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Abstract: In the process of using nano-titanium dioxide (TiO;) photocatalytic treatment of organic
polluted liquid, the easy aggregation and recycling difficulty of nano-TiO, particles are important
problems that cannot be avoided. Anchoring nano-TiO, to the substrate not only limits the aggre-
gation of nano-TiO;, but also facilitates the easy removal and reuse of nano-TiO, after processing.
Herein, coaxial electrospun nanofibrous (NFs) made of L-polylactic acid (PLLA) and chitosan (CS)
are coated with graphene oxide (GO) and TiO, for the enhanced oxidation of organic pollutants. The
adsorption and photocatalysis experiment results show that, for methyl orange (MO) dye solution,
the saturated removal of MO by PLLA/CS, PLLA /CS-GO and PLLA /CS-GO/TiO, nanofibers are
60.09 mg/g, 78.25 mg/g and 153.22 mg/g, respectively; for the Congo red (CR) dye solution, the
saturated removal of CR by PLLA /CS, PLLA /CS-GO and PLLA /CS-GO/TiO, nanofiber materials
were 138.01 mg/g, 150.22 mg/g and 795.44 mg/g, respectively. These three composite nanofiber
membrane materials can maintain more than 80% of their adsorption capacity after four repeated
cycles. They are environmentally friendly and efficient organic pollution remediation materials with
promising application.

Keywords: polylactic acid; nanofiber; nano-titanium dioxide; graphene oxide; organic pollutants

1. Introduction

Organic dyes that are widely discharged into the aqueous environment have a serious
impact on human health, with cases of teratogenicity and cancer diagnoses becoming more
commonplace [1,2]. As a result, researchers have become committed to finding a material
with high adsorption capacity that can adsorb pollutants from the aqueous environment
without having any negative impact [3].

To this aim, Ledn et al. [4] prepared oxidized chitosan (CS) via thermal acid oxidation
and redox reactions, which has the ability to adsorb both cationic and anionic dyes. As
activated carbon (AC) is a cost-effective material for treating organic dye solutions in
water, Xiao et al. [5] prepared a sugar-based AC material that exhibits high adsorption of
rhodamine B (RhB). Sattar et al. [6] prepared polylactic acid (PLA)/AC that shows high
adsorption of rhodamine B (RhB). The use of functional nanocomposites (such as carbon
nanotubes, graphene, mesoporous materials, etc.) to remove organic pollutants has proved
to be an effective means. Niculescu et al. have done a lot of excellent frontier research
work in this field [7]. Moreover, graphene oxide (GO) has become increasingly important
in the adsorption of organic dyes [8,9]. Omidi et al. [10] prepared konjac glucan/GO
hydrogels for the adsorption of methyl orange (MO) and methyl blue, using calcium oxide
as a cross-linking agent, where the addition of GO was found to substantially improve the
adsorption capacity of the adsorbent towards the dyes. The graphene used in the treatment
of dye-polluted wastewater is mostly in the form of particles [11] that are difficult to
recover, meaning that it is present in bodies of water for long time periods, thus increasing
the burden of purification of the body of water. Furthermore, the graphene particles
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used in the treatment agglomerate lead to poor adsorption of pollutants from the body of
water [12]. Moreover, carriers that can be loaded with graphene are mainly polyethylene-
and polyphenylene-based polymers that are hard to degrade, thus representing a form of
secondary pollution to the environment [13-16].

Nano-TiO; [17,18], due to its high specific surface area and high reactivity [19-21], has
multifunctional ability to oxidize and adsorb organic dyes, which has attracted interest in
the treatment of inorganic and organic wastewater. To improve the photocatalytic efficiency
of TiO,, TiO, has been paired with graphitic materials such as graphene oxide (GO) and
reduced graphene oxide (rGO) [22,23]. The electrical conductivity of GO helps electrons
stay away in ultraviolet (UV) light TiO,, thereby enhancing the photocatalytic activity
of TiO,. In addition, studies have demonstrated that anatase-type TiO, with exposed
{001} planes has higher catalytic activity [24,25]. Niculescu et al. [26-29] used rice husk ash
to prepare silica mesoporous materials and used them as catalyst carriers. Experiments
showed that this catalyst can efficiently catalyze the oxidation of organic pollutants such
as thodamine.

Electrospinning nanofibers are attractive due to their high specific surface area [30],
high porosity [31], tunable diameter [32], simple production [33], and diversity of polymers
compatible with electrospinning [34-36] becoming a promising scaffold for nanocomposites.
A significant advantage of electrospun fibers compared to other substrates is their high
specific surface area; when decorated with nanoparticles, the fibers allow the nanoparticles
to maintain a high specific surface area [37]. This maximization of specific surface area
helps to improve the catalytic and adsorption efficiency of the material while minimizing
the economic and environmental costs of nanomaterial production, use, and end-of-life [38].

Chitosan is a derivative of crustacean shells, and is also a waste from fisheries. Since
the primary amine groups on its surface can be functionalized with nanomaterials, chitosan
is an excellent choice for the preparation of nanoparticle-loaded electrospinning fibers. For
example, the primary amine functional group of chitosan is bound to the epoxy group
on the surface through a nucleophilic substitution reaction [39]. However, due to the
high viscosity and swelling properties of chitosan in solution, it is difficult to perform
electrospinning alone. Therefore, it is often paired with other polymers (such as PLGA, and
PLA) [40-42] to generate stable fibers that are still capable of functionalization through the
amine groups of chitosan.

The work in this paper combines the advantages of GO-TiO, nanocomposites and
chitosan-based electrospinning fibers to prepare nanocomposite fibers for enhanced ox-
idation of organic pollutants. Biodegradable PLLA and CS were prepared by coaxial
spinning into nanofiber mats with PLLA as the core layer and CS as the shell layer, which
were subsequently functionalized with GO-TiO; nanocomposites. The primary amine
groups of the fiber shell (CS) were used as anchor sites for the graphene oxide sheets,
which were then decorated with TiO,. Under UV irradiation, the ability of nanocomposite
fibers to catalyze and adsorb MO and CR for multiple cycles was evaluated, avoiding
the expensive and energy-intensive process of recycling and regenerating nanomaterials
in suspension. Through our unique pairing of nanocomposites, we realize the potential
real-world application of GO-TiO; nanocomposites in decentralized organic wastewater
treatment systems.

2. Experimental
2.1. Materials

L-polylactic acid (PLLA, MW: 130,000-140,000 Da) was prepared in the laboratory
using the ring-opening polymerization of lactide [43], and graphene oxide (GO) was pre-
pared in the laboratory using Hummers’ method [44]. Chitosan (CS, 98%, WM: 100,000 Da,
90%deacetylated, 200-500 mPa-s 0.5% in acetic acid, TCI, Portland, OR, America), graphene
(98%, Sigma-Aldrich, Shanghai, China), tetrabutyl titanate (TBOT, 98%, Sigma-Aldrich,
Shanghai, China), hexafluoroisopropanol (HFIP, 99.8%, Titan Reagent Co., Ltd, Shanghai,
China), formic acid (FA, 96%, Titan Reagent Co., Ltd, Shanghai, China), hydrofluoric acid
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(HF, 48-51% solution in water, Titan Reagent Co., Ltd, Shanghai, China), Congo Red (CR,
Damao Reagent Co., Ltd, Tianjin, China) and Methyl Orange (MO, Damao Reagent Co.,
Ltd, Tianjin, China) were purchased from external reagent companies.

2.2. Instrumentation

The equipment employed in this study was an electrospinning machine (YFSP-T,
Yunfan Technology, Tianjin, China), a scanning electron microscope (SEM, Nova NANOSEM-
450, FEI, Oregon, America), a Transmission Electron Microscopy (TEM, Tecnai-GZ-F30S-
TWIN, FEI, Eindhoven, Netherlands), a Energy Dispersive X-ray Spectrometer (EDX, S2
PUMA Series II, Bruker, Massachusetts, America), an X-ray powder diffractometer (XRD,
D8-ADVANCE-A25X, Bruker, Massachusetts, America), a UV-visible spectrophotome-
ter (UV, 2600i, SHIMADZU, Kyoto, Japan), a transmission electron microscope (TEM,
Tecnai GZ-F30S-TWIN, FEI, Eindhoven, Netherlands), an attenuated total reflection Fourier
transform infrared spectrometer (ATR-FTIR, Nicolet 6700, Thermo, MA, USA), a Thermo-
gravimetric analyzer (TA, STA449F3, NETZSCH, Bavaria, Germany) and a photochemical
reactor (JP-GHX-IL, Jiuping, Wuxi, China).

2.3. Preparation of Electrospun PLLA/CS Nanofibrous and Their Loading with GO

PLLA (0.3 g) was dissolved in HFIP (4 mL) to prepare a nucleus layer solution with a
concentration of 0.075 g mL~! Separately, CS (0.15 g) was dissolved in a mixed solution of
HFIP (6 mL) and FA (1 mL) to prepare a shell solution with a concentration of 0.021 g mL ™.
Then, the prepared solutions were loaded into the core and shell solution syringes (5 mL)
corresponding to the coaxial needles (20 G, inner diameter 0.5 mm, outer diameter 0.9 mm),
respectively. We set the DC voltage supplier (Gamma High voltage Research Inc.) to a
potential of 17.5 kV, connected it to the tip of the needle, and ground it to an aluminum
foil-covered roller at a distance of 12 cm. The roller was then rotated at approximately
15 cm min~! to act as a fiber collector, collecting the shell (0.2 mL h~1) and core (0.4 mLh™1)
polymer solutions flowing from the syringe needle, electrospun at room temperature
(25 °C) and 40% humidity for 10 h, and then the electrospun nanofibrous (NFs) were rinsed
thoroughly with deionized water and dried in a vacuum drying oven (40 °C) for 12 h.

A mixture of GO (4 mg) and deionized (DI) water (15 mL) was treated in an ultrasonic
water bath (Controlled ultrasonic cleaning machine, KH-400KDE, Kunshan, China) at
400 W, 40 kHz for 10 min until GO was uniformly and stably dispersed in the water. The
NFs (30 mg, 1 mL of GO suspension per 2 mg of fiber) were then fully immersed in the
GO suspension in an ultrasonic water bath (400 w, 40 kHz) for 30 min to complete the
loading reaction. The loading of GO on NFs was accomplished by epoxyamine addition,
in which the epoxy ring on the surface of GO was opened and combined with primary
amine groups in chitosan [39]. After loading was completed, the NFs were rinsed with DI
water to remove loosely bound GO and dried in a vacuum drying oven (40 °C) for 12 h.
The resulting product is denoted as GO@NFs.

2.4. Preparation of GO/TiO, and Its Loading on the PLLA/CS NFs

The mixture of GO (8 mg) and absolute ethanol (15 mL) was sonicated (400 w, 40 kHz)
for 30 min to obtain a homogeneous suspension. Ti(OBu)s (1 mL) was added to the GO
suspension, and the mixture was further sonicated (400 w, 40 kHz) for 30 min to form a
homogeneous suspension.

To this suspension was added hydrofluoric acid (HF, 0.3 mL) with continuous stirring,
and then the solution was transferred to an autoclave and reacted at 180 °C for 12 h. After
the reaction was completed, the mixture was allowed to cool to room temperature, and
the produced material was then washed alternately with deionized water and absolute
ethanol twice, then centrifuged (6000 r min~!, 20 min), filtered, and the resultant powder
was placed in a vacuum drying oven after drying at 60 °C for 12 h. The resulting product is
denoted as GO/ TiO,.
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A mixture of GO/TiO; (4 mg) and deionized (DI) water (15 mL) was treated in an
ultrasonic water bath at 400 w, 40 kHz for 10 min until GO/TiO, was uniformly and stably
dispersed in the water. The NFs (15 mg, 1 mL of GO/TiO, suspension per 1 mg of fiber)
were then fully immersed in the GO/TiO, suspension in an ultrasonic water bath (400 w,
40 kHz) for 30 min to complete the loading reaction. After loading was completed, the
NFs were rinsed with DI water to remove loosely bound GO/TiO, and dried in a vacuum
drying oven (40 °C) for 12 h. The resulting product is denoted as GO/TiO,@NFs.

2.5. Characterization of Fiber Composites

The surface morphology of fibers before and after modification with nanocomposites
was analyzed by sputter-coated fibers with 8 nm iridium (Cressington 208HR), and then
imaged on SEM at a beam accelerating voltage of 10 kV. The presence of titanium on the
nanocomposite fiber surfaces was characterized using TEM and EDX paired with SEM,
operating at an accelerating voltage of 200 kV. The distribution of fiber diameters was
determined by measuring the cross-section of 100 fibers from the SEM images of the fibers
by Image] software. The binding mechanism of TiO, to the nanocomposite fibers was
characterized by attenuated total reflection Fourier transform infrared spectroscopy from
450 cm ™! to 4000 cm ™!, and the percentage of TiO, loading on the nanocomposite fibers
was quantified using thermogravimetric analysis from room temperature to 800 °C.

2.6. Adsorption of CR and MO Dyes on PLLA/CS-GO

Portions of dried composite NFs (50 mg) were weighed and added to neutral Congo
Red (CR) (0.4 mg mL~!, 25 mL) and Methyl Orange (MO) (0.24 mg mL~!, 25 mL) dye
solutions, respectively, under magnetic stirring. The optimal adsorption temperature and
adsorption saturation time of composite fibers for CR and MO dyes were studied by
changing the solution temperature and sampling periodically (interval time 0.5 h).

2.7. Photodegradation of CR and MO Dyes on PLLA/CS-GO/TiO2

(1) PLLA/CS-GO/TiO; (50 mg) was added to a solution of CR dye (1.6 mg mL~!,
25 mL) and the resultant mixture stirred in a dark box for 1 h to establish adsorption—
desorption equilibrium prior to being exposed to UV light irradiation. The UV wavelength
used in the experiment is 350 nm. An aliquot of the solution was taken up into a quartz
tube every 1 h, the absorbance of which was measured by centrifuging the upper layer of
the dye solution and using a UV-vis spectrophotometer to study the photodegradation of
the CR. (2) NFs (50 mg) were added into CR solutions (0.8-2 mg mL~1, 25 mL), and after
adsorption—desorption equilibration, the saturation time of adsorption was measured from
step (1) by illumination to study the effect that different initial concentrations have on the
adsorption performance and the maximum amount of CR adsorbed by the NFs. The dye
solutions were then replaced with MO solutions, and the above steps were repeated, with
a change in concentrations in step (1) to 0.24 mg mL~!, 25 mL of MO and in step (2) to
(0.08-0.4 mg mL~1), 25 mL of MO.

2.8. Cyclic Adsorption Experiments

50 mg PLLA /CS-GO/TiO, was added to 25 mL of neutral CR staining solution with
a concentration of 1.2 mg/mL and a neutral MO staining solution with a concentration
of 0.32 mg/mL, respectively. After adsorption in the photocatalytic reactor for 3 h, the
concentrations of CR and MO in the solution were measured, and the removal rates of CR
and MO were calculated. Then the PLLA /CS-GO/TiO, membranes adsorbed with CR and
MO were desorbed using 0.1 mol L~! sodium hydroxide (NaOH), and then the resultant
NFs were washed with ultrapure water until neutral pH and loaded with GO/TiO;. The
prepared composite NFs were then used in the photodegradation of organic dye solutions
to explore the recycling performance of the composite NF membrane.

Calculation of adsorption capacity: The absorbance values of CR (497 nm) and MO
(463 nm) solutions at different concentrations (0—400 mg/L) were measured by a UV-Vis
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spectrophotometer, and a standard curve was drawn. The absorbance of CR and MO
solution before and after adsorption was measured and substituted into the standard curve
to calculate the concentration of CR and MO solution before and after adsorption, and then
the adsorption amount of CR and MO was calculated.

3. Results and Discussion
3.1. Structural Characterization of PLLA-CS Nanofibrous

Figure 1a,b shows the SEM images of core-shell structured PLLA-CS nanofibers pre-
pared using our optimized electrospinning conditions. Figure 1d shows the diameter
distribution of coaxial electrospun fibers. There are no polymer beads in the fiber. The fiber
diameter distribution is relatively uniform, with an average diameter of 180.13 nm.
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Figure 1. (a,b) SEM images of PLLA@CS coaxial nanofibers; (c¢) TEM images of PLLA@CS coaxial
nanofibers; and (d) diameter distribution of PLLA@CS coaxial nanofibers;.

In order to observe the core/shell structure of the nanofibers, we carried out TEM
analysis on the fiber samples. In Figure 1c, it can be seen that the fiber is composed of a
darker core area and a brighter shell area, and the boundary between the core and the shell
is clearly observed. This shows that PLLA nanofibers are completely covered by CS.

3.2. Structural Characterization of GO/TiO;

Figure 2a,b show SEM images of GO/TiO, prepared from Ti(OBu)4 (1 mL), GO (8 mg),
and HF (0.3 mL) as a morphology control agent. As can be seen from the figure, when
0.3 mL of HF was used, more {001} crystalline composites (typical spindle morphology)
were obtained. As seen in Figure 2¢c, TiO, grows on graphene with particle deposition.
Figure 2d shows a TEM image of the GO/TiO; prepared using 0.3 mL of HF, with the
material exhibiting clear striped lattices with a spacing of 0.37 nm, corresponding to the
{001} crystal plane of anatase TiO,, which indicates that TiO, with exposed (110) plane was
successfully synthesized, and the strong bonding together of GO and TiO,.
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Figure 2. (a,b) SEM and (c,d) TEM images of GO/TiO,.

Figure 3 show XRD patterns of GO/TiO; prepared by mixing Ti(OBu)4 (1 mg), GO
(8 mg), and HF (0.3 mL). It can be seen from the patterns that the three prepared materials
have anatase-type structures. The weak diffraction peak of GO at 20 = 23.0° cannot be
observed in the patterns, as it is superimposed by the strong diffraction peak of TiO, at
25.3°. When 0.3 mL of HF was used in the preparation of HF, the peak at 25.3° is sharp and
intense, which indicates that the crystallinity of TiO, is good.
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Figure 3. XRD patterns of GO/TiO, samples.

3.3. Structural Characterization PLLA/CS-GO/TiO;

Figure 4a shows the SEM image of GO/TiO, on a PLLA/CS NF after 10 min of loading
and Figure 4b shows an SEM image of GO/TiO, on a PLLA/CS NF after 30 min of loading.
As can be seen from the images, after a loading time of 10 min, only a small amount of
GO/TiO; is loaded on PLLA /CS, with relatively uniform distribution. Upon an increase
in the loading time to 30 min, the amino groups on the NFs bond with GO/TiO,, with a
relatively dense and uniform distribution. In addition, it can be seen from Figure 4 that
GO and PLLA/CS nanofibers are tightly bound, which is mainly because the -NH; on CS
and a large number of -COOH groups on GO undergo amidation to form -NHCO-, which
makes CO tightly bound to the surface of PLLA /CS nanofibers.



Polymers 2022, 14, 4622

7 of 14

>
, ’n g fdy j
'\‘(l \;/‘\‘\_'_;..
TP Y ,1“\' J‘ ')3& A
JIA e ,A’ \ P:é ved) \‘/”
)))

L o

)
‘r '\’\‘\\N L 4’. v

Figure 4. SEM images of PLLA /CS-GO/TiO; after (a) 10 min and (b) 30 min of loading; (¢) SEM
image of TiO, particles on fiber surface.

Figure 5a shows the survey XPS spectra of GO, GO/TiO, and PLLA /CS-GO/TiOs.
The spectra show that GO contains only two elements, C (284.6 eV) and O (530.7 eV),
and both GO/TiO, and PLLA/CS-GO/TiO, contain C (284.6 eV), O (530.7 e€V), and Ti
(458.7 V). Ti is more scattered on the PLLA /CS fiber membrane, so the intensity of the peak
in the PLLA /CS-GO/TiO; spectrum is weaker. In order to better reveal the changes of
surface-active groups during the whole preparation process of the materials, the C 1s of GO,
GO/TiO,, and PLLA /CS-GO/TiO; were analyzed by XPS high-resolution spectroscopy.
Figure 5b shows the high-resolution C 1s XPS spectrum of GO with hybridized C-C peaks
at 284.8 eV, C-O-C or C-OH at 286.8 eV, and oxygen-containing groups such as O=C-OH
at 288.8 eV. Figure 5c shows the high-resolution C 1s XPS spectrum of GO/TiO,, that
the symmetric sp? hybridized C-C peak still exists, and that the peak intensities of other
reactive groups such as epoxy groups drop sharply. It is shown that most of GO is reduced
during the preparation of GO-TiO,, resulting in a gradual reduction of oxygen-containing
active groups on the graphene surface. The unreduced GO active groups will undergo an
amidation reaction with the amino group of CS during the subsequent composite process
of GO/TiO, and PLLA/CS fibers. At the same time, a faint peak appeared at 282.3 eV in
the C 1s XPS spectrum of the GO-TiO, sample, which can be attributed to the C-Ti bond.
Graphene is a carbon material, during the solvothermal process, a small amount of C enters
the lattice of TiO; to bond with Ti. Figure 5d shows the high-resolution C 1s XPS spectrum
of PLLA/CS-GO/TiO,, which features a C—C peak at 284.8 eV, C-O-C and C-OH peaks
of CS and GO at 286.8 eV, and a C=0 active group at 288.8 eV, the peak of which is more
intense than that of GO/TiO; due to the carbonyl group of PLLA.
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Figure 5. (a) Survey XPS spectra of GO, GO and PLLA/CS-GO/TiO,. High-resolution C 1s XPS
spectra of (b) GO, (¢) GO/TiO, and (d) PLLA/CS-GO/TiO5.

Figure 6 shows the FTIR spectra of GO, GO/TiO, and PLLA /CS-GO/TiO,. The peaks
at 1055.75, 1222.58, 1726.00 and 3410.04 cm ! can be attributed to the oxygen-containing
functional groups of GO. It is obvious from the FTIR spectra that the oxygen-containing
functional group absorption peaks of GO in the spectrum of GO/TiO; are sharply decreased
in intensity compared with those of GO, which proves that most of the epoxy and hydroxyl
groups were reduced. Peaks that can be attributed to ~OH can be observed in the spectrum
of PLLA/CS-GO/TiO; due to the hydroxyl groups present in the CS in the NF shell
layer. A peak present in the same spectrum at 485.06 cm ! is related to the vibrational
absorption of O-Ti. A skeletal stretching vibration of unoxidized graphite can be observed
at 1625.17 cm~!. The peak at 3400 cm ™! is mainly caused by the stretching vibration of
—OH, —NH and —NH;. The GO surface contains a large amount of —OH, so there is
a strong peak at 3400 cm~!. During TiO, deposition on GO surface, —OH on the GO
surface reacts with tetrabutyl titanate, so the 3400 cm~! peak in GO/TiO, disappears.
In PLLA/CS-GO/TiO;, the presence of —OH, —NH and —NH, in CS led to the peak
at 3400 cm~1.
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Figure 6. FTIR spectra of GO, GO/TiO,, and PLLA /CS-GO/TiO,.

3.4. Adsorption Performance Study

Figures 7 and 8 show the UV spectral absorption standard curves of MO and CR,
respectively. It can be seen from the figure that the absorbance is linear with the concen-
tration. Figure 9a shows the change in the amount of MO adsorbed by PLLA /CS-GO at
different temperatures in line with an extension in the adsorption time. From this data, it
can be seen that the best temperature for adsorption is 30 °C, at which the highest amount
adsorbed was 79.7 mg g—1, and that the temperature and amount adsorbed were inversely
proportional, and adsorption saturation was reached after 120 min. Figure 9b shows the
change in the amount of CR adsorbed by the PLLA /CS-GO composite at different tempera-
tures in line with an extension of the adsorption time. It is worth noting that the adsorption
of MO and CR at >40 °C is poor, which can be attributed to the solubility of the organic
dye solutions in the aqueous environment under high temperature conditions, making it
difficult for dye molecules to adsorb to CS and GO. The temperature of the subsequent
adsorption experiments in this paper is 30 °C.
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Figure 7. Standard curve of UV spectral absorption of MO (460 nm).
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Figure 9. Effect that temperature and adsorption time have on the adsorption of (a) MO and (b) CR
dye solutions by PLLA /CS-GO. mg/g refers to the mass (mg) of pollutants removed by the fiber
composite material per unit mass (g).

Figure 10 shows the relationship between the adsorption amount of (a) MO and (b)
CR with time. Figure 10a shows the adsorption of MO by PLLA /CS, PLLA /CS-GO and
PLLA/CS-GO/TiO; at pH = 7 and room temperature, which reached saturation at 170 min,
120 min and 250 min, with saturation adsorption amounts of 60.09, 78.25 mg g’1 and
153.22 mg g~ !, respectively. Figure 10b shows the photodegradation of MO by PLLA /CS,
PLLA/CS-GO and PLLA /CS-GO/TiO;. In terms of the adsorption of CR by the compos-
ites, the adsorption of CR by PLLA/CS and PLLA /CS-GO at pH =7 and room temperature
tended to saturate at around 240 and 180 min, respectively, with saturated adsorption
amounts of 138.01 and 150.22 mg g~!, respectively. The removal amount of MO by
PLLA/CS-GO/TiO, approached saturation at 180 min with a saturated removal amount of
795.44 mg gfl ; a value 657.43 mg g*1 higher than that of PLLA/CS. The removal amount
of CR by PLLA /CS-GO/TiO; is much better than that of MO, with the fundamental reason
for this being that the photocatalytic oxidation of CR by TiO, is more complete than that of
MO, and the removal rate of CR by fibers is higher than that of MO.
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Figure 10. Removal capacity of (a) MO and (b) CR by PLLA/CS, PLLA/CS-GO, and PLLA/CS-

GO/TiO,. mg/g refers to the mass (mg) of pollutants removed by the fiber composite material per
unit mass (g).

Figure 11 shows the comparison of color changes after photodegradation of
PLLA /CS-GO/TiO, materials with different concentrations of MO (0.08 mg/mL-0.4 mg/mL)
and CR (0.8 mg/mL-2 mg/mL) dye solutions for 300 min. It can be clearly seen from the
figure that after catalytic adsorption, the color of MO and CR dyeing solution is obviously
lighter, and the color of lower concentration CR dyeing solution becomes basically trans-

parent at last. This also shows that the adsorption effect of the material on CR is better than
that on MO.

Figure 11. Color changes of MO (a) and CR (b) dye solutions before and after fiber photocatalysis.

Figure 12 shows a comparison of the adsorption rates of CR and MO during the four
cycles of the material, from which it can be seen that PLLA/CS-GO/TiO, is better at
adsorbing CR than MO in the process of recycling, as the removal rate of CR over the first
three cycles is >97%, whereas the removal rate of MO over the first three cycles is >90%.
In the fourth cycle, the pollutant removal capacity of fiber composite began to decline
significantly, but the removal rate remained above 80%. The reason why the removal
efficiency gradually decreases in the process of material recycling may be due to a small

amount of fiber degradation and the loss of GO/TiO2 during desorption and ultrapure
water treatment.
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Figure 12. Removal performance of PLLA /CS-GO/TiO, towards MO and CR over four cycles.

4. Conclusions

NFs were prepared via a coaxial electrostatic spinning method using PLLA as the
nucleus layer support and CS as the shell layer adsorption phase, with GO loaded on the NF
surface to study the performance of the composite NFs towards the adsorption of organic
dyes. Ti(OBu)4 and GO were used as raw materials and HF was used as a morphology
control agent to prepare an GO/TiO, composite with a {001} crystalline surface, which
was loaded onto PLLA /CS NFs. The NFs were prepared using PLLA as it is a degradable
material, which is non-polluting to the environment and strengthens the NFs when used
as a fiber core layer. The CS in the shell layer of the NFs has good inherent adsorption
properties, increasing the surface contact between CS and the pollutants through spinning,
and is convenient for recycling. Loading GO with PLLA /CS ensures that the GO does
not agglomerate and shows better adsorption performance towards organic dyes. The
TiO, loaded on the {001} surface endows the composite material with good photocatalytic
activity; on the one hand, GO promotes the photocatalytic activity of TiO,, while on
the other hand, the rich functional groups on GO bond with CS. GO/TiO, is uniformly
distributed on PLLA /CS without agglomeration, ensuring that the prepared composite
does not end up as a secondary pollutant in the environment. PLLA /CS-GO/TiO; can be
recycled, and exhibits photocatalysis and very high adsorption performance towards the
studied organic dyes, which indicates that it has great application prospects for use in the
catalytic adsorption of organic dyes.

Author Contributions: Conceptualization, D.J.; data curation, H.Z.; formal analysis, X.S.; funding
acquisition, M.Y,; investigation, D.J. and X.S.; methodology, D.J. and X.S.; project administration, D.J. and
M.Y,; resources, M.Y,; validation, H.Z.; visualization, H.Z.; writing—original draft, D.J.; and writing—
review & editing, D.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China [grant numbers:
No. 52163013], Yunnan Province “Thousand Talents Program” project training project [grant numbers:
YNQR-CYRC-2018-012], Yunnan Provincial Science and Technology Department (grant numbers:
202001AU070007) and Key Laboratory of Chemistry in Ethnic Medicinal Resources, State Ethnic
Affairs Commission & Ministry of Education, Yunnan Minzu University (grant numbers: 2019MZY02).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by Yunnan Provincial Science and Technology De-
partment (202001AU070007) and Key Laboratory of Chemistry in Ethnic Medicinal Resources, State
Ethnic Affairs Commission & Ministry of Education, Yunnan Minzu University (2019MZY02). The
authors would like to thank Ren Shudi from Shiyanjia Lab (www.shiyanjia.com) for the mechanical
property analysis.


www.shiyanjia.com

Polymers 2022, 14, 4622 13 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

Al-Areqi, N.A.S.; Umair, M.; Senan, A.M.; Al-Alas, A.; Alfaatesh, AM.A_; Beg, S.; Khan, K.-U.-R.; Korma, S.A ; El-Saadony, M.T,;
Alshehri, M.A; et al. Mesoporous Nano-Sized BiFeVOx.y Phases for Removal of Organic Dyes from Wastewaters by Visible Light
Photocatalytic Degradation. Nanomaterials 2022, 12, 1383. [CrossRef] [PubMed]

Tkaczyk, A.; Mitrowska, K.; Posyniak, A. Synthetic organic dyes as contaminants of the aquatic environment and their implications
for ecosystems: A review. Sci. Total Environ. 2020, 717, 137222. [CrossRef] [PubMed]

Singh, N.B.; Susan, A. Polymer nanocomposites for water treatments. In Polymer-Based Nanocomposites for Energy and Environmental
Applications; Woodhead Publishing: Cambridge, UK, 2018; Volume 34, pp. 569-595.

Leon, O.; Munoz-Bonilla, A.; Soto, D.; Perez, D.; Rangel, M.; Colina, M.; Fernandez-Garcia, M. Removal of anionic and cationic
dyes with bioadsorbent oxidized chitosans. Carbohydr. Polym. 2018, 194, 375. [CrossRef] [PubMed]

Xiao, W.; Garba, Z.N.; Sun, S.; Lawan, I.; Wang, L.; Lin, M.; Yuan, Z. Preparation and evaluation of an effective activated carbon
from white sugar for the adsorption of rhodamine B dye. J. Clean. Prod. 2020, 253, 119989. [CrossRef]

Sattar, M.; Hayeeye, F.; Chinpa, W.; Sirichote, O. Preparation and characterization of poly (lactic acid)/activated carbon composite
bead via phase inversion method and its use as adsorbent for Rhodamine B in aqueous solution. . Environ. Chem. Eng. 2017, 5,
3780. [CrossRef]

Niculescu, V.C.; Miricioiu, M.G.; Ionete, R.E. Nanomaterials and Their Role in Removing Contaminants from Wastewater-A
Critical Review. In Water Safety, Security and Sustainability; Springer: Cham, Switzerland, 2021; Volume 3, pp. 135-159.

Kumar, A.S.K,; Jiang, S.-J. Chitosan-functionalized graphene oxide: A novel adsorbent an efficient adsorption of arsenic from
aqueous solution. J. Environ. Chem. Eng. 2016, 4, 1698. [CrossRef]

Li, E; Jiang, X.; Zhao, J.; Zhang, S. Graphene oxide: A promising nanomaterial for energy and environmental applications. Narno
Energy 2015, 16, 488. [CrossRef]

Omidi, S.; Kakanejadifard, A. Eco-friendly synthesis of graphene—chitosan composite hydrogel as efficient adsorbent for Congo
red. RSC Adv. 2018, 8, 12179. [CrossRef]

Xiang, Q.; Yu, J. Graphene-Based Photocatalysts for Hydrogen Generation. . Phys. Chem. Lett. 2013, 4, 753. [CrossRef]

Linley, S.; Liu, Y.; Ptacek, C.J.; Blowes, D.W.; Gu, EX. Recyclable graphene oxide-supported titanium dioxide photocatalysts with
tunable properties. ACS Appl. Mater. Interfaces 2014, 6, 4658. [CrossRef] [PubMed]

Liang, C.; Li, Z.; Dai, S. Mesoporous carbon materials: Synthesis and modification. Angew. Chem. Int. Ed. Engl. 2008, 47, 3696.
[CrossRef] [PubMed]

Mallakpour, S.; Nikkhoo, E. Surface modification of nano-TiO; with trimellitylimido-amino acid-based diacids for preventing
aggregation of nanoparticles. Adv. Powder Technol. 2014, 25, 348-353. [CrossRef]

Godinez, I.; Darnault, C. Aggregation and transport of nano-TiO, in saturated porous media: Effects of pH, surfactants and flow
velocity. Water Res. 2011, 45, 839-851. [CrossRef] [PubMed]

Wiesner, M.R.; Lowry, G.V.; Alvarez, P; Dionysiou, D.; Biswas, P. Assessing the risks of manufactured nanomaterials. Environ. Sci.
Technol. 2006, 40, 4336—4345. [CrossRef] [PubMed]

Wong, W.; Wong, H.Y; Badruzzaman, A.B.M.; Goh, H.H.; Zaman, M. Recent advances in exploitation of nanomaterial for arsenic
removal from water: A review. Nanotechnology 2017, 28, 1-31. [CrossRef] [PubMed]

Ferguson, M.A.; Hoffmann, M.R,; Hering, J.G. TiO,-photocatalyzed As(III) oxidation in aqueous suspensions: Reaction kinetics
and effects of adsorption. Environ. Sci. Technol. 2005, 39, 1880-1886. [CrossRef]

Zouzelka, R.; Remzova, M.; Plsek, J.; Brabec, L.; Rathousky, J. Immobilized rGO/TiO, Photocatalyst for Decontamination of
Water. Catalysts 2019, 9, 708. [CrossRef]

Elashnikov, R.; Rimpelov4, S.; Vosmanska, V.; Kolsk4, Z.; Kolafova, K.; Lyutakov, O,; Svoreik, V. Effect of sterilization methods on
electrospun cellulose acetate butyrate nanofibers for SH-SY5Y cultivation. React. Funct. Polym. 2019, 143, 104339. [CrossRef]
Kutorglo, E.; Elashnikov, R.; Rimpelova, S.; Ulbrich, P; RihovdAmbroZova, J.; Svorcik, V;; Lyutakov, O. Polypyrrole-Based Nanorobots
Powered by Light and Glucose for Pollutant Degradation in Water. ACS Appl. Mater. Interfaces 2021, 13, 16173-16181. [CrossRef]
Elashnikov, R.; Rimpelova, S.; Lyutakov, O.; Pavlitckovd, V.; Khrystonko, O.; Kolska, Z.; Svordik, V. Ciprofloxacin-Loaded
Poly(N-isopropylacrylamide-co-acrylamide) /Polycaprolactone Nanofibers as Dual Thermo- and pH-Responsive Antibacterial
Materials. ACS Appl. Bio Mater. 2022, 5, 1700-1709. [CrossRef] [PubMed]

Elashnikov, R.; Mares, D.; Podzimek, T.; Svorcika, V; Lyutakov, O. Sandwiched gold /PNIPAm/gold microstructures for smart plasmonics
application: Towards the high detection limit and Raman quantitative measurements. Analyst 2017, 142, 2974-2981. [CrossRef]
Driehaus, W,; Seith, R.; Jekel, M. Oxidation of arsenite(IIl) with manganese oxides in water treatment. Water Res. 1995, 29, 297-305. [ CrossRef]
Chiu, V.Q.; Hering, J.G. Arsenic adsorption and oxidation at manganite surfaces. 1. Method for simultaneous of determination of
adsorbed and dissolved arsenic species. Environ. Sci. Technol. 2000, 34, 2029-2034. [CrossRef]

Umrao, S.; Abraham, S.; Theil, F; Pandey, S.; Ciobota, V.; Shukla, PK.; Rupp, C.J.; Chakraborty, S.; Ahuja, R.; Popp, J.; et al.
A possible mechanism for the emergence of an additional band gap due to a Ti-O-C bond in the TiO,-graphene hybrid system for
enhanced photodegradation of methylene blue under visible light. RSC Adv. 2014, 4, 1-33. [CrossRef]

Wang, J.; Liu, H.; Wu, H; Li, Q.; Zhang, Y.; Fan, S.; Wang, ]J. Self-standing carbon nanotube aerogels with amorphous carbon
coating as stable host for lithium anodes. Carbon 2021, 177, 181. [CrossRef]


http://doi.org/10.3390/nano12081383
http://www.ncbi.nlm.nih.gov/pubmed/35458091
http://doi.org/10.1016/j.scitotenv.2020.137222
http://www.ncbi.nlm.nih.gov/pubmed/32084689
http://doi.org/10.1016/j.carbpol.2018.04.072
http://www.ncbi.nlm.nih.gov/pubmed/29801852
http://doi.org/10.1016/j.jclepro.2020.119989
http://doi.org/10.1016/j.jece.2017.07.007
http://doi.org/10.1016/j.jece.2016.02.035
http://doi.org/10.1016/j.nanoen.2015.07.014
http://doi.org/10.1039/C8RA00510A
http://doi.org/10.1021/jz302048d
http://doi.org/10.1021/am4039272
http://www.ncbi.nlm.nih.gov/pubmed/24593830
http://doi.org/10.1002/anie.200702046
http://www.ncbi.nlm.nih.gov/pubmed/18350530
http://doi.org/10.1016/j.apt.2013.05.017
http://doi.org/10.1016/j.watres.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20947120
http://doi.org/10.1021/es062726m
http://www.ncbi.nlm.nih.gov/pubmed/16903268
http://doi.org/10.1088/1361-6528/28/4/042001
http://www.ncbi.nlm.nih.gov/pubmed/27997365
http://doi.org/10.1021/es048795n
http://doi.org/10.3390/catal9090708
http://doi.org/10.1016/j.reactfunctpolym.2019.104339
http://doi.org/10.1021/acsami.0c20055
http://doi.org/10.1021/acsabm.2c00069
http://www.ncbi.nlm.nih.gov/pubmed/35354275
http://doi.org/10.1039/C7AN00419B
http://doi.org/10.1016/0043-1354(94)E0089-O
http://doi.org/10.1021/es990788p
http://doi.org/10.1039/C4RA10572A
http://doi.org/10.1016/j.carbon.2021.02.075

Polymers 2022, 14, 4622 14 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Datteo, M.; Liu, H.; di Valentin, C. Water on Graphene-Coated TiO2: Role of Atomic Vacancies. ACS Appl. Mater. Interfaces 2018,
10, 5793. [CrossRef]

Niculescu, V.C.; Raboaca, M.S. Efficient Rice-Husk-Derived Silica Nanocatalysts for Organic Dye Removal from Water. Catalysts
2021, 11, 815. [CrossRef]

Desai, K.; Kit, K.; Li, J.; Zivanovic, S. Morphological and surface properties of electrospun chitosan nanofibers. Biomacromolecules
2008, 9, 1000-1006. [CrossRef]

Shaulsky, E.; Nejati, S.; Boo, C.; Perreault, F; Osuji, C.O.; Elimelech, M. Post-fabrication modification of electrospun nanofiber
mats with polymer coating for membrane distillation applications. J. Membr. Sci. 2017, 530, 158-165. [CrossRef]

Li, J.; Zivanovic, S.; Davidson, P.M.; Kit, K. Production and characterization of thick, thin and ultra-thin chitosan/PEQO films.
Carbohydr. Polym. 2011, 83, 375-382. [CrossRef]

Dvir, T.; Timko, B.P.; Kohane, D.S.; Langer, R. Nanotechnological strategies for engineering complex tissues. Nat. Nanotechnol.
2011, 6, 13-22. [CrossRef]

Homaeigohar, S.; Elbahri, M. Nanocomposite electrospun nanofiber membranes for environmental remediation. Materials 2014, 7,
1017-1045. [CrossRef] [PubMed]

Beheshti, H.; Irani, M.; Hosseini, L.; Rahimi, A.; Aliabadi, M. Removal of Cr(VI) from aqueous solutions using chi-
tosan/MWCNT/Fe304 composite nanofibers-batch and column studies. Chem. Eng. ]. 2016, 284, 557-564. [CrossRef]

Li, D.; Ma, Q.; Xi, X,; Dong, X.; Yu, W.; Wang, J.; Liu, G. Dy3+ and Eu?* Co-doped NaGdF, nanofibers endowed with bifunctionality
of tunable multicolor luminescence and paramagnetic properties. Chem. Eng. . 2017, 309, 230-239. [CrossRef]

Zhi, L.; Zuo, W.; Chen, F.; Wang, B. 3D MoS; composition aerogels as chemosensors and adsorbents for colorimetric detection
and high-capacity adsorption of Hg?*. ACS Sustain. Chem. Eng. 2016, 4, 3398-3408. [CrossRef]

Eckelman, M.].; Mauter, M.S.; Isaacs, J.A.; Elimelech, M. New perspectives on nanomaterial aquatic ecotoxicity: Production
impacts exceed direct exposure impacts for carbon nanotoubes. Environ. Sci. Technol. 2012, 46, 2902-2910. [CrossRef]

Travlou, N.A ; Kyzas, G.Z.; Lazaridis, N.K,; Deliyanni, E.A. Graphite oxide/chitosan composite for reactive dye removal. Chem.
Eng. J. 2013, 217, 256-265. [CrossRef]

De Faria, A.E; Perreault, F; Shaulsky, E.; Chavez, L.H.A.; Elimelech, M. Antimicrobial electrospun biopolymer nanofiber mats
functionalized with graphene oxide-silver nanocomposites. ACS Appl. Mater. Interfaces 2015, 7, 12751-12759. [CrossRef]
Tighzert, W.; Habi, A.; Ajji, A.; Sadoun, T.; Daoud, FEB.-O. Fabrication and Characterization of Nanofibers Based on Poly(lactic
acid)/Chitosan Blends by Electrospinning and Their Functionalization with Phospholipase Al. Fibers Polym. 2017, 18, 514-524. [ CrossRef]
Liu, Y,; Wang, S.; Lan, W.; Qin, W. Fabrication of polylactic acid/carbon nanotubes/chitosan composite fibers by electrospinning
for strawberry preservation. Int. |. Biol. Macromol. 2019, 121, 1329-1336. [CrossRef] [PubMed]

Ji, WP,; Kim, S.H.; Park, S.Y. Ring-opening polymerization of L-lactide and preparation of its microsphere in supercritical fluids.
Macromol. Biosci. 2004, 4, 340-348.

Hummers, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 6~12. [CrossRef]


http://doi.org/10.1021/acsami.7b18087
http://doi.org/10.3390/catal11070815
http://doi.org/10.1021/bm701017z
http://doi.org/10.1016/j.memsci.2017.02.025
http://doi.org/10.1016/j.carbpol.2010.07.064
http://doi.org/10.1038/nnano.2010.246
http://doi.org/10.3390/ma7021017
http://www.ncbi.nlm.nih.gov/pubmed/28788497
http://doi.org/10.1016/j.cej.2015.08.158
http://doi.org/10.1016/j.cej.2016.10.027
http://doi.org/10.1021/acssuschemeng.6b00409
http://doi.org/10.1021/es203409a
http://doi.org/10.1016/j.cej.2012.12.008
http://doi.org/10.1021/acsami.5b01639
http://doi.org/10.1007/s12221-017-6953-x
http://doi.org/10.1016/j.ijbiomac.2018.09.042
http://www.ncbi.nlm.nih.gov/pubmed/30201568
http://doi.org/10.1021/ja01539a017

	Introduction 
	Experimental 
	Materials 
	Instrumentation 
	Preparation of Electrospun PLLA/CS Nanofibrous and Their Loading with GO 
	Preparation of GO/TiO2 and Its Loading on the PLLA/CS NFs 
	Characterization of Fiber Composites 
	Adsorption of CR and MO Dyes on PLLA/CS–GO 
	Photodegradation of CR and MO Dyes on PLLA/CS–GO/TiO2 
	Cyclic Adsorption Experiments 

	Results and Discussion 
	Structural Characterization of PLLA-CS Nanofibrous 
	Structural Characterization of GO/TiO2 
	Structural Characterization PLLA/CS-GO/TiO2 
	Adsorption Performance Study 

	Conclusions 
	References

