely either on inhibiting
adhesion or on releasing biocidal compounds incorporated via novel physical and/or chemical
methods.[3, 4] However, the increasing concern in the widespread use of biocides that might lead to
bacterial resistance, has necessitated the development of new strategies.[5] Metals like Ag, Zn or Cu
and their salts are well known for intrinsic antimicrobial property and the release of metal ions is



believed to be the main reason for their antibacterial activity.[6] Recently, NPs as antimicrobial agents
have increasingly been used in textile research due to their unique large surface-to-volume ratio,
physicochemical properties and biological multi-target mechanism of action,[7] which may differ
significantly from bulk material.[8] In order to suppress the potential hazard influence of the NPs on
human bodies, it is important to fabricate antibacterial surfaces that firmly loading NPs and with
precise local release of antibacterial ions.[9] One on the most important issue in the coating of metal or
metal oxide NPs is their agglomeration in solution due to their high surface energy.[10] Stabilized NPs
suspensions have been studied in regards of particle size, impurities, surfactants, polymers and
capping ligands. Stabilizer such as starch, chitosan, alginate or citrate showed biocompatibility, low
cost and environmental risks.[11, 12] One of most promising technologies for deposition of
nanocomposite coating on industrial scale is the plasma-assisted polymerization and sputtering.[13,
14] However, these techniques have several limitations such as samples size, limited electrodes
spacing, batch operation, low deposition rate and expensive vacuum systems that limit their
application in textiles.[15] Atmospheric pressure plasma is an alternative and cost-competitive method
to low-pressure plasma and wet chemical treatments, allowing continuous and uniform processing of
fibres surfaces.[16] DBD is among the most effective cold atmospheric plasma sources[17] and have
been attracting increasing interest for both surface activation and deposition of thin functional
coatings.[18] In this project a new method for NPs DBD atmospheric plasma deposition in air using
polyamide 6,6 and polyester fabrics as substrate was developed. The antimicrobial effect was provided
by Cu, ZnO and Ag NPs stable dispersions using different stabilizers such as citrate, alginate and
polyvinyl alcohol (PVA) were deposited on the fabrics and their antimicrobial efficiency assessed. The
effect of DBD plasma developed in this work was also compared in term of deposition efficiency with
two different atmospheric plasma jets configurations using carrier gases (N2 and Ar).

2. Materials and Methods

2.1. Materials
Commercial pre-washed pure PA66 (warp 40, weft 18 threads cm-1, areal density of 135 g m-2) and
PES (warp 56, weft 30 threads cm-1, areal density of 100 g m-2) woven fabrics were used in this study.
All the other reagents were purchased from Sigma–Aldrich, St. Louis, MO, USA.

2.2. Atmospheric DBD Plasma in air
DBD plasma treatment was performed in a semi-industrial prototype (Softal GmbH/University of
Minho) working at RT and atmospheric pressure in air, using a metal electrode coated with ceramic
and counter electrodes coated with silicon with a gap distance fixed at 3 mm and producing the
discharge at high voltage 10 kV and low frequency 40 kHz. The optimized fixed parameters of 1 kW
of power and velocity of 5 m min-1 was used. The dosage (D) applied was 2.5 kW m2 min-1.

2.3. Atmospheric DC plasma jet in N2

AgNPs were deposited using an atmospheric pressure direct current (DC) plasma jet using N2 as
carrier gas. The plasma is generated between a pin and a mesh electrode placed in a quartz tube. The
plasma was generated with a fixed power at 22.5 W and a total flow rate at 8 standard liter per minute
(SLM). The substrate was placed at 10 mm from the nozzle, where the gas temperature is 37 ºC.

2.4. Atmospheric RF DBE plasma jet in Ar
DBE plasma coaxial design consists in a central hollow metallic RF electrode, surrounded by an
internal ceramic insulator and an external grounded metallic electrode envelope. The Ar flowed (2500
sccm) along the gap delimited between the central electrode and the ceramic insulator. In the hollow
electrode, a mixture of Ar, HDMSO and NPs was atomized (900 sccm). The discharge is generated in
the space between the central electrode and the nozzle using a 13.56 MHz (15 W) RF power supply.



2.5. Preparation and application of NPs dispersions
Ag, Cu or ZnO NPs water dispersions (10gmL-1) were prepared using alginate, citrate and PVA in
different concentrations (1, 2.5 and 5 %wt) in a ultrasonic bath for 30 min followed by an ultrasonic
tip for more 30 min. Fabric samples (10x10 cm) were immerged in the NPs suspension at RT with
magnetic agitation and ultrasonic tip at 80% of intensity for 5 min. For DC plasma jet the coating was
by dipping. For DBE plasma jet the deposition of NPs was performed directly in the plasma jet.

2.6. Dynamic light scattering (DLS) analysis
The NPs size distribution, polydispersity index and zeta potential were measured by dynamic light
scattering (DLS) and electrophoretic light scattering (ELS) using a Zeta Sizer-Nano (Malvern
Instruments). Data was collected after 30 scans at a constant temperature of 25 ± 1ºC. Zeta potentials
were measured in solution at a moderate electrolytic concentration.

2.7. Fourier transform infrared spectroscopy (FTIR)
A Nicolet Avatar 360 FTIR spectrophotometer (Madison, USA) with an attenuated total reflectance
accessory (ATR) was used to record the IR spectra of the fabric samples. The spectra were collected in
the region of 4000–650 cm−1 and at a resolution of 4 cm−1 with 45 scans at room temperature.

2.8. Scanning electron microscopy (SEM)
SEM analyses were carried out with an ultra-high resolution Field Emission Gun Scanning Electron
Microscope (FEG-SEM), NOVA 2000 Nano, SEM, FEI Company. Secondary electron images were
performed with an acceleration voltage between 5 and 10 kV. Backscattering Electron Images were
made with an acceleration voltage of 15 kV. Samples were covered with Au–Pd (80-20 wt%).

2.9. X-ray photoelectron spectroscopy (XPS)
Samples were excited with X-rays over a 400 µm spot area with a monochromatic Al Kα1,2 radiation
at 1486.6 eV in a TFA-XPS Physical Electronics (Chanhassen, USA). The photoelectrons were
detected with a hemispherical analyzer at an angle of 45° with respect to the normal to the sample
surface. Survey-scan spectra were made at pass energy of 187.85 eV with a 0.4 eV energy step.

2.10. Washing fastness
The washing fastness was evaluated after performing 5 washing cycles according to EN ISO 15797 in
a laboratory-dyeing machine (Haiba) at 75, 40 rpm, for 15 min with 0,1gL-1 nonionic surfactant, in
liquor bath ration 1:30.

3. Results and Discussion
To solve the instability and aggregation problems of Ag, Cu and ZnO NPs suspensions (10 ppm) of
citrate, alginate and PVA using water and ethanol as control were prepared in different concentrations
(1, 2.5 and 5 wt%) using an ultrasonic bath. Table 1 shows the best results obtained for each NP
compared to water as control. Ethanol and PVA were disregarded due to the highest instability and
lowest ζ potential, respectively.

Table 1. DLS and zeta potential measurements of suspensions tested
ZnO NPs Cu NPs Ag NPs

Water Citrate 2.5% Water Alginate 5% Water Alginate 2.5%
ζ (mV) -17.3±4.2 -38.7±2.5 -0.2±0.3 -32.3±2.7 -19.7±0.8 -28.6±1.4
Size (dnm) 172.6±4.8 176.2±2.3 468.2±22.8 774.8±173.7 239.9±17.6 184.9±8.3

Zeta potential (ζ) is the measure of the electrical potential at the interface between the moving and the
stationary solvent layers around colloidal particles and it provides useful information about NPs
stability and their ability to interact with a substrate [19]. A suspension that exhibits a ζ potential less



than ± 30 mV is considered unstable and will result in rapid NPs deposition or aggregation [20]. Table
1 shows that all the used NPs possess a high negative ζ potential when a stabilizer is considered
instead of water. With the only case of Cu all the other NPs display lower size and polydispersivity
(PDI) in presence of the used stabilizers. Despite the higher ζ potential, Cu NPs increase in size and
PDI probably due to their instability in an oxidative environment and because ζ potential of colloid
particles also depends on the ionic strength and dielectric constant of the medium [21]. The SEM
images (Figure 1) of the deposited NPs in plasma treated PA66 and PES show a good widespread load
of NPs at the expected size but a high aggregation and a not uniform distribution as previously
observed at this low NPs concentration (10 ppm) [22]. The stabilized NPs tend to aggregate in clusters
on the surface of the DBD-treated PA66 fibers due to the chemical changes on surfaces induced by
plasma treatment [23]. All the NPs deposited on the PA66 fabrics (Figure 1 a, c, e) display a higher
load than PES fabrics (Figure 1 b, d, f). In the case of ZnO NPs the deposition efficiency is very low
in PA66 and almost none in PES fabric. This behavior is probably caused by the similar charges of the
metal oxide NPs with the oxygen species on the fabric surface. Usually, to immobilize ZnO in a
plasma oxidized surface, it is necessary to provide zinc in the ionic form. In this fashion, Zn2+ is able
to interact with the negative charges onto the fabric surface and thus creating the oxidized form
ZnO.[24] After 5 washing cycles at 75 ºC some Ag and Cu NPs are still detected onto the surface of
both PA66 and PES. However, no ZnO NPs can be detected in the SEM analysis (data not shown).

Figure 1. SEM of Ag (a, b), Cu (c, d) and ZnO NPs (e, f) onto PA66 and PES fabrics, respectively.

The FTIR analysis for PES and PA66 showed similar results. For convenience only the data of PA66
(Figure 2-c) are presented. The ATR-FTIR spectrum of plasma treated PA66 sample shows the typical
bands of PA66 at 3290, 2930  and 2850 cm−1 which may be attributed to N–H stretching vibrations
and to the CH2 asymmetric and symmetric stretching vibrations, respectively [25]. The amide I
absorption band at 1630 cm−1 is assigned to the amide carbonyl C=O stretching vibrations. The amide
II band at 1530 cm−1 may be attributed to N–H bending motion. The band at 680  cm−1 is attributed to
the bending of O=C–N group [26]. The shoulder at 720 cm−1 is attributed to the in-plane N-H
deformation vibration of the hydrogen-bonded secondary amide. Compared to the untreated sample
the plasma treatment did not introduce new peaks but displays a significant increase in the intensity of
the C=O stretching band as well as of the bending band of the O=C–N group. This may be an
indication of plasma-promoted oxygen addition on the fiber surface. The addition of NPs onto the
fabrics surface after plasma treatment shows the appearance of low-intensity peaks in the range
between 1700-1750 cm−1 and 3500–4000 cm−1 attributed to carboxylic acids (-COOH) and hydroxyl
groups (-OH), respectively.[27] These peaks suggest the interaction of NPs in their oxidized form with
the plasma-produced oxygen species onto the PA66 surface. The XPS analysis confirms the plasma
modification on the fabrics. It is clear that the plasma treatment is able to increase the concentration of
polar groups near the surface of the fabric mainly by the incorporation of oxygen atoms from
atmospheric air. Figure 2-a shows the deconvolution of the C1s core level of the plasma treated PES.
The peak at 284.6 and 285.6 eV can be attributed to aliphatic carbon atoms of the PES structure (–
CH2–CH2–) and the peak at 286.6 eV represents the carbon atoms neighboring the single bonded
oxygen (–C-O–) and that of at 288.7eV is assigned to the carboxylic groups (O=C–O–) [28].
Compared to the untreated sample the results indicate that DBD treatment led to a significant increase
in the content of C=O and O–C=O groups on the surface of PES [29]. Similar results were obtained
for PA66 (data not shown). After the Cu NPs deposition, the C1s deconvolution shows the presence of

a b c d e f



a new peaks at 289.6 eV (Figure 2-b). This peak could be attribute to the interaction of the oxidized
form of Cu with the plasma-induced oxygen species onto the PES surface. This energetic peak is
usually associate to the presence of carboxylic group not influenced by the mesomeric effect induced
by the benzene ring in PES [30].

Figure 2. High-resolution XPS deconvoluted spectra of the C1s envelope of plasma treated PES
without (up) and with Cu NPs (down). FTIR spectra of the plasma treated PA66 without NPs (a) and
with coated Ag (b) and Cu (c).

In order to assess the efficacy of the DBD plasma treatment, two different plasma jet techniques were
performed and compared to the DBD in term of deposited NPs by SEM analysis. A DC plasma jet
using N2 as carrier gas and a RF DBE plasma jet using Ar as carrier gas were used to modify a PES
fabric and deposit Ag NPs onto its surface (Figure 3). For similar NPs concentrations, the DC plasma
jet using N2 shows similar results including a high degree of NPs aggregation (Figure 3-A) while, the
RF plasma jet using Ar display a widespread distribution and higher concentration of NPs onto the
fabric surface. Overall, the DBD plasma technique showed comparable results despite the absence of a
carrier gas and the used lower energies.

Figure 3. Schematics of the N2 DC (A) and Ar RF DBE (B) plasma jets and respective SEM analysis
of deposited Ag NPs onto PES fabrics.

4. Conclusion
The NPs were successfully stabilized improving their deposition onto PA66 and PES fabric surfaces.
However, despite the improving in ζ potentials the obtained NPs still show a moderate degree of
aggregation. FTIR, XPS and SEM confirm plasma modification on the fabric as well as the successful
deposition of Ag and Cu NPs. ZnO NPs show very low deposition efficiency due to the ionic repulsive
interactions with the oxygen species on the DBD plasma treated surface. The comparison of the DBD
plasma with two different atmospheric plasma jets using N2 and Ar as carrier gases showed similar
deposition efficacy despite the RF DBE jet plasma using Ar presents higher load and uniform NPs
distribution. Preliminary, antimicrobial tests in PES (data not shown) show that all the NPs have an
antimicrobial effect but Cu and Zn show activity only in S. aureus and Ag only in E.coli. Overall, the
DBD atmospheric plasma treatment in air allows high level of NPs deposition and fixation on PA66
and PES fibers at lower temperatures and processing times, without the need of a carrier gas.
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Abstract 

 Due to growing demand for production of safe water a search of new materials for water purification 

is of critical issue. Their production should be of low cost and offers easily scalable manufacturing 

protocol. In this study, we have described preparation and properties of hydrophilic/oleophobic 

microfiltration membranes produced by means of wire electrospinning. Selective separation of oil or 

water was tested for oil-water emulsion by using a dead-end filtration unit. The obtained data allowed 

us to claim membranes as excellent separators for splitting emulsions.   

Introduction 

   During the past decades, membrane separation has become an emerging technology for such 

industries as beverages, starch and sweetener, pharmaceutical, petrochemical, bulk chemical, water 

treatment, dairy and so on. The useful membrane processes are microfiltration, nanofiltration, 

ultrafiltration, reverse osmosis, forward osmosis, electrodialysis, and gas separation. The selection of a 

membrane is a key element for the optimum efficiency of the process. The membranes and the 

separation process should be selected based on the application area. For instance, a microfilter is one 

of the efficient material to separate oil droplets from oil-water emulsion [1–4]. It is characterized by 

permeate flux, that shows the amount of medium passing through membrane, and by selectivity 

describing preferential transportation of one compound over others.   

Polypropylene (PP) nonwoven mats have been widely used in oil spill cleanup due to their oleophilic 

properties, good oil-water selectivity and easiness of fabrication. However, oil sorption capacity of PP 

nonwovens is limited due to large fiber diameters [5–7]. To bypass that obstacle nanofibers from 

polyvinylidene fluoride (PVDF) or polystyrene (PS) have been used frequently for oil-water separation 

[7, 8].  

   In this study, needle-free wire electrospinning system was used for the production of nanofiber webs. 

Polyacrylonitrile (PAN) and PVDF were selected for oil-water emulsion. PAN is highly polar and 

hydrophilic polymer while PVDF has hydrophobic character with high chemical resistance and 

excellent mechanical strength. In our previous work, it was found that PAN nanofibers had weak 

mechanical strength in comparison to PVDF [9]. Hence, we assumed that blends of PVDF and PAN 

should give nanofibers with better mechanical properties that neat PAN.  To the best of our 

knowledge, only few works have reported improvement of strength [10, 11].  However, raising the 

mechanical strength did not fully characterize the searched microfilter. Hence, the second membrane 

metrics, their separation efficiency, had to be evaluated. In this study, we investigated nanofibrous 



composite PVDF, PAN and PVDF/PAN membranes with a high specific surface area, directly 

prepared via wire electrospinning device without any post treatment, for the use as oil-water 

separators.   

 

Materials and Methods 

8% wt. polyacrylonitrile (Mw=150 kDa, purchased from Dicherma, China) was dissolved in 

dimethylformamide while 13% wt. polyvinylidene fluoride (donated from Kynar, France) was 

dissolved in dimethylacetamide. The solvents were purchased from Penta, s.r.o., Czech Republic. 

Solutions were mixed over the night at a temperature 50°C. The mixtures for electrospinning were 

prepared as shown in Table 1. Needle-free wire electrospinning device (Figure 1) was used for 

electrospun of nanofiber web under stable electrospinning conditions in a close chamber. All the 

samples were laminated with a 120 g/m2 polyester spunbond nonwoven web to improve mechanical 

stability. The surface of the membranes was characterized by Scanning Electron Microscope (SEM, 

Vega 3SB) and fiber diameter were analyzed by Image-J program.  An 1200-AEL capillary flow 

porometer (Porous Media Inc., Ithaca, NY) was used to measure the pore size and pore distribution. 

Table 1. The code for each sample, the ratio of polymers, area weight and pore size of nanofibers. 

Sample code PVDF/PAN wt. ratio Area weight Pore size 

P1 1/0 3.52 ± 0.5 g/m2 2030± 562 nm 

P2 0/1 1.29 ± 0.5 g/m2 710± 344 nm 

P3 2/1 1.99 ± 0.5 g/m2 790± 516 nm 

P4 1/1 4.35 ± 0.5 g/m2 910± 245 nm 

P5 1/2 0.72 ± 0.5 g/m2 820± 324 nm 

 

 
Figure 1. Schematic illustration of wire electrospinning device; (A) a solution tank feeds the solution 

toward the wire, (B) wire electrode, (C) spinning area, (D) take-up cylinder connected to supporting 

material, (E) high voltage supply. 

An Amicon 8050 dead-end filtration cell was used for microfiltration test. Feed solution was prepared 

by mixing of distilled water/vegan oil with the volume ration of 1/1. Water was colored by methylene 

blue to observe the separation process properly. At the beginning of each filtration, 20 mL of distilled 

water was pumped throughout membrane. The cell was filled with 50 mL of emulsion and pressurized 



to 0.02 bar.  For each test, 15 mL of permeate was collected. It was kept in a glass tube for 24 hours to 

determine water and oil volumes. 

Results and Discussion 

Surface Analysis and Characterization of Membranes 

SEM images of the samples are shown as in Figure 2. The data revealed that PVDF nanofiber had 

almost 2.5 times larger diameter compared to PAN nanofibers. Mixing of PVDF with PAN decreases 

the diameter of the fibers nearly 1.6 times compared to neat PVDF fibers. 

It is well-known that nanofiber diameter has an influence on the pore diameter of the nanofibrous 

membranes [12, 13]. Lowery suggested that there is a strong correlation between the diameters of fiber 

and pore of electrospun mats produced under the same conditions [14]. PVDF nanofibers have better 

mechanical properties compared to PAN nanofibers. Even a slight tension can easily damage the PAN 

material.  On the other hand, PAN nanofiber web has lower fiber diameter and pore size compared to 

PVDF. Blending of these two polymers results in mechanical properties and pore size. It was found 

that mixture of PVDF and PAN increase  improves hydrophilicity of the obtained material [9].  



 
Figure 2. SEM images and fiber diameter distribution of nanofiber webs 

 

Oil-Water Separation 

Separation of oil-water emulsions is always difficult and some microfilters are used for that purpose. 

Nanofibrous membranes of PAN, PVDF and their blends were tested for oil-water separation. The 

permeate flux (F) and the permeability (k) of the membrane were calculated (Eq. (1) and (2)): 

F =    L/hm2   (1) 

k = F/P   L/hm2bar (2) 



where A is the effective membrane area (m2), V is the total volume of permeate (F), P is 

transmembrane pressure (bar), and t is the filtration time (h) [11]. 

The permeability of the membranes is shown in Figure 3.  

 
Figure 3. Oil-water permeability of the various nanofibrous membranes 

It is well-known that PAN has a highly polar group which impart to the hydrophilicity of the 

membrane. The permeability test showed that PAN nanofibrous membranes have the highest 

permeability compared to other membranes. The permeability of the PVDF/PAN samples increased 

with the amount of PAN in the mixture. Oppositely, PVDF nanofibrous membrane selectively separate 

oil from the water; only oil passed through the PVDF membrane as the polymer had hydrophobic 

character. Its low surface energy (25 dynes cm-1) generated membrane oleophilicity expressed in    

water contact angle of 158° and  oil contact angle less than 1° [15].  

 

 
Figure 4. Permeate solution after separation of the oil-water emulsion. 

The permeate solution was collected and kept for 24 hours to determine oil/water content (Figure 4). 

The results are listed in Table 2. 

Table 2. Comparison of oil-water fraction of the permeate solution for various membranes. 

Sample code Polymer ratio (PVDF/PAN) Oil/water ratio (%) 

P1 1/0 100/0 

P2 0/1 0/100 

P3 2/1 100/0 

P4 1/1 50/50 

P5 1/2 27/73 

 

The results showed that the PVDF nanofibrous membranes allowed oil to permeate mostly while PAN 

membranes induced water permeability. Moreover, the neat PAN membranes had higher permeability 

than other membranes. The oil-water permeability of the PVDF/PAN mixture depends on the fraction 

of polymer in the blend. Sample P5 showed oleophobic character while sample P3 was characterized 



by oleophilicity.  It pointed that PVDF affected the surface character of the prepared material. The oil 

content of permeate remarkably decreased by raising the amount of PAN in the polymer blend. These 

results indicated higher oil rejection could be achieved by using neat PAN. However, the neat PAN 

nanofibers are fragile and can be easily damaged. It seems to us that PVDF polymer could be added to 

PAN in lower ratio than 1/2 to strengthen the membrane stability.  Evaluation of mechanical 

improvements will be subject of our future work. 

Conclusion 

In this work, we have developed nanofibrous composite membranes for oil-water separation without 

any post treatment. A facile, inexpensive method for the fabrication of nanofibrous webs was used. 

Two polymer PVDF and PAN was selected for electrospinning. Their blends affected the separation of 

oil-water emulsions. The neat PAN nanofibrous membranes showed the best water permeability while 

neat PVDF facilitated oil permeability. Significant achievements were made in study on the use of 

electrospun materials as microfilters for separation of oil-water emulsions. We believe that this kind of 

microfilters is a promising candidate for the use in the large-scale removal of oily aqueous streems. 

However, the additional studies on these membranes are needed to better understand their properties.  
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Abstract. In this work, poly (styrene-methyl methacrylate-acrylic acid) P(St-MMA-AA) 
composite nanospheres were deposited onto chitosan-cationized woven cotton fabrics followed 
by a second layer of chitosan. The deposited photonic crystals (PCs) on the fabrics were 
evaluated for coating efficiency and resistance, chemical analysis and color variation by optical 
and SEM microscopy, ATR-FTIR, diffuse reflectance spectroscopy and washing fastness. 
Chitosan deposition on cotton fabric provided cationic groups on the fiber surface promoting 
electrostatic interaction with photonic crystals. SEM images of the washed samples indicate that 
the PCs are firmly coated on the cotton surface only in the chitosan treated sample. The photonic 
nanospheres show an average diameter of 280 nm and display a face-centered cubic close-
packing structure with an average thickness of 10 µm. A further chitosan post-treatment 
enhances color yield of the samples due to the chitosan transparent covering layer that induce 
bright reflections where the angles of incidence and reflection are the same. After washing, no 
photonic crystal can be detected on control fabric surface. However, the sample that received a 
chitosan post-treatment showed a good washing fastness maintaining a reasonable degree of 
iridescence. Chitosan fills the spaces between the polymer spheres in the matrix stabilizing the 
photonic structure. Sizeable variations in lattice spacing will allow color variations using more 
flexible non-close-packed photonic crystal arrays in chitosan hydrogels matrices. 

1.  Introduction 
Textile coloration is traditionally obtained by means of using chemical colorants such as dyes and 
pigments. However, in nature brilliant, vivid and iridescent colors that arise from the physical interaction 
of light with biological nanostructures can be often observed [1]. These structural colors are not 
produced by chemical pigments but they are originated from light interference, diffraction or scattering 
phenomena at submicron range and can generate color effects considerably brighter than those of 
pigments as well as completely transparent materials [2]. Structural colors are not subject to 
photobleaching and are very efficient in using light. They can be found in creatures living in low-light 
environments and display color effects not achievable by pigmentation [3]. Structural colors can be 
generated from basic optical processes represented by thin film interference, diffraction grating effect, 
multilayer film interference, light scattering or photonic crystals. Photonic crystals (PCs) can be sources 
of exceptionally bright and brilliant reflected colors arising from coherent Bragg optical diffraction [4]. 
PCs are periodic optical materials or structures designed to affect the motion of photons in a similar way 



 
 
 
 
 
 

that periodicity of semiconductor crystals affect the motion of electrons [5]. It is known that 
monodisperse highly charged colloidal micro or nanoparticles spontaneously self-assemble into face-
centered cubic or body-centered cubic crystalline colloidal arrays in low ionic strength aqueous solutions 
[6]. These arrays are the simplest form of PCs and are of particular interest because of their photonic 
band gaps and strong interaction with light [7]. Colloidal particles have long been used as the major 
components of industrial products such as foods, inks, paints, coatings, papers, cosmetics, photographic 
films, and rheological fluids [8]. Colloidal photonic structures can be fabricated using different methods 
such as colloidal self-assembly [9], block copolymer self-assembly [10], auto-cloning process and 
holographic lithography [11]. Few literature can be found about the application of electrostatic self-
assembly on textile fibers and structures [12]. Textiles display irregular rough surfaces and different 
woven or knitted structures difficulting the self-assembly of PCs on the fabrics [13]. Most of the studies 
have focused on silk and polyester fabrics disregarding the application in cotton and other cellulosic 
substrates [14-16]. An effective adhesion of the PCs arrays coating is essential to allow the fabric to 
function as expected [17]. Since cotton fibers are negatively charged due to the presence of carboxyl 
and hydroxyl groups is often necessary to functionalize its surface with cationic charges [18]. Chitosan 
(CH) is the deacetylated derivative of chitin and represents an interesting alternative to commonly used 
compounds to functionalize cotton because of its protonated amino groups [19]. Moreover, CH films 
can act as reflectors and mimic structures found in the exoskeletons of insects [20]. The main objective 
of this study is to develop structural color onto cotton fabrics. Colloidal PCs based on P(St-MMA-AA) 
composite nanospheres were deposited onto a CH-cationized woven cotton fabric followed by a second 
CH layer on the top of the PCs as protective and color enhancing coating. Coated fabrics were evaluated 
for coating efficiency and resistance, chemical properties and color variation by optical and SEM 
microscopy, ATR-FTIR, and washing fastness. 

2.  Materials and Methods 

2.1.  Materials 
Commercial black dyed cotton fabric with a warp density of 34 threads cm-1, a weft density of 30 threads 
cm-1 and weight per unit area of 140 g m-2 was pre-washed with a 1 g L−1 of non-ionic detergent solution 
at 30 ºC for 30 min and rinsed. Chitosan (DD 85%, ChitoClear hq95-43000, Mw = 350 kDa) was 
purchased from Primex (Iceland). Styrene (St), methyl methacrylate (MMA), and acrylic acid (AA) 
were distilled before use. All the other reagents were analytical grade purchased from Sigma–Aldrich, 
St. Louis, MO, USA. 

2.2.  Preparation of Monodispersed P(St-MMA-AA) Composite Nanospheres 
Monodispersed composite latex spheres of poly (styrene-methyl methacrylate-acrylic acid) (P(St-
MMA-AA)) were synthesized by a modified soap-free emulsion polymerization method as described 
by Cong and Cao 2003 [21]. Briefly, 120 mL of aqueous solution (A), containing 0.4 g of Na2S2O8 and 
0.8 g of NaHCO3 in a funnel, and 25 mL of monomer mixture (B), consisting of St/MMA/AA (90:5:5 
v/v/v) in another funnel, were added at the same time into a 250 mL three-necked flask. The mixture 
was stirred at 70 °C in N2 atmosphere for 5 h.  

2.3.  Cationization Process 
Cationic cotton fabric (7x7 cm) was prepared by using 1 wt% CH dissolved in 1% acetic acid aqueous 
solution. The CH solutions were dissolved at 300 rpm for 30 min at 70 ºC. The samples were padded in 
a mini-foulard through the CH solution at 1.5 bar of pressure and 4 rpm. The excess coating was then 
removed by rinsing with distilled water and dried for 12 hours at 50 °C. 

2.4.  Coating of Cotton Fabrics with Photonic Crystals 
Three types of samples were tested: (1) Cotton sample was dipped in a 8% photonic colloid solution for 
5 minutes and then dried at 60 ºC; (2) A cationized cotton sample obtained impregnating the fabric into 



 
 
 
 
 
 

a 1% CH using a padding machine (1.5 bar, 4 rpm, 80% pick-up) and then treated as sample 1; (3) 
Sample 2 followed by a second impregnation in 1% CH solution and dried again at 60 ºC. 

2.5.  Fourier transform infrared spectroscopy (FTIR) 
A Nicolet Shimadzu FTIR spectrophotometer (Madison, USA) with an attenuated total reflectance 
accessory (ATR) was used to record the FTIR spectra of the fabric samples. Spectra were collected in 
the region of 4000–400 cm−1 and at a resolution of 4 cm−1 with 45 scans at room temperature. A 
background scan with no samples and no pressure was acquired before the spectra collection. 

2.6.  Scanning electron microscopy (SEM) 
SEM analyses of the samples were carried out with an ultra-high resolution Field Emission Gun 
Scanning Electron Microscope (FEG-SEM), NOVA 2000 Nano, SEM, FEI Company. Secondary 
electron images were performed with an acceleration voltage between 5 and 10 kV. Backscattering 
Electron Images were made with an acceleration voltage of 15 kV. Samples were covered with a film of 
Au–Pd (80-20 wt%). 

2.7.  Photographs 
Optical photos of the fabrics coated with PCs were taken with a Nikon CoolPix4300 digital camera. The 
pictures were acquired under natural light, at the same time, environmental conditions, perpendicularly 
to the fabrics and at the distance of 15 cm. 

2.8.  Washing fastness 
The washing fastness was evaluated according to the standard ISO 105 C06, A1S method at a 
temperature of 40 ˚C.  

2.9.  Spectrophotometric measurements  
The color of the fabrics was evaluated using a Spectraflash 600 (Datacolor) diffuse reflectance 
spectrophotometer at standard illuminant D65 (LAV/Spec. Incl., d/8, D65/10°). The responses analyzed 
were the color characteristics: K/S is the color strength calculated using Kubelka-Munk's equation (K/S= 
(1-R)2/2R, where R is the reflectance). L*, a*, and b* are the coordinates of the color in the cylindrical 
color space by black-white (L*, lightness), red-green (a*), and yellow-blue (b*) sensations. The results 
were also summarized by the overall color difference (∆E*) value. 

3.  Results and Discussion 
Monodispersed composite latex spheres of P(St-MMA-AA) were successfully synthesized by soap-free 
emulsion polymerization. Figure 1-a shows the SEM micrographs of the deposited PCs. P(St-MMA-
AA) nanospheres were uniform in shape with a mean sizes of 280 ± 20 nm. The coating display good 
adhesive property to the cotton substrate with most of the layered region exhibiting a face-centered cubic 
close-packing structure of P(St-MMA-AA) nanospheres. However, some gaps, cracks and random 
configurations are also present in the coated surfaces especially near to the edges of the inter-fiber spaces 
(Figure 1-b). Nanospheres seem to be densely loaded on the cotton fiber surfaces without large gaps in 
the cross section. The thickness of P(St-MMA-AA) layer ranging between 5 and 15 μm with an average 
thickness of 10 ± 5 μm. Figure 1-c, 1-e and 1-g show the SEM images of the deposited PCs in the 
untreated, CH pre-treated and CH bi-layer cotton fabrics, respectively. As expected, the morphology of 
the fabric surfaces coated with CH are smoother than untreated sample [22]. The PCs coatings 
completely cover the fiber and only few micro-wrinkled stripes and fibril structures protruded out from 
the fabric surface. It is interesting note that CH is well dispersed in the PCs matrix without aggregations. 
After washing, the untreated and the CH pre-treated samples show the typical longitudinal fibril 
structures of the cotton fibers. The washed untreated control does not exhibit any PCs onto the cotton 
fibers (Figure 1-d) and in the washed CH pre-treated sample they are faintly visible as some isolate 
crystal (Figure 1-f). However, the washed sample with the top CH layer display regions with uniform 



 
 
 
 
 
 

PCs distribution with few cracks on the surface (Figure 1-h). The sandwich-like coating of the PCs 
between CH layers is able to ensure washing durability. 
 

 

 

 

   
 

 

 

   
Figure 1. SEM micrographs (x2000) of deposited photonics P(St-MMA-AA) composite nanospheres 
(a, b) and coated fabrics of sample 1 (c, d), 2 (e, f) and 3 (g, h) before and after washing, respectively. 

 
As previously observed, PCs coated on untreated cotton (Figure 2-a) shows a chalky white 

appearance with weak structural color expression [23]. However, after the addition of CH onto the cotton 
surface the visual appearance significantly changes from almost monochromatic to iridescent colors 
(Figure 2-c). It seems that CH addition allows a more homogeneous distribution of PCs onto the cotton 
fibers and displays a different mechanism in the absorbance of scattered light probably due to differences 
in refractive index of CH and P(St-MMA-AA) as well as by variations of the periodical scale [24]. After 
washing both the samples (Figure 2-b and 2-d) the fabric did not retain any PCs exposing the black dyed 
cotton surface and losing iridescence. Figure 2-e and 2-f show the PCs deposited on the pre-treated CH 
cotton with a second CH impregnation on the top of the nanospheres before and after washing, 
respectively. The introduction of the CH top layer into the lattice structure drastically change the color 
appearance of the fabric due to the differences in light adsorption between P(St-MMA-AA) and CH 
films [25]. CH is able to absorb scattering light and increase the color saturation producing brighter 
structural colors [26]. After washing, the second CH treatment is able to retain some structural color but 
large gaps of black cotton are visible. 

 

      
Figure 2. Photographs of samples 1 (a, b), 2 (c, d) and 3 (e, f) before and after washing, respectively. 

 
The ATR-FTIR (Figure 3) of the control cotton fabric (CO) display the very intense bands at 1160, 

1100 and 1020 cm-1 assigned to the vibrations of the C-O-C bond of the glycosidic bridges of the 
cellulose structure [27]. The peaks at 2900, 2850, 3334 and 3282 cm−1 may be attributed to the aliphatic 
CH2 and OH groups of the cellulose structure [28, 29]. The absorption band at 1640 cm−1, often referred 
to as amide I band, may be assigned to the amide carbonyl C=O stretching vibrations of the azo dye 
present in the fibers [30]. After CH deposition (CO+CH) no significant differences can be observed 
compared to the control. The PCs layer deposited on the untreated sample (CO+PH) efficiently covers 
the cotton and black dye infrared bands. The bands at 3027 cm-1, 2922 cm-1 and 1541 cm-1, are assigned 
to CH stretching and to the bending of CH2 groups of the nanosphere. Moreover, the band observed at 
750 cm-1 can be merely attributed to the out-of-plane C-H deformation of the monosubstituted or 1,2 
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disubstituted aromatic rings of P(St-MMA-AA) nanospheres [31]. The addition of PCs on the CH pre-
treated sample (CO+CH+PH) shows a broad band at 3334 cm−1 attributed to the O-H stretching vibration 
of the water absorbed on CH [32].  The typical bands of amide I and amide II of CH structure are 
observed at 1648 cm−1 and 1451 cm−1, respectively. The peak at 750 cm-1 previously solely attributed to 
nanospheres become more intense due to the additive presence of the in-plane NH deformation vibration 
of CH [33]. The presence of the second layer of CH (CO+CH+PH+CH) does not significantly change 
the infrared spectrum compared to the CH pre-treated sample (CO+CH+PH). After washing, all the 
control samples show the characteristic spectrum of the untreated black cotton.  The CO+CH+PH also 
shows an increase of the bands assigned to the cellulose structure and a decrease of nanosphere peak. 
On the contrary, the sample CO+CH+PH+CH did not show significant changes before and after 
washing. It was only observed a small reduction on the peaks attribute to the CH due to the erosion of 
the CH top layer. The peak attributed to the P(St-MMA-AA) remain intense confirming that a high 
number of nanospheres is still on the fabric surface.  
 

  
Figure 3. FTIR-ATR spectra of fabrics before (left) and after (right) washing. 

 
K/S value of black cotton control sample is significantly higher when compared with the PCs coated 

fabric (Table 1). All the unwashed samples show a noteworthy increase in the overall color differences 
(∆E*) and in lightness (L*). However, only the samples containing PCs display a decrease in K/S values 
in the range of one order of magnitude. The red-green (a*) and yellow-blue (b*) color coordinates show 
differences in function of the CH content. The samples pre-treated with CH show a high b* component 
and a slight increase in the a* component while the sample with the top layer of CH is less a* and the 
value of b* is half of the only pre-treated samples. This confirms the different color appearance of the 
fabric due to the scattering light adsorption of CH previously observed. After washing the CO+CH, 
CO+PH and CO+CH+PH samples display the same lightness and K/S of control dyed cotton. In terms 
of color coordinates the samples with CH maintain some b* color. However, the sample with the CH 
top layer (CO+CH+PH+CH) is able to maintain a high degree of lightness and a low value of K/S but 
shows different color coordinates with prevalence of a* color component. 

 
Table 1. Overall color difference (∆E*), color strength (K/S) and color coordinates: lightness (L*), red-
green (a*), and yellow-blue (b*) of the fabrics before and after washing. CO control K/S = 590.1. 
Sample* ∆E* K/S L* a* b* 
 U W U W U W U W U W 
CO+CH 30.3 2.6 584.5 583.2 0.3 -0.1 0.4 0,4 3.3 2.6 
CO+PH 23.6 0.7 107.0 581.8 23.5 -0.3 0.5 -0.4 1.9 -0.6 
CO+CH+PH  30.3 3.4 75.0 616.9 30.0 -0.2 0.8 0.3 3.9 3.3 
CO+CH+PH+CH 29.5 23.4 75.4 104.5 29.5 23.4 -1.2 1.1 1.5 -0.9 
*CO: Cotton; CH: Chitosan; PH: Photonics; (U): Unwashed; (W): washed; (S.D.<1%) 

4.  Conclusion 
In this study, PCs fabricated by soap-free emulsion polymerization were applied with and without CH 
treatment to a cotton fabric to produce structural color. CH addition provides a more uniform coating of 
the PCs onto the cotton fabrics and the additional CH transparent covering layer enhances color 



 
 
 
 
 
 

saturation producing brighter structural colors. Moreover, the CH post-treatment maintains a reasonable 
degree of iridescence onto the fabric after washing. Overall, considering the fact that no harmful binder 
or crosslinking agents were used, the CH-assisted deposition of PCs revealed to be a promising 
environmental safe and low cost coating technology for producing structural color on textiles with a 
good degree of washing fastness.  
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