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Abstract

Dairy effluent (DE) is environmentally toxic and needs special attention. Photocatalytic degradation of DE was studied using novel
polyurethane (PU)-based membranes. Typically, silver–titanium dioxide nanofibers (AgTiO2 NFs) and silver–titanium dioxide nanoparticles
(AgTiO2 NPs) were individually incorporated in PU electrospun nanofibers to overcome the mandatory sophisticated separation of the
nanocatalysts, which can create a secondary pollution, after the treatment process. These nanomembranes were characterized in SEM, TEM, XRD
and UV studies. The polymeric electrospun nanofibers were smooth and continuous, with an average diameter of about 550 nm, and held their
nanofibrous morphology even after more than 2 h of photocatalytic degradation of DE, due to the good stability of PU in the aqueous solutions,
which indicates good imprisoning of the functional photocatalysts. The PU–AgTiO2 NPs and PU–AgTiO2 NFs were effective materials for
degradation of DE, even after two successive cycles. PU–AgTiO2 NPs and PU–AgTiO2 NFs showed a maximum degradation of 75% and 95%,
respectively after 2 h. The significant enhancement of degradation in the PU–Ag–TiO2 NPs and PU–Ag–TiO2 NFs is attributed to the
photoactivity of Ag–TiO2 material under visible light irradiation.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The dairy industry is one of the most polluting of industries,
not only in terms of the volume of effluent generated but also
in terms of wastewater characteristics. DE essentially which
consists of a diluted milk, which is capable of 1–3% loss in
milk components mainly in the form of lactose and proteins
[1]. It also contains different chemicals such as detergents,
alkali, acids etc. [2]. This discharge from the dairy industry
results in water eutrophication and is dangerous to soils and

aquatic life, causing potential environmental problems when it
is discharged without treatment [3]. DE degrades quickly and
enervates dissolved oxygen in exposed water bodies, resulting
in anaerobic conditions and strong foul odors.
There are various ways and technologies to treat DE, such as an

ecological treatment system to remove nutrients [4], a coagulation
approach [5], anaerobic or aerobic reactors [6] and membrane
separation [7]. Physical–chemical systems are very effective in
treating inorganic contaminants but not as much when treating
water with high organic contents. They do not require a great deal
of space and they are easy to operate, but they are high consumers
of chemical products that must later be removed as residual
sludge. Membrane technologies have often been considered a
potential and promising way to generate reusable water from DE
[2,8,9], as they can work synergetically with different technologies
to improve treatment efficiency [10,11]. DE can be managed by
biological techniques as well, because it contains nourishment for
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microorganisms in adequate amounts. Biological methods such as
Activated Sludge Process (ASP) and Trickling Filter (TF) are
among the most common systems for dealing with DE, but they
present a few inconvenient aspects: they require space and
specialized personnel, their construction has a high capital cost
and they are very sensitive to their environment (abrupt organic
load variations, outside temperature, pH variations etc.).

Alternatively, studies applying advanced oxidation processes
(AOP) for purification of wastewater have been introduced in
recent years. AOP is a type of process based on generating
hydroxyl radicals, a highly reactive species that promotes organic
compound oxidation. Among the AOPs, photocatalysis on
semiconductors seems to be the most promising. The process
needs only a photoactive semiconductor and appropriate light –
the UV part of the solar spectrum is sufficient for the excitation of
semiconductor electrons.

Utilization of solar radiation for photocatalytic degradation of
organic compounds of DE has been reported when suspensions
or plates of titania, and zinc oxide nanoparticles have been used
as catalysts [12,13]. However, such practices may be more
expensive when a scale-up process is anticipated since photo-
catalyst particle recovery is not an easy task. Moroever, there are
no studies that have utilized electrospun nanomembranes for the
immobilization of photocatalysts for the degradation of dairy
wastes. The catalytic efficiency is considerably enhanced by the
use of nanoscale photocatalysis. Although there are many
effective nanoscale photocatalysts have been introduced, many
researchers ignored the required separation process of the utilized
nanomaterials which can create a secondary pollution might be
more dangerous than the original one. Due to the very small size,
separation of the nanoscale photocatalysts from the treated
solution is not an easy task as it requires complicated and
expensive separation process such as nanofiltration and centrifu-
gation. Accordingly, developing effective nanoscale photocata-
lysts immobilized on proper substrate was the main goal of the
present study.

In this work, we prepared electrospun nanofiber membranes
incorporated with (AgTiO2 NFs) and (AgTiO2 NPs). The
prepared nanomembranes were exploited as a photocatalyst for
the degradation of model DE.

2. Materials and methods

2.1. Materials

Nanofibrous membranes were fabricated using polyurethane
(Bayer, 40,000 MW, Germany), tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF) (analytical grade from Showa Che-
micals Ltd., Japan), titanium (IV) isopropoxide (CAS number
546-68-9) and silver nitrate (Sigma-Aldrich CAS number 7761-
88-8). All chemicals were used as such without further purifica-
tion. DE was kindly donated by Purmil Ltd. 197-3 Daeri-ro,
Shinpyong-meum Imsil-gun, Cheollabukdo, South Korea. The
solution was used without any purification and the composition is
unknown. Halogen High Voltage SE (Film/Studio) (6994P
2000W GY16 240V 1CT) was purchased from PHILIPS, The
Netherlands.

2.2. Characterization of PU NFs and Ag–TiO2/PU
nanostructures

The surface morphology of the nanofibers was studied with a
JEOL JSM-5900 scanning electron microscope (JEOL Ltd.,
Japan). The samples were coated with gold by sputtering before
analysis. To analyze the elemental composition of the Ag–TiO2/PU
electrospun nanofibers, the EDS technique was applied, corre-
sponding to SEM and FE-SEM images. The phase identification
and crystal structures were observed by the XRD technique using
an X-ray diffractometer (Rigaku Co., Japan) with CuKα
(λ=1.54056 Å) radiation over a range of 2θ angles from 101 to
901. Incorporation of AgTiO2 nanostructures into the PU fibers
was also evaluated using a UV–visible spectrometer (Lambda 900,
Perkin-Elmer, USA). High-resolution images and selected area
electron diffraction patterns were observed by a JEOL JEM-
2200FS transmission electron microscope (TEM) operating at
200 kV (JEOL Ltd., Japan). The spectra obtained were analyzed
by HP ChemiStation software 5890 series. The concentration of
the DE during the photodegradation study was investigated by
spectroscopic analysis using the HP 8453 UV-visible spectroscopy
system (Germany).

2.3. Photocatalytic experiments

The experiments were carried out in an indigenous glass
photoreactor. The reactor was made of glass (capacity of
1000 ml, height 23 cm and diameter 15 cm), covered with
alumina foil and equipped with a visible light source (sunlight
lamp emitting source at a 2000-watt radiation). At the start, DE
and photocatalyst were placed in the reactor and continuously
stirred until the photocatalyst submerged completely during the
photocatalytic reaction. Typically, 500 ml of DE solution and
5 cm� 5 cm fiber mats, with a weight equal to 200 mg, were
used as the catalyst. At specific time intervals, a 3-ml sample
was withdrawn from the reactor and centrifuged to separate the
residual nanofiber catalyst; the absorbance intensity was then
measured at the corresponding wavelength (204 nm).

3. Results and discussion

3.1. Synthesis of Ag–TiO2 nanoparticles and Ag–TiO2

nanofibers.

A sol–gel composed of Ti(Iso) and PVAc was prepared as
follows: 4 g of PVAc (14 wt%, in DMF) solution and 4 g of Ti
(Iso) were mixed, and a few drops of acetic acid were then
added until the solution became transparent. This solution was
prepared and mixed with a previously prepared silver nitrate
solution (0.2 g of silver nitrate dissolved in 0.8 g of DMF). A
clear solution was obtained after 10 min of rapid stirring. This
sol–gel was dried in an oven at 80 1C for 12 h, and the dried
gel was grinded well to obtain nanoparticles of an average
diameter of 200 nm. Finally, the nanoparticles were calcinated
at 600 1C for 1 h and used for further studies. Preparation of
Ag–TiO2 nanofibers having average diameters of 183 nm was
reported in our previous study [14].
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3.2. Synthesis of PU–Ag–TiO2 NPs and PU–Ag–TiO2 NFs

Pristine PU 10 wt% NFs were prepared by dissolving PU
pellets in THF and DMF as reported in our previous studies
[15,16,17]. Titanium dioxide and silver are well known
photocatalytic and band gap modifying materials, respectively;
however, incorporation of already prepared Ag–TiO2 NFs and
Ag–TiO2 NPs in a PU electrospun solution using the conven-
tional electrospinning process is not an easy task, as these
nanostructures are not soluble in THF and DMF solvent.
Usually, the electrospun solution is either polymers dissolved
in an appropriate solvent or in metallic precursor and polymer
solution. The unique feature of these solutions is that they must
be completely soluble. Moreover, after addition of a metallic
precursor, they should be miscible in an appropriate solvent
since they must hydrolyze and polycondensate in the final
mixture to produce the gel network. Actually, this methodol-
ogy hindered the employment of the electrospinning process.
Electrospinning of colloidal solutions is a recently introduced
strategy to explore the different applications of electrospinning
techniques [18,19,20]. Accordingly, PU (containing Ag–TiO2

NFs and NPS) electrospun nanofiber mats could be fabricated
by electrospinning at room temperature a colloidal solution
consisting of already prepared Ag–TiO2 NFs and Ag–TiO2

NPS, and PU dissolved in DMF/THF mixed solvent followed
by 1 h of vigorous stirring. A high voltage power supply (CPS-
60 K02V1, Chungpa EMT Co., Republic of Korea), capable of
generating voltages up to 60 kV, was used as a source of

electric field for spinning the nanofibers. The polymer solution
to be electrospun was supplied through a syringe attached to a
capillary tip. The copper wire from the positive electrode
(anode) connected to a graphite pin was inserted into the
polymer solution, and a negative electrode (cathode) was
attached to a metallic collector. The prepared polymeric
solutions were electrospun onto an aluminum plate (to produce
Ag–TiO2/PU nanostructures) with the following experimental
parameters: current supply of 20 kV, 15 cm working distance,
and 0.3 mL/h flow rate; the collection time was set to 5 h.
The Ag–TiO2 nanofibers and nanoparticles were immobi-

lized within the PU nanofiber membrane by electrospinning
and characterized by SEM. The control PU nanofibers were
smooth and continuous, with an average diameter of 550 nm,
as shown in Fig. 1(A). Once the Ag–TiO2 nanofibers and
nanoparticles were infused, the fiber diameter changed slightly,
(Fig. 1(B) and (C). The Ag–TiO2 nanomaterials were found to
be embedded inside the web of the PU nanofiber. The fiber
diameters were decreased to 30715 nm, Fig. 1(D). EDS
analysis also proved the presence of Ag and Ti in the web
of PU, Fig. 1(E). Along with carbon and oxygen, titanium was
found to be 20 wt% and Ag 2.5 wt% in PU–AgTiO2 NFs and
NPs, respectively.
TEM analysis was used to study the internal structure of the

PU 10 wt% nanofibers and Ag–TiO2/PU nanofibres; Fig. 2
shows the results. Fig. 2(A–C) shows a typical normal TEM
image of Pristine PU (A), Ag–TiO2/PU NFs (B) and Ag–TiO2/
PU NPs (C) after colloidal electrospinning. It is evident from
these images that the surfaces are smooth, which is in

Fig. 1. SEM images of spun Pristine PU (A), PU/AgTiO2 NFs (B), PU/AgTiO2 NPs (C): frequency diameter distribution (D) and EDS analysis (E).
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agreement with SEM analysis, Fig. 1(A–C). It can clearly be
seen that PU, which is noncrystalline in nature, appears gray in
color. In addition, Ag–TiO2 nanoparticles could be viewed by
normal TEM as shown in Fig. 2C; the red square. Fig. 2(D)
illustrates elemental mapping for Ag–TiO2/PU NFs, as shown
the inorganic nanofibers could be observed inside the poly-
meric nanofibers. The line EDX TEM analysis along a
randomly chosen line of Ag–TiO2/PU NFs (E). As shown in
Fig. 2(D), the Ag–TiO2 nanofibers have maintained the normal
fibrous structure inside the main PU nanofibers and survived
mixing during sol–gel formation and high voltage during the
electrospinning process. In the remaining panels of Fig. 2, all
the metals used could be detected. This technique involves the
normal TEM machine equipped with the EDX instrument. The
metals' weight percentages were determined to be 20.85 and
2.23 wt% for Ti and Ag, respectively, which is in close
agreement with the concentration of the metallic precursor
used in the original electrospun solution.

The incorporation of Ag–TiO2 NPs and NFs to the polymer
matrix of polyurethane NFs was further confirmed by UV–visible
spectroscopy. The UV–visible measurements (200–800 nm) of

different fiber mats are shown in Fig. 3. The spectra of pristine PU
(A) indicate that they have no absorption in the spectral region
above 400 nm. After incoportaion of Ag–TiO2 nanomaterials in
PU/AgTiO2 NFs (B) and PU/AgTiO2 NPs (C), the absorption
curve of PU nanofibers was shifted in the 425 nm spectral region.
The UV–visible spectroscopy revealed the presence of Ag–TiO2

nanomaterial in PU–AgTiO2 NFs and PU–AgTiO2 NPs electro-
spun fibers by exhibiting the typical surface plasmon absorption
maxima at about 420 nm (Fig. 3). Interestingly, it was noticed that
the PU–AgTiO2 NFs and PU–AgTiO2 NPs fiber mats exhibited
this absorption compared to the pristine PU fiber mat.
The presence of Ag and titanium dioxide with their crystal-

line structure was confirmed with XRD, as shown in Fig. 4. In
all formulations, a broad peak can be observed at a 2θ value of
201, which represents PU. Compared to the PU fiber mat, the
other two formulations loaded with Ag and titanium dioxide
NFs and NPs clearly show the extra peaks (marked as arrows
for silver) at 2θ values of 24, 28 40 and 471, corresponding to
the crystal planes (111), (200), (220) and (311) (JCPDS card
no 04-0783). In addition, there are extra peaks (marked as blue
arrows for titanium dioxide) at 2θ values of 24, 34, 47, 56 and

Fig. 2. TEM images of Pristine PU (A), PU/AgTiO2 NFs (B), PU/AgTiO2 NPs (C), elemental mapping for PU/AgTiO2 NFs (D), and line EDX TEM analysis in the
inset of PU/AgTiO2 NFs (E). The remaining panels represent the Ti and Ag distribution along the selected line. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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691, corresponding to the crystal planes (004), (105), (217),
(301) and (413), (JCPDS card no 21-1272). For simplicity, in
Fig. 4, we have marked the peaks that correspond to silver
indicated by (Ag) and titanium dioxide indicated by (Ti).

Fig. 5 represents the SEM images of Pristine PU nanofi-
brous (A) and PU–Ag–TiO2 NFs (B) and PU–Ag–TiO2 NPs
(C) after degredation of DE. The samples held their nanofi-
brous morphology and strucure, even after more than 2 h of
photocatalytic degradation of DE. The samples were taken
after the degradation process, drying in an oven at 80 1C for
24 h and characterization by SEM. It is important to note here
that these are the SEM images of samples utilized after a
second cycle of photocatalytic degradation of DE.

3.3. Photocatalytic properties

Photocatlytic degradation of DE in the presence of pristine
PU, PU–AgTiO2, NFs and PU–AgTiO2 NPs electrospun
nanofiber mats, was carried out as shown in Fig. 6. Each
formulation was utilized two times. In the case of pristine PU,
less than 10% of the DE was degraded, even after 2 h.
However, in the case of PU–AgTiO2 NPs, about 50% of DE
degraded after 5 min and almost 75% degraded after 2 h.
Utilizing PU–AgTiO2 NFs increases the degradation rate
significantly; about 70% of DE degraded after 5 min and
95% of the DE was degraded after 2 h. The pH values of DE

before and after degradation remained unchanged and were
about 4.47.
The polycrystalline nature and haphazard web structure of

the Ag–TiO2 nanofibers within PU nanofibers (Scheme 1)
should display higher electron diffusion coefficients compared
to those of nanoparticles. The use of a one-dimensional
structure such as nanofibers has been suggested to reduce the
level of recombination; due to a straighter electron transport
system, shorter transit times have been noted in one-
dimensional nanomaterial [21,22]. Shorter transit times are
more desirable, as the electrons would then have a smaller
probability of recombination and would also allow for a better
photocatalytic rate in PU–AgTiO2 NFs nanofibers [23].
However, the electron diffusion system of AgTiO2 nano-

particles in PU nanofibers (Scheme 2) was low due to the
presence of a large number of surface traps and the presence of
a space charge recombination barrier. The use of zero
dimensional structures, such as AgTiO2 nanoparticles, in PU
nanofibers has been proposed to enhance the level of recom-
bination. Due to a less directed electron transport medium,
longer transit times have been observed in zero dimensional
nanostructures. Longer transit times are less desirable, as the
electrons would then have a higher probability of recombina-
tion and would give a less efficient photocatalytic rate in PU–
AgTiO2 NPs nanofibers.
Nano- or micro-structured Ag–TiO2 fibers are widely

studied and used in photocatalytic related materials. Interesting
and useful properties derived from their unique features have
been reported in many publications [14]. These features result
in better photocatalytic performance because the photocatalytic
reactions are dependent on chemical reactions based on the
surface of the photocatalyst [24]. Moreover, these structural
properties, especially in the presence of a noble metal such as
silver, increase the light harvesting abilities of these materials
because they increase light absorption by allowing as much
light as possible to access the interior, as shown in both
schemes. The significant enhancement of the Ag–TiO2 NFs
photoactivity under visible light irradiation can be attributed to
(i) effects of Ag deposits by acting as electron traps by
enhancing the electron–hole charge separation, (ii) extending
the light absorption into the visible range by plasmon
resonances and (iii) enhancing the DE degradation on the
Ag–TiO2 surface. These Ag–TiO2 nanofibers usually possess a
high specific surface area, pore size and high pore volume, and
these properties tend to increase the size of the accessible
surface area and the rate of mass transfer for organic pollutant
molecules.

4. Conclusion

PU NFs and the complex hierarchical morphology of PU–
AgTiO2 NPs and PU–AgTiO2 NFs were successfully prepared via
an electrospinning process and were used for photodegradation of
DE. The unique structural features of AgTiO2 nanomaterial within
PU NFs play an important role in the photocatalytic degradation of
the DE. The higher photocatalytic activities of PU–AgTiO2 NPs
and PU–AgTiO2 NFs can be attributed to factors (1) that will

Fig. 3. UV–visible spectra of different electrospun membranes.

Fig. 4. XRD spectra of different electrospun membranes.
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increase the formation rate of the photoinduced electrons and holes
and (2) that add to the internal structure and larger BET surface
area. The results of the present study exhibit the potential of PU–
AgTiO2 NPs and PU–AgTiO2 NFs for photodegradation of DE.
PU–AgTiO2 NPs and PU–AgTiO2 NFs showed maximum
degradations of 75% and 95%, respectively.
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