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Abstract: Textile wastewaters due to the toxic effects of dyestuffs and other organic compounds and their
stability toward light and oxidizing agents have led to an environmental problem. Several treatment
methods for dye removal have been investigated. Membrane process is one of the simplest and most
effective methods for dye removal from industrial wastewaters. Electrospun nanofibrous membranes have
high specific surface area, high porosity, and small pore size. Therefore, they have been suggested as
excellent candidates for many applications, especially in wastewater treatment. In this paper, we introduce
the fundamental aspects of electrospun nanofibrous membranes and their properties, as well as highlight
the enormous potential of nanofibrous membrane as adsorbents for textile dye removal. Finally,
characteristic parameters for membrane performance are enumerated. Permeation flux, rejection,

membrane porosity, permeability, molecular weight cut off, and decolorization are considered to be the

most important ones.
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INTRODUCTION

Synthetic dyes have been widely used as colorants
at different industries such as textile, food, paper,
pharmaceutical, cosmetic, etc. The textile dyeing
industry consumes large quantities of water and
produces large volumes of wastewater from
different steps in the dyeing and finishing, among
other processes. Textile wastewaters present an
environmental problem because of the non-
biodegradable nature of dyes and their stability
toward light and oxidizing agents. Moreover, some
of the dyes and dyeing axillaries are toxic and
contribute to the high biological oxygen demand
(BOD) or chemical oxygen demand (COD) values
of the effluents. Thus, the treatment of dye

contaminated wastewater has become

environmentally important because of increased
awareness of environmental issues throughout the
[1-6].
Several treatment methods for dye removal have

world

been investigated, including adsorption [7, 8],
[10],
coagulation-flocculation [11], biological [12,13],

membrane process [9], electrochemical
etc. Membrane process, including microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis,
as a simple and effective method to remove a large
number of dyeing auxiliaries and organic
compounds has been widely studied (see Figure 1).
These techniques are increasingly being used in
the treatment of textile wastewater. Until now a
number of studies deal with application of
membrane filtration process in the treatment

wastewater from the dyeing and finishing process.
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Membrane processes provide very interesting
possibilities for the separation of dyeing auxiliaries
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that reduce coloration and BOD or COD of the

wastewater [14, 15].

Figure 1. Schematic representation of membrane process.

NANOFIBROUS MEMBRANE

Nanofibrous membrane can be processed by a
number of techniques such as drawing [16],
template synthesis [17], phase separation [18],
self-assembly [19], and electrospinning [20].
Among them electrospinning, which has an
advantage with its comparative low cost and
has attracted

relatively high production rate,

increasing attention during the last two decade. In

this process, a strong electric field is applied
between polymer solution contained in a syringe
with a capillary tip and grounded collector. When
the electric field overcomes the surface tension
force, the charged polymer solution forms a liquid
jet and travels towards collection plate. As the jet
travels through the air, the solvent evaporates and
dry fibers deposits on the surface of a collector
[21-28]. Figure 2 shows a schematic illustration of

electrospinning setup.
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Figure 2. The schematic illustration of electrospinning setup.

The morphology and the structure of the
electrospun nanofibrous membrane are dependent
upon many parameters which are mainly divided
into three categories: solution properties (the
concentration, liquid viscosity, surface tension,
and dielectric properties of the polymer solution),

processing parameters (applied voltage, volume
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flow rate, tip to collector distance, and the strength
of the applied electric field), and ambient
conditions (temperature, atmospheric pressure, and
humidity) [22-29]. Table 1 summarizes the effects
of all the electrospinning parameters on the

nanofibrous membrane morphology.
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Table 1. Electrospinning process parameters and their effects on nanofiber morphology [24]

Electrospinning parameters

Effect on nanofiber morphology

Concentration
Viscosity

Surface tension

Increase in concentration leads to increase in fiber diameter.

Increasing viscosity leads to thicker and beadless nanofibers. Too high viscosity
causes generation of beads.

No conclusive correlation has been established between the surface tension and the
nanofiber morphology.

Increase in conductivity leads to thinner nanofibers.

Increase in polymer molecular weight leads to formation of a nanofiber with fewer

Higher volatility requires higher flow rate and leads to formation of a nanofiber with

Sufficient dielectric constant of the solvent is needed for successful electrospinning.
Thinner fiber with higher applied voltage.

Lower flow rate results in thinner nanofibers. Too high flow rate causes the
generation of beads.

Minimum distance required to obtain dry nanofibers. Generation of beads when the

SOIUUOD Conductivity

properties
Polymer molecular weight beads.
Solvent volatility fewer beads.
Dielectric constant
Applied voltage
Volume flow rate

Processing

parameters Tip-to-collector distance
Collector geometry

Ambient Temperature

conditions Humidity

distance is too small or too large.

Metal collectors are preferred. With conductive frame or rotating drum aligned
nanofibers are obtained.

Thinner nanofibers are obtained when the temperature is higher.

Lower humidity enables higher flow rate and the generation of beads is reduced.

Different types of nanofibrous membranes

The unique advantage of nanofibrous membranes
is that they combine high specific surface area
with a permeable and easily handled mat structure.
By varying the electrospinning parameters, it is
possible to get some variation in the morphology
of the nanofibrous membrane. Several approaches
to modifying the surface morphology of
nanofibrous membrane have been discussed in a
number of researches.
Porousnanofibers

There are many parameters that may contribute to
the formation of pores on nanofibers during
electrospinning such as humidity, type of polymer,
solvent vapor pressure, electrospinning conditions,

etc. Although no generally agreed set of

definitions exists, porous materials can be
classified in terms of their pore sizes into various
(>200

macropores (50-200 nm), mesopores (2-50 nm)

categories including capillaries nm),
and micropores (0.5-2 nm) [30]. According to the
literature, the mechanism that forms porous
surface on polymer casting film is applicable to the
phenomenon on electrospun nanofibers [30]. The
rapid solvent evaporation and subsequent
condensation of moisture into water particles result
in the formation of nano- or micropores on the
fiber surface (see Figure 3). When the environment
humidity increases, the pore size becomes larger.
However, this result was observed only when the
solution used a highly volatile organic solvent,

such as chloroform, tetrahydrofuran, and acetone.

Figure 3. SEM micrograph of polycarbonate porous nanofibrous membrane [30].

Bicomponent nanofibers

Similar to conventional bicomponent fibers, a

17

bicomponent nanofiber consists of two or more

polymer components within the same filament,
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with each component existing separately.
Typically, the bicomponent nanofibers can be
classified into four main types: ‘core—sheath’,
‘side-by-side’, ‘pie-wedge’ and ‘islands in the

sea’. Their cross-sectional morphologies are

illustrated in Figure 4. Although the existing fiber-

©

Core-sheath

Pie-wedge

making technique is able to produce a
bicomponent fiber of many cross-sectional
structures, the production of bicomponent
nanofibers has been limited to two basic types of
cross-sectional structures, the ‘core—sheath’ and
the ‘side-by-side’ [30].

q

Side-by-side

Islands in the sea

Figure 4. Cross-sectional morphologies of the bicomponent fibers [31].

These bicomponent nanofibers are electrospun via
special spinnerets. Two polymer solutions flow
within the spinneret as the sheath and core, or side-
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Hollow nanofibers

By employing the electrospinning process,
chemical vapor deposition (CVD) method and
direct co-axial spinning method, hollow nanofibers
can be made. The CVD method is down as follows

(see Figure 6). First, the template polymer
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by-side, to the tip of the nozzle and then are

subjected to a co-electrospinning process.

,
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Figure 5. (a) Apparatus for electrospinning core—sheath nanofibers, (b) TEM micrograph of bicomponent nanofibers [31,32].

nanofibers are electrospun before they are coated
by sheath material by CVD. Hollow nanofibers are
finally formed when the template is removed via
annealing. To attain this, the template nanofiber
should be stable during the coating but degradable
or extractable without destroying the coating layer
[33].
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Figure 6. Hollow nanofibers made by chemical vapor deposition method [33].

Direct co-axial spinning method offers one-step
processing of hollow nanofibers, including direct
co-axial electrospinning process to create a core-

500nm

Composite nanofibers

Sometimes it is necessary to have more than one

material in nanofibrous membrane to mimic the

structural and mechanical properties of the
membranes. Nanocomposite nanofibrous
membrane (nanoscale fibers that include

nanoparticulate fillers), present a more complex
situation as nanofiber diameters allow only a very
limited size range of candidate nanoparticles to be
accommodated within the composite fiber. A
range of different nanomaterials has been
successfully electrospun in polymer solutions to
yield composite nanofibrous membrane [30].
Figure 8 illustrates the SEM and TEM micrograph

of SWNT/PAN nanofibrous membrane.

Incorporation of CNT into polymer matrix, due to
the exceptional properties and large aspect ratio,

has been proven to be a promising approach

Figure 7. SEM micrograph of carbonized hollow nanofibers [34].
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sheath nanofiber and finally removing core

material by chemical solvent or annealing.

leading to structural materials and composites with
excellent physical and mechanical properties such
as tensile strength, tensile modulus, strain to
failure, torsional modulus, compressive strength,
glass transition temperature, solvent resistance,
and reduced shrinkage. Electrospinning as an
effective processing method to produce CNT-
polymer nanofibrous membrane with the CNTs
orienting to the axes of the as-spun nanofibers
have attracted increasing attention during the last
two decades (see Figure 9). However, particular
attention needs to be paid to achieve a good
dispersion of nanotubes in the spinning solution to
maximize mechanical properties of the membranes
[30].
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(@)
Figure 8. (a) SEM, and (b) TEM micrograph of PAN/SWNT composite nanofibers [35].

The exceptional structure of CNTs, their low
density, their high aspect ratio, and outstanding
mechanical and physical properties make them an
ideal candidate for specific applications in which
CNTs are used as reinforcements in composite
membranes. There are several parameters affect
the  mechanical

properties of  composite

membranes, including large aspect ratio of
reinforcement, good dispersion, alignment and

interfacial stress transfer [38-39].

It is well known that CNTs are insoluble in water

or other solvents but can be suspended or

_w Syringe or capillary

h

dispersed in liquids. Optimal reinforcement of the
composite nanofibrous membrane depends on the
extent of the dispersion of CNTs in the spinning
solution. Many different approaches have been
used by researchers in an attempt to disperse CNT
in polymer matrix such as in-situ polymerization,
sonication, chemical modification through

[30].
Modification of CNT surface can lead to the

bonds between the

nanotube, mechanical mixing, etc.
construction of chemical
nanotube and polymer matrix and offers the most
efficient solution for the formation of strong

interface.

/ tube v matrix
Lﬁﬁ:_- _1_1:,_»:.1, 5 3 af W ‘L:\ B
L TR TR e el G

SWNT

Direction of flow and fiber elongation
Figure 9. Schematic representation of CNT alignment during electrospinning composite nanofibers [30].

CHARACTERIZATION OF NANOFIBROUS
MEMBRANE

Morphological study

In principle there are a large number of different
characterization techniques that can be used to
nanofibrous

determine the properties of

membranes. The morphology of nanofibrous

membranes can be characterized by scanning
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electron microscopy (SEM). In SEM, the
nanofibers sample, coated with a thin layer of a
conductive material such as gold sputtered over its
surface, is placed in a beam of high-energy
electrons. Since nanofibrous membranes have
porous structure, morphological properties include
pore geometry and density (see Figure 10). As
mentioned earlier, the final morphologies of the

electrospun nanofibrous membranes can be
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affected by several characteristics of the initial
solution such as solution concentration, viscosity,
surface tension and conductivity of solution in
addition to some electro-spinning processes

(a)

(applied voltage, spinning distance, volume flow
rate, and the strength of the applied electric field)

and environmental conditions (temperature and

humidity).
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(b)

Figure 10. SEM micrograph of (a) electrospun nanofibrous membrane and (b) wet-spun composite hollow fiber membrane (cross-section

Membrane performance study

The

porosity, and permeability are used to evaluate the

permeation flux, rejection, membrane
membrane efficiency. The permeation flux (J) and
rejection (R) of the membranes can be calculated
from the following equations [40]:

30/ m*h) :% M)

R(%) = ﬁxloo @
Cf
where J is the permeation flux of membrane for
pure water; Q is the volume of the permeated
solution (l); A is the effective area of the
membrane (m?); t is the permeation time (h); R is
the solute rejection (%); C, and C; are the permeate
and feed concentration (wt.%), respectively. The
membrane porosity (¢) is defined as the volume of
the pores divided by total volume of the porous
membrane. It was usually determined by
gravimetric method, by the weight of liquid

contained in the membrane pores [40].

£(%) = M%) 10 ©

view) [40].
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where ¢ is the membrane porosity (%); w, is the
weight of the wet membrane (g); w, is the weight
of the dry membrane (g); p is the solution density
(g/cm) and V is the efficient volume of membrane
(cm?). the
permeability (L,) could be expressed by the

samples Moreover, membrane

following equation:

J (4)
L (I/m?hbar)=—
o ) AP
where L, is the membrane permeability

(I/m?hbar) and AP is the effective pressure
(bar).

Molecular weight cut-off (MWCQO) measurement

The molecular weight cut off or MWCO is a
specification commonly used to describe the
This
parameter is defined as the lower limit of a solute

retention capabilities of a membrane.

molecular weight e.g. poly(ethylene glycol) or
dextran for which the rejection is greater than
90%. The MWCO specification is most commonly
ultrafiltration  and
As the MWCO

decreases the mean pore diameter for most

used to characterize

nanofiltration membranes.

ultrafiltration membranes has been found to
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decrease. It should be mentioned that membrane
surface characteristics e.g. surface porosity and
pore size distribution may influence the apparent
size of particles retained [41].

Decolorization assay via UV-Vis spectroscopy

For the measurement of absorption in UV-Vis

region, beam spectrophotometers are most
commonly used. Beer-Lambert law is then applied
to determine quantitative concentration of an
absorbing species in given solution.
A=L0g(||—0)=g><b><c ©
where A is the measured absorbance; I, is the
intensity of the incident light at a given
wavelength; | is the transmitted intensity; b is the
path length through the sample (cm); c is the
concentration of the absorbing species (mol/l) and
¢ is a constant known as the molar extinction

coefficient (mol/l.cm) [42].

The percentage of decolorization could be
calculated by using the formula as follows [43]:

(6)

ot © i Df
Decolorization(%) = ——— x100
oD

where OD; is the initial absorbance of dye (mg/l)
and OD; is the final
concentration (mg/l) at different time intervals.

absorbance of dye

CONCLUSION

Based on the results obtained in the percent study,

we reached the following conclusions:

1. Nanofibrous membranes should have the
following characteristics: high porosity,
comparable mechanical and chemical
properties, good flexibility, and good
separability.
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2.

By modification of electrospinning
process, it is possible to get several
different types of nanofibrous membrane,
such as porous, bicomponent, hollow,
and composite nanofibers.

The use of porous nanostructured
materials, such as CNTs, in composite
nanofibrous membrane leads to improved
absorption and mechanical properties.
The main parameters to be used to
characterize the efficiency of nanofibrous
membranes are  permeation  flux,

rejection, membrane porosity,
permeability, molecular weight cut off,

and decolorization.
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