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� Electrospinning is a versatile method
for the immobilization of TiO2

nanoparticles.
� Porous and hydrophobic nano-
composite membranes were ob-
tained by electrospinning.

� Effective degradation is due to pho-
tocatalytic and photosensitized
oxidation mechanism.

� Clean water was achieved in less than
100 min.
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a b s t r a c t

Titanium dioxide (TiO2) in different forms such as films, fibers or particles are being extensively studied
for removal of contaminants from aquatic environments due to its outstanding photocatalytic activity.
This work reports the development of TiO2-polyamide 12 electrospun fiber mats. A systematic study on
the influence of electrospun processing parameters on polymer fiber morphology was performed. It was
observed that the average fiber diameter is mainly influenced by polymer concentration and average
fiber diameters between 404 ± 82 nm and 1442 ± 360 nm were obtained. Polyamide-12 (PA-12) was
used as a polymer matrix and electrospun with 0, 10 and 20 wt% of TiO2. It was observed that the filler
does not change the average fiber diameter, being similar to that observed for neat PA-12 fibers pro-
cessed under the same experimental conditions. The TiO2 were particles dispensed not only in the bulk
of the polymeric matrix but also on the surface of the fibers, especially for the samples with higher filler
contents. Neat and nanocomposite electrospun samples show a hydrophobic behavior and a degree of
crystallinity of ~25%.

The photocatalytic performance of the processed samples was measured by following the degradation
capability of a chosen dye, methylene blue (MB). Results show that the nanocomposite samples have a
remarkable photocatalytic activity, especially the one with a higher load of TiO2 particles (20 wt%), with
all MB being removed from the solution after 100 min.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2) films, fibers or particles are attracting
increased attention for photocatalytic applications, in particular for
de removal of environmental pollutants related to waste water and
polluted air [1]. Usually, if TiO2 is used in the form of fibers or
powder, a post-treatment process is needed to remove the high
suspended particles or even clusters, which is a time consuming
task [2]. In that sense it is important to develop a photocatalytic
membrane with high quantum efficiency, photocatalytic perfor-
mance, with proper bandgap, strong oxidative ability, high stability
in water solution system and easy to remove from the cleaned
water after performance.

Electrospinning is a technique used to produce high porous fiber
membranes with high permeability, small pore size, high specific
surface area, good interconnectivity between the pores, suitable
mechanical properties and easy handling and separation from re-
action media. Further, it can be up-scaled for mass production of
one-by-one continuous micro and nanofibers from various poly-
mers [3,4].

Krupa et al. [5] reported a method to produce coreeshell
nanocomposites electrospun fibers from three different polymers
in the core, namely poly(vinylidene fluoride) (PVDF), poly(vinyl
chloride) (PVC) and polysulphone (PSU), the shell being produced
by a solution of 5 wt% of TiO2 particles suspended in a solution of
tetrahydrofuran. The diameter of the produced fibers were in the
range 400e800 nm, being the TiO2 particles disbursed mainly on
the surface of the different polymer matrices. It was nevertheless
reported that particles tend to form large agglomerates within
droplets formed on the fiber due to the surface tension before
solvent evaporation. Jaworek et al. [6] reported two different
methods to incorporate metal oxide particles based on electro-
spinning and electrospraying. It was similarly reported that the
particles do not cover the entire fiber surface and some free space
remains between the particle agglomerates. Furthermore, they
found that when the electrospray process is performed at 30 and
60 �C, the number of electrosprayed particles is larger at lower
temperatures and the structure is also more densely packed; phe-
nomenon attributed to the higher solvent kinetics that occurs at
higher temperature [6].

Electrospun polyamide-6 (PA-6) membranes containing TiO2
were prepared by Lombardi et al. [7]. In their work they also pre-
pared PA-6 membranes by solvent casting with the same filler
content and studied the photocatalytic performance by following
the degradation of methylene blue (MB) as a function of ultraviolet
(UV) irradiation time for both samples with different filler con-
centrations. Solvent casted samples showed a higher degradation
rate performance when compared to the electrospun samples, and
such behavior was attributed to the less exposed surface of the
photocatalyst in electrospun polymer membranes. Moreover, for
polymer films with 20 wt% TiO2, total degradation of the MB was
achieved after 170 min exposure, whereas for electrospun mem-
branes with same filler amount only 70% degradation of total MB
was achieved. Further, the authors did not mention the effect of a
hydrophilic polymermatrix in the absorption/adsorption of the dye
during the photocatalytic measurement.

TiO2-fluoropolymer electrospun membranes were prepared by
He et al. [8]. The photocatalyst was immobilized on the surface of
the fibers by hydrothermal complex-precipitation, covering the
whole polymer surface, giving origin to a coreeshell structure with
the TiO2 particles on the fiber surface. The reaction conditions used
determined the size and the amount of photocatalyst nanoparticles
present on the polymer surface. The degradation of MB solution
was used to study the performance of such composite membranes
under UV radiation. It was reported that TiO2-fluorpolymer fiber
Please cite this article in press as: E. Cossich, et al., Development of elect
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nanocomposites had a good photocatalytic ability, recycling and
stability for applications in environmental remediation, albeit with
the full degradation of MB from the solution being achieved for
exposure times higher than 150 min [8].

Despite these investigations and large potential applications,
there is a lack of a systematic study of how the processing pa-
rameters influence electrospun fiber dimensions, and how to
properly incorporate TiO2 nanoparticles into the fiber in order to
enhance the photocatalytic activity of the nanocomposites samples.

Polyamide-12 belongs to the polyamide family with longer
aliphatic chains, superior properties such as flexibility, resistance to
pressure, rigidity, high impact resistance, good mechanical prop-
erties (even at higher temperatures), thermal stability, low density,
impermeability and outstanding chemical resistance [9]. In this
work, TiO2ePA-12 fiber nanocomposites were prepared by elec-
trospinning. First, it was performed a study of the effect of the
processing parameters, such as the applied electrical field, needle,
inner diameter feed rate, polymer concentration and TiO2 con-
centration on the fiber average diameter. We have systematically
study the effect of the photocatalyst amount present in the polymer
matrix on the photocatalytic activity of the nanocomposite elec-
trospun membranes by following the degradation of methylene
blue upon UV light exposure. It was found that the degradation rate
of the blue methylene dye is related to the amount of the photo-
catalyst present in the fiber matrix.

2. Experimental

2.1. Materials

Polyamide-12, PA-12, Rilsan®, was produced by Arkema, France.
Titanium dioxide (TiO2, P25 Evonik) was supplied by Evonik. The
polymer solutions of PA-12 were dissolved in 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP, �99%, SigmaeAldrich) for different
polymer concentrations (10, 12, 15 and 18%wt). Nanocomposites
were prepared after ultrasonic dispersion of the TiO2 powder in an
ultrasound bath (Bandelin, model Sonorex Super RK106) during
2 h. The amount of TiO2 in the solution was selected to result in
concentrations between 0 and 20%wt in the PA-12 matrix. After
TiO2 dispersion, the polymer was added to the solution and dis-
solved with the help of a magnetic stirrer, at room temperature,
until complete dissolution.

2.2. Electrospinning

The polymer solution was placed in a commercial syringe
(10 mL) fitted with a steel needle with different inner diameters
(between 0.2 and 1.7 mm). Electrospinning was conducted at
different applied electric fields (between 0.8 and 1.4 kVcm�1) with
a high voltage power supply from Glassman (model PS/FC30P04). A
syringe pump (from Syringepump) was used to feed the polymer
solution into the needle tip, at a rate between 0.1 and 4.0 mL h�1

and the electrospun fibers were collected in a grounded collecting
plate. The distance between the needle and the collector was kept
constant at 15 cm.

2.3. Electrospun fiber membrane characterization

Electrospun fiber membranes were coated with a thin gold layer
using a sputter coating (Polaron, model SC502), and their
morphology was analyzed using scanning electron microscopy
(SEM) (Quanta 650 from FEI) with an accelerating voltage of 5 kV.
The fiber average diameter and their size distribution was calcu-
lated over approximately 40 fibers using SEM images at 5000�
magnification and Image J software. Contact angle measurements
rospun photocatalytic TiO2-polyamide-12 nanocomposites, Materials
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(sessile drop in dynamic mode) were performed at room temper-
ature in a Data Physics OCA20 device using ultrapure water as test
liquid. The contact angles were measured by depositing water
drops (3 mL) on the sample surface and analyzed with the SCA20
software. At least 6 measurements in each sample were performed
in differentmembrane locations, and the average contact angle was
taken as the result for each sample.

Infrared measurements (FTIR) were performed at room tem-
perature in an Apha FTIR apparatus from Bruker in attenuated total
reflectance (ATR) mode from 4000 to 600 cm�1. FTIR spectra were
collected after 32 scans with a resolution of 4 cm�1. The mea-
surements were performed at room temperature. Differential
scanning calorimetry (DSC) measurements were performed in a
Mettler-Toledo DSC28e apparatus at a heating rate of 10 �C min�1.
The samples were cut into small pieces from the membrane central
region and placed into 40 mL aluminum pans. All experiments were
carried out using nitrogen as purge gas. The degree of crystallinity
(X) of the polymer was calculated as:

Xð%Þ ¼ DHs=DH0 (1)

Where DHs is the enthalpy of the sample, and DH0 is the melting
enthalpy of a 100% crystalline PA-12material (DH0¼ 209.34 J/g was
used [10]).

The degree of porosity of the membrane was determined by the
pycnometer method following the procedure described elsewhere
[11]. Briefly, the weight of the pycnometer filled with ethanol was
measured and labeled as W1; the sample with weight Ws was
immersed in ethanol. Subsequently, the sample was saturated by
ethanol; additional ethanol was added to complete the volume of
the pycnometer. Then, the pycnometer was weighted and labeled
as W2; the sample filled with ethanol was taken out of the pyc-
nometer and the residual weight of the ethanol and the pycnom-
eter was labeled as W3. The porosity of the membrane was
calculated according to:

ε ¼ ðW2 �W3 �WsÞ=ðW1 �W3Þ (2)

The mean porosity of each membrane was obtained as the
average of the values determined in three samples.
2.4. Photocatalytic activity

Photocatalytic oxidation of methylene blue (MB) solution by
TiO2-PA-12 nanocomposite fiber membranes under UV irradiation
was used to evaluate the photocatalytic activity of the samples.
Tests were performed in 3.5 � 3.5 cm2 electrospun samples (with a
thickness of ~70 mm) placed in the inside wall of a quartz cell
(40 mm � 40 mm � 10 mm) and filled with MB aqueous solution
(13 mL, 10�2 mM, pH ¼ 6.8). Subsequently, the sample immersed in
MB solution was placed in a dark chamber during 30 min, to reach
an adsorptionedesorption equilibrium of the MB. Finally, the
quartz cell was irradiated with a high power LED source (Thorlabs,
700 mA) with an excitation peak at 365 nm (UV-A). The incident
radiation over the sample was measured with a photo-radiation
meter and the average values were around 5 mW cm�2 [12]. The
absorbance of the MB was monitored at intervals of 2 min using a
spectrophotometer (ScanSpec UVeVis, ScanSci) in the range of
300e900 nm. The rate of photodegradation of MB was analyzed by
monitoring the intensity variation of the main absorption peak at
662 nm.

The MB degradation in aqueous solution fits to a pseudo-first-
order reaction, LangmuireHinshelwood model, which can be
expressed by [13]:
Please cite this article in press as: E. Cossich, et al., Development of elect
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lnðC=C0Þ ¼ kt (3)

where C represents the concentration of the dye at the time t and k
is the first-order rate constant of the reaction.
3. Results and discussion

3.1. Effect of electrospinning parameters on fiber and fiber mat
morphology

Electrospinning parameters usually have influence in fiber
morphology, with several processing parameters including initial
polymer solution, concentration, polymer molecular weight,
affecting the final fiber diameter. Moreover, jet formation and sol-
vent evaporation kinetics are influenced by polymer feed rate,
needle inner diameter, applied electric field and processing tem-
perature [4]. Collecting procedure not only influences fiber orien-
tation but also mean fiber diameter, especially if a dynamic
collector is used such a drum collector, due to the rotational speed
that promotes an additional mechanical stretch to the fibers,
leading to a decrease of the mean fiber diameter [14,15].

In the present work, electrospun fibers of PA-12 were obtained
by dissolving the polymer in HFIP and the experimental processing
parameters were systematically changed in order to study their
influence in polymer fiber formation, morphology and average
diameter. The obtained electrospun membranes showed a random
orientation with smooth and cylindrical shape fibers and without
the present of beads (Fig. 1). Fig. 1 shows representative scanning
electron microscopy images of the PA-12 fibers obtained under
different experimental conditions.

The applied electric field is a key parameter of the electro-
spinning process. The formation of thin fibers is mainly achieved by
the stretching and acceleration of the jets promoted by the high
electric field [14,16]. It has been generally reported that the diam-
eter of the fibers becomes gradually smaller with increasing
applied electrical field (E) [17e20]. Further, increasing E also affects
other processing parameters such as jet traveling time, which has
the opposite effect on the fiber diameter leading to a broader fiber
diameter distribution [14,15,18] through the formation of fiber
branches, with smaller jets being ejected from the primary one,
which can be comparable to the ejection of an initial jet from the
surface of a charged droplet [3].

In the present work, it was observed that applied electric field,
needle inner diameter and polymer flow rate variation does not
influence significantly fiber mean diameter (Fig. 2a and 2b). A
broader fiber distribution was observed for the more extreme
processing conditions, which can be related to the increase of
polymer solution available at the needle tip giving origin to the
formation of fiber branches, with smaller jets being ejected from
the primary one (Fig. 2c).

Solution viscosity also plays an important role in the electro-
spinning process promoting polymer chain entanglement, pre-
venting the driven jet from breaking up during the travel between
the needle and the ground collector. If the polymer concentration is
lower, insufficient chain entanglement occurs, leading to the
presence of beads among the fiber membrane. Although, if the
polymer concentration is high, it will result in larger polymer chain
entanglements within the solution, which often leads to needle
clogging. In the present work, polymer concentrations below 12 wt
% resulted in the presence of the beads among the polymer mem-
brane (data not shown) and polymer concentrations above 18 wt%
lead to needle clogging just after the process started due to the high
solution viscosity. Polymer concentrations between 12 and 18 wt%
resulted in the presence of smooth fibers (Fig. 1) and it was
rospun photocatalytic TiO2-polyamide-12 nanocomposites, Materials
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Fig. 1. Polyamide 12 electrospun membranes obtained at different processing conditions: a) polymer concentration of 12 wt%, E ¼ 1 kVcm�1, feed rate of 0.2 mLh�1 and needle
inner diameter of 0.5 mm, b) polymer concentration of 12%, E ¼ 1 kVcm�1, feed rate of 0.2 mL h�1 and needle inner diameter of 1.7 mm, c) polymer concentration of 12 wt%,
E ¼ 1 kVcm�1, feed rate of 4.0 mLh�1 and needle inner diameter of 0.5 mm and d) polymer concentration of 18 wt%, membranes obtained at different processing , feed rate of
0.2 mLh�1 and needle inner diameter of 0.5 mm. All experiments were performed at room temperature.
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Fig. 2. Influence of the different electrospinning parameters on PA-12 average fiber diameter and distribution of fiber sizes: a) applied electrical field, b) needle inner diameter, c)
polymer feed rate and d) polymer concentration.
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observed that increasing PA-12 concentration in the solution leads
to an almost linearly increase on average fiber diameter and to a
broader fiber diameter distribution (Fig. 2d). This behavior is
related to the higher chain entanglement promoted by higher
polymer concentrations (Fig. 2d).
Please cite this article in press as: E. Cossich, et al., Development of elect
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As a conclusion, the PA-12 fiber electrospun membranes are
mainly influenced by polymer concentration. In that sense, poly-
meric nanocomposites electrospun membranes were processed
based in the results obtained for neat polymer. The influence of the
TiO2 concentration in the nanocomposites electrospun fiber
rospun photocatalytic TiO2-polyamide-12 nanocomposites, Materials
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diameter was evaluated, keeping constant the polymer concen-
tration (12 wt%), applied electric field (1.2 kVcm�1), needle inner
diameter (Ø ¼ 0.5 mm), distance between the needle and the
grounded collector (15 cm) and flow rate (0.2 mLh�1) (Table 1). In
general, the electrospun TiO2-PA-12 membranes showed a smooth
fiber surface with a random distribution, similar to the neat poly-
mer with an average fiber diameter of 404 ± 82 nm (Fig. 3). For the
nanocomposite samples, some filler clusters are observed among
the polymeric electrospun matrix due to the large ceramic content
for the given average fiber diameter, but the photocatalyst nano-
particles do not cover the entire fiber surface, even for higher
TiO2 concentrations (Fig. 3d). Similar results were observed
for electrospun fibers from BaTiO3/poly(vinylidene fluoride-
trifluorethylene) (PVDF-TrFE) in which the increase of filler con-
tent does not affect the polymeric fiber mean diameter, but some
clusters of BaTiO3 were found on the surface of the PVDF-TrFE [21].
Furthermore, it was reported that the incorporation of NaY zeolite
in electrospun poly(vinylidene fluoride) (PVDF) fibers lead to an
increase of the average fiber diameter and even for filler concen-
tration as small as 4 wt%, some clusters were also observed in the
surface of the polymeric fiber matrix [22].

The average water contact angle (WCA) revealed that neat
polymer and the nanocomposite electrospun fiber mats present a
strong hydrophobic behavior (insets of Fig. 3aec) and the incor-
poration of the filler does not affect significantly electrospun mats
wettability, being the WCA of ~136� (Fig. 4).

Infrared spectroscopy in attenuate total reflectance (FTIR-ATR)
was used to monitor variations at a molecular level that might occur
due to the processing conditions of PA-12 and TiO2-PA-12 nano-
composite fiber mats (Fig. 5a). The characteristic FTIR spectra ob-
tained for the samples processed at different applied electric fields
are quite similar: no vibrational modes are totally suppressed and no
new modes seems to appear due to varying processing parameters
(Fig. 5a), that is, the structure and the crystalline phase of the PA-12
remains the same, regardless electrospinning conditions.

The characteristic polymer absorption bands appear at
3300 cm�1, assigned to the NeH stretch of amide A, asymmetric
and symmetric CH2 stretching vibrations are observed at 2919 and
Fig. 3. Influence of the different electrospun parameters of TiO2 e PA-12 average fiber diam
shows a photocatalyst cluster) and d) evolution of fiber average diameter with the incorp
E ¼ 1 kV cm�1, feed rate of 0.2 mL h�1 and needle inner diameter of 0.5 mm.
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2850 cm�1, respectively. The vibrational modes of amide I and
amide II appears at 1636 (C]O stretching) and 1542 cm�1 (CeN
stretching and C]O in plane bending), respectively (Fig. 5a) [23].

Fig. 5b shows non-isothermal DSC thermograms obtained for
neat and nanocomposite electrospun samples at a heating rate of
10 �C min�1, from 40 up to 200 �C. All samples showed the same
profile, with a glass transition around 50 �C, which is not affected
by the processing parameters or the presence of the filler. In
addition, an endothermic peak above 160 �C was registered, which
is associated to the melting of the crystallites. Neither the melting
peak temperature, the onset temperature nor the shape of the peak
shows significant variations between samples, even for the nano-
composites (Fig. 5b). It was also observed the appearance of a small
exothermic shoulder prior to melting especially for neat PA-12
electrospun samples, which is probably due to a cold crystalliza-
tion process during the heating of the PA-12 fibers (Fig. 5b) [10,23].
The degree of crystallinity was calculated according to Eq. (1) and
all samples showed similar crystalline content around 25%.

3.2. Photocatalytic activity evaluation

In order to study the photocatalytic activity of nanofibers,
degradation of MB in aqueous solution under UV irradiation was
evaluated at room temperature. To validate comparisons of the
photocatalytic assays, the tested fiber membranes presented
similar thickness (~70 mm) and porosity (~78%). As depicted in
Fig. 6, the pristine PA-12 membrane fibers does not show a signif-
icant absorption/adsorption ofMB during 30min in the dark, owing
to the hydrophobic feature of the membrane. During UV exposure,
no significant decrease of the absorbance was observed, indicating
that no absorption/adsorption and/or degradation of MB occurred
(Fig. 6), which probably due to the hydrophobic nature of the
polymer matrix, as shown in Figs. 3 and 4. Further, for composite
electrospun samples it is evident that there was degradation of MB,
especially for the sample with 20 wt% TiO2: a larger interaction of
the dye and the inorganic fillers, due to an overall larger TiO2
content, implies a faster degradation mechanism. Due to the hy-
drophobic nature of the polymer matrix (Figs. 3 and 4), the
eter and distribution of fiber size: a) 0 wt% filler, b) 10 wt% filler, c) 20 wt% filler (inset
oration of TiO2. All samples were obtained with a polymer concentration of 12 wt%,
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Table 1
First-order rate constant (k) and degradation level of MB aqueous solution (10�5 M,
pH ¼ 6.8), for all produces electrospun nanocomposites.

TiO2 amount Degradation rate Degradation of MB solution after 100 min

wt.% 1000/min %

0 1.9 13
10 4.1 41
20 11.6 98
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degradation of the blue dyewas only possible due to the interaction
between the MB and the photocatalyst. The reaction rate of the
nanocomposite samples was obtained through Eq. (3), by fitting the
data of Fig. 6. As expected, k increases with increasing filler content
present in the fibers (Table 1), and after 100 min of UV exposure,
98% of the MB present in the solution is completely removed.

In this sense, the efficient performance of the as produced
photocatalytic fibers is mainly achieved by the synergetic combi-
nation of a highly porous structure and a high surface area yielded
by the fiber microstructure, which efficiently favors the adsorption-
migration-photodegradation process during degradation of MB
using TiO2-PA-12 fiber nanocomposites. In the adsorption-
migration-photodegradation process, the MB is probably adsor-
bed by the polymer fibers, and then migrated to the TiO2 nano-
particles, and finally degraded by TiO2 catalyst under UV radiation
[8]. Additionally, theMB solution became completely colorless after
100 min of irradiation.

The use of MB as a dye to study the photocatalytic activity is a
common procedure and in this way conclusions can be made
concerning the efficiency of the built system and on the functio-
nalysation method used. Table 2 shows results reported in litera-
ture concerning the use of polymer elctropsun fibers with different
TiO2 particles for the aforementioned purposes. Nevertheless,
comparison is not always straightforward due to the different
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conditions used to measure samples performance in the MB dye
removal.

Photocatalysis mechanism on surface TiO2 particles is the same
for any semiconductor catalyst; however photocatalyst accessibility
of the dye determine the degradation rate of the process. In the
present work, fibers with an average diameter of 404 ± 82 nm,
loaded with 20 wt% of photocatalyst nanoparticles originate clus-
ters bigger than fiber diameter (Fig. 3), offering a much higher
specific surface area than solvent casting membranes or conven-
tional fibers, and consequently those particles will be directly
exposed to the dye, leading to an enhanced interaction of the UV
light with the nanoparticles, enhancing their photocatalytic activ-
ity, resulting in a faster degradation of MB dye.
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Table 2
Comparative study on MB removal reported in literature for electrospun membranes functionalized with TiO2 after 120 min under UV irradiation

UV lamp source power Size and type of TiO2 Degradation of MB after 120 min (%) Reference

2 � 15 W 10 nm anatase 88 [8]
15 W 21 nm P25 49 [24]
15 W 6 nm 26

21 nm P25 84 [25]
5 mW/cm2 21 nm P25 100 This work
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4. Conclusions

Polyamide 12 electrospinning processing parameters were sys-
tematically studied. It was observed that the average fiber diameter
is mainly influenced by polymer concentration and average fibers
between 404 ± 82 nm and 1442 ± 60 nmwere obtained. Moreover,
TiO2e PA-12 nanocomposite electrospun fibers with 10 and 20 wt%
of photocatalyst were also processed and it was observed that the
filler does not modify the average fiber diameter, being similar to
the observed for neat PA-12 fibers processed in same experimental
conditions. Furthermore, the filler particles are dispersed not only
in the bulk of the polymeric matrix but also on the surface of the
fibers, especially for the samples with higher filler contents. Neat
and nanocomposite electrospun samples show a strong hydro-
phobic behavior. The electrospinning process does not influence
polymer matrix characteristics, and samples with ~25% crystallinity
were obtained.

The photocatalytic performance of the processed samples was
measured using methylene blue as target molecule. The results
obtained show that the nanocomposite samples have a remarkable
photocatalytic activity, especially the one with higher a TiO2 con-
tent (20% E.), with all MB being removed from the solution after
100 min.
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