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Abstract
Since first synthesized and introduced in 1935, the polyamides’ production quantities
grow tremendously and polyamides’ applications increased numerously. Polyamide 6
fibers are one of the widely used synthetic fibers in textile area due to its outstanding
properties. As a sorbent to dyes, heavy metal ions, pesticides etc., the adsorption
properties of polyamide 6 fibers assemblies have been studied for some extent.
However, as the rapid development of nanotechnology including both electrospinning
and nanoparticles technologies is changing people’s life in all areas, how does
nanofibers assembly behavior became an important question. A systematical study for
adsorption properties of polyamide 6 nanofibers assembly will be realized in this
work.
Prior to initiation of research, a detailed literature review was conducted to understand
and identify their gaps to address in this work. The theories of solid-liquid sorption,
thermodynamics, and photocatalysis were studied, the application of polyamide
nanofibers and Titanium dioxide nanoparticles were reviewed. This comparison of
dye removing methods was expected to provide insights into optimal conditions for
dye removal.
In this work, nanotechnologies including electrospun nanofibers and nanoparticles
were implemented for further study of adsorption properties of polyamide 6
nanofibers assembly. Dye was chosen to be a model as the sorbate for investigating
the adsorption properties. Dye static and dynamic sorption properties of polyamide 6
nanofibers assembly were detected, kinetic and thermodynamic considerations were
studied, and Titanium dioxide nanoparticles deposition and steam process were
applied as surface modification methods for polyamide 6 nanofibers.
Static sorption and thermodynamics study revealed that Langmuir isotherm and
Pseudo-second order equations fitted the sorption experimental data well, and the
sorption process of acid dye on polyamide 6 nanofibers assembly was a feasibility,
spontaneous, entropy-driven, and sorption. Steam treatment with temperature over
120°C encouraged the static sorption of acid dyes on polyamide 6 nanofibers
assembly.
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Dynamic sorption study showed that nanofibers have superior dye removal properties
than conventional fibers, and hormone and dye sorption capacity of polyamide 6
nanofibers showed a positive relationship with the specific surface area.
TiO2 nanoparticles photocatalysis self-cleaning treatment with TiO2 nanoparticles
concentration over 18 mg/m2 and over 90 minutes under UV light could help
improving the dye self-cleaning effect, and TiO2 nanoparticles photocatalysis was
proved to be one method for improving the dynamic sorption capacity of Acid Orange
7 on polyamide 6 nanofibers. Decolorization of wastewater containing soluble dyes
would be one of the potential applications for this method.
Keywords: Sorption; Nanofibers; Dye; Surface modification
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1

Introduction

All thermoplastic polyamides are characterized by excellent toughness and flexibility
at low temperature in the absence of plasticizer, low density, high dimensional
stability, ease of conventional thermoplastic processing, good chemical resistance,
good environmental stress cracking resistance, good elastic recovery, and good
dynamic properties [1]. Therefore, polyamides are widely used in many areas such as:
technical parts, bearings, gear wheels, rollers, screws, gaskets, fittings, coverings,
housings, automotive parts, houseware, sports goods, membranes, foils, packing,
blow-molded parts, fibers, tanks [2].
Polyamide 6, whose main form is polymorphic monoclinic [3], is a very important
engineering resin manufactured in large quantities for film, fiber and plastic
applications due to its high strength, high ductility, excellent resistance to short-term
heat exposure and excellent resistance to chemical solvents [4, 5]. Polyamide 6 fibers
are one of the most commonly used fibers in the world, and polyamide 6 nanofibers
have been widely studied as nanotechnology progressed fast nowadays.
Adsorption separation plays a significant role in the environmental pollution control
and life supporting systems or planetary bases, where adsorbents may be used to
process the habitat air or to recover useful substances from the local environments. A
larger specific surface area of adsorbent pores provides a large adsorption capacity.
The creation of a large internal surface area in a limited volume inevitably gives rise
to large numbers of small sized pores between adsorption surfaces.
The separation efficiency, in general, increases linearly with decreasing membrane
thickness and increasing applied pressure. Thus, we can take advantage of the unique
properties of electrospun membranes consisting of very-small-diameter fibers.
Electrospun nonwoven nanostructure (a) has interconnected pores, (b) with pore sizes
of the order of only a few times to a few ten times the fiber diameter, and (c) the pore
space to material ratio is on the order of 3:1 or even higher [6].
Nanotechnology has the potential to significantly affect society. It is already used for
instance by the information and communications sectors. It is also used in cosmetics
and sunscreens, in textiles, in coatings, in some food and energy technologies, as well
as in some medical products and medicines. Moreover, nanotechnology could also be
4

used in reducing environmental pollution [7]. Nanotechnology is already having an
impact in many spheres of chemical and materials science. It would seem that only
our imagination would limit the widespread application of nanotechnology [8].
Nanostructured materials based on metal nanoparticles have been studied extensively
for various applications because of their attractive physical, chemical, and catalytic
properties. The nanocrystalline TiO2 coatings that can chemically break down
adsorbed organic contaminants in sunlight have received much attention due to their
potential applications ranging from window glass and cement to textiles [9, 10].
Photocatalysis with TiO2 nanoparticles has been studied for the degradation of
wastewater pollutants. This process has several advantages including complete
mineralization of organic pollutants like aliphatics, aromatics, polymers, dyes,
surfactants, pesticides and herbicides to CO2, water and mineral acids, no waste solids
to dispose of and mild temperature and pressure conditions.

5

2

Purpose and the aim of the Thesis

The aim of this research is to study the adsorption properties of which dyestuff as a
model onto polyamide 6 nanofibers assembly. The sorption equilibrium, the sorption
kinetics, the thermodynamics, and the dynamic sorption efficiency of dyestuff and
hormone onto polyamide 6 nanofibers assembly from aqueous solution will be
investigated. Meanwhile, the surface modifications on nanofibers such as sterilization
with steam and photocatalysis with immobilization of Titanium dioxide nanoparticles
will be applied and inspected.
2.1

Evaluation on sorption properties of polyamide 6 nanofibers assembly

Sorbent performance is the critical factor in the design and operation of an adsorption
system. The sorption isotherms, and kinetics equations will be applied to the
experimental data, and thermodynamic parameters will be calculated. The correlation
between experimental conditions such as temperature, pH, waste concentration,
membrane dosage, and membrane fiber scale will be discussed.
2.2

Dynamic sorption properties study with assembled apparatus

For dynamic adsorption, the effects of structural parameters (specific surface area and
pore size) on performances (efficiency, capacity, dye removal rate and life span of
utilization) of nanofibers assembly will be investigated.
2.3

Surface modification of polyamide 6 nanofibers assembly

For surface modification, steam sterilization will be used as a surface etching method
and the dye sorption capacity will be discussed under different steam temperatures.
TiO2 nanoparticles will be immobilized onto nanofibers assembly, the self-cleaning
performance of nanofibrous membrane will be investigated under different conditions
in terms of temperature, content of TiO2 nanoparticles, time under UV, and catalyst.
Dynamic sorption process with TiO2 nanoparticles photocatalysis will be performed.
The results will be useful in their application to the design of polyamide 6 nanofibers
assembly sorption systems.

6

3

Overview of the current state of the problem

Adsorption properties of water vapers, dyes, iodine, and lipase on conventional
polyamide 6 fibers, fabrics, films, or matrix have been studied world widely [11–19].
Despite research publications and references in this field, there are still numerous
open questions about the adsorption processes at the interfaces solid (fiber) / liquid
(process solution), especially in nanoscale [15].
Adsorption properties of many different substances on conventional scale polyamide
6 have been studied numerously. However, systematic study of adsorption properties
on polyamide 6 nanofibers assembly has rarely found. Which factors affect the
adsorption properties on polyamide 6 nanofibers assembly and how do they affect has
to be studied further.
Nowadays, researchers in different areas are still paying so much attention on
application of nanoparticles. In wastewater cleaning area, nanoparticles have been
widely studied, and the function mostly realized due to the outstanding adsorption
properties and the photocatalytic properties. Photocatalytic oxidation processes have
been widely considered as powerful methods to remove non–biodegradable organic
pollutants in water [20]. The photocatalytic processes have the potential to mineralize
the complicated organics and reduce the toxicity without the generation of sludge and
by–products and TiO2 is the most common and practical material as the
environmental photocatalyst [21–23].

7
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4.1

Methods used, Studied Materials
Methods

4.1.1 Batch experimental methods
Sorption experiments were carried out in batch mode. Various parameters like bath
temperature, pH, solution concentration, dosage of sorbent, and fiber scale of sorbent
were investigated. Sorption kinetic experiment was performed with a water bath
shaker and thermodynamic parameters were calculated.
4.1.2 Dynamic sorption experimental methods
The general comparison of dynamic sorption efficiency of Hormone 17 β–estradiol on
polyamide 6 nanofibers membranes (PNM) was conducted with vacuum sorption
apparatus. The solution concentrations before and after filtration were evaluated by
High Performance Liquid Chromatography. Hormone exhaustion and hormone
removal capacity were calculated and compared.
The dynamic sorption of dyestuff was performed with the constant influent apparatus
and on-line testing constant flow apparatus. The accumulated mass of dyestuff
filtrated by PNM and the flux during the separation process were calculated. Areal
density, influent concentration, and sorbent quantity were taken into consideration and
compared. Morphology of samples were observed by scanning electron microscopy
(SEM).
4.1.3 Surface modification methods
The steam treatment was performed in the Tuttnauer Autoclave-Steam Sterilizer with
model no. 2540ML. Eight different temperatures from 100 to 135°C) were chosen for
steaming experiment and 5 minutes was the chosen treating time. Batch experiment
was performed to evaluate the modification effect. Fourier transform infrared
spectroscopy (FTIR) was used for investigating the change in PNM’s molecular chain
after steam modification.
TiO2 nanoparticles were evenly deposited onto polyamide 6 nanofibers membrane by
vacuum sorption apparatus. The light source was a lamp from Bandelin Co. D–69168
Wieslich, type N–36 K which gives radiation with wavelength 254 nm and
performance 4×6 W. Different TiO2 nanoparticles concentration and various UV light
treating time were applied and analyzed for the modification effect of self-cleaning.
8

Moreover, the dynamic sorption was performed with TiO2 nanoparticles deposited
samples and effect of the UV treating time was studied.
4.2

Assembled apparatus for dynamic sorption study

In this work, several apparatus were assembled and proposed for dynamic sorption
process and study as shown in Fig. 1.

a)

b)

c)

d)

e)

f)

Fig. 1 a) Vacuum sorption apparatus: 1–funnel; 2–sorbent; 3–sorbent supporting unit; 4–vacuum
pressure port; 5–vacuum flask.
b) Constant influent apparatus: 1–beaker with influent, 2–peristaltic pump, 3–sorbent, 4–sorbent
supporting unit, 5–funnel.
c) On–line constant flow apparatus: 1–container with original solution; 2–isocratic pump; 3–sorbent;
4–sanitary in–line stainless steel holder; 5–UV–Vis variable wavelength detector.
d) Apparatus for dynamic sorption process with UV lighting: 1–funnel; 2–sorbent; 3–sorbent support
unit; 4–vacuum pressure port; 5–vacuum flask; 6–container with original solution; 7–peristaltic pump;
8–UV lighting system.
e) Crossflow dynamic sorption apparatus: 1–Polypropylene web; 2–PNM1.3; 3–Glass rod.
f) Crossflow dynamic sorption unit.

4.3

Studied materials

In this study, polyamide 6 nanofibers membrane (PNM) with areal density
respectively 1.3 and 2.9 g/m2 purchased from ELMARCO s. r. o were mainly used as
sorbents whose SEM images were shown in Fig. 2.
9

PNM1.3

PNM2.9

PNM1.3

PNM2.9

Fig. 2 Surface and cross section SEM images of polyamide 6 nanofibrous membranes (PNM)
with areal density 1.3 and 2.9 g/m2.

Electrospun polyamide 6 nanofibrous membranes with areal density of 0.5 g/m2
purchased from ELMARCO s. r. o and spunbond nonwoven fabrics (SB) with areal
density of 20–100 g/m2 provided by Asahi KASEI fibers corporation, woven fabric
from TUL, and Polyacrylonitrile (PAN) from ELMARCO s. r. o were used as sorbent
for comparison.
17 β–estradiol with 99.7% purity purchased from SIGMA, C. I. Acid Blue 41 (AB41),
C.I Acid Yellow 11 (AY11), C.I Acid Yellow 36 (AY36), C.I Acid Red 73 (AR73),
and C. I. Acid Orange 7 with purity over 85% purchased from Sigma–Aldrich were
used as sorbed materials. TiO2 (P25) Anatas / Rutile 70:30, with particles diameter of
21 nm, purchased from Degussa Ltd. was used as catalyst.
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5.1

Summary of the results achieved
Analysis of dye sorption onto polyamide 6 nanofibrous membrane

Fig. 3 Dye AB41 exhaustion under different
temperatures.

Fig. 4 The effect of initial pH on the sorption
capacity of dye AB41 by PNM1.3 and PNM2.9

Fig. 3 shows the data at the beginning of experiment (5 min) indicate a rapid dye
uptake before 5 minutes while the temperature was high cause 65.4% of dye has
already been cleaned other than 50 and 55% under the temperature of 30 and 40oC.
However, the equilibrium dye removal rate shows better dye sorption of low
temperature due to less desorption of dyes from the membranes. And Fig. 4 shows a
better dye sorption capacity in acidic environment.

Fig. 5 Dye removal capacity change of dye solution by PNM sorption according to time.

Fig. 5 shows that the sorption of AB41 increases with an increase in time and initial
concentrations. When the initial concentration increased, the mass transfer driving
force became larger, hence resulting in higher AB41 sorption. Fig. 6 shows the dosage
of PNM1.3 around 0.2 g/L is sufficient for dye AB41 removal and meanwhile the
11

capacity has been used effectively. However, in order to get better sorption effect,
dosage 0.4 g/L of PNM1.3 has been considered as the best dosage to continue our
main experiment.

Fig. 6 Effect of dosage of PNM1.3 on sorption
capacity CS and exhaustion of AB41.

Fig. 7 Batch experimental data comparison
between sorbents Woven and PNM1.3.

Fig. 7 shows exhaustion of dye solution AB41 on W175 shows the similar trend
according to the change of dosage but it can reach maximum 55.5% in the range of
0.0 to 1.0 g/L.

Fig. 8 Comparison among Experimental data and two isotherm models.

Fig. 8 compares the experimental data with Freundlich and Langmuir isotherms. And
the coefficient of determination R2 showed that Langmuir isotherm fitted the
experimental data better.
For Kinetics parameters, the result showed in Tab. 1 below.
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Table 1 Result comparison about bath temperature of linear Elovich and Pseudo-second order equation
fitting.
Elovich

Temp.
ºC
30
40
50

b
Rl2

2

R

0.89
0.87
0.70

0.66
0.70
0.75

Pseudo-Second Order
a

g/mg

mg/
(g·min)

Rl2

3.24
2.91
1.54

1.36
2.08
36.54

0.99
0.99
0.99

2

R

0.99
0.99
0.98

qe

k2

h

mmol
/g

g/
(mmol·min)

mmol/
(g·min) ×10-3

0.050
0.047
0.033

5.72
6.80
19.47

14.06
15.04
21.51

It showed with correlation coefficient Rl2 that Pseudo-Second Order equation fitted
the experimental data better in the case of acid dye removed by PNM. From constant
a and h we can found that the highest temperature brought fastest sorption process.

Fig. 9 Arrhenius plot for the adsorption of AB41
onto PNM1.3.

Fig. 10 Van’t Hoff plots for determination of
thermodynamic parameters for the adsorption of
AB41 onto PNM1.3.

The values of adsorption thermodynamic parameters are listed in Tab. 2.
Table 2 Thermodynamic parameters of AB41 dye adsorption on PNM1.3.
Temperature

△G°

ºC

kJ/mol

30
40
50

-1.945
-3.655
-4.64

The Arrhenius activation energy result obtained is 79.45 kJ/mol for the adsorption of
AB41 onto PNM1.3, indicating that the adsorption has a high activation energy and
more orients and corresponds to a chemisorption. The negative value of the change of
free energy (∆G°) confirms the feasibility of the adsorption process and also indicates
spontaneous adsorption of AB41 onto PNM1.3 in the temperature range studied and
13

the adsorption process is entropy-driven. On the other hand, the value of the standard
enthalpy change (∆H°) (38.95 kJ/mol) is positive, indicating that the sorption is
endothermic. The positive value of standard entropy change (∆S°) (135.26 J/mol·K)
suggests the increased randomness and degree of freedom at the solid-solution
interface during the adsorption of AB41 onto PNM1.3.
5.2

Analysis of dynamic sorption

The general comparison with these three groups was shown in below figure, and the
large difference between nano scale fibers and conventional scale fibers can be easily
observed.

Fig. 11 Dye sorption capacity of mats with different areal densities.
Table 3 Dye removal values comparison while the dynamic sorption process reaches 13 minutes.
Dye removal capacity (mg/g)

Solution concentration
g/L

1 layer

2 layers

0.01
0.02
0.03

53.9±4.3
84.9±3.7
81.7±3.4

80.5±6.2
127.9±6.7
132.4±9.0

10 m

10 m

a)

b)

14

10 m
c)

10 m

10 m

10 m

d)
e)
f)
Fig. 12 SEM images of PNM1.3 after dynamic sorption process: a, c, & e) first layer membrane after
dynamic sorption process with concentration of 0.01, 0.02, and 0.03 g/L respectively; b, d, & f) second
layer membrane after dynamic sorption process with concentration of 0.01, 0.02, and 0.03 g/L
respectively.

The dye removal capacity of PNM1.3 had an increase when the feeding dye solution
concentration increased, but the difference of dye removal capacity of PNM1.3 was
very small when the feeding dye solution concentrations were 0.02 and 0.03 g/L.
Moreover, two layers PNM1.3 had better dye removal capacity than one layer. This
could be due to the adsorption capacity of PNM on acid dye.
5.3

Surface modification on polyamide 6 nanofibrous membrane

Fig. 13 shows the surface modification on polyamide 6 nanofibrous membrane with
steam which shows an increase with steam temperature increasing. However, the
control sample was tested in the same method and the dye removal capacity of it was
0.11 mmol/g, which indicated a dye removal improving only when high temperature
(higher than 120 ºC) steam was applied onto PNM.

Fig. 13 Dye removal capacity changes according to steaming temperature.
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a)

b)

c)

Fig. 14 FTIR spectra

The FTIR has been tested and shown in Fig. . It was shown in Fig. b) and c) that as the
steam temperature increased, the absorbance peak which indicates stretching vibration
of N-H bonds moved higher, and the absorbance peak which stands for stretching
vibration of C-H bonds moved lower. It could mean shortening of the hydrocarbon
chains with the phenomenon of increasing the intensity of stretching vibration of N-H
bonds in comparison with decreasing the intensity of stretching vibration of C-H
bonds. It was also found the decreasing changes in skeletal vibrations, which cannot
be clearly assigned to specific bonds.
Polyamide 6 nanofibers membrane was deposited with TiO2 nanoparticles whose
SEM image is shown below:
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Fig. 15 Surface morphology of PNM coated by TiO2 nanoparticles

The scanning images of samples after UV light treating are shown below:
Table 4 Scanning images of UV treated samples with different treating time-BB group.
UV treating time (min)
no.
0

30

60

90

120

180

240

300

400

BB1

BB2

BB3

BB4

BB5

Fig. 16 Dye removal rate change according to TiO2 nanoparticles concentration under different UV
light treating time.
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As shown in above figure, while long enough UV light providing (equal to or above
120 min), dye removal rate increased with the increasing of TiO2 nanoparticles
concentration. The samples with TiO2 nanoparticles concentration above 18 mg/m2
was obtaining similar amount of dye removal rate which means 18 mg/m2 was a quite
sufficient TiO2 nanoparticles concentration for PNM surface self-cleaning
modification by photocatalysis.

Fig. 17 Stain removal efficiency shown as dye removal rate at different point of UV light treating time.

It shows linear trend between dye removal rate and UV light treating time. In Fig. 17,
As the UV light treating time prolonging, the dye removal rate increases linearly for
the low TiO2 nanoparticles concentration at around 9 mg/m2. For higher TiO2
nanoparticles concentrations, after 240 minutes UV light treatment, the dye removal
rate can reach up to 100%, which was the maximum it can be.
The absorbance of influent and effluents after each 50 mL AO7 solution went through
the dynamic sorption photocatalysis apparatus were detected. The dye removed
amount, and dye sorption capacity were calculated and the results were shown in Fig.
18.

18

a)
b)
Fig. 18 Sorption capacity comparison of different samples: a) comparison among control sample, UV,
and NPsUV; b) samples with different UV treating time.

After calculation of accumulated dye removed amount, sorption capacity versus
volume were plotted in Fig. 18. a) showed that after 500 mL AO7 dye solution
pumped through PNM2.5, TiO2 NPs photocatalysis improved the sorption capacity of
PNM2.5 from 7.09 to 13.07 mg/g. Moreover, b) showed that comparing with the
photocatalysis sample, after prolonging the UV treating time, value of dye sorption
capacity reached up to 15.32 mg/g.

19

6

Evaluation of results and new finding

This thesis presented the sorption performance of polyamide 6 nanofibers assembly, and
effect of surface modification of polyamide 6 nanofibers. The experimental results are:
1) The factors such as temperature, solution pH value, solution concentration, dosage of
sorbent, and fiber scale of sorbent were studied. Result revealed that temperature and solution
concentration encouraged the exhaustion of acid dye on polyamide 6 nanofibers and others
have negative effect. Dye sorption was fitted better with Langmuir isotherm than Freundlich
isotherm. The kinetic parameters showed the sorption rate of acid dyes a positive relationship
with bath temperature, and Pseudo-Second Order equation fitted experimental data better than
Elovich equation with R2 over 0.99. Thermodynamic parameters calculation showed: the
Arrhenius activation energy (EA) was more than 40 kJ/mol which indicated a chemisorption
oriented process. The negative value of the change of free energy (∆G°) confirmed a
feasibility, spontaneous, and entropy-driven process in the temperature range 30–50°C. The
positive value of standard enthalpy change (∆H°) and standard entropy change (∆S°) revealed
an endothermic sorption process and it increased the randomness and degree of freedom.
2) Dynamic sorption process result showed that nanofibers have superior dye removal
properties than conventional fibers. The hormone (17 β–Estradiol) and dye removal capacity
of nanofibers increased while the diameter decreased due to the specific surface area
increasing. The factors such as areal density, influent solution concentration, and fibers
quantity were considered for the dye removal rate of polyamide 6 nanofibers. And it showed a
positive relation with fibers mat specific surface area and quantity. Meanwhile, high feeding
concentration caused much severer fouling problem.
3) The result of steam treatment showed that dye removal capacity could be improved as the
temperature over 120°C. TiO2 nanoparticles deposition and UV light treatment was tested
efficiently removing the dyestuff from polyamide 6 nanofibers. TiO2 nanoparticles
concentration 18 mg/m2 is recommended and 80% dye removal rate would be guaranteed with
over 240 minutes UV light treating. TiO2 nanoparticles photocatalysis was proved to be one
method for improving the dynamic sorption capacity of Acid Orange 7 on polyamide 6
nanofibers. The initial sorption amount can be improved by prolonging the UV light treating
time to some extents.
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