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ABSTRACT
Study on eco-friendly and energy-efficient treatments of nanofibers for
advanced textile applications
環境にやさしいかつ優れたエネルギー効率を持つ先端テキスタイル用ナノファイ
バーに関する研究

Conventionally, Textile processes consume a high amount energy and release bulk waste
effluent to the environment. Sustainable growth of chemical processes is in urge to address
serious environmental issues by the development of eco-friendly and energy-efficient
processes, which will be simultaneously advantageous to industries.
Our first project states the improvement in aesthetic properties of nanofibers as important
property next to functional properties of nanofibers, which has remained with a big research
gap.
Because of higher surface area of nanofibers, improvement in their aesthetic properties such
as achieving a good color yield had remained a challenging task.
Thus, we reported a successful ultrasonic-assisted dyeing of cellulose and silk fibroin
nanofibers with a deep comparison to conventional dyeing, where ultrasonic-assisted dyeing
showed a better color yield and improved color fastness properties over conventional dyeing
for each nanofiber-based textile substrate.
The reason behind improved coloration properties was ultrasonication which help in rapid
aggregation of dye molecules compared to conventional dyeing techniques. Ultrasonic energy
produces cavitation and increase intramolecular collisions within the dye molecules which
plays an important role to enhance the efficiency of dyeing process and assist the effective
improvements in color yield properties.
Continuous cavitation also results in uniform dye transfer and achieving even coloration at a
low temperature with less dye discharge into the environment.
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After achieving color yield properties on nanofibers, we attempted to improve color fastness
properties of cellulose nanofibers, by using vat dyes, which are famous for attaining very
good color fastness properties on conventional textiles.
Utilization of vat dyes resulted excellent color fastness properties with almost no color
bleeding during washing off, which are ultimately beneficial to keep environment ecofriendly.
Dope-dyeing of polyurethane and polystyrene with indole-based photochromic dye have been
reported with different dye concentrations, change in chemical/physical properties and
stimuli-sensibility to ultraviolet and halogen light (temperature).
Additionally, photochromic nanofibers also mimic like a sensor that can be used for security
of food/drug during transportation.
After achieving energy-efficient and environment friendly coloration of advanced textile
materials, we attempted to develop an eco-friendly process to prepare nanofibers.
In our research, we focused to reduce the textile waste effluent by means of adsorption on
novel super-hydrophilic Zein nanofibers.
Zein has attracted a great deal of attention due to its biocompatibility, biodegradability, nontoxicity and its wide abundance on earth. Electrospinning of Zein has yet been challenged by
the limitation of reusability of the polymer solution and frequent clogging of spinneret when
its dissolution occurs in aqueous-ethanol (Aq-EtOH) or its preparation using hazardous
solvents, such as DMF.
Recently deep eutectic solvents (DES) are widely recognized as non-volatile and nonhazardous solvents. Therefore, we prepared Zein nanofibers using deep eutectic solvents
(DES-Zein) for the first time, thanks to the cedar leaf morphology and the abundant presence
of -NH and -OH groups on the surface of DES-Zein nanofibers, which allow it to be used for
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the applications, where super hydrophilicity is required such as biosensors, drug release and
adsorption of dyes and heavy metals.
The proposed method of preparing Zein nanofibers using DES opens a new door to
continuous electrospinning with tunable morphology, having potential to be used for
environmental, biomedical and advanced textile applications.
All chapters separately discuss necessary characterizations with a relation to chemical and
physical properties.

Keywords: Electrospinning, nanofibers, energy-efficient, coloration, adsorption, dye
removal, deep eutectic solvents, Cellulose, Silk fibroin, Zein, Polyurethan, Polystyrene,
textile, environmental applications.
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CHAPTER 1 General Introduction

1.1. Background and Literature
Nanofibers have been utilized for a variety of advanced textile applications. Due to their
lightweight, flexibility of function, three-dimensional structure, and ease of production using
the electrospinning method [1-12].
Nanofibers have been utilized for aerospace, advanced apparel, environmental, biomedical,
sensor, agriculture, tissue engineering, face mask against bacteria, pollen and viruses,
filtration, batteries, cosmetic, food, pharmaceutical but there is still a big research gap to be
addressed [8-14].
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Cellulose nanofibers have gained a great deal of attention due to their unique properties of
lighter weight, higher surface area, breathability, thermal stability, chemical resistance, and
biodegradability and widespread applications in separation membranes, biosensors,
chemosensory, wound dressing materials, reinforced composites, smart wearables, surgical
gowns and advanced apparels [1,2].
Although there are many methods to obtain cellulose nanofibers from lignocellulosic sources
by mechanical and chemical methods or enzymatic treatments, but their yield and production
are low [2].
In contrast, producing cellulose nanofibers via electrospinning technique has attracted much
interest due to its ease of processing and high production rate. Most commonly, cellulose
nanofibers are synthesized by direct electrospinning of cellulose using N-methyl morpholineN-oxide (NMMO) hydrate. In the typical process, cellulose/NMMO hydrate solutions are
electrospun at high temperature (80–130°C) [2].
Another route to get cellulose is the deacetylation of cellulose Acetate nanofibers but this
process required 30 hours of treatment with an alkali solution to complete. Due to having
prolonged treatment time, it is expensive and a hectic route, deacetylation has an adverse
effect too, especially on nanofibers morphology that becomes irregular. So, there is an acute
need to develop a rapid deacetylation method that can reduce treatment time significantly [2].
Silk is one of them, which is an eco-friendly natural biomaterial abundantly available on Earth
having distinctive properties such as high strength and good biocompatibility and is
frequently used for different applications such as sensors, tissue engineering, drug release,
filters, and protective clothing.
Silk fibroin nanofiber (SFNF) is a protein-based substrate mainly composed of beta-sheets
with repeating varying amines and hydrogen bonds, which make silk amorphous and provides
good wettability. SFNF is one of the soft, breathable, and lightweight materials and best fit
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for the functional textile substrate. It is environment friendly, hygienic, non-allergenic, and
has a smooth lustrous surface, its human skinlike chemical structure makes it ideal for
manufacturing advanced textile.
Dyeing of SFNF requires a high temperature and longtime which releases a bulk waste after
coloration by the textile industries, therefore, it was an urge to develop an energy-efficient
method to save energy and the environment [3].
The coloration of the textile substrate using the ultrasonic technique is getting more attention
due to better performance in the improvement of aesthetic properties of different types of
nanofibers. Ultrasonic energy produces cavitation and breaks dye aggregate fast with rapid
and uniform dye exhaustion on the nanofibers.
Improvement in aesthetic properties of nanofibers are as important as functional properties
and this research area has remained with a big gap. Because of the higher surface area of
nanofibers, improvement in their aesthetic properties such as color yield had remained a
challenging task. Reactive dyes for cellulosic substrate and acid dyes for silk have always a
better selection for dyers [4-7].
After achieving a good color yield, the issue of color fastness properties was in the urge to be
resolved. There were many reports on dyeing of cellulose nanofiber but the color fastness
properties especially the washing fastness of cellulose nanofiber remained a big problem with
resultin in increased discharge of dye effluent.
Conventionally, vat dyes are famous for overcoming color fastness issues but have never been
utilized on cellulose nanofibers up to date [4].
Doped dyeing is an alternate dyeing method to save time, prevent dye loss to effluents,
energy, and chemicals. This technique is advantageous to achieve a uniform and even
coloration for very long runs [7].
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Using the dope-dyeing technique, we prepared photosensitive nanofibers which undergo a
reversible structural change when irradiated with UV light, the photosensitive spiropyran (SP)
dye [1/ -30/ -Dihydro-8- methoxy-1/ ,3/ ,3/ -trimethyl-6-nitrospiro [2H-1-benzopyran- 2,2/(2H)-Indole] has been extensively considered leading to interconversion between a colorless,
closed-ring, less polar SP form to a colored, ring-opened, more polar merocyanine (MC)
form.
Polyurethane (PU) due to its shape memory, dyeability, and good mechanical properties have
been investigated for several advanced and functional application and compared to a
Polystyrene (PS) which is quite stiffer compared to PU [6].
Zein has attracted a great deal of attention due to its biocompatibility, biodegradability, nontoxicity, and its wide abundance on earth. Electrospinning of Zein has yet been challenged
by the limitation of reusability of the polymer solution and frequent clogging of spinneret
when its dissolution occurs in aqueous-ethanol (Aq-EtOH) or its preparation using hazardous
solvents, such as DMF [8].
The use of organic solvents for the preparation of nanofibers is challenged due to their
volatile and hazardous behavior.
Recently deep eutectic solvents (DES) are widely recognized as non-volatile and nonhazardous solvents which never been utilized directly for nanofabrication via electrospinning
[8].
The effluents generated from industries, particularly the textile industry, contain
approximately 15% of total dye that deteriorates not only the environment but also reduces
availability of drinkable water resources. Therefore, it is the utmost task to prevent the
discharge of industrial effluents to an aquatic environment from an eco-toxicological and
aesthetic point of view. Conventionally, various chemical and biological processes are
employed to remove dyes from wastewater such as photochemical, coagulation, ozonation,
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membrane filtration, and adsorption. Nevertheless, the use of these techniques is limited by
high operation cost, generation of waste sludge, and ineffectiveness in treating effluent with
low dye concentrations. Adsorption has proven the best in terms of ease of operation, low
cost, simple design, and flexibility towards the type of adsorbent used in the process [9,1013].

1.2. Electrospun Nanofibers
Nanotechnology not only depends on overcoming scientific barriers in developing a novel
method by addressing numerous environmental and textile concerns.
In this regard, the most important challenges are the maximized use of “green” materials
(concerning the type of chemistry involved) in the generation of nanoscale-based products.
Electrospinning is an efficient technique that produces continuous nanofibers with lengths in
the range of 5–100 nm, which is 100–10000 times smaller than fibers fabricated by solution
or melt spinning. This method can be used for synthetic and natural polymers, polymer blends
and nanoparticles [1-10].
For example, nanofibers from any polymer, which can be synthetic or natural can be
produced by electrospinning with sizes at the nanoscale [11-16].
The electrospinning is a high voltage supply to a specifically prepared polymer solution, neat
or with any external guest molecule which can be shaped into nanofibers by keeping Infront
of a negatively charged collector where the fibers can be collected produced with the flow of
electrons from positively charged electrode to the negatively charged cathode.
During electrospinning, spherical pendant polymer droplets of the polymer solution are
transferred to a conical shape with high stretch characteristics. Additionally, fast solvent
evaporation happens at the time of polymer discharge from the tip of the syringe where the
solution is poured prior to a voltage supply.
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Electrospinning is an effective technique for bulk production of a range of non-woven
textiles using a variety of polymers [17].

1.3. Nanofibers for dye adsorption
Nanofibers with a porous structure, surface functionalities, and high specific surface area
show promise for adsorptive applications. The removal of pollutants, including heavy metals
and dyes, is of paramount importance.
Water contamination by dyes and other impurities has remained one of the big global
concerns. Scientists are trying to develop various techniques to remove these contaminants
from water using advanced materials with adsorption technique, which as per literature is
efficient enough and eco-friendly approach.
Bio-based natural polymers with green and benign features and potential for commercial
applications have been employed as feasible alternatives to replace synthetic polymers and
reduce environmental impacts [8-14].
With unique chemical composition, molecular weights, and functional chemical groups
such as amines, hydroxyl, and in some cases carboxyl groups, show a multitude potential
for dye and metal ion removing capability [12].
The adsorption technique is one of the most energy-efficient, simple, and fast approaches
for separating contaminants from wastewater adsorption relates to the accumulation of
substances at the interfaces of different phases, and desorption is the process of regenerating
the adsorbents by removing adsorbates from their surface. Adsorption is very efficient for
heavy metal and dye elimination with respect to cost-effectiveness, regeneration, and
performance [15].
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1.4. Deep eutectic solvents (DES)
Deep eutectic solvents (DESs) were introduced in 2003 as low-melting-point eutectics that
are liquid at room temperature. DESs are eutectic mixtures composed of two or more
components having melting point lower than that of the individual components such as
hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs).
Usually, DESs are formed through hydrogen bonding. The physicochemical properties of
DESs are similar to those of ionic liquids (ILs). These properties include non-flammability,
low volatility, and designability. Preferable to ILs, DESs are regarded as green solvents owing
to their biodegradability, low toxicity, facile synthesis, and low cost.
These desirable properties such as Pharmaceuticals, cosmetic, environmental, and
biomedical applications for ensuring public health can be achieved by using DES. In
compliance with the current trend towards green analytical chemistry, the replacement of
conventional toxic organic solvents with eco-friendly and safe solvents has been pursued in
developing sample pretreatment methods. DES has been increasingly applied as desirable
alternative solvents in numerous types of sample pretreatment methods for different ecofriendly and bio-friendly applications [20-30].

1.5. Ultrasound energy
Ultrasound processing is an environment-friendly, safe and inexpensive technology used as
a versatile tool in a wide range of scientific and technological applications, for instance:
biology, chemistry, physics, medicine, material science, and industrial applications.
Nanomaterials can be obtained and modified using ultrasonic irradiation to assist synthetic
methods in aqueous solution.
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The acoustic cavitation produced by ultrasonic irradiation in water generates transient
bubbles, within which different physical and chemical phenomena generated by their
implosion play an essential role in the formation of nanostructures. Combining the ultrasound
physical effects such as cavitation arises of temperature and local pressure differential and
ultimately enhance the efficiency of any chemical reaction or process including exhaustion
rate and uniform distribution of dyes on nanofibers during dyeing [1,2,3,17].

1.6. Objectives
In our research, we focused to reduce the textile waste effluent (dyes and heavy metals)
utilizing advanced energy-efficient coloration techniques, reducing/removing industrial
discharge from water, and eco-friendly production of nanofibers.
The main objectives of the research are listed below;
1- Preparation of appropriate nanofiber substrates via electrospinning method.
2- The eco-friendly and energy-efficient coloration of cellulose nanofiber to improve color
yield properties.
3- Improvement in color fastness properties of cellulose nanofibers using vat dyes.
4- The energy-efficient coloration of SFNF nanofibers at room temperature with less
discharge of dye effluent and overcoming the issue of shrinkage during dyeing of SFNF.
5- Dope dyeing of polyurethane and polystyrene nanofibers to save energy and the
environment for apparel and food security applications.
6- Replacing hazardous solvents with DES for electrospinning of nanofibers for advanced
textile, environmental applications.
The highlighted outcomes of the research chapter-wise are given below.
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CHAPTER 1
The first chapter gives an overview of the thesis book, including background literature, the
introduction of the technologies used for the research such as nanotechnology,
electrospinning, ultrasonication, deep eutectic solvents system, dope dyeing.
Short description of effecting parameters of processing and a general description of
applications of electrospun nanofibers.

CHAPTER 2
Improvement in aesthetic properties of cellulose nanofibers are as important as functional
properties and this research area has remained with a big gap. Because of the higher surface
area of nanofibers, improvement in their aesthetic properties such as enhancing the color
yield remained a challenging task. Reactive dyes for cellulosic substrate have always a
better selection for dyers.
Therefore, we reported successful ultrasonic-assisted dyeing of cellulose nanofibers with a
deep comparison to conventional dyeing results, ultrasonic-assisted dyeing showed better
color yield and much-improved color fastness properties over conventional dyeing of
cellulose nanofibers. This is because the Ultrasonic energy aggregates the dye rapidly
compared to conventional techniques for dyeing processes in which cavitation plays an
important role to enhance the efficiency and improve the color yield with uniform dye
transfer and even coloration. Exhaust dyeing method was used with mass: liquor ration
1:20, and, Ultrasonic equipment with an output power 320w and the intensity of sonicating
bath 0.98 W/cm2 (intensity = power/bath area: 320–328) with a frequency of 38 kHz were
used for dyeing.
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CHAPTER 3
After achieving a good color yield, the issue of color fastness properties was in the urge to
be resolved. There were many reports on dyeing of cellulose nanofiber but the color
fastness properties especially the washing fastness of cellulose nanofiber remained a
problem with results in more dye effluent.
We chose vat dyes because of their good color fastness properties towards the cellulosebased textile substrate. We chose two types of vat dyes for coloration of cellulose
nanofibers to enhance color fastness properties and several dyeing parameters were
optimized to dye cellulose nanofibers using vat dyes. Ultimately, enhanced crystallinity was
achieved when dye using vat dyes.

CHAPTER 4
Silk is an eco-friendly natural biomaterial abundantly available on Earth, Silk fibroin
nanofiber (SFNF) is one of the soft, breathable, and lightweight materials and best fit for the
functional textile substrate. It is environment friendly, hygienic, non-allergenic, and has a
smooth lustrous surface, its human skinlike chemical structure makes it ideal for
manufacturing advanced textile.
SFNF are most suitable for acid dyeing due to their high substantive behavior towards them.
The SFNF is dyed in an acidic solution having pH 6, the SFNF contains NH2 as a
functional compound which is protonated by acetic acid, and as a result, NH3+ is formed,
which ionically interacts with the negatively charged acid dye resulting in hydrogen bonds,
dipolar bonds and van der Waals forces between the acid dye and positively charged SFNF.
As a result, acetic acid is reformed and washed off during the soaping of resultant dyed
samples.
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The SFNF were prepared by dissolving silk solution of 7 w/v % in HFIP and carried for
electrospinning. Ultrasonic-assisted dyeing of silk fibroin nanofibers using acid dyes at
room temperature was reported for the very first time. SFNF has been intensively
investigated for various textile industries. Ultrasonic dyeing was carried at mass: liquor
ration 1:20, and this method improved 60% of dyeing efficiency with 62.28% electrical and
64.28% thermal energy saving. It potentially enhanced color yield properties and reduction
in dye effluent compared to the conventional dyeing process. The dyed SFNF showed
smooth morphology and the shrinkage problem in the dyeing of SFNF was resolved by
using Ultrasonic energy.

CHAPTER 5
Dope dyeing also has the potential to produce nanofibers with photosensitive properties
which undergo a reversible structural change when irradiated with UV light, the
photosensitive spiropyran (SP) dye [1/ -30/ -Dihydro-8- methoxy-1/ ,3/ ,3/ -trimethyl-6nitrospiro [2H-1-benzopyran- 2,2/-(2H)-Indole] has been extensively considered leading to
interconversion between a colorless, closed-ring, less polar SP form to a colored, ringopened, more polar merocyanine (MC) form.
Polyurethane due to its shape memory, dyeability, and good mechanical properties have
been investigated for several advanced and functional application. Therefore, Photoresponsive dye incorporated polyurethane nanofibers were prepared via electrospinning for
the QR code data recording/erasing applications. The resultant polyurethane nanofibers
were UV printed with QR code data which was easily readable via Smartphones at the area
of 1 cm2. The resultant nanofibers were found to be multiple times photo-switchable upon
alternating UV (365 nm) and 40oC irradiations and optimized for smart apparel
applications.
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Hence, various types of dyes have been applied/optimized using different dyeing techniques
for aesthetic improvements in aesthetic properties of nanofibers for advanced apparel
applications.

CHAPTER 6
Zein has attracted a great deal of attention due to its biocompatibility, biodegradability, nontoxicity, and its wide abundance on earth. Electrospinning of Zein has yet been challenged
by the limitation of reusability of the polymer solution and frequent clogging of spinneret
when its dissolution occurs in aqueous-ethanol (Aq-EtOH) or its preparation using
hazardous solvents, such as DMF.
Recently deep eutectic solvents (DES) are widely recognized as non-volatile and nonhazardous solvents Therefore, we prepared Zein nanofibers using deep eutectic solvents
(DES-Zein) for the first time. , thanks to the cedar leaf morphology and the abundant
presence of -NH and -OH groups on the surface of DES-Zein nanofibers, which allow it to
be used where super hydrophilicity is required.
The proposed method of preparing Zein nanofibers using DES opens a new door to
continuous electrospinning with tunable morphology, having the potential to be used for
environmental and biomedical applications.
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CHAPTER 2
Ultrasonic dyeing of cellulose nanofibers

2.1. Introduction
Nanofiber for use in apparel has attained a great deal of interest recently due to its
breathable characteristics, lighter in weight, and ease of production via electrospinning.
Apart from the intensive research on functional characteristics of
nanofibers [1], [2], [3], [4], [5], the exploration of dyeability of nanofibers has also been
initiated for obtaining aesthetic property.
For the past couple of years, dyeing of nanofibers by various methods has been reported.
Most recent works include dyeability of cationic cellulose nanofibers with reactive dyes by
the batch-wise method [6], dyeing of cellulose acetate (CA) nanofibers with disperse dye by
the pad-dry-bake method [7], cold-pad-batch dyeing method of nanofiber [8], dyeing of
nanofibers by dual padding method [9] and dyeing of polyurethane nanofibers by the paddry-bake method [10]. Despite consistent progress in this area, nanofiber dyeing remains a
challenge due to lower color yield in comparison to conventional fibers.
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This is mainly due to the higher surface to volume ratio that scatters more light and results
in lower color yield values. Since this factor is out of dyer’s control, the only possible way
is to develop a method that would be able to introduce more dye into nanofibers.
In our opinion, the color yield may improve if the nanofiber dyeing were assisted by
ultrasonic energy, thanks to the sonication that breaks the dye aggregates. Later, this was
proved through our experiments to be a better option to improve color yield.
Ultrasonic assisted dyeing of cellulosic fibers has already proved to be a better choice
among conventional dyeings. For instance, low-temperature dyeingg of knitted cotton fabric
using ultrasonic energy [11], ultrasonic-assisted dyeing of bamboo fibers [12], ultrasoundassisted dyeing of cellulose acetate [13], cold-pad-batch dyeing of cotton fiber using
ultrasonic energy [14], ultrasonic natural dyeing [15]; ultrasonic dyeing of cellulosic
fabric [16], ultrasonic dyeing of cationized cotton fabric [17], [18]. Dyeing of cotton fabrics
with Crocus sativus using the ultrasonic method [19], ultrasonic-assisted dyeing of cationic
cotton with lac natural dye [20]. Therefore, we attempted to optimize the ultrasonic-assisted
dyeing method for cellulose nanofiber and report improvement in terms of color yield.
There has always been a choice for dyers to dye cellulosic fiber with reactive dyes, direct
dyes, sulfur dyes, and vat dyes [21]. We chose reactive dyes due to the wide range of
inexpensive brilliant colors with excellent color fastness to washing [22]. The cellulose
nanofibers were dyed with CI reactive black 5 and CI reactive red 195 by ultrasonic-assisted
batch-wise dyeing method. The ultrasonic dyeing parameters optimized were dyeing
temperature, dyeing time, dye concentrations, and color fastness properties. The optimized
results of conventional dyeing have also been presented in the article. The morphologies of
optimum samples were investigated under scanning electron microscopy (SEM).
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2.2. Experimental
2.2.1.

Materials

Cellulose acetate, CA (39.8% acetyl content having an average Mw = 30 kDa), was
obtained from Sigma–Aldrich Chemical Co. and used without further purification. Two
dyes used were namely, CI reactive black 5 (bis-sulphatoethylsulphone)
(Mw = 991.82 g/mol) and CI reactive red 195 (Aminochlorotriazine-sulphatoethylsulphone)
(Mw = 1136.32 g/mol), supplied by the Sumitomo Chemical Co., Ltd., Japan; the
corresponding dye structures are shown in Scheme 3.1. Sodium carbonate and sodium
sulphate used were of Analar grade.

Scheme 2.1. Chemical structures of reactive dyes.
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2.2.2.

Preparing cellulose nanofibers

For cellulose nanofiber preparation, cellulose acetate (CA) was electrospun followed by
deacetylated to remove acetyl group. Our previous method [14] was followed for
electrospinning of CA nanofibers. A 17% of CA solution was prepared using acetone:DMF
solvents (2:1) and electrospun using a high-voltage power supply (Har-100*12, Matsusada
Co., Tokyo, Japan). The voltage applied was 12.5 kV and 15 cm distance from needle-tip to
collector was fixed. The nanofibers were then dried in air for 48 h. For deacetylation,
conversion of CA into cellulose, the CA nanofiber samples were soaked for 30 h in 0.05 M
NaOH followed by rinsing with distilled water till neutral pH of cellulose nanofibers was
obtained. Before ultrasonic dyeing, all cellulose nanofibers were dried at 50 °C for 4 h.

2.2.3.

Dyeing of cellulosic nanofibers

All nanofiber webs were dyed by batchwise method using Ultrasonic equipment (Model:
Elmasonic E30H, Elma, Germany) with precise control of time and temperature. The
dyeing was carried out at 320 W power output using fixed frequency of 37 kHz. The
internal area of the bath was 24 × 13.7 cm2. The ultrasonic intensity to the dye bath was
0.97 W/cm2 (Intensity = Power/ bath area; 320/328). At low ultrasonic intensities less than
3 W/cm2, forms stable cavitation bubbles, which breaks dye aggregates at nanofibers
surface as a result, dye diffusion is enhanced. The ratio of dye liquor to the mass of
nanofibers was maintained at 20:1. Nanofibers dyeing was carried out to investigate the
effect of dyeing temperatures (40–80 °C), effect of dyeing times (10–70 min) and effect of
dye concentrations (2–6% on mass of web, omw) on color yields of dyed nanofibers. After
dyeing, each sample was finally given a gentle rinse separately with warm then cold water
followed by soaping-off with anionic detergent. The wash was continued until no dye
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bleeding was observed. In order to compare ultrasonic dyeing with conventional dyeing of
nanofibers, we selected optimum dyeing conditions based on our previous work [6]. Briefly,
conventional dyeing of cellulose nanofibers was carried out without using ultrasonic energy
at 70 °C for 60 min. The dye concentration selected was 3% omw for each dye.

2.2.4.

Measurement of color

The K/S values that determine the color yield of dyed nanofibers, were assessed for each
dyed sample using Datacolor Spectrophotometer. The relative color yields (K/S values)
were calculated using Eq. (2. 1):

(2.1)

where R = decimal fraction of the reflectance of the dyed nanofibers, K = absorption
coefficient and S = scattering coefficient.

2.2.5.

Fourier transform infrared spectroscopy

The chemical structure of dyed and undyed nanofibers were analyzed using FTIR
spectroscopy on an IR Prestige-21 by Shimadzu, Japan. All nanofibers samples were
analyzed using ATR-FTIR mode.
2.2.6.

Scanning electron microscope

The dyed nanofibers were examined under scanning electron microscope (SEM) by JEOL
model JSM 6010LA with accelerating voltage of 30 kV and maximum magnification of
300,000×. All samples were sputtered with Pd–Pt before assessment.
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2.2.7. Color fastness tests
Color fastness to washing of dyed nanofibers were performed using Gyrowash (James H.
Heal Co., UK) by following ISO 105-C10:2006 method, whereas, the color fastness to light
were performed using Apollo (James H. Heal Co., UK) by following ISO 105-BO2 light
fastness test.
2.3. Results and discussion
2.3.1. Effect of dyeing temperature on color yield
Since the ultrasonic dyeing of nanofibers is very first time, therefore, it was necessary to
optimize dyeing parameters such as temperature and time. To begin with, effect of
temperature was studied first, keeping the dyeing time constant for 80 min. Fig. 2. 1 shows
the effect of temperature on color yield of nanofibers dyed with CI reactive black 5 and CI
reactive red 195. The color yield of CI reactive black 5 increased gradually with increasing
dyeing temperature from 40 °C to 60 °C with a slower increase from 60 °C to 70 °C. The
color yield at higher dyeing temperature (80 °C) remained same. This may be due to higher
dyeing temperature that lowers the substantivity ratio of the dye and lead to accelerate dye
hydrolysis [21], [22]. It is worth considering the optimum dyeing temperature of 70 °C
because of higher color yield. Irrespective to the dyeing temperature, the color yield of CI
reactive black 5 obtained higher than the CI reactive red 195. This may be due to the
difference of molar extinction coefficient, affinity and reactivity between both dyes. On the
other hand, dye uptake of CI reactive red 195 slowly increased from 40 °C to 60 °C and
reached higher yield at 70 °C. This steady profile of CI reactive red 195 is due to lowering
of substantivity ratio caused by increasing temperature [21], [22].
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Fig. 2.1. Effect of dyeing temperature on color yield (dyeing time 60 min; dye conc.
2% omw).

2.3.2.

Effect of dyeing time on color yield

Owing to higher dye uptake and optimum dyeing of cellulose nanofibers at 70 °C, this
temperature was used for determining optimum dyeing time and the results are reported
in Fig. 2. 2. For CI reactive black 5, a notably higher increase in color yield can be observed
from 10 min to 20 min thereby maximum color yield obtained until 30 min of dyeing time.
This may be due to ultrasonic cavitation that breaks the dye aggregates and helps to increase
dye uptake [11]. The color yield of nanofibers dyed with CI reactive red 195 also increased
from 10 min to 20 min with substantial increase and higher color yield at 30 min. Hence,
30 min was chosen as optimum time for CI reactive black 5 as well as CI reactive red 195.
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Fig. 2.2. Effect of dying time on color yield (dyeing temperature 70 °C; dye conc.
2% omw).

2.3.3.

Color build-up property of nanofibers

To investigate the buildup property of CI reactive black 5 and CI reactive red 195, the effect
of dye concentrations on color yield was studied for each dye as demonstrated in Fig. 2. 3.
A build-up characteristic of each dye was investigated measuring K/S values at each dye
concentrations (2%, 3%, 4%, 5% and 6%) using temperature and time optimized in previous
steps. The results demonstrated in Fig. 2. 3 depict gradual increase of K/S values with
higher dye concentration for both the dyes. Increasing dye concentration during ultrasonic
dyeing showed a linear relationship that demonstrates cellulose nanofibers has a very good
ability to dye build up characteristic. It can be seen from the Fig. 2. 3 that the K/S values for
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CI reactive black 5 was higher than the CI reactive red 195. The reason for higher color
yield values is quite obvious due to the molar extinction coefficient; affinity and reactivity
for each dye are different, resulting in different color yield values [22].

Fig. 2. 3. Effect of dye concentrations on color yield (dyeing time 60 min; dyeing
temperature 70 °C).

2.3.4.

Comparison of color yield between ultrasonic dyed nanofibers and conventional
dyed nanofibers

Comparison of ultrasonic dyeing and conventional dyeing of cellulose nanofibers has been
given in Fig. 2. 4. The results of ultrasonic dyeing show higher color yield than the
conventional dyeing for both dyes. Color yield of nanofibers dyed with CI reactive black 5
by ultrasonic dyeing showed 20.35% higher than those nanofiber dyed by conventional
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dyeing, whereas, CI reactive red 195 showed 14.53% higher color yield. The
higher K/S value with ultrasonic supported dyeing may be attributed to breaking of dye
aggregates at nanofiber surface by ultrasonic energy and establishment of resultant
equilibrium in a shorter time period [11].

Fig. 2.4. Comparison of color yield between ultrasonic dyed nanofibers and
conventional dyed nanofibers (dye conc. 3%).

2.3.5.

Chemical structural changes in dyed and undyed nanofibers

The characteristic adsorption peaks of cellulose acetate attributed to the vibrations of the
acetate group C–O at 1745 cm−1 , C–CH3 at 1375 and C–O–C at 1235 cm−1 disappeared,
whereas an absorption peak at 3500 cm−1 attributed to O–H increased confirmed that the
cellulose acetate has been converted completely into cellulose (Fig. 2. 5a and b). In
addition, cellulose nanofibers showed characteristic absorption peaks of cellulose structure
at around 1000–1200 cm−1 [23]. The characteristic bands for hydrogen-bonded O–H
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stretching at 3550–3100 cm−1, the C–H stretching at 2917 cm−1, and the C–H wagging at
1316 cm−1 attributed to cellulose can be observed before and after ultrasonic dyeing. This
substantiates that the ultrasonic energy do not change chemical structure of cellulose
nanofibers during reactive dyeing. However, the dye interaction with cellulose nanofibers
could not be identified due to small ratio of dye concentration to the nanofiber mass.
Therefore, FTIR spectra for cellulose nanofibers dyed with CI reactive black 5 (Fig. 2. 5c)
and CI reactive red 195 (Fig. 2. 5d) are similar to cellulose.

Fig. 2.5. FTIR spectra of (a) neat cellulose acetate nanofibers (b) cellulose nanofibers
without dye, (c) cellulose nanofibers dyed with CI reactive black 5 and (d) cellulose
nanofibers dyed with CI reactive red 195.
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2.3.6.

Effect of ultrasonic energy on morphology of dyed nanofibers

The morphology of dyed and undeyed cellulose nanofibers were observed under SEM and
their corresponding images have been shown in Fig. 2. 6a–c. The image for undyed
cellulose nanofibers (Fig. 2. 6a) shows smooth and regular morphology. The cellulose
nanofiber dyed with CI reactive black 5 (Fig. 2. 6b) and with CI reactive red 195 (Fig. 2. 6c)
exhibit a slight increase in nanofiber diameter, whereas surface becomes irregular in
comparison to undeyed cellulose nanofibers. This slight morphological change during
ultrasonic dyeing may be due to nanofiber swelling by ultrasonic energy.

Fig. 2.6. SEM images of (a) cellulose nanofibers without dye, (b) cellulose nanofibers
dyed with CI reactive black 5 and (c) cellulose nanofibers dyed with CI reactive red
195.

2.3.7.

Color fastness performance of nanofibers

The color fastness to washing (shade change and staining) and light fastness tests were
conducted on the cellulose nanofibers dyed with 3% dye concentrations of CI reactive black
5 and CI reactive red 195 at 70 °C for 30 min and the results have been given in Table 2. 1.
The staining in washing fastness test for CI reactive black 5 has attained maximum rating,
which indicates no color bleeding and therefore good dye fixation. The staining of CI
reactive red 195 demonstrates half rating less than the CI reactive 5 dyes obtained. The
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color changes were observed to be very good rating of 4/5 for both dyes. The light fastness
results on the other hand, demonstrated average ratings. The cellulose nanofibers dyed with
CI reactive black 5 has shown better light fastness than the cellulose nanofibers dyed with
CI reactive red 195. The fastness to light of a dyed fiber depends on many factors. The
probable reason to this may be due to the inherent stability of the dye chromogen of CI
reactive black 5.

Table 2. 1. Color fastness to light test ISO 105-BO2 and color fastness to washing test

ISO 105-C10:2006.
Dye conc.
(3%)a

CI reactive
black 5

Light fastness
(20 h)

3/4

Washing fastness
(change of shade)

4/5

Washing fastness (staining on multi
fiber)b
CT

CO

PA

PES

PAC

Wo

5

5

5

5

5

5

CI reactive
2
4/5
4/5 4/5 4/5 4/5
4/5
4/5
red 195
a
Dyeing conditions: dyeing temperature 70 °C and dyeing time 30 min.
b
CT, cellulose triacetate; CO, cotton; PA, polyamide; PES, polyester; PAC, polyacrylic; Wo, wool.

2.4. Conclusion
Cellulose nanofibers were successfully dyed with CI reactive black 5 and CI reactive red
195 dyes by ultrasonic batch-wise dyeing method. Irrespective to the class of dyes,
ultrasonic dyeing showed a higher color yield than conventional dyeing. In comparison, the
color yield of nanofibers dyed with CI reactive black 5 by ultrasonic dyeing showed 20.35%
higher than the nanofibers dyed by conventional dyeing, whereas, CI reactive red 195
showed 14.53% higher color yield. The morphology under SEM showed a slight change in
the surface of nanofibers and increased the diameter of nanofibers in the case of ultrasonic
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dyeing. The color fastness results for both reactive dyes revealed no dye bleed during
washing that indicates good dye fixation.
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CHAPTER 3
Dyeing and characterization of regenerated cellulose nanofibers with vat
dyes

3.1. Introduction
Development of functional nanofibers for technical as well as apparel applications has been
investigated since past few years, because they offer unique properties at nanoscale level [15] and Nanofibers for apparel application have been proved to be breathable, lightweight,
permeable and can be produced in bulk [6-11].
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Besides functional properties of apparel, the aesthetic property is equally important. Recent
advancement in dyeing of nanofibers has been accelerated to improve their aesthetic
properties [8]. used disperse dyes of cellulose acetate nanofibers using pad bake method and
they showed good dyeability. Another report on polyurethane nanofibers dyed by using pad,
dry-bake method [9-12] and dyeing of nylon 6 nanofibers using ultrasonic energy [6].
To date, cellulose nanofibers (CNF) has been reported dyeing with reactive dyes only. The
dyeing of cellulose nanofibers pad batch dyeing of CNF [11], ultrasonically dyed CNF [13],
dyeing of cationic-CNF nanofibers [9] nanofibers dyeing using dual and pad method [10].
Although CNF dyeing with reactive dyes produced good color yield, however, the color
fastness is not satisfactory due to limits of reactive dye chemistry. In order to overcome the
drawback of reactive dyeing, we therefore, chose to dye CNF with vat dyes due to having
an edge of better color fastness over reactive dyes.
Vat dyes possess affinity towards cellulose [1]. vat dye is one of the well know carbonyl
class of dyes having coplanar and multiring sing system [14]. These rings contribute in
strengthening the Van-der-Waals forces between dye and the substrate [15]. This is the
main reason why vat dye offers better color fastness than the reactive dyes.
We electrospun cellulose acetate nanofibers and converted into regenerated cellulose
nanofibers (RCNF) by deacetylation [13]. RCNF were dyed with two different vat dyes
namely C.I vat blue 4 (VB4) and C.I vat green 1 (VG1) by batch wise dyeing method.
Dyeing parameters such as temperature, time and dye concentrations were optimized and
characterized by color yield (Reflectance spectrophotometer), color fastness, Wide Angle
X-ray diffraction spectroscopy (WAXD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy (SEM).
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3.2. Experimental
3.2.1.

Materials

Cellulose Acetate (CA) contained 39.8% acetyl with average molecular weight 30,000 Da
was obtained from Sigma-Aldrich, Japan. Two vat dyes (VB4 and VG1) were obtained
from Novasol supplied by Huntsman, USA as shown in Scheme 3.1. The dyeing auxiliaries
include sodium dithionite, sodium hydroxide, hydrogen peroxide and acetic acid were used
analytical grade.

Scheme 3.1. Chemical structures of VB4 and VG1.

3.2.2.

Preparation of RCNF

Our previously successful electrospinning method was used to produce CA nanofibers [11].
The polymer solution consists of 17% CA polymer and two solvents acetone: DMF having
ratio 2:1 respectively. Har-100*12, Matsusada Co., an electrospinning machine from
Tokyo, Japan was used for the production of nanofibers.
For optimum electrospinning voltage supplied to the solution was maintained at 12.5 kV
and the distance from tip to collector was kept at 15 cm. After collecting nanofibers on
collector sheet, these samples were dried in air for 48 h.
The nanofibers web thickness was maintained between 70 and 80 μm. Dried CA nanofibers
were then converted into RCNF by means of a deacetylation process. For deacetylation, CA
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nanofiber samples were immersed in a solution of NaOH with a molar concentration 0.05 M
in distilled water for 48 h, samples were then washed in distilled water until the liquor
reached to neutral pH. RCNF were dried at 40 °C for 5 h before the vat dyeing process. The
degree of deacetylation achieved in RCNF was 94%.

3.2.3.

Vat dyeing of RCNF

Vat dyeing application on RNCF was studied for the very first time and optimization of
dyeing parameters is key step to process dyeing smoothly. RCNF were dyed using two Vat
dyes, VB4 and VG1 at given dyeing parameters. At first, effect of temperature was studied
at 40, 50, 60 and 70 °C and then effect of time intervals at (10, 20, 30, 40, 50 and 60)
minutes was investigated.
The effect of dye concentrations (1%, 1.5%, 2%, 2.5% and 3% omw) on color yield was
investigated. RCNF were dyed by batchwise method using liquor ratio 1:20, 1 being mass
of nanofibers and 20 is the dye liquor. Vat dyeing of RCNF was completed in three steps,
vatting, oxidation and soaping.
Briefly, in vatting step, Vat dyes were solubilized in liquor containing 20 g/L sodium
hydroxide (alkali) and 20 g/L sodium dithionite (a reducing agent). The leuco form
(solubilized dye) was absorbed by the RCNF during dyeing under controlled temperature
and time. After given time, the second step begun, the dyed RCNF were treated with 2 g/L
hydrogen peroxide (37%) at 60 °C for 15 min to oxidize dye molecule back to its insoluble
form. In third step, soaping of RCNF was carried for completion of the dyeing process,
because of soaping the dye molecules are clump together and increase the crystallinity [15].
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3.2.4.

Measurement of color

A reflectance spectrophotometer (ColorEye 7000A spectrophotometer) was used to measure
the K/S values of the dyed RCNF. These K/S values were used to determine color yield of
dyed samples and calculated by using equation 1.(1)K/S = (1-R)2/2RIn this
equation, R represents reflectance decimal fraction dyed RCNF and K denotes the coefficient of absorption, whereas S is scattering co-efficient.

3.2.5.

Fourier transform infrared spectroscopy

The changes in chemical structure of RCNF before and after vat dyeing RCNF were
assessed by FTIR spectroscopy (IR Prestige-21 by Shimadzu, Japan). The ATR-FTIR mode
was used to investigate all nanofiber samples.

3.2.6.

Scanning electron microscopy

Scanning electron microscope (SEM) of JEOL model JSM 6010LA was used to analyze the
morphology of vat dyed and undyed RCNF samples. Accelerating voltage of 10 kV and
maximum magnification of 500,000×. All nanofiber samples were sputtered with Pd–Pt
prior to take imaging.

3.2.7.

Wide angle X-ray diffraction

Wide-angle X ray diffractometer (WAXD) Rigaku Miniflex 300, Japan was used to analyze
the effect of crystallinity of vat dyed RCNF. Samples were analyzed in the range of 10–50°
degree at the scanning speed of 2θ = 4°/min.
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3.2.8.

Color fastness tests

For washing-fastness test of vat dyed samples, Gyrowash (James-H. Heal Co., UK) was
used followed by ISO 105C 10:2006 method and for light-fastness test Apollo (James-H.
Heal Co., UK) was used followed by ISO 105-BO2 light-fastness test.

3.3. Results and discussion
3.3.1.

Effect of temperature on RCNF dyeing

Temperature is most impacting parameter in order to optimize vatting step during vat
dyeing of RCNF, we chose maximum time of 70 min that was kept constant and dye
concentration was selected 1%. Fig. 3. 1 elaborates that influence of dyeing temperature on
color yield (K/S) while using VB4 and VG1 dyes.
Color yield of VG1 showed a rapidly increase with increasing dyeing temperature from
40 °C to 50 °C and slow increments were observed in color yield between dyeing
temperature from 50 °C to 60 °C, whereas dyeing temperature of 70 °C show no significant
increment in color yield. This may be because higher temperatures lower the ratio of dye
substantivity [14].
Using vat dye VG1 showed higher color yield on RCNF comparing to vat dye VB4
regardless of the dyeing temperature because of difference in molar extinction coefficient of
vat dye. In contrast to dye uptake of VB4, the VG1 started to increase slowly from 40 °C to
50 °C and obtained higher color yield at 60 °C. Increasing temperature to 70 °C did not
show any increment in color yield value. Dyeing temperature was optimized at 60 °C
because it showed maximum color yield at constant time and dye concentration.
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Fig. 3. 1. Effect of dyeing temperature on color yield (dyeing time 60 min; dye conc. 1%
omw).

3.3.2.

Time optimization for vat dyeing

Effect of time on color yield was optimized using optimized temperature (60 °C) from the
previous step and dye concentration (1%). The dye VG1 in Fig. 3. 2 showed noticeably
higher color yield comparing to VB4 over dyeing time between 20–40 min. The maximum
color yield obtained when the dyeing carried out for 50 min, after which, no further
increased in color yield was observed.
Similar trend was observed for the RCNF dyed with VB4. Hence, the dyeing time for both
dyes was optimized at 50 min. The results of time study conclude 50 min as an optimum
dyeing time for both dyes.
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Fig. 3. 2. Effect of dying time on color yield (dyeing temperature 60 °C; dye conc. 1%
omw).

3.3.3.

Color build-up property of RCNF

Color build-up property of both VB4 and VG1 on RCNF were investigated using different
dye concentrations (1%, 1.5%, 2%, 2.5% and 3%) at optimized time and temperature,
50 min and 60 °C respectively. Fig. 3. 3 demonstrates that irrespective to the type of dye,
increasing dye concentration resulted higher K/S values and has a linear relationship.
The dye VG1 resulted higher K/S values than the dye VB4; it is mainly due to higher molar
extinction coefficient of VG1. VB1 dye resulted 20.5 K/S at 3% dye concentration, which is
twice as higher than 1% dye concentration.
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Similarly, VG4 dye resulted 22.5 K/S at 3% dye concentration, which is also twice as
higher than 1% dye concentration. Since K/S values are continuously increased with
increasing dye concentrations of both vat dyes, thus the vat dyes have good color build up
properties for RCNF.

Fig. 3. 3. Effect of dye concentrations on color yield (dyeing time 50 min; dyeing
temperature 60 °C).

3.3.4.

Chemical change in vat dyed and undyed samples

Since vat dyes were applied on RCNF or the very first time so it was necessary to know the
chemical compatibility of vat dyes with RCNF. FTIR was also very important to confirm the
conversion of cellulose acetate into RNCF after deacetylation.
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In Fig. 3. 4 (a) FTIR spectra of acetate group C–O at 1745 cm−1, C–CH3 at 1375 cm−1 and
C–O–C at 1235 cm−1 confirms the presence of cellulose acetate whereas in Fig. 3. 4 (b)
deacetylation of cellulose acetate is given as an additional absorption peak at 3500 cm−1 can
be observed which confirm the presence of O–H and the peak at 1235 cm−1 vanished so it can
be said that the cellulose acetate has successfully changed to RCNF.
Additionally, RCNF showed FTIR spectra absorption peaks between 1000-1200 cm−1. The
hydrogen-bonded O–H is stretching at 3550–3100 cm−1, the C–H is wagging at 2917 cm−1,
and the C–H is stretching at 1316 cm−1 attributed to cellulose can be observed before
application of vat dyes and after application of vat dyes.
Though vat dyes interaction with RCNF can be easily observed by comparing RCNF
spectrum against both vat dyed RCNF spectra. For VB4 in Fig. 3. 4 (c) some additional peaks
can be observed at 1016 cm−1, 1285 cm−1, 1492 cm−1, 1580 cm−1 and 1652 cm−1 which show
the presence of C–O–C, C–H, (CC aromatic ring), C=O and NH respectively, whereas, in
Fig. 3. 4 (b) some additional peaks can also be seen in the FTIR spectra of VG1 at 1022 cm−1,
1294 cm−1, 1573 cm−1 and 1636 cm−1, which depicts the presence of C–O–C, C–CH3, C=C
and C=O respectively.
The adsorption band of C-O-C at 1070 cm−1 (Fig. 3. 4d) shifted to 1016 cm−1 (Fig. 3. 4c) and
1022 cm−1 (Fig. 3. 4d) in spectra of VB1 and VG4 respectively, indicating a strong interaction
(van der Waals interaction) between dye and RCNF. The hydrogen-bonded O–H is stretching
at 3550–3100 cm−1 peaks of RCNF retained even after dyeing that shows successful
application of vat dyes on RCNF without changing chemical structure of CNF.
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Fig. 3. 4. FTIR spectra of (a) stacked neat CA, dyed and undyed RCNF with vat dyes (b)
RCNF dyed with VB4 and (c) RCNF dyed with VG1 and (d) undyed RCNF

3.3.5.

X-ray diffraction spectroscopy (WAXD)

It is well known that the vat dye increase crystallinity of cellulose after dyeing, more
specifically after soaping. Therefore, we obtained WAXD patterns of dyed and undyed
RCNF and compared their crystallinity. Fig. 3. 5 demonstrates that number of obvious
crystalline peaks in RCNF dyed with VB4 and VG1 increased in comparison to undyed
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RCNF. The crystalline peak intensity for RCNF appeared at 2θ angle of 12.1°, 20.0° and
22.1° [15,16].
The RCNF dyed with VB4 has more intensive peaks at 2θ angle of 11.8°, 15.9° and 22.5°
comparing to undyed RCNF due to crystal planes of VB4 dye in nanofibers chain. Whereas,
RCNF dyed with VG1 show different patterns appeared at 2θ angle of 12.9°, 21.6° and
25.3°. Due to formation of dye crystal during soaping of vat dyed RNCF, the 2θ angles
became intensive and the crystallinity was increased.
Three steps reduction, oxidation and soaping are portrayed in Fig. 3. 6 better understand the
movement of dye molecules towards RCNF during each step, specifically the aggregation
of molecules after soaping to form crystals. The rearrangement of vat dye molecule within
the cellulosic polymer chains contributes to better washing and light fastness results [1].
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Fig. 3. 5. X ray diffraction results of (a) RCNF (b) RCNF dyed with VB4 (c) RCNF
dyed with VG1.
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Fig. 3. 6. Changes in molecular configuration during (a) vatting (reduction),
(b) oxidation and (c) soaping.

3.3.6.

Morphological study of RCNF

The SEM image in Fig. 3. 7(a)–(c) shows smooth morphology of neat RCNF, whereas, the
morphology of dyed RCNF slightly irregular after dyeing. The diameter distribution of
RCNF before dyeing can be observed from Fig. 3. 7(d) that showed an average diameter of
400 ± 30 µm. The diameter slightly increased after dyeing, for instance RCNF with VB4
(Fig. 3. 7e) increased to 440 ± 30 µm and RCNF with VG1 (Fig. 3. 7 f) increased to
480 ± 30 µm. The probable reason for increasing diameter is due to the formation of dye
crystals within the nanofibers, as discussed in previous section (Fig. 3. 6).
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Fig. 3. 7. SEM images of (a) neat RCNF (b) RCNF dyed with VB4 and (c) RCNF dyed
with VG1; Diameter distribution graph of (d) neat RCNF (e) RCNF dyed with VB4 and
(f) RCNF dyed with VG1; FE-SEM images of (g) CA nanofibers before deacetylation
(h) RCNF after deacetylation; TEM images of (i) CA nanofibers before deacetylation (j)
RCNF after deacetylation.
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To investigate the effect of deacetylation on morphology of RCNF, FE-SEM images were
taken before and after deacetylation as shown in Fig. 3. 7 (g) and (h), where RCNF showed
smooth morphology with slight decrease in diameter after deacetylation. Further examining
any effect of deacetylation on single nanofiber, TEM images were obtained as shown in Fig.
7(i) and (j). The TEM show no cracking or phase separation as result of deacetylation
treament.

3.3.7.

Color fastness performance of dyed RCNF

Fastness properties of both vat dyes VB4 and VG1 on were checked by testing fastness to
light and fastness to washing separately (staining and change of shade). It can be seen
from Table 3. 1 that the staining in washing fastness test for VB4 obtained high ratings
because it indicated no color bleed, which is evidence of good dye fixation. The staining
observed on VB4 dyed nanofibers obtained more than half of the fastness ratings compared
to RCNF dyed using VG1 due to different molar extinction coefficient of vat dyes [17].
Color change rating in case of both vat dyes is 4/5, which is very good rating for washing
fastness test. Results of color fastness to light were assessed against Blue wool scale (1–9),
1 being very poor and 9 being excellent. Light fastness of dyed RCNF also shows that is 7
blue wool scale ratings. The overall color fastness performance of RCNF dyed with vat
dyes obtained very good and therefore, results safely propose the use of RCNF in advanced
apparel.
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Table 3. 1. Color fastness to light test ISO 105-BO2 and color fastness to washing test
ISO 105-C10:2006.
a

Dye
conc.
(1%)

b

Light fastness
(20 hours)

c

Washing fastness dWashing fastness (Staining on
(Change of shade) multifiber)
CT CO PA PES PAC

Wo

VB4

7

4/5

5

4/5

5

5

5

5

VG1

7

4/5

5

4/5

5

5

5

5

a

Dyeing conditions: Dyeing temperature 60 °C and time 50 min.
Blue wool scale 1–9, being 1 is poor and being 9 is excellent.
c
Grey scale 1–5, being 1 is poor and being 5 is excellent.
d
CT, cellulose triacetate; CO, cotton; PA, polyamide; PES, polyester; PAC, polyacrylic; Wo, wool.
b

3.4. Conclusion
We conclude a successful dyeability of RCNF with two different vat dyes, VB4 and VG1
by batchwise method. The optimum dyeing temperature and time obtained were 60 °C and
50 min respectively. RCNF showed a very good buildup property for both VB4 and VG1,
which VG1 showed 15% higher color yield than the VB4. FTIR spectra confirmed the
conversion of RCNF and Van der Walls interaction between dye and RCNF. SEM images
revealed smooth morphology and after dyeing of RCNF with both dyes VB4 and VG1 the
diameter increased. slightly. FE-SEM images showed that after deacetylation, diameter
of nanofibers decreased. The TEM show no cracking or phase separation as result of
deacetylation treament. Crystallinity of RCNF increased after dyeing with VB4 and VG1 as
revealed by XRD pattern. Color fastness, in general, found from very good to excellent for
both dyes, since no dye bleeding was observed during washing; this showed that the dye
fixation was very good. Based on results obtained, we safely conclude that vat dyes for
RCNF would be a better choice for advanced apparel applications.
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CHAPTER 4
Ultrasonic-assisted dyeing of Silk fibroin nanofibers: An energy-efficient
coloration at room temperature

4.1. Introduction
Nanofibers are being promoted because of their unique characteristics, fine diameter, high
surface area and multifunctional properties such as biomedical, surgical, filtration, tissue
engineering, membranes engineering, sensors [1,2], In parallel to functional enhancement of
nanofibers [3], aesthetic properties are also important.
Recently, many scientist are trying to improve aesthetic properties of different nanofibers
such as, dyeing of cellulose acetate (CA) nanofibers with acid dyes using different dyeing
techniques[3-6] and dyeing of polyurethane nanofibers using pad-dry-bake method [7],
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plasma treatment for increasing dyeability of textile substrates[8], doped dyeing of different
nanofibers using different dye types [9] are reported but the problems such as the lower
color yield and the color fastness are still remained as a challenge due to its nanoscale
diameter and higher surface area.
Coloration of textile substrate using ultrasonic technique is getting more attentions due to its
better results in improvement of aesthetic properties of nanofibers. Ultrasonic energy
aggregates the dye

rapidly compared to conventional techniques for dyeing processes in

which cavitation plays important role to enhance the efficiency and improve the color yield
with uniform dye transfer for even coloration. Recently many works related to ultrasonic
assisted dyeing are reported such as cellulose, lyocell, CA, cotton, bamboo, fibers, yarns,
nonwoven and fabrics dyed using ultrasonic energy with different dye types [10-20]. Dyeing
of nanofibers induced by ultrasonic energy such as ultrasonic-assisted dyeing of cellulose
[21], nylon [22], polyurethane [23] and polyacrylonitrile nanofibers [24].
Silk is eco-friendly natural biomaterial abundantly available on earth, [25] having distinctive
properties such as, high strength good biocompatibility [26] frequently used for different
applications such as sensors, tissue engineering, drug release, filters and protective clothing
[27].
Silk fibroin nanofiber (SFNF) is a protein-based substrate mainly composed of beta-sheets
with repeating variative amines and hydrogen bonds which make silk amorphous and
provides good wettability [25,28]. SFNF is one of the soft, strong, breathable, and lightweight
materials and best fit for functional textile substrate, its environment friendly, hygienic, nonallergenic, smooth lustrous surface and its human skin like chemical structure make it ideal
for advanced textile [25,29,30]. SFNF are most suitable for acid dyeing due to their high
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substantive behavior with them [31], Acid dyes are highly water soluble, and offer good
coloration and fastness properties to a range of protein fibers [31-33].
In previous reports the ultrasonic-aided (UA) dyeing of different textile substrates showed
better results compared to conventional dyeing processes, some also proved that the dyeing
can be carried at low temperature using ultrasonic energy [29,34], where UA dyeing of SFNF
at room temperature never reported up to date.
Therefore, we report Ultrasonic-aided (UA) dyeing of SFNF with an efficient approach for
coloration at room temperature. Two different acid dyes selected for SFNF coloration. UA
dyeing and conventional (C) dyeing for SFNF were optimized with respect to temperature,
time and concentration for dyeing. Conventional dyeing of silk needs different auxiliaries and
chemicals and it produces bulk dye effluent [30,31], but we attempted to make process ecofriendlier and used a slight amount of acetic acid as auxiliary only to maintain the acidic pH
during dyeing of SFNF. UA dyeing resulted better performance over C dyeing of SFNF.
Production rate of UA dyeing technique observed as 60% more than the production rate of C
dyeing, because ultrasonic energy produce cavitation within dye bath which enhance the
breakage rate of acid dye aggregates, resulting increased rate of dye penetration and uniform
migration of dye into the SFNF, this was also the reason that ~43% higher color yield
achieved by UA dyeing carried at room temperature. C dyeing of SFNF optimized at 70℃
temperature and its maximum color yield was compared to UA dyed SFNF at room
temperature. Shrinkage in silk has been considered as one of the major problems in C dyeing
of Silk [34,36], whereas the residual shrinkage was observed as 29% more in C dyed SFNF
compared to UA dyed SFNF. The shrinkage was resisted ultimately by ultrasound waves
because of sonication and bubble formation in order to remove the entrapped gas/air from the
SFNF results in interstices points within the nanofiber substrate which make dye migration
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easier and consequently cavitation facilitates an rapid and uniform transfer of acid dye
molecules to SFNF, this is also the reason of increased color yield and exhaustion rate. as a
result, UA dyed SFNF maintained smooth morphology, ultimately luster and softness of UA
dyed SFNF sustained by cavitation produced by ultrasonic energy even at room temperature,
due to more shrinking effect silk the fibers loses its softness and lustrous effect [34].
Ultrasonication is famous for uniform mass transfer which resulted uniformly dyed SFNF
compared to C dyed SFNF. UA dyeing have potential to save 62.28% electrical energy and
64.28% thermal energy compared to C dyeing of SFNF. Ultrasonic energy increased
exhaustion 9% for dyeing SFNF, as a result 10% less dye effluent formed which made dyeing
more economical and ecofriendly. The UA dyed SFNF revealed smooth morphology,
unaltered chemical structure and good color fastness properties. The results revealed that the
ultrasonic energy has wide potential for enhancement of textile industries which offer
efficient, energy saving, cost effective process, higher production rate with enhanced
properties. Therefore, UA dyeing of SFNF can potentially be considered by textile industries
to produce advanced apparels.
4.2. Experimental
4.2.1. Materials
High voltage-power supplier (Har-100*12. Matsusada Co. Tokyo, Japan, Ultrasonic
equipment (Model: elmasonic E3OH, elma Germany), Bombyx mori from China. Sodium
carbonate 99.5% molecular weight 105.99 supplied by Sigma Aldrich, USA. Lithium
bromide ≥99.995% with molecular weight 86.85 was purchased from Wako, Japan. Ethanol
having molecular weight 46.07 purchased from Wako, Japan. Hexafluoroisopropanol HFIP,
Cellulose dialysis tubes from Kingfisher, Japan. Acetic acid ≥99.7% with molecular weight
60.05 supplied by Sigma-Aldrich, USA. Acid dyes, Optilon MF-38 (CI Acid Red 38) and
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Optilon MF-2RLA (CI Acid Blue-117) obtained from Clariant (Pakistan) shown in Scheme
4.1.

Scheme 4.1. Chemical structures of CI Acid Red and CI Acid Blue

4.2.2.

Preparation of SFNF nanofibers

The silk fibroin (SF) solution was prepared by boiling Bombyx mori silk [28] for 30 min in
0.02M solution of sodium carbonate in deionized water and rinsed with warm water to remove
the sericin and dried on clean paper. The dried SF then dissolved in a ternary solution of
Lithium (bromide: ethanol: deionized water) (1:2:8) respectively at 80°C for 8 h with stirring
until the solution color turn into yellowish white. Using a cellulose dialysis tubes, dialysis
against deionized water was performed for 80 h days changing the deionized water every 8 h
to remove Lithium bromide content from SF solution. The concentration of SF was analyzed
by putting different quantities of SF solution on small aluminum plates and dried in oven to
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check difference in weight before and after drying SF solution and the mean was calculated,
later the concentration of SF solution was maintained at 7 w/v% by dissolving HFIP.
The SF solution was poured in a 5 ml syringe and a high voltage of 11 kV supplied for
electrospinning. The SFNF collected on a rotating drum covered with aluminum foil, spaced
at 12 cm from the tip to collector. Collected SFNF were then dried overnight prior to dyeing
and other characterizations.

4.2.3.

Dyeing of SFNF nanofibers

Both C dyeing and UA dyeing carried under batchwise method for dyeing SFNF with two
different Acid dyes. The output power 320w, the intensity of sonicating bath 0.98
W/cm2(intensity = Power/bath area: 320-328) with frequency of 38kHz was used for UA
dyeing of SFNF.
Acid dyes usually contains sulphonic-acid groups in the form of sodium-sulphonate salts.
These increase solubility in water and give the dye molecules a negative charge. The SFNF
is dyed in acidic solution, SFNF contains NH2 as a functional compound which is protonated
and as a results NH3+ forms which ionically interacts with the negatively charged acid dye
and as result hydrogen bonds, dipolar bonds and van-der-waals forces are formed between
acid dye and SFNF and the mechanism can be seen in scheme 4.2. We used 10 mg mas of
SFNFs having an average thickness 130 µm for UA and C dyeing, the dye solution to the
mass ratio was maintained at 20:1. The temperature (30oC, 40oC, 50oC, 60oC, 70oC and 80oC)
for dyeing was checked, The time (10, 20, 30, 40 and 50 min) for dyeing was checked and
the dye concentration (2%, 3% and 5% g/l) for dyeing was checked and optimized for UA
dyeing and C dyeing of SFNF.
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Scheme 4.2. Acid dye application on SFNF using ultrasonic energy

4.2.4.

Dye exhaustion percentage

The amount of dye exhaustion % by the nanofibers at end of dyeing process represents the
dye fixation and calculated using Eq. (4. 1).
!

Exhaustion %= [!! ]×100
"

(4. 1)

where, Co and Cf are the initial and final concentration of dye solutions in
mg/l. The absorption spectrum of each dye solution before and after dyeing of SFNF was
recorded by Lambda 35 UV–vis spectrophotometer (Perkin-Elmer, USA).

4.2.5.

Color yield assessment after dyeing

Color yield of C dyed and UA dyed SFNF assessed by data color spectrophotometer and
followed by K/S values, calculated using Eq. (4. 2).
K/S =

(#$%)#
'%

× 100

(4. 2)

Where, R is decimal fraction of the reflectance of dyed SFNF, K denotes the absorption coefficient and S is the scatting coefficient.
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4.2.6.

Thermal and electrical energy consumption for dyeing SFNF

Thermal energy utilized by of C dyed and UA dyed SFNF for dyeing process was
calculated by Eq. (4.3).

Q = m × c × Δq

(4. 3)

Where, Q is amount of thermal energy in kcal, m is mass of liquor in grams, Δq is
temperature difference in ◦C and c is specific heat capacity of solvents used.

Electrical energy utilized by of C dyed and UA dyed SFNF for dyeing process was
calculated by Eq. (4.4).

E = Pt

(4. 4)

Where E is energy consumption in Joules, P is power supplied in Watts and t denotes the
time in seconds.

4.2.7.

Fourier Transform Infrared Spectroscopy (FTIR)

The changes in chemical structure of dyed SFNF and undyed SFNF assessed by Fourier
transform infrared spectroscopy on IR prestige-21(Shimadzu, Japan). All SFNF samples
(UA/C-dyed SFNF) assessed using ATR-FTIR mode.
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4.2.8.

X-ray photo-electron Spectroscopy

XPS measurements were performed with AXIS Ultra by Schimadzu equipped with dual
anode X-ray source Al/Mg, HSA hemispherical sector analyzer detector with vacuum
pressure maintained at 1.4 × 10 -9 torr. Mg Kα X-ray source (1253.6 eV) was used for XPS
measurements.

4.2.9.

Scanning electron microscopy (SEM)

Scanning electron microscope model (JEOL JSM 6010LA), given voltage are 30 kV with
highest magnification of 500,000x. All dyed and undyed SFNF were sputtered with Pd-Pt
before assessing morphology.

4.2.10. Color fatness tests
The color fatness test carried for C dyed and UA dyed SFNF. Color fatness to washing were
performed in gyrowash (James H, Heal Co UK), under the standard method of ISO 105, c10:
2006. The light fastness test performed in appollo (James, H Heal co., UK ) by the ISO 105
– B02 method.

4.2.11. Crystallinity of SFNF before and after dyeing
Wide-angle X-ray diffractometer (WAXD) Rigaku Miniflex 300, R-AXIPSDS 3C Japan
was used Operating at 40 kV, 300 mA using nickel-filtered CuKa radiation to analyze the
effect of crystallinity of dyed SFNF and undyed SFNF. The diffraction patterns were
measured from 10° to 40° degree at the scanning speed of 4°/min =2θ.
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4.2.12. Shrinkage test
Shrinkage test was checked by taking SFNF sample’s size 5 cm2 with constant average
thickness 135µm and dyed using acid dyes by both C dyeing and UA dyeing method and the
shrinkage was compared before and after dyeing SFNF respectively and calculated using
equations (6. 5,6. 6 and 6. 7) (lengthwise shrinkage and widthwise) shrinkage respectively.

λs =
ωs =

ƛ$∆*
ƛ

×100

ώ$∆,

(4. 5)

×100

(4. 6)

Rs =!𝜆- ' + 𝜔- '

(4. 7)

ώ

Where λs is lengthwise shrinkage, ƛ is original length, ∆λ is change in length in Eq. (4. 5), ωs
is

widthwise shrinkage, ώ is original width, ∆ω is change in width in Eq. (4. 6) and Rs is

residual shrinkage after dyeing of SFNF in Eq. (4. 7).

4.2.13. Wicking rate
Wicking rate (the increase in height of wicking front per second) was assessed by hanging
samples vertically over the petri dish containing 1% (w/v) of dye solution was prepared with
CI Reactive Blue 19 (Sumfix Brilliant Blue R, Sumitomo Chemicals, Japan) dissolved in
distilled water. The sample size of nanofibers web was cut into 20 mm height and 5 mm width
and fixed in a upright stationary clamp, beneath, a petri dish containing dye solution was kept
on the jack movable up and down. The lower end of sample was 5 mm below the liquid
surface during the wicking test and remaining 15 mm was observed for wicking rise. 90
seconds time
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4.2.14. Water contact angle
The static water contact angle (WCA) was determined by Sessile drop measurements using a
Contact Shape Analyzer, DSA100 (Krüss, Hamburg, Germany).

4.3. Results and discussion

4.3.1.

Effect of dyeing temperature on color yield

For the very first time SFNF dyed with and without UA dyeing method. Basic parameters for
acid dyeing, temperature and time were necessary to be optimized for dyeing SFNF.
Temperature for UA dyeing of SFNFs was studied constant time 40 min. Fig. 4. 1 shows the
effect of dyeing temperature on color yield of SFNF dyed with CI Acid Red using
conventional dyeing (CR-SFNF) and using UA dyeing (UR-SFNF) repsectively. The color
yield of CI Acid Red increased with increasing dyeing temperature from 30 °C to 70 °C after
that a slight increase in K/S observed therefore the optimized temperature for CR-SFNF was
selected as 70 °C. In UA dyeing of SFNF showed higher color yield at room temperature
compared to C dyeing at 70 °C and UA dyeing of UR-SFNF at room temperature did not
affect fiber morphology which will be discussed in morphology section. UA dyeing technique
showed higher color yield due to accelerated dye aggregation and rapid mass transfer due to
cavitation produced as a result of ultrasonication. [22,39].
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Fig. 4.1. Temperature optimization for UA dyeing of SFNF

4.3.2.

Effect of dyeing time on color yield

CR-SFNF showed optimum results at temperature 70°C at time 40 min and the optimization
of time was also necessary as this SFNF dyeing never report up to date. Fig. 4. 2. Shows the
time optimization to dye SFNF for both C dyeing and UA dyeing. The color yield observed
at time (5,10,15,20,30,40,50) min and maximum color yield observed at 50 min for C dyeing
of SFNF and selected as optimum, on the other hand the maximum color yield also at 40 min,
but after 20 min gradual and slight increase can be observed in color yield of UA dyeing and
the optimized time for UA dyeing was selected as 20 min. The reason increased production
rate at lower temperature is due to cavitation which breaks dye aggregates and uniformly
transfer acid dye towards SFNF rapidly in UR-SFNF [34,35].
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Fig. 4. 2. Time optimization for UA dyeing of SFNFs

4.3.3.

Color build-up property of SFNF

Fig. 4. 3. (A). K/S values were taken at concentrations (2%, 3% and 5%) for acid dyes
application on SFNF using optimized dyeing parameters for each dyeing method. Fig. 4. 3.
(A and B) shows the continuous color buildup as per increasing dye concentration for both
acid dyes and techniques. UA dyeing of SFNF depicts a linear relationship that states very
good dyeability, color build up and uniform transfer of CR-SFNF, UR-SFNF, CI Acid Blue
117 on SFNF using C dyeing (CB-SFNF) and CI Acid Blue 117 on using UA dyeing (UBSFNF) respectively. Where in Fig. 4. 3. (B) C dyeing shows hyperbolic curve with good
dyeability but non-uniform dye transfer with more dye consumption and less production rate.
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Fig. 4. 3. Enhanced of color buildup properties of SFNF (A) CI Acid red 38 UA dyeing ,(B)
UA CI Acid blue117 UA dyeing

4.3.4.

Comparison of color yield and exhaustion % between C dyed and UA dyed SFNF

The comparison of color yield between UA dyed and C dyed SFNF is given in Fig. 4. 4(A).
UA dyed SFNF with CI Acid red 38 (UR-SFNF) show ~43.9% higher color yield than the C
dyed SFNF with CI Acid red 38 (CR-SFNF). UA dyed SFNF with CI Acid blue 117 (UBSFNF) show ~45.9% higher color yield than the C dyed SFNF with CI Acid blue 117 (CBSFNF). CR-SFNF showed ~10.9% higher color yield than CB-SFNF.UR-SFNF showed
~7.6% higher color yield than UB-SFNF. The increased color buildup in UA dyeing is due to
rapid development of equilibrium because of speedy acid dye aggregates resulted with
cavitation [34,35]. The same reason may be attributed for more exhaustion percentage of UA
dyeing as revealed in Fig. 4. 4 (B), Ultrasonic energy uniformly transfer the acid dye to SFNF,
as a result more exhaustion% and more exhaustion rate can be observed in U dyed SFNF
compared to C dyed SFNF. CR-SFNF showed 2.3% more exhaustion than CB-SFNF, URSFNF showed 2.1% more exhaustion than UR-SFNF and UA dyed SFNF (in 20 min at room
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temperature) showed 9.7% more exhaustion percentage compared to C dyed SFNF (in 50 min
at 70°) also the reason of ~10.3% less dye effluent as a waste of industrial production which
makes process eco-friendlier and more economical

Fig. 4. 4. comparison of (A) Color build up, (B) Exhaustion % of C dyed and UA dyed SFNF

4.3.5. Chemical structure of SFNF after dyeing
4.3.5.1. FTIR Spectroscopy
Fig. 4.5 Shows the FTIR spectra of dyed SFNF and undyed SFNF. The peaks stretching at
1517.46 cm-1 shows the presence of N-O (amides), the stretching and bending intensive peaks
at 1620.95 cm-1 shows beta sheets of SFNF and confirms the presence of C=C and NH[29,36],the stretching amines can be observed at peak 1226.14 cm-1 in the form of C-N and
the small peaks at 3285.77 cm-1 depicts the presence of NH and OH groups present in all dyed
and undyed SFNF samples[30,37]. No significant change observed in dyed and undyed SFNF
due to small amount of acid dyes used for dyeing process and rinsed well after for washing.
Most of the functional groups of CI Acid red 38 and CI Acid blue 117 are identical such as
NH, OH and presence of carbon but specific bonding and type of bonding is unclear, also the
presence of sulphur in the form of salt in acid dyes cannot be observed in FTIR spectra.
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Fig. 4. 5. FTIR spectra of UA dyed and undyed SFNF

4.3.5.2. XPS Spectroscopy
The chemical groups in dyed SFNF, neat SFNF showed no significant peak in S2p region but
CR-SFNF and UR-SFNFN show SO2 where CB-SFNF and UB-SFNF showed SO2 and SO3
at binding energy To analyze the presence of specific elements and types of bonds, we choose
to characterize dyed SFNF using XPS to confirm the presence of acid dyes elements within
dyed SFNF. Fig. 4. 6 (A). shows the wide spectrum of dyed and undyed SFNF in which
additional peak at binding energy of (151.84eV) in all dyed SFNF which cannot be observed
in the neat SFNF. To confirm presence of nitrogen, oxygen, carbon and sulphur along with
their bond types, the XPS results taken separately in their respective region and the respective

range of elements can be seen Fig. 4. 4 (B). In Fig. 4. 6 (C). the XPS spectra at binding
energy (398-401eV) of nitrogen (N1s) reveals the presence of NH2, C-N and C-NH in all dyed
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and undyed SFNF but the presence of different functional groups in different samples is
different. Neat SFNF shows no C-NH, comparatively less C-N and more NH2 groups
compared to all dyed SFNF. UB-SFNF and CB-SFNF (B dyed SFNF) showed same chemical
structure in XPS spectra, N1s shows that B dyed SFNF contain C-N groups, comparatively
more C-NH and NH2 groups due to formation of C-NH after dyeing. UR-SFNF and CRSFNF (R dyed SFNF) show comparatively less C-NH than B dyed SFNF, C-N same as Neat
SFNF and NH2 slightly less than Neat SFNF. Fig. 4. 6 (D) shows the presence of C=O, COH, C-C and C=C in C1s region at binding energy (282-290eV) for all dyed and undyed
SFNF. Fig. 4. 6 (E) shows the groups of dyed and undyed SFNF in region O1s at binding
energy (528-535eV), Neat SFNF shows more C=O groups compared dyed SFNF. O1s reveals
comparatively more SO2 groups present in B dyed SFNF than R dyed SFNF because of ionic
bonding between C=O of neat SFNF, OH and N of CI Acid red 38, As a results slightly C=O
can be seen in R dyed SFNF and increased C-OH and C-O-C groups can be observed in O1s
of XPS. In Fig. 4. 6 (F) XPS of dyed and undyed SFNF in region S2p can be seen which
clearly confirm the presence of different Sulphur 167eV[37].
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Fig. 4.6. XPS spectra of SFNF before and after UA dyeing (A) Whole wide spectrum (B)
Expanded spectrum (C) C1s (D) N1s (E) O1s (F) S2p.

4.3.6.

Effect of ultrasonication on morphology of SFNF after dyeing

Fig. 4.7. reveals the regular and smooth morphology of dyed SFNF and undyed SFNF. Fig.
4.7. (A) shows the smooth morphology of Neat SFNF. The C dyed SFNF can be seen in Fig.
4.7 (B and C) which reveals slight increase in fiber diameter of dyed SFNF due to dye
diffusion into the nanofibers due to high temperature of 70°C and longer dyeing time 50 min,
CB-SFNF shows slightly increased diameter compared to CR-SFNF may be due to bigger
molecular size of acid dye type. Fig. 4. 7 (B and C) also shows slight convolution within the
nanofibers which ultimately represents the shrinkage in dyed SFNF compared to Neat SFNF
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which will be discussed in Shrinkage section 3.9. The SEM images of UA Dyed SFNF can
be seen in Fig. 4. 7. (D and E) which reveals stretched smooth morphology after UA dyeing
compared to C dyed SFNF because of cavitation within ultrasonic container which stretched
the nanofibers webs during dyeing and as a resultant colored nanofiber observed with smooth
and un-shrunk morphology. Aligned nanofibers results in increased absorbance rate due to
less hindrance in the lengthwise flow within the nanofiber diameter which will later
confirmed in wicking test section.

Fig. 4. 7. SEM images of SEM Images of (A)Neat SFNF and Diameter Distribution (B)
CR-SFNF and Diameter Distribution (C) CB-SFNF and Diameter Distribution (D) URSFNF and Diameter Distribution (E) UB-SFNF and Diameter Distribution

4.3.7.

Color fastness properties of SFNF

The color fastness to light and color fastness to washing were carried on the dye SFNFs at
3% dye concentrations in both DES two different Acid dyes, CI Acid red and CI Acid blue.
Samples were dyed at 60°C temperature for 40 minutes which are previously optimized
dyeing parameters to dye SFNFs. Table 4. 1. Shows the color fastness results, staining in
washing fastness for CI Acid blue has attained maximum rating in both conventionally and
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ultrasonically dyed SFNFs in CC:FF and staining in washing fastness for Acid red showed
slightly lesser than CI Acid blue in both ultrasonically and conventionally in CC:EG which
indicates good dye fixation properties for both dyes and medias. The color changes were
observed to be very good rating of 4/4 and 4/5 for both dyes irrespective of dyeing medium.
Ultimately ultrasonically dyed SFNFs averagely showed better dye fixation to washing
fastness test. The conventionally and ultrasonically dyed SFNFs dyed with respect to dye type
and medium showed no difference in light fastness test results and achieved as average in all
dyed samples.
Table 4. 1. Color fastness to light test ISO 105-BO2 and color fastness to washing test ISO
105-C10:2006
Light
Washing
3
fastness fastness
Washing fastness
1
Dye
(20
(Change
of (Staining on multifiber)
hours) shade)
CT CO PA PES PAC Wo
1
UR-SFNF
3/4
5
5
5
4/5 5
5
5
2
CR-SFNF
3
4/5
4
4
4 4/5 4/5
4/5
1
UB-SFNF
3/4
4/5
5
5
4/5 5
5
5
2
CB-SFNF
3
4
4/5 4/5 3/4 4/5 4/5
4/5
1
o
UA dyeing Conditions: Temperature 25 C; time 20 min; Dye concentration 2%
2
Conventional dyeing Conditions: Temperature 70 oC; time 40 min; Dye concentration 2%
3
CT, cellulose triacetate; CO, cotton; PA, polyamide; PES, polyester; PAC, polyacrylic;
Wo, wool

4.3.8.

Change in crystallinity in SFNF after dyeing

Fig. 4. 8. shows the difference between XRD patterns of C dyed, UA dyed and neat SFNF.
C dyed and neat SFNF shows peak at 20.711o where XRD pattern. CR-SFNF showed small
additional peak at 29.822o and CB-SFNF showed small additional peak at 12.913 o. UA dyed
SFNF showed only small peaks as it showed increased amorphous region of UA dyed
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SFNF which resulted enhanced wettability which will be further confirmed by wicking and
water contact angel tests. CR-SFNF showed a similar small additional at 29.822o. The XRD
results confirmed that UA dyeing enhance the wettability of SFNF due to ultrasonication
which enhance the rate reaction between acid dye and SFNF which may be resisting
additional amines and hydrogen bonding on the fiber surface with rapid and proper
penetration of dye into the nanofibers, this is also the reason that uniform dye transfer can be
achieved in UA dyed SFNF compared to C dyed SFNF [35].

Fig. 4. 8. XRD patterns of UA dyed and Neat SFNF

4.3.9.

Cavitation resists shrinkage of SFNF during dyeing

The shrinkage in SFNF observed during interaction with acid dyes. Neat SFNF kept under
ultrasonication and at 80°C individually for 20 and 40 min respectively but no shrinkage
observed. While interaction with acid dyes the formation and deformation of NH3 and
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Hydrogen ions, the formation of different ionic bonds and wander wall forces maybe a reason
of shrinking effect during dyeing of SFNF. Shrinking effect depends on type of dye used and
exposure of SFNF to heat as shown in Table 4. 2. Lengthwise shrinkage (λs), widthwise
shrinkage(ωs) and residual shrinkage (Rs) calculated accordingly for the comparison. UA
dyed SFNF showed slight shrinkage after dyeing where the C dyed SFNF showed higher
shrinkage effect this may be due to higher temperature during C dyeing [32].
In Table 4. 2. the samples CB-SFNF shows 8.8% more Rs compared CR-SFNF, UB-SFNF
shows 11.5% more Rs compared UR-SFNF and CR-SFNF shows 29.3% more Rs compared
UR-SFNF.
Conventionally it is difficult to get satisfactory dyeing results at room temperature because
the higher temperature results shrinking effect that cannot be avoided, ultimately cavitation
due to ultrasonic energy enhance the chemical reaction, rapid dye aggregation and uniform
acid dye transfer to SFNF offer effective and efficient dyeing results at room temperature
with a negligible shrinking effect. The results revealed that the cavitation produced by
ultrasonication have potential to resist shrinkage during dyeing SFNF.

Table 4. 2. Shrinkage in SFNF after conventional and ultrasonic dyeing
C Dyeing
UA dyeing
Shrinkage
CR-SFNF
CB-SFNF
UR-SFNF
UB-SFNF
λs

23.2%

28.9%

3%

11.1%

ωs

24.5%

31.2%

3.3%

11.5%

Rs

33.7%

42.5%
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4.4%

15.9%

4.3.10. Effect on wettability of SFNF after dyeing
4.3.10.1. Wicking test
Fig. 4. 9. Shows the wicking behavior of dyed and neat SFNF. As per XRD results the UA
dyed samples contain more amorphous region compared to C dyed SFNF and neat SFNF. All
dyed and undyed samples showed rapid increase in wicking height until 40 seconds whereas
C dyed samples showed increased wicking height compared to neat SFNF and UA dyed
SFNF showed increased wicking height compared to C dyed SFNF. All samples reached
different wicking heights, Neat SFNF 14.5mm, CR-SFNF 16.5, CB-SFNF 16, UB-SFNF 20
within 90 sec where UR-SFNF reached wicking height of 20mm within 80 sec.
This may be due to presence of more OH groups in CI acid red 38 dye compared to CI acid
blue 117 which can be seen in Scheme 4.1. The presence of amines and OH present in acid
dyes structure which previously confirmed by FTIR and XPS , resulted in increased wicking
of C dyed SFNF compared to neat SFNF where in UA dyed SFNF due to less shrinkage
smooth morphology and the uniform migration of dye into the SFNF and rapid dye
aggregation due to ultrasonic cavitation, as a result interaction of acid dye bonds with
nanofiber increased, ultimately increased wicking and wicking rate compared to C dyed
SFNF.
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Fig. 4. 9. Wicking test of dyed and Neat SFNF

4.3.10.2. Water contact angle test
Fig. 4. 10. Shows the water contact angle (WCA) of C dyed, UA dyed and neat SFNF, all
samples took less than 4 seconds to reach the water drop angle from 115o±10o to 1o±1. Neat
SFNF took 3.5 ±1 sec, CR-SFNF and CB-SFNF took 2.5±1 sec where UR-SFNF and UBSFNF only took 1.5±1 sec to reach the water drop angle from 115o ±10o to 1o ± 1o. Results
shows that all samples are hydrophilic. C dyed SFNF showed more hydrophilic behavior
compared to neat SFNF and UA dyed SFNF showed more hydrophilic behavior compared to
C dyed SFNF and Neat SFNF. The reason behind increased hydrophilicity of C dyed SFNF
is the presence of amines and OH on fiber surface compared to neat SFNF where in UA dyed
SFNF including the presence of OH and amines on the surface and into the nanofibers due to
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increased dye exhaustion due to cavitation which is also the reason of less shrinking effect
and smooth morphology of SFNF after UA dyeing.

Fig. 4. 10. Water contact angle test of UA dyed and Neat SFNF

4.3.11. Efficiency of ultrasonication on electrical energy consumption for dyeing SFNF
Electrical energy consumption calculated for UA dyed SFNF and C dyed SFNF and compared
accordingly. Electrical energy consumption for dyeing SFNF is given in Table 4. 3.
The dyed SFNF samples at optimized conditions for both C dyeing and UA dyeing compared,
time and temperature were consumed more than half in C dyed SFNF than UA dyed SFNF.
Electrical energy for C dyeing supplied for 50 min maintaining temperature at 70°C where
electrical energy used in UA dyeing was only for operating ultrasonic machine because room
temperature is enough to dye SFNF while the process aided by ultrasound waves. The results
showed UA dyeing have potential to save 62.28% electrical energy with better dyeing results
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compared to C dyeing method. Ultimately, room temperature dyeing process saves 64.28%
thermal energy as well which was calculate by given experimental methods.

Table. 4. 3. Electrical energy consumption for conventional and Ultrasonic dyeing of
SFNF
Temperature
Total Consumption
Saving
Method
Time (Min)
(°C)
(Joules per second) Energy (%)
CN dyeing

70

50

350000
62.28

UA dyeing

25

20

132000

The optimum conditions selected for thermal energy consumption comparison between CN
dyeing and UA dyeing of SFNF is given in Table 4. 4. The quantity and type of Liquor used
for dyeing SFNF was same for both CN dyeing and UA dyeing but the temperature, electrical
energy and time for both dyeing methods were different. CN dyeing carried at 70°C
temperature where the UA dyeing carried at room temperature, the thermal difference is
obvious from the temperature values. The results of thermal energy consumption calculations
showed; UA dyeing can potentially save 64.28% of thermal energy with better dyeing results
compared to CN dyeing.
The total calculated efficiency for UA dyeing of SFNF is 60% more than the CN dyeing of
SFNF. The UA dyed SFNF not only showed better efficiency but uniform and regular dyeing
with better properties at room temperature.

88

Table. 4. 4. Thermal energy consumption for conventional and ultrasonic dyeing of SFNF
Temperature
Mass of liquor
Total Consumption /
Saving
Method
(°C)
(g)
(Joules per second) Energy (%)
CN dyeing

70

0.01

53.809
64.28

UA dyeing

25

0.01

19.21

4.4. Conclusion
Successful UA dyeing of SFNF using two different acid dyes carried for the very first time.
UA dyeing of SFNF showed 60% enhanced efficiency with 10% reduced waste dye effluent
production. Ultrasonic energy produces cavitation and promotes dye aggregation which
potentially enhanced the 9.7% exhaustion and ~43.9% color yield of SFNF with smooth
morphology, low shrinkage and color fastness properties. WAXD, wicking and water contact
angle test confirmed enhanced wettability of SFNF. Chemical structures of dyed SFNF
confirmed using FTIR and XPS. UA dyeing has potential to save 62.28% electrical, 64.28%
thermal energy. Conclusively, UA dyeing of SFNF proved to be better in terms of efficiency,
enhanced chemical and physical properties and energy saving over C dyeing of SFNF.
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CHAPTER 5
Photosensitive nanofibers for data recording and erasing

5.1. Introduction
Electrospinning has been considered as a versatile and viable technique for the preparation of
functional nanofibers. A significant progress has been developed to prepare nanofibers with
various characteristics. Electrospinning technique have potential to produce the nanofibers
with various morphologies, compositions, structures, and functional properties, such as
surface treatments, improvement in aesthetic, faster sensation, faster responsive, faster
tunability and stimuli switchable, filtration membranes, energy and data storage, electronics,
as well as sensor applications, these nanofiber in the form of non-woven webs are being
considered for commercialization due to high performance and bulk productivity[1].
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Photosensitive materials undergo a reversible structural change when irradiated with UV light
and the photosensitive spiropyran dye [1’-3’-Dihydro-8-methoxy-1’,3’,3’-trimethyl-6nitrospiro [2H-1-benzopyran-2,2’-(2H)-Indole] (Indole) has been extensively considered, [2]
leading to an interconversion between a colorless, closed-ring, less polar spiropyran (SP)
form to a colored, ring-opened, more polar merocyanine (MC) form [3]. The reverse
transformation to SP form takes place upon irradiation with visible light (Scheme 5.1).
Among many photosensitive compounds studied, spiropyran derivatives offer facile
synthesis, distinct chromic transition and fluorogenic nature of MC form in certain
environments [2, 3]. They have been successfully embedded as a photochrome into various
polymers via electrospinning technique including cellulose acetate [4], bacterial cellulose [5],
polystyrene (PS) [2], polyethylene oxide [2], polydimethylsiloxane [3], poly (methacrylic
acid)

[6],

poly

(methyl

hexafluoropropylene)

[8]

methacrylate)
and

polyvinyl

[7],

and

alcohol

[9]

poly(vinylidene

fluoride-co-

Polyvinylpyrrolidone

[11],

Polyvinylidene fluoride [12] with different applications [13] .Since previously reports on
photosensitive nanofibers have some limitation in either processing or fiber characteristics.
Some polymers are hydrophilic in nature and is soluble in water therefore the use of this
polymer may limit its application in imaging or recording in moisture environment.
Production of some photosensitive nanofibers have been reported as complex and more time
consuming and some nanofiber limited due to less flexibility, less durability and less
dyeability [1-9].
Polyurethane (PU) has is well known for waterproof and breathable properties, which
alternatively have potential to not only protect the goods from sudden interaction with
water/moisture/liquid. PU nanofibers has been used for various applications, such as
raincoats, sportswear other protective and wearables [14-17]. PU is durable and retain its
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shape [16] it has air permeable and breathable properties [17,18]. Electropun nanofiber mates
(ENMs) are being explored to enhance aesthetic properties [19-23] and PU ENMs have very
good dyeability [24], it has also been used as fire resistant [25], non-toxic and biocompatible
[26]. Although, PU ENMs have not been investigated yet for the photosensitive (coloration
and decolration) applications.
Therefore, for the very first time we prepared PU ENMs incorporated with Indole dye (IndPU) and compared to PS ENMs incorporated with Indole dye (Ind-PS) with respect to the
photosensitive properties. PU ENMs showed comparatively better photosensitive properties
than the PS ENMs, because of multifunctional characteristics of PU [14-26]. For the
production of PU EMNs comparatively lower voltage is required compared to PS EMNs via
elecrospinning. For data recording on photosensitive ENMs made of PU and PS, we chose
quick-response (QR) codes, which are two-dimensional matrix codes capable of holding 100
times more data than a traditional barcode [10]. The QR data at the area of (1x1cm) could
easily be read by smart phone from the surface of PU ENMs in case of rough handling
whereas in case of PS ENMs it was okay in soft handling conditions but in case of rough
handling the data could easily be read, it may be due the shape memory of PU which retains
the shape QR data [27]. Color yield obtained by PU ENMs was higher than the color yield
on PS ENMs at 1% Indole dye concentrations and conditions. The SEM images reveals
smooth morphology before and after dye incorporation for both PS and PU ENMs. FTIR
revealed no chemical influence on the actual chemical structure of either PU or PS due to
small amount of dye used only to install photosensitive property. The results revealed that the
Ind-PU ENMs has an edge over Ind-PS ENMs, therefore Ind-PU can potentially be
considered for data recording and erasing applications such as secure food transportation
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under 40°C, UV absorption in protective clothing and UV readable data by military or where
such type of photosensitive nanofibers can be utilized.

5.2. Experimental
5.2.1.

Materials

PS (Mw: 280,000 g/mol), PU (Mw: 110,000 g/mol), and a photosensitive dye Indole was
purchased from Sigma-Aldrich (USA). PS (25 wt.-%) and Indole (1 wt.-%) were dissolved
in dimethylformamide at room temperature to prepare Ind-PS solution. Similarly, PU (10 wt.%) and Indole (1 wt.-%) were dissolved in dimethylformamide-methyl-ethyl ketone at room
temperature to prepare Ind-PU solution. Both polymer solutions were stirred overnight before
electrospinning.

Scheme 5.1. Chemical structure and coloration mechanism of Indole dye
5.2.2.

Preparation of photosensitive Ind-PU and Ind-PS ENMs

Electrospinning set up with a high-voltage power supply (Har-100*12, Matsusada Co.,
Tokyo, Japan), capable of generating voltages up to 100 kV, was used as the source of the
electric field. The polymer solutions were supplied through a 5 ml plastic syringe attached to
a capillary tip with an inner diameter of 0.6 mm. A copper wire connected to a positive
electrode (anode) was inserted into the polymer solution, and a negative electrode (cathode)
was attached to a metallic drum (collector). Several parameters were applied in order to
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optimize the electrospinning of the solutions and the optimal parameters were chosen as
follows: A voltage of 14 kV (Ind-PS) and 12 kV (Ind-PU) was applied, and the tip-to-collector
distance was fixed at 12 cm for all electrospinning processes. Nanofibers were deposited
continuously over a rotating metallic drum. All the solutions were electrospun at room
temperature. All specimens were dried to remove the residual solvent in a vacuum oven at
25oC for a day before use. The thicknesses of ENMs were in between 25 to 30 µm.

5.2.3.

Characterizations

The Ind-PS ENM and Ind-PU ENM were measured on Reflectance Spectrophotometer
(Datacolor Spectraflash SF 600, USA) under illuminant D65, using 10o standard observer
with specular component included and UV component included. The relative color strength
was assessed by using the Kubelka-Munk Eq. (5. 1) as described in a previous report [10].
K (1 - R )
…………………………..……………….
=
S
2R
2

(5. 1)

where R = decimal fraction of the reflectance of the UV irradiated ENM, K = absorption
coefficient and S = scattering coefficient.
Photocoloration refers to the color build-up of the Ind-PS ENM and Ind-PU ENM after being
UV-irradiated (365 nm); and the reverse process, decoloration, refers to the attainment of
actual color of the Ind-PS ENM and Ind-PU ENM (UV-irradiated) upon exposure to visible
light (TUNGSTEN BULB). Both photocoloration and decoloration were investigated for
different time intervals.
For photocoloration, ENMs were irradiated under UV light (Spectroline ENF 260C/FE, USA)
from 0 to 300 s, placed at a distance of 8 cm from the substrate. The samples were measured
at 5 s after removal from the UV source. In order to determine decoloration, the samples were
UV-irradiated for 300 s and the subsequent color change was measured under the visible light
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(TUNGSTEN BULB) after the removal of UV-light source at various intervals (from 2 to 40
min). The photocoloration and decoloration measurements were performed in a controlled
temperature room.
The morphology of ENMs was obtained under SEM (JSM 6380LV, JEOL Japan). All
samples were sputtered with gold under vacuum before assessment. The average nanofiber
diameter was measured from the SEM micrographs using image analysis software (Image
Pro® Plus, Version 5.1, Media Cybernetics, Inc.). The average thickness of ENMs was
measured by Digital Micrometer MCD130-25 with a measuring sensitivity of 1 µm.
Ultraviolet-visible (UV-Vis) absorption spectra of the Ind-PS and Ind-PU solutions were
obtained using a UV-Vis spectrophotometer (1800, Shimadzu Japan). The chemical structural
changes of neat PU and PS before and after incorporation of Indole was determined by Fourier
transform infrared spectroscopy (FTIR) on IR prestige - 21 by shimadzu Japan.

5.3. Results and discussion
5.3.1.

Photocoloration and decoloration of ENMs

Fig. 5. 1 shows effect of UV-irradiation time (0 to 300 s) on color strength of Ind-PS ENM
and Ind-PU ENM. For comparison, the K/S of ENMs before UV-irradiation (SP form) has
been read as Zero. The UV-irradiated ENMs were converted from white to pink color (MC
form) under UV irradiation (Photocoloration).Irrespective to the type of polymer used, the
K/S was enhanced with increasing UV irradiation time(Fig. 5. 1).This color built-up favors
readability of recorded pattern on ENMs[8]. The color conversion of Ind-PS ENM developed
white to light blue whereas Ind-PU ENM developed white to deep purple, this is the reason
why Ind-PU ENM demonstrated slightly higher K/S in comparison to the Ind-PS ENM. After
300 s UV irradiation time, maximum K/S value of 0.06 was obtained for Ind-PU ENM.
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Fig. 5. 1. Effect of UV irradiation time on photocoloration (K/S)

Similarly, in Fig. 5. 2 shows the decoloration of the UV-irradiated (365 nm) samples under
visible light. The extent of decolorization was determined by K/S values. Each ENM was UV
irradiated for 300 s and after removal of the UV source; the decoloration was measured from
0 to 40 min under the visible light (TUNGSTEN BULB). It can be seen from Fig. 5. 2 that
the increasing time resulted into a steady decay in K/S for both Ind-PS ENM and Ind-PU
ENM. The transformation of the MC form to the SP form was achieved in 40 min under
visible light. Moreover, it was observed that the rate of photocoloration was faster than the
rate of decoloration. The results show that proposed photosenstive nanofibers show delay in
decoloration as compared to polyvinyl alcohol nanofibers [9] which has the advantage of a
prolong data storage.

99

Fig. 5. 2. Effect of time on decoloration (K/S) of PS/Indole ENM and PU/Indole ENM

5.3.2.

Data recording and erasing on Ind-PS and Ind-PU ENMs

The data recording and erasing of high-resolution image on Ind-PS ENM and Ind-PU ENM
was investigated through record-erase-record mechanism as shown in Fig. 5. 3. Due to the
fast readability and large storage capacity, quick-response code has been practiced and used
recently [9]. Therefore, we chose quick-response code to be generated as an optical data on
Ind-PS ENM and Ind-PU ENM. As an example, we chose a webpage of our research group
(http://nanorg.weebly.com/) and recorded it.
Referring Fig. 5. 3, the Ind-PS ENM and Ind-PU ENM were UV-irradiated through a photomask (quick-response code image) for 300s generating blue color (MC form) only in the UVexposed areas. In contrast, the UV-unexposed areas maintained their original color (SP form)
producing patterned image on Ind-PS ENM and Ind-PU ENM as shown in Fig. 5. 3.
The recorded QR code on Ind-PS ENM and Ind-PU ENM were scanned via Smartphone
(Sony SO-04D) for authentication and validation. Moreover, the erasing of the patterned
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image on the Ind-PS ENM and Ind-PU ENM takes place upon visible light irradiation
(tungsten bulb) for 600s (Fig. 5. 3). In order to ensure its repeatability, record-erase-record
property of the Ind-PS ENM and Ind-PU ENM were performed 10 times and showed
comparable results each time.

Fig. 5. 3. Recording and erasing of QR code on PS/Indole ENM and PU/Indole ENM (sample
was irradiated with UV light of 365 nm for 360 s through a photo-mask followed by visible
light irradiation for 600 s)
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5.3.3.

UV-Vis spectrophotometry of ENMs

Fig. 5. 4a-b shows the UV-Vis absorption spectra of Ind-PS and Ind-PU solutions with and
without UV light irradiation of 365 nm. The formation of MC form of the photosensitive
molecule is evident by UV light irradiation for 180 s, as a new absorption peak observed at
600 nm (Fig. 5. 4a-b). The color of both Ind-PS and Ind-PU solutions were changed from
colorless to blue after UV light irradiation for 180 s. Furthermore, the intensity of peaks
presents at 350 nm (Fig. 5. 4a) and 360 nm (Fig. 5. 4b) did not change after UV light
irradiation suggesting that there were still a large amount of Indole dyes present in SP form
within both Ind-PS and Ind-PU solutions. Our results are in proximity with previous reports[2,
5]. Fig. 5. 4c demonstrates the photo-switchability of Ind-PS and Ind-PU solutions under
repeated alternating irradiations with UV light for 3 min and subsequently with visible light
(tungsten bulb) for 10 min. We have found good photo-reversibility of both the Ind-PS and
Ind-PU solutions from SP form to MC form (photocoloration) and vice versa (decoloration)
during many cycles.
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Fig. 5. 4. UV-visible absorption spectra of (a) PS/Indole solution, (b) PU/Indole solution
and (c) photo-switchability of PS/Indole and PU/Indole solutions under UV and visible light
irradiations.
5.3.4.

Morphology of Neat and dyed PU and PS ENMs

The SEM images of un-irradiated and UV-irradiated ENMs are presented in Fig. 5. 5. SEM
images of Neat PS and PU ENMS can be seen in the Fig. 5. 5a and 5c which reveals
smooth nanofiber morphology having average nanofiber diameter as 350±30 and 400±80
respectively. The Fig. 5. b and d shows that the incorporation of small amount 1% of
photosensitive Indole dye in the polymer solutions did not affect the smooth morphology of
the resulting Ind-PS ENM and Ind-PU ENM, the respective diameter distribution graphs
reveal the average diameter of Ind-Ps and Ind-PU ENMs as 450±80 and 500±80
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respectively. Ultimately, after dye incorporation a slight increase in nanofiber diameter
observed with bead-free and smooth morphology. Our results are in agreement with some
reports [9] and different with other reports. [4, 5]. Results may vary due to chemical
compatibility of polymer with the dye or improper dissolution of dye into the solution for
electrospinning.
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Fig. 5. 5. SEM Images of (a) PS ENM, (b) PS/Indole ENM, (c) PU ENM and (d) PU/Indole
ENM.

5.3.5.

Chemical structure of PU and PS ENMs before and after dye incorporation

Fig. 5. 6 shows the FTIR spectra of PU and PS before and after incorporation of Indole dye.
The FTIR spectrum of PS and Ind-PS can be seen in Fig. 5. 6(A) which are similar in
chemical composition, the peaks at the spectrum 2936 cm-1 and 2856 cm-1 reveals C-H and
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CH2 respectively present in chemical composition of Neat PS and Ind-PS nanofibers. The
peak at 1695 cm-1 represents C=O and the peaks at 1522 cm-confirms the availability of
C=C(Aromatic), the small bending peaks at 1370 cm-1 and 1306 cm-1 reveals C-H2, the
stretching peaks at 1219 cm-1 1106 cm-1and 1073 cm-1 reveals the availability of C-O (Esters),
the small bending peaks at 813 cm-1 and 770 cm-1 also corresponds to C-H in Neat PS and
Ind-PS, conclusively there is no influence in the chemical structure of PS with Indole dye
incorporation[28].
Fig. 5. 6(B) shows the FTIR spectrum of Neat PU and Ind PU nanofibers. The peaks at
3336 cm−1 corresponds to the stretching (-NH) and the peak at 2958 cm−1 are associated to
stretching vibration of CH2. The spectrum at 1735 cm−1 and 1689 cm−1 corresponds to C=O
urethane and the peak at 1535 cm−1 spectrum bending shows the amide-II. The band at 1226
cm−1 and 1076 cm−1corresponds to asymmetric stretching of Esters and a small bending peak
at 771 cm−1 represents C-H available in both Neat PU and Ind-PU. FTIR results confirmed
that there is also no any influence on the chemical structure of PU wih Indole dye
incorporation, the probale reason behind may be due to small amount of Indole dye
incarporation within PS and PU ENMs respectively [27].
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Fig. 5. 6. FTIR spectrum of (A) Neat PS and Ind-PS, (B) Neat PU and Ind-PU

5.4. Conclusion
The Ind-PS ENM and Ind-PU ENM were successfully prepared via electrospinning technique
for application of quick-response code recording/ erasing multiple times. The recorded quickresponse code on newly prepared ENMs were easily readable via Smartphone at the small
area of 1x1 square cm. These ENMs and their solutions loaded with indole dyes were found
to be photo-switchable upon alternating UV and visible light irradiations. The rate of photo
coloration was observed faster than the rate of decoloration for both nanofibers. Additionally,
use of indole compound in PS and PU matrices increased average nanofiber diameter. The
Ind-PU ENMs showed better color yield and have potential to be used multiple times due to
its shape memory where Ind-PS ENMs can only be used for few times. Only few reports can
be found on such application of ENMs and this is the first time the application of hydrophobic
polymeric nanofibers with delay in rate of decoloration of both type of photosensitive ENMs
have been explored for textile applications.
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CHAPTER 6
Zein nanofibers via deep eutectic solvent electrospinning: Tunable
morphology with super hydrophilic properties

Zein

6.1. Introduction
With a full background of electrospinning development to project the question is better to list
several organic solvents such as dimethylformamide (DMF) [1], chloroform [2],
trifluoracetic-acid [3] and tetra hydro-furan [4], electrospinning is developing from fluid
blending process to fluid coaxial 1 and side-by-side [5], and to tr-fluid coaxial [6] and other
multi-fluid processes [7,8].
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However, all these developments are based on the application of organic solvents for
preparing working fluids, which is harmful to environment and health [9].
In contrast, Deep Eutectic Solvents (DES) offers a valuable alternative to overcome the
limitations of conventional volatile solvents. DES are widely acknowledged as an ultimate
class of Ionic Liquids (ILs) having distinctive chemical properties [10,11].
The prominent applications of DES have initially emerged in the 21st [12], such as
bioengineering [13], electrochemical synthesis [14], targeted green extraction [15], hydrogen
transfer [16], bio-catalysis [17] and Lithium ion batteries [18].
The DES based on quaternary salt (choline chloride) as a hydrogen bond acceptor (HBA) and
(furfuryl alcohol) as a hydrogen bond donor (HBD) has intensively been in the field of green
chemistry allowing a cost-effective synthesis of different green materials and utilization for
the extraction of bioactive natural materials [19-23].
Zein has attracted a great deal of attention due to its biocompatibility, biodegradability, nontoxicity and its wide abundance on earth [18]. Electrospinning of Zein has yet been challenged
by the limitation of reusability of the polymer solution and frequent clogging of spinneret
when its dissolution occurs in aqueous-ethanol (Aq-EtOH) [24,25], or its preparation using
hazardous solvents, such as DMF [26-28].
Direct electrospinning of water stable Zein nanofibers have remained a challenging task, due
to post-treatments such as longer exposure to Ultraviolet or higher temperatures have been
considered as an unavoidable step [29-31].
Solvents have direct impact on the morphology of resultant fibers and various morphologies
of polymeric nanomaterials have been investigated recently, by using different solvent types
[32-35].

112

The DES have been previously incorporated as a guest molecule used for conveying specific
characteristics into chitin nanofibers only, nonetheless direct electrospinning of Zein
nanofibers using DES (DES-Zein) has not been reported [36].
In this article, we attempted to fabricate Zein nanofiber using DES directly by electrospinning
technique and achieved super hydrophilic Zein nanofibers without any post-treatment. DES
used for electrospinning was based on choline chloride (HBA) and furfuryl alcohol (HBD)
with a ratio of 1:2 was effectively.
The prepared solution was utilized for the preparation of bead-free Zein nanofibers using 45%
(w/w) polymer concentration having the extended shelf life for up to three days. Super
hydrophilic DES-Zein nanofibers were compared against the hydrophobic conventional Zein
nanofibers (C-Zein) prepared in Aq-EtOH.
DES-Zein nanofibers showed finer average diameter and a unique cedar leaf
morphology tuned by varying the spreading angle between the tip and the collector. Precisely,
an increase in angle creates alternate coils that leads to a cedar leaf morphology [37-39].
Super hydrophilicity of C-Zein and DES-Zein nanofibers were confirmed by the wicking test
and the water contact angle test [40,41,42] and effectively utilized for faster adsorption of
impurities present in water [43-45].
The resultant DES-Zein nanofibers were checked for adsorption capability by removal of the
Reactive Black 5 dye. Super hydrophilicity, finer diameter and cedar leaf morphology, all
attributed to increased adsorption rate and adsorption capability of DES-Zein nanofibers
giving them an edge over C-Zein nanofibers.
The DES-Zein nanofibers can effectively be utilized where faster adsorption and super
hydrophilicity is required such as biosensor, biomedical strip, controlled drug release, heavy
metal and dye adsorption [46].
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6.2. Experimental
6.2.1.

Materials

Zein produced from maize having a melting point of (266-283 °C), Choline chloride
(>98%) with molecular weight 139.62 g/mol and Furfuryl alcohol (98%) with molecular
weight 98.10 g/mol were supplied by Sigma-Aldrich, USA. Ethanol (99.8%) with molecular
weight 46.07 g/mol was supplied by Merck, Japan. CI reactive black 5
bis(sulphatoethylsulphone) (Mw = 991.82 g/mol) purchased from Sumitomo Chemical Co.,
Ltd., Japan.

6.2.2.

Preparation of DES-Zein nanofibers

Zein Nanofibers were prepared separately in conventional and deep eutectic solvent using
(Har-100*12, Matsusada Co., Tokyo, Japan) Electrospinning machine. Zein 25% (w/v) in
80% of Aq-EtOH was stirred for 2h at 80 °C [21]. The DES was prepared by mixing Choline
chloride and Furfuryl alcohol with molar ratio 2:1 and stirred well until a clear transparent
solution was obtained. Zein polymer was then added into DES solution with different
concentrations (20, 25, 30, 35, 40, 45, 50 and 55% w/w) and well stirred up to 2h at 80 °C.
Each electrospinning solution was poured into a syringe of 5mL attached to a tip of 0.6 mm
internal diameter and the flow rate was set to 0.2 mL/h. Copper wire was used as an anode
dipped into the Zein solution, and the ground collector was connected as a cathode. The
electrospinning parameters were optimized to produce uniform and consistent DES-Zein
nanofibers.
The voltages supplied for electrospinning of DES-Zein and C-Zein were optimized as 10 kV
and 25 kV respectively and the distances between the tip and the collector for DES-Zein and
C-Zein were optimized as 14 cm and 17 cm respectively. The DES-Zein nanofibers were
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consistently deposited on a stationary collector at different angles between the tip and the
collector from 0° to 90°. After electrospinning, the obtained samples were dried overnight at
room temperature to remove residual solvents before subjecting to other characterizations.

6.2.3.

Characterizations

Polymer solution properties of DES-Zein such as pH and conductivity were assessed using
(WTW MultiLine IDS multi-parameter portable meter). The surface morphology examined
under SEM (S-3000N by Hitachi, Japan), C-Zein and DES-Zein were sputtered with Pb-Pt
under vacuumed environment prior to take SEM images and the average diameter of was
calculated using ImageJ software.
The chemical structure of DES-Zein was assessed through Fourier Transform Infrared (FTIR)
spectroscopy (IR Prestige-21 by Schimadzu, Japan) using ATR mode and Xray Photoelectron
spectroscopy (XPS) by AXIS Ultra (Schimadzu) with dual-anode X-ray source Al/Mg, HSA
hemispherical sector analyzer and the detector, vacuum pressure was maintained at 1.4 × 109

torr, and Mg Kα X-ray source (1253.6 eV) was used.

Wide-angle Xray diffractometer (WAXD) Rigaku Miniflex 300 from Japan was used to
compare the crystallinity of C-Zein and DES-Zein where the range was 10-80° at the scanning
speed 2θ = 2°/min. The WCA test was carried on FACE model CA-VP, Kyowa interface
science, Japan, five readings were assessed from each sample. The wicking behavior of DESZein nanofibers was checked by previously reported methods [35,36,37].

6.2.4.

Adsorption studies

The residual values of reactive black 5 after adsorption on DES-Zein nanofibers were
analyzed by using Lambda 35 UV-vis spectrophotometer from Perkin Elmer USA.
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The absorbance values were taken at λmax 590 nm. The average-thickness of DES-Zein
nanofibers was 35 μm. The DES-Zein nanofiber samples were checked for dye adsorption
capability, 50 g/L Reactive black 5 was used to check the dye adsorption on novel DES-Zein.
The mass 40± 0.2 mg of DES-Zein nanofibers was shacked in glass tube filled with 5 ml of
Reactive black 5 dye solution at room temperature. Dye adsorption values were then checked
at different intervals (0, 5, 8, 12 ,15 ,18, 20, and 25) min [44,45].

6.3. Results and discussion
6.3.1.

Effect of solution properties of C-Zein and DES-Zein on morphology

Solution properties have direct impact on the morphology of nanofibers [47-49], more
specifically polymer ratio, solvent concentration, pH and electro-conductivity (EC) have been
studied before electropinning.
EC and pH of DES-Zein and C-Zein polymer solutions were studied by varying the
concentrations of Zein in respective polymer solutions, viz. Aq-EtOH, C-Zein, neat DES,
DES-Zein 45%, DES-Zein 22.5% and DES-Zein 15% as given in Table 6. 1.
Neat DES obtained an EC of 1770 micro-symon/centimeter (mS/cm) and pH 4.8. An EC of
DES-Zein 15% was observed and 1380 mS/cm and pH 5.0. DES-Zein 22.5% having an EC
of 450 mS/cm with pH 6.8 and DES-Zein 45% having an EC of 233 mS/cm with pH 7.3
which is near to neutral pH.
The influence of each polymer solution on electrospinnability and their morphology is
revealed in Fig. 6. 1. DES-Zein electropun at concentrations (25%, 35% and 45%) with beads,
beaded nanofibers and bead-free nanofibers respectively as shown in Fig. 6. 1(a-c).
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On the other hand, Fig. 6. 1(d) shows bead-free ribbon like morphology of C-Zein nanofibers
electrospun at 25% polymer concentration [28]. Fig. 6. 1(e,f) showed average diameter of
DES-Zein nanofibers (350±50 nm) and C-Zein nanofibers (550±70 nm).

Fig. 6. 1. SEM images of (a) DES-Z 25% (b) DES-Z 35% (c) DES-Z 45% (d) C-Zein 25%,
diameter distribution graphs of (e)DES-Zein 45% and (f) C-Zein 25%
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Table 6. 1. Solution properties of Neat DES, DES-Zein 25%, DES-Zein 35% and
DES-Zein 45%, Aq-EtOH and C-Zein
Solution

Neat

DES-Zein

DES-Zein

DES –Zein

(10-ml)

DES

25%

35%

45%

pH

4.8

5.6

6.5

7.3

8.0

5.8

mS/cm

1770

1380

450

233

5.7

140

6.3.2.

Aq-EtOH

C-Zein
25%

Influence of electrospinning parameters on morphology of DES-Zein nanofibers

The quantitative analyses for the fast preparation of nanofibers via electrospinning is totally
depended on the basic parameters of the processing which includes, Taylor cone, straight
fluid jet and unstable region which are useful for predicting and manipulating a direct link
to the quality of resultant nanofibers [48].
Fig. 6. 2 shows the SEM images of dimeter distribution graphs of DES-Zein nanofibers
prepared at different tip-collector distances and supplied voltages. Fig. 6. 2(a-c) show the
DES-Zein nanofibers prepared at 20 cm, 14 cm and 8 cm tip-collector distance with average
diameters 350±50 nm, 400±70 nm and 450±60 respectively, a slight increase in average
diameter observed when decreasing the tip-collector distance and minimum diameter
distributions observed at maximum distance 20 cm as revealed in the respective inset images,
which was optimized to carry further experiments. Whereas Fig. 6. 2 (d-f) show that the
supplied voltage has no significant influence on the morphology of DES-Zein nanofibers.
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Fig. 6. 2. SEM images of DES-Z 45% with voltage 17 kV at tip-collector distance (a) 20 cm,
(b) 14 cm and (c) 8 cm, The DES-Z 45% at tip-collector distance 20 cm and voltage (d) 10
kV, (e) 17 kV and (f) 19 kV

The spreading angle during electrospinning of DES has a significant influence on nanofiber`s
morphology with a very unique and interestingly different than what usually obtained in
conventional electrospinning. Therefore, we set different angles at 90°, 45° and 0° to
investigate the extent of tunability of nanofibers morphology during electrospinning. Fig. 6.
3(a) illustrates that how nanofiber morphology from straight to coiled can directly be formed
by tuning spreading angle from 0° to 90°, coil-less morphology obtained at 0°, semi-coil
morphology observed at 45° and at 90° a coiling morphology was achieved. In contrast, the
DES-Zein nanofibers, C-Zein did not demonstrate any change in morphology by variation of
spreading angle.
Furthermore, Fig. 6. 3(b) shows the coiling configuration of coil shaped morphology of
DES-Zein nanofibers having a gap of 85±5 µm between two neighboring coils. Fig. 6. 3(c)
shows microscopic image of the consistent coil formation in different directions from a
divergent point ultimately resulting a cedar leaf effect. Fig. 6. 3(d) shows coil shaped
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nanofibers collected on a stationary collector. Fig. 6. 3(e) shows the image of electrospun
DES-Zein nanofibers over a stationery metallic collector that resulted in a “tweed like”
structure and further prolonged corrugation of four hours resulted into a 3D cedar leaf
morphology as shown in Fig. 6. 3(f, g). The probable reason for coils formation during
electrospinning was due to a-helix of amino acid series present in the native Zein, the DES
with the hydrogen bonding assistance actually preserves the a-helix configuration of Zein
during electrospinning of DES-Zein nanofibers. Another reason for coil formation may be
the higher conductivity of DES due to the presence of Choline chloride as a salt that may
create gaps at the perpendicular collector angle for electrospinning [28,29].
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a

Fig. 6. 3. (a) Tunability of morphology by varying the spreading angle, Microscopic images
of b) helical loops, (c) multiple alternative helical loops, (d) multilayered nanofibers, (e)
multilayered nanofibers with branches, (f) Photograph of branched nanofibers growth, (g)
Cedar leaf morphology of DES-Zein.

6.3.3.

Chemical structure of C-Zein and DES-Zein

Fig. 6. 4 shows the FTIR spectrum of electrospun C-Zein and DES-Zein nanofibers. C-Zein
showed a significant peak at 3289 cm-1 due to -NH stretching, while DES-Zein showed
intensive and broad stretching peak at 3303 cm-1 due to the strong hydrogen bonding
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between -OH from Choline chloride/furfuryl-alcohol moiety and -NH from Zein polymer
[15,16,22],
The intense bands at 2875 cm-1 and 2960 cm-1 due to the asymmetric and symmetric C-H
stretching in the spectrum of DES-Zein nanofibers, which may be due to the induced dipole
moment caused by the change in solvent polarity comparing to C-Zein nanofibers. Peaks at
1647 cm-1 and 1661 cm-1 clearly show the amide I (C=O) stretching, the bands at 1540 cm-1
in both C-Zein and DES-Zein may be due to presence of amide II (angular deformation
vibration of -NH bond). The band at 1240 cm-1 in DES Zein and 1170 cm-1 in C-Zein
reveal the axial deformation of C-N vibration and no peaks found in C-Zein at 1662 cm-1,

4000

3500

3000

2500

C-Zein
DES-Zein

1661
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1540
-CH 1451
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Fig. 6. 4. FTIR spectrum of C-Zein and DES-Zein with proposed chemical structure
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Zein nanofibers obtained either from a conventional solvent or a DES, do not have any
profound difference in chemical composition as shown in Fig. 6. 5(a), wide scan XPS
spectrum of electropun nanofibers was obtained for both samples (C-Zein and DES-Zein),
which contain C1s (284eV), N1s (399 eV) and O1s (530 eV). Peak fitting of every
component showed a similar composition as C-Zein nanofibers obtained from conventional
solvents [28].
Fig. 6. 5(b) shows the deconvolution of C1s peak from DES-Zein revealing three main
components C-C, C-N and O=C-N at 284 eV, 285 eV and 287 eV respectively. Fig. 6. 5(c)
shows the deconvolution of O1s indicating two different peaks at 529.3 eV and 529.9 eV
indicating the presence of O-C and O=C-N respectively. Furthermore, Fig. 6. 5(d) shows
the deconvolution of N1s revealing the presence of N in three chemical states N-C, N-C=O
and -NH at 398 eV, 399 eV and 400 eV respectively. This finding suggests that the DES
solvent do not bring any substantial changes to the chemical composition of Zein polymer.
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Fig. 6. 5 (a) Wide XPS spectrum of DES-Zein and C-Zein, XPS spectra of (b) DES-Zein
C1s, (c) DES-Zein O1s and (d) DES-Zein N1s

6.3.4. Comparison of crystallinity between DES-Zein and C-Zein nanofiber
Fig. 6. 6 shows the XRD patterns of C-Zein and DES-Zein nanofibers. C-Zein shows
intensive peak at 9.5o with d-spacing (9.3 Å) and some small peaks at angles 16.6o,18.3o,
22.04o, 22.8o with d-spacing (5.3 Å ) , (4.8 Å ), (4.0 Å ), (3.8 Å ) respectively, whereas
DES-Zein shows intensive peaks at 8.7o with d-spacing (10.2 Å ) and some highly intensive
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peaks at 19.8o, 20.1o, 20.9o with d-spacing (4.48 Å ), (4.42 Å ), (4.2 Å ) respectively and an
additional small peak also observed at 35.9o with d-spacing (2.4 Å ).

Fig. 6. 6. XRD Comparison of C-Zein and DES-Zein

6.3.5.

Hydrophilicity of DES-Zein nanofibers

Water contact angle (WCA) of C-Zein and DES-Zein is demonstrated in Fig. 6. 7. The WCA
of in Fig. 6. 7(a) shows, C-Zein takes 70 ±3 seconds to reach the angle from 115° ±10° to 2°
± 2°, whereas, Fig. 6. 7(b) shows that DES-Zein takes only 3 ±1 second to decrease in angle
from 122° ±10° to 0°.
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Fig. 6. 7. Water contact angle of (a) C-Zein and (b) DES-Zein

6.3.6. Wicking and Dye adsorption capability of DES-Zein nanofibers
Hydrophobic behavior of C-Zein and super hydrophilic behavior of DES-Zein nanofibers
further confirmed by rate of wicking as shown in Fig. 6. 8(a). C-Zein shows the wicking
height of 2 mm at initial dipping into dye solution and no more wicking observed until 90
sec. However, DES-Zein reached the wicking height of >16 mm in first 30 sec and slowly
reached to the wicking height of 20 mm within 75 sec, confirming the super hydrophilic
behavior of DES-Zein nanofibers.
Fig. 6. 8(b) shows the dye removal efficiency of DES-Zein nanofibers. Reactive black 5 dye
was used to check the dye removal capability of DES-Zein nanofibers because C-Zein has
been previously well studied for selective removal of reactive black 5 dye [28].
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This study reveals UV-vis spectrophotometry in which absorbance values of dye solutions
were individually checked at different time intervals after dye adsorption on DES-Zein.
Increase in dye adsorption on DES-Zein was the result of decreased absorption peaks of UV
spectrophotometer with respect to time. DES-Zein nanofibers have capability to remove
60% of the dye within first 3 minutes, whereas the C-Zein nanofiber have a slower removal
capability with 45% in the same time, which confirms the rapid adsorption of DES-Zein.
The removal efficiency of DES-Zein observed 98.29 ±1 % within 18 minutes and (99 ±1) %
in 20 minutes, whereas the removal efficiency of C-Zein observed 97.19 ±1 % in 20
minutes which is lesser than the removal efficiency of DES-Zein achieved within 18
minutes. Increased dye removal efficiency was achieved by DES-Zein at pH 3.9-7.3 as
compared to the dye removal efficiency C-Zein at pH 2-6.

Fig. 6. 8. (a) Wicking profile of DES-Zein and C-Zein (b) Adsorption efficiency graph with
inset UV-vis profile
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6.3.7. Discussion
DES can directly be utilized for electrospinning of Zein at optimized concentration 45%
(w/w) at pH 7.3 having an EC of 233 mS/cm, offering the solution stability for further
electrospinning up to three days. The EC values decreased with increasing Zein concentration
into DES and the pH was increased due to the protonation of Zein in acidic medium (DES)
which can be stabilized through salt bridges of Choline chloride.
On contrary, the addition of Zein polymer into Aq-EtOH resulted increased EC 140 mS/cm
and decreases pH in comparison to the Aq-EtOH solution, the obvious reasons for this is
because of the less free hydrogens of C-Zein and polyelectrolytic behavior of Aq-EtOH
after solubilizing Zein polymer in it [33,50].
No difference in DES-Zein nanofiber morphology was observed by varying voltage supply
of 10-19 kV during electrospinning, above 19kV the charges induced were so high that did
not allow the polymer solution to pass through the tip, therefore no nanofiber formation
observed. Therefore, the lowest 10kV was selected as optimized voltage for electrospinning
of DES-Zein, on the other hand preparation of C-Zein in Aq-EtOH requires voltage supply
of 22-25 kV for nanofabrication which is quite higher than the voltage required for
preparation of DES-Zein nanofibers.
The average diameter of DES-Zein nanofibers (350±50 nm) was observed as around 200nm
finer than the average diameter of C-Zein nanofibers (550±70 nm). Also, in contrast to cedar
leaf tunable morphology of DES-Zein nanofibers, C-Zein did not demonstrate any change in
morphology by variation of spreading angle.
The basic reason for unique morphology was helices and branched coil formation of DESZein during electrospinning at angle 90°, the probable reason for coils formation during
electrospinning was due to a-helix of amino acid series present in the native Zein.
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The deep eutectic solvent with the hydrogen bonding assistance actually preserves the a-helix
configuration of Zein during electrospinning of DES-Zein nanofibers.
Another reason for coil formation may be the higher conductivity of DES due to the presence
of Choline chloride as a salt that may create gaps at the perpendicular collector angle for
electrospinning [34,35].
The chemical spectra of FTIR also proposed some chemical changes of protonation of Zein
due to inter/intra hydrogen bonding between -NH groups in the Zein polymer when
dissolved in DES [51]. No peak was found in C-Zein at 1662 cm-1, 1631 cm-1 and 1614 cm-1
which clearly reveals a major presence of α helices in DES-Zein rather than β sheets or β
turns [52]. α helices in the chemical structure of DES-Zein can be one of the reasons for the
tweed-like morphology formed during electrospinning.
Evidently, DES-Zein showed increased crystallinity compared to C-Zein due the bulk
presence of -OH bonds as supported by FTIR results, which was the reason of decreased
distance between the molecules in the molecular chain and increased diffraction angles [52].
The d-spacing of ~4.5 Å is considered to be the average backbone distance within the αhelix of Zein structure. However, in parallel the larger d-spacing of ~10Å is believed to be
the spacing of the inter-helix packing or the mean distance approach to the neighboring
helices [50,52].
The increase in its intensity implies the irruption of DES-Zein molecular aggregation
because of increased d-spacing and more inter-helix packing of DES-Zein [47].
The faster adsorption achieved by DES-Zein was due to the electrostatic interactions
between the -NH and -OH and their abundancy on surface of nanofibers resulted from the
protonation by DES.
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WCA and wicking confirmed the super hydrophilic nature of DES-Zein nanofibers in
contrast to hydrophobic conventional Zein, due to presence of more amines and hydrogen
bonds on the surface of ribbons, that was the reason that DES-Zein nanofibers showed
faster and increased dye removal efficiency, Hence, DES-Zein can potentially be considered
for the applications where faster adsorption is required such as biosensors and selective
adsorption of impurities present in environment.

6.4. Conclusion
Zein nanofibers were successfully electrospun using DES. The optimized parameters to
produce bead free nanofibers were 45% (w/w) polymer concentration with pH 7.3 and EC
233 mS/cm. The resultant DES-Zein nanofibers showed aligned to tweed like cedar leaf
morphology tuned by varying the spreading angle from 0° to 90°. The average diameter of
DES-Zein nanofibers was 350±50 nm, about 200 nm finer than the average diameter of CZein nanofibers 550±70 nm. In contrast to hydrophobic C-Zein nanofibers, DES-Zein
nanofibers showed super hydrophilic character confirmed by WCA, the drop from 122°±10°
promptly sunk to 0° within 3 seconds. Additionally, DES-Zein nanofiber showed higher
wicking rate, thanks to the cedar leaf morphology and the abundant presence of -NH and OH groups on the surface of DES-Zein nanofibers, which allow it to be used where super
hydrophilicity is required.
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CHAPTER 7
Conclusion
In this dissertation, energy efficient and environment friendly approaches have been studied
for advanced textile applications. Different nanofiber types including cellulose, silk, Zein,
polyurethane and polystyrene were prepared using electrospinning technique. Cellulose
nanofibers were formed by means of deacetylation of electrospun cellulose acetate
nanofibers. Silk fibroin nanofiber were prepared by complex dissolution followed by
dialysis and electrospinning. Cellulose nanofibers with reactive dyes and silk fibroin
nanofibers with acid dyes were individually dyed under ultrasonication and several dyeing
parameters (temperature, time and dye concentration) were optimized. In parallel to
improving color yield, color fastness properties of cellulose nanofibers were improved using
vat dyes which ultimately reduced drainage of dye effluent to the environment during
washing process. Photo responsive polyurethane and polystyrene nanofibers were prepared
using dope-dyeing technique and the indole-based material was doped to achieve photo
responsive function. Polyurethane due to its shape memory showed very good dyeability
and mechanical properties having an edge over stiff polystyrene nanofibers. These
nanofibers have potential to be used to assess the temperature during food or drugs
transportation. We for the first time prepared Zein nanofibers using deep eutectic solvents
(DES-Zein). The novel DES-Zein nanofibers showed super hydrophilic behavior and a
unique cedar leaf morphology with finer diameter compare to conventional Zein. New
attributes of DES-Zein allows it to be used for the environmental and biomedical
applications.
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