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We investigated the effects of composite electrospun polyurethane (PU)/loess powder (LP) fibers for absorption of volatile organic
compounds (VOCs) from air. PU films containing different amounts of LP (0, 10, 30, and 50wt% LP with respect to PU)
nanoparticles (NPs) were analyzed using FE-SEM, FTIR, and XRD experimental analyzers. Electron microscopy and spectroscopy
indicated that the proper content of LP NPs is homogeneous dispersion in a polymer matrix. In addition, 50wt% of LP results in
a higher concentration spinning nanosuspension that leads to some agglomeration on the film surface. The chloroform, benzene,
and toluene (VOCs) absorption capacity of PU/LP composite films showed a trend of toluene > benzene > chloroform.The highest
VOC absorption capacity was found with PU composite mats containing 30wt% LP NPs. The high VOC absorption capacity of
PU/LP composite films can be used to remove VOCs from a new house or car.

1. Introduction

Electrospinning is an important method used to produce
nanofibers with polymer solutions [1–4]. In the last 10 years,
electrospinning has become one of the most important
academic techniques in the fields ofmaterials and technology.
Because of its easymanufacturing process, low pollution, and
low cost, electrospinning has beenwidely used inmany fields.
For example, electrospinning has been used with artificial
skin, bandages, bulletproof clothing, battery electrolytes,
sensors, and other biomaterials [5–11]. The simple one-step
electrospinning process is fast developing in the past two
decades. In one way, different types of complicated elec-
trospinning processes include coaxial electrospinning [12],
side-by-side electrospinning [13], and triaxial electrospinning
[14]. In another way, different kinds of working fluids have
been tried on these processes, including polymeric solutions,
codissolving solutions of polymers and the functional ingre-
dients, microemulsions, and also nanosuspensions. Electro-
spinning is a fiber spinning technology that injects charged
polymer solution through a syringe pump under a high-
voltage electrostatic field to form fibers. Under voltage in
the nozzle, macromolecule droplets are affected by droplet

surface tension. Surface tension direction is directed opposite
to the electric field force, and the electric field induces charge
at the macromolecule droplet surface. A Taylor cone is cre-
ated when voltage slowly increases, causing macromolecule
droplets to stretch from spherical to long and tapered. When
the electric field strength increases to a critical value, the
surface tension of the liquid is overcome by electrostatic
force, and the liquid is ejected from the Taylor cone. With a
strong electric field, the ejected liquid fluid is elongated, and a
large amount of injected solvent evaporates, thereby causing
a nanoscale fiber to form on the collector [15–17].

The nanometer fibers and nanometer fiber membranes
produced by electrospinning technology have large specific
surface areas and porosity, enabling good performance in
many fields. These nonwoven fabrics have recently emerged
as effective membranes for removing harmful water and
airborne contaminants from the environment [18–21]. Filter
media can protect people from both natural and man-made
contaminants by filtering or absorbing hazardous materials.
The main outdoor sources of volatile organic compounds
(VOCs) are fuel combustion, transport of industrial waste gas
such as car exhaust, and photochemical pollution. Indoors,
VOCs mainly come from coal and natural gas combustion
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products, such as smoking, heating, and cooking, building
and decoration materials, furniture, and cleaners [22, 23].
The harm of VOCs is obvious, as they cause headache,
nausea, vomiting, and limb weakness. In severe cases when
VOC concentration exceeds a certain threshold, convul-
sions, coma, and memory loss can result. Many researchers
are interested in the absorption of VOCs by electrospun
nanofibers. Scholten et al. [24] reported that electrospun
polyurethane (PU) fiber can be effectively used to absorb
VOCs from air. PU fibers demonstrated completely reversible
absorption and desorption, with desorption obtained by
simple purging with nitrogen at room temperature. Kim et
al. [23] showed that PU fibers with 30wt% fly ash had the
highest VOC absorption capacity, which was 2.52–2.79 times
greater than that of pristine PU fibers.

Porous clay materials are attractive candidate adsorbents
for VOC removal [25–27]. Loess powder (LP) is used to
purify water and can be used to adsorb many kinds of
heavy metals and organic compounds from water. LP mainly
consists of silicate, ferric oxide, and aluminum oxide; is a low
cost, nontoxic, environmentally friendly material; and can be
easily obtained, making it suitable for use as an adsorbent
[28–32]. Some research has shown that clay can be used as
an additive to load into polymeric fibers by electrospinning,
but information on the absorption of VOCs is limited. In
this study, LP is used as an adsorbent loaded into PU fibers
by electrospinning to adsorb VOCs. This study also aims to
investigate the possibility of LP utilization as an adsorbent for
the removal of VOCs from air. This presents a new direction
in the fields of environmental science and technology.

2. Experimental Details

2.1. Materials. PU pellets (Estane� Skythane� X595A-11,
Lubrizol Advanced Materials, Inc., USA) and loess powder
(chemical composition: 58.8% SiO

2
, 21.0% Al

2
O
3
, 8.34%

Fe
2
O
3
, 0.04% CaO, 0.28%MgO, 1.00% TiO

2
, 2.35% K

2
O, and

0.11% Na
2
O; ig. loss: 8.1%) were used to produce composite

nanofibers. The loess powder was obtained from HONGIK
BIO TECHCo., Ltd. (Damyang-gun, Jeollanam-do, Republic
of Korea). N,N-Dimethylformamide (DMF; Showa Chemical
Co., Ltd., Japan) and methyl ethyl ketone (2-butanone)
(MEK, extra pure; Junsei, Japan) were used as received
without further purification. In VOC absorption experi-
ments, three different kinds of gas (chloroform, benzene, and
toluene) (purity 99.9%, AR grade) were analyzed.

2.2. Fabrication of Composite Electrospun Mats. PU pellets
were dried for at least 3 h in a dry oven at 80∘C prior to
dissolution in solvents. A 10wt% PU solution in DMF/MEK
(50 : 50 by weight) was prepared using a magnetic stirrer at
300 rpm for 12 h at room temperature, and different amounts
of LP (0, 10, 30, and 50wt% with respect to PU) were added
to create a spinning nanosuspension using ultrasonication for
2 h. This was followed by 2 h magnetic stirring at 300 rpm
under room temperature. Electrospinning was carried out
using the setup shown in Figure 1. A total of 15 kV of high-
voltage electricity (New Era Pump Systems, Inc., NY, USA)

V Nanofiber

High-voltage
power supply Rotating
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Figure 1: Schematic diagram of the electrospinning setup.

was applied to the PU/LP spinning nanosuspension in a
syringe for electrospinning.The tip-to-collector distance was
18 cm, and the nanosuspension feed rate was 1mL/h. Finally,
nanofibrous mats were dried under vacuum for 12 h at 60∘C
after electrospinning.

2.3. Characterization. The morphological structures of
nanofibrous mats were characterized using field emission
scanning electron microscopy (FE-SEM, JIB-4601F, JEOL,
Japan) and biotransmission electron microscopy (Bio-TEM,
H-7650, Hitachi, Japan). Fiber diameter was determined
on 100 filaments or particles using ImageJ (NIH, USA)
software. The Fourier transform infrared spectroscopy
(FTIR, Spectrum GX, Perkin Elmer, USA) spectra of
samples were obtained using a Paragon 1000 spectrometer.
X-ray diffraction (XRD) analysis was carried out using a
Multi-Purpose High Performance X-ray Diffractometer
(X’pert Powder, PANalytical, Netherlands). Nanosuspension
viscosity was measured using an EC meter (Brookfield,
USA). An AMETEK tensile test machine (AMETEK, USA)
measured the tensile properties of samples.

2.4. VOCs Absorption Experiment. For the VOC absorption
experiment, pristine and composite electrospun PUmatrices
(0 wt% LP, 10 wt% LP, 30wt% LP, and 50wt% LP) were
composed of 8 cm × 8 cm fibers. The absorption experiment
was implemented in a closed container with two valves.
For every experiment, a rotary pump was used to remove
impurities and other contaminants on the fiber surface and
container. First, 100mg each of chloroform, benzene, and
toluene were mixed. Then, methanol was used to dilute the
nanosuspension to result in 2mg of VOCs. A syringe was
used to inject 2mg of VOCs into the container and onto fiber
surfaces, whichwere then allowed to evaporate for 1 h at room
temperature. After that, unabsorbedVOCswere placed into a
Tenax absorber (Tenax-GR; JapanAnalytical Industry, Tokyo,
Japan) using a nitrogen stream for 5 minutes. In this study,
quantitative and qualitative analyses were performed using
GC/MS (gas chromatography-mass spectroscopy, XEVOTQ-
S,Waters, USA). AMS/FID in a purge and trap analyzer eval-
uated theTenax-GRat 280∘C.VOCswere purged and trapped
using Automated Purge & Trap analyzer JTD-505II (Japan
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Table 1: Physical properties of PU/LP spinning solutions.

Spinning solution Viscosity (cP) Fiber diameter (nm) BET area (m2/g) Tensile strength (MPa)
Distribution Mean

PU + LP 0wt% 547 290–987 636 5.9933 7.2 ± 2.31
PU + LP 10wt% 552 290–993 526 1.3481 1.1 ± 0.05
PU + LP 30wt% 595 184–618 343 2.6032 0.5 ± 0.03
PU + LP 50wt% 830 172–711 368 2.2095 —

Analytical Industry, Japan). Gas composition was analyzed
by AGC/MS QP 2010 Plus (Shimadzu, Kyoto, Japan). More
specific VOC absorption experimental methods are available
in our previous article [23].

3. Results and Discussion

3.1. Morphological Characteristics of PU/LP Composite Fibers.
In this study, the loess consisted of typical elements, such
as 50% Si, 25% Al, 15% Fe, and 5% K, and small amounts
of Ti, Mg, and Ba. Figure 2(a) shows FE-SEM images of
LP, which was found to have irregular shapes with different
sizes and diameters. Table 1 shows the physical properties of
PU solution/mats containing different amounts of LP. Table 1
shows that the fibrous membranes had a wide diameter
distribution. With increased content of LP, the fiber diameter
clearly decreased. The smallest fiber diameter was produced
when LP content increased to 30wt%, and the average
diameter was about 343 nm. Similar results have also been
observed by other researchers [33–35]. However, when the
LP content exceeded 30wt%, there was an increase in fiber
diameter. This might be because the LP highly dissolved into
PU solution to reach saturation when LP content increased to
30wt%.

FE-SEM images of PU/LP nanofibrous membranes with
increased LP content are shown in Figure 2. Figures 2(b)–
2(e) show PU electrospun fibers containing 0, 10, 30, and
50wt% LP, respectively. Figure 2(b) is an FE-SEM image of
PU solution without LP, showing a smooth and nonporous
surface compared with those in Figures 2(c)–2(e). Different
LP content dissolved in PU produced smooth or not smooth
fiber surfaces. The smooth fiber surfaces produced by LP
did not incorporate through electrospinning. However, the
not smooth fiber surfaces produced by LP were highly
disordered with agglomerated LP. Figure 2 also shows that
fiber diameter decreased as LP content increased from 0wt%
to 30wt%. When LP content exceeded 30wt%, as shown
in Figure 2(e), many LP particles gathered together and
connected with PU, disturbing the fiber morphology. The
increased viscosity of spinning solutions and gathering of LP
particles at the nozzle results in increased fiber diameter and
can lead to nozzle blockage during electrospinning. Figures
2(b)–2(e) show that PU solution with LP up to 30wt% was
spinnable, and 30wt% LP dissolved in PU solution was a
suitable amount for effective particle incorporation without
disturbing fiber morphology through electrospinning. These
figures also clearly show that the smoothness of fibers and
homogeneous distribution of LP were excellent when LP
content increased to 30wt%.

TEM images of PU/LP nanofibrous membranes are
shown in Figure 3. Figure 3(a) is a pristine PU nanofiber that
is beadless, cylindrical, and smooth. When adding the LP
NPs into PU solution to produce composite fibers, shown in
Figures 3(b)–3(d), LP NPs were either inside PU nanofibers
(see Figure 3(c)) or on the surfaces of fibers (see Figures
3(b) and 3(d)). LP NPs appeared inside the fiber because
the LP content was less than the 50wt% of LP in the PU
solution, where there was a good degree of mixing, and
the viscosity was not high. That is, the nanosuspension
did not require significant energy during electrospinning.
However, when increasing LP content to 50wt%, the viscosity
of the PU/LP electrospinning nanosuspension became high.
Electrospinning requires more energy to overcome surface
tension, leading to more agglomeration of LP NPs and bead
formation on PU nanofibers [20]. Agglomeration can also
reduce the mechanical properties of composite nanofibers.

3.2. Mechanical Properties of PU/LP Composite Fibers. Loess
has a good humidity-adjusting function and a far infrared
ray radiation function, making it a very beneficial material
for the human body. In cosmetics, loess has a whitening
effect and strong affinity for the skin. It also can increase skin
flexibility and waste discharge. In this study, loess was chosen
for absorption of VOCs as a research material by adding it to
electrospun fibers. We were interested in whether loess could
improve the mechanical properties of PU fibers and act as a
commercial air filter textile nanofibrousmembrane with high
VOC absorption efficiency. Table 1 and Figure 4 show the
tensile strength of electrospun nanofibrous mats. The tensile
strength of pristine PU nanofibrous mat was 7.2 ± 2.31MPa,
while composite PU electrospun fibers contained 10 and
30wt% LP with 1.1 ± 0.05 and 0.5 ± 0.03MPa, respectively.
However, there is no measured tensile strength of composite
PU electrospun fibers containing 50wt% LP. This is because
its tensile strength was very small, and the fibers broke
when performing the tensile strength test. It is clear from
these results that tensile strength drastically decreased with
increased amounts of LP in fibers. The tensile strength of
composite PU electrospun fibers containing 10 and 30wt%
LP decreased by 85% and 93% compared with pristine PU
electrospun fibers, respectively. With increased LP content
in PU fibers, the mechanical properties of PU/LP composite
mats were greatly reduced. Under the existing state without
adding any tensile strength additives, PU/LP composite fibers
produced by electrospinning would be difficult to use as a
commercial air filter.

To analyze the composition of electrospun nanofibers
and investigate possible interactions between PU and LP
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Figure 2: FE-SEM images of PU/LP electrospun fibers containing 0, 10, 30, and 50wt% LP.

NPs, the XRD and FTIR spectra of nanofibrous mats were
investigated. The XRD patterns of nanofibrous mats are
shown in Figure 5, which shows that, with increasing amount
of LP in fibers, the relative intensity gradually increased.This
finding demonstrates effective loading of LP NPs on the fiber
surface. The patterns of all nanofibrous mats had different
crystalline characteristic peaks, as shown in Figure 5. The
𝛾-phase crystalline characteristic peaks of all nanofibrous
mats are shown at a 2𝜃 of about 21∘. The 𝛾-phase crystalline
characteristic peaks appeared at almost the same location,
indicating very little interaction between PU and LP NPs,
similar to findings reported by Pant et al. [20]. The FTIR
patterns of nanofibrous mats are shown in Figure 6, which
showsmany peaks. Bands at 3347, 2973, 2920, 1752, 1588, 1232,
and 964 cm−1 of neat PU nanofibrous mats were assigned to
stretching of theN–Hgroup,CH

2
asymmetric vibration, CH

3

symmetric vibration, stretching of the carbonyl group in hard
segments, urethane amide II band, C(O)–O–C stretching
of the hard segment, and bending vibration in a benzene

ring, respectively [36]. These results are similar to those of
our previous research [23]. In addition, the IR characteristic
absorption peaks of PU/LP composite nanofibrous mats with
different LP contents appeared in almost the same positions
as those of neat PU nanofibrousmats. However, with increas-
ing amount of LP in fibers, the bands shifted toward higher
values, indicating molecular interactions between PU and LP
NPs [34, 37, 38].

3.3. Absorption Characteristics of Different Nanofibrous Mats.
This study mainly investigates PU/LP composite nanofibrous
mats produced by electrospinning for VOCs adsorption.
Loess is an easy to obtain material with low cost that can be
utilized for various applications.With excellent VOC absorp-
tion capacity, it can be widely used to remove harmful VOCs
in new houses and new cars. The VOC absorption character-
istics of composite PU mats containing different amounts of
LP are shown in Figure 7. With increasing amount of LP, the
VOC absorption capacity of PU/LP composite nanofibrous
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(a) PU + LP 0wt% (b) PU + LP 10wt%

(c) PU + LP 30wt% (d) PU + LP 50wt%

Figure 3: TEM images of PU/LP electrospun fibers containing 0, 10, 30, and 50wt% LP.
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Figure 4: Tensile strength of electrospun PU mats with different
amounts of LP.

mats increased compared to that of neat PU composite
nanofibrous mats. These results can be explained by the
decreasing fiber diameter of composite fibers with increasing
amount of LP, increasing the surface area of composite fibers.
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Figure 5: XRD patterns of different nanofibrous mats.

TheLPNPs present on fiber surfaces increased the absorption
capacity. Neat PU composite nanofibrous mats were also
able to absorb VOCs [24]. The VOC absorption capacity of
PU/LP nanofibers containing 10wt%, 30wt%, and 50wt%
LP NPs increased by 55%, 300%, and 192%, respectively. The
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Figure 6: FTIR spectra of different nanofibrous mats.
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Figure 7: VOC absorption capacity of different nanofibrous mats.

VOC absorption capacity of PU mats containing 30wt% LP
NPs was the highest because this concentration produced
maximum LP-loaded smooth fibers and high BET surface
area [23]. The BET surface area is shown in Table 1. When
the concentration of LP in PU spinning nanosuspension
was sufficiently large, extensive agglomeration of LP particles
occurred, preventing homogeneous LP NP distribution in
PU film. Therefore, a high concentration of LP will decrease
VOC absorption capacity [22].The VOC absorption capacity
of PU/LP composite nanofibrous films showed a trend of
toluene > benzene > chloroform. Kim et al. [23] reported
similar results. PU/LP composite nanofibrous films have
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Figure 8: VOC absorption capacity of 30wt% LPs containing PU
film in different cycles.

different trends for different VOCs, which is related to the
formation of 𝜋-complexes [39]. If the 𝜋-complex of PU/LP
films is larger and more stable, the adsorption capacity
of the surface for VOCs increases. Chloroform is not an
aromatic compound, and its lack of 𝜋-complex formation
leads to decreased VOC absorption capacity. Thus, its VOC
absorption capacity is the smallest of the tested compounds.
In addition, the adsorption capacity of a surface for VOCs
is related to the ionization potential of the donor molecule.
High ionization potential prevents charge transfer complexes
from forming [40, 41]. This property also explains the trend
of toluene > benzene > chloroform.

To further demonstrate the reliability of the VOC absorp-
tion capacity of PU/LP films, this VOC absorption exper-
iment was repeated four times using PU films containing
30wt% LP. Figure 8 shows the results, which are nearly the
same for all four cycles. This reliability also indicates that
the PU/LP composite film had reversible absorption and
desorption behavior.

4. Conclusions

In this study, we report that PU/LP composite films can
be produced by electrospinning. FE-SEM and TEM images
indicated that 10 and 30wt% of LP NPs homogeneously
disperse in a polymer matrix, while 50wt% of LP forms some
agglomeration on the film surface. With increased amount of
LP, the viscosity of the spinning nanosuspension increased,
also increasing the possibility that the nozzle will be blocked.
With increased amount of LP, nanofiber diameter decreased
and BET surface area increased.The highest VOC absorption
capacity of PU/LP films was that of a film containing 30wt%
LP. Due to its high VOC absorption capacity, this film can be
used for VOC absorption in new houses and cars.
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