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ABSTRACT: The preparation, characterization, and photocatalytic activity evaluation of three hybrid fibrous materials composed
mainly by poly(methyl methacrylate) (PMMA), methyl methacrylate (MMA): 3-(trimethoxysilyl) propyl methacrylate (TMSPM): tita-
nium butoxide (TBT), TiO, nanoparticles (NPTiO,), and TiO, nanowires (NWTiO,) is studied. Two types of fibefs structures were
prepared, single and core-shell structures. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis
showed both structures, single and core-shell, as well as the inorganic phase were dispersed in the hybrid fibers. Infrared spectroscopic
analysis (FT-IR) and thermal analysis showed the organic and inorganic components, as well as the weight percentage of the
inorganic phase present in hybrid fibers. The photocatalytic activity of the hybrid fibers class I and II showed that the best photode-
gradative efficiency for methylene blue in aqueous solution (2.9 X 10~> M) was 95%, provided by PMMA—10 wt % NPTiO,. © 2016
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INTRODUCTION

Recently, the science community has been extremely interested
in the study of organic—inorganic hybrid materials due to their
ability to combine individual material characteristics with differ-
ent chemical natures in a new material."> Nowadays, most of
the studied hybrid materials are prepared using the sol-gel pro-
cess, due to its many advantages such as its unique low-
temperature high purity, and well-controlled
organic—inorganic composition through the incorporation of
low molecular weight and oligomeric/polymeric molecules.” The
actual availability of a great number of precursors for inorganic
components through metal alkoxides (titanium butoxide), orga-
no(alkoxi)silanes (3-(trimethoxysilyl) propyl methacrylate), and
nanoparticles and their compatibility to the incorporation of
polymerizable groups, such as methacryloxy, vinil, and epoxy
groups, yield the possibility of obtaining a wide variety of
hybrid sol-gel derived materials.”

processing,

Organic—inorganic hybrid materials have been classified according
to chemical interactions presented between organic and inorganic
parts in the new material. These interactions are responsible for
the properties of the new resultant hybrid material. Class I hybrid
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material corresponds to hybrid systems where organic molecules,
oligomers, or low molecular weight organic polymers are simply
embedded in an inorganic matrix. Both components, organic
and inorganic, exchange rather weak bonds, mainly through van
der Waals force, hydrogen bonds, or ionic interactions. Class II
corresponds to hybrid organic—inorganic composites, in which
organic and inorganic components are bonded through stronger
covalent or ionic-covalent chemical bonds.” Organic-inorganic
hybrid materials have found technological applications in various
areas, such as environmental and energy engineering.*” In recent
years, the demand for new materials in these areas has increased,
and, in some cases, the design and production of these materials
have been inspired specifically by nanometric scale fibers. Unlike
other one-dimensional (1D) nanostructures such as nanowires
and nanotubes, these nanofibers have a continuous structure,
which provides them with high axial resistance and extreme flexi-
bility. Consequently, nanofibers possess excellent mechanical
properties.** Among the different existing methods for nanofiber
preparation, the electrospinning technique has emerged as a ver-
satile, effective, and inexpensive technique for continuous fiber
production with diameters ranging from several micrometers to a

8,10,11
few nanometers.
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Filtration systems offer a potential solution for a wide range of
environmental issues, mainly for the treatment of sewage and
air purification. The future of these systems is dependent on the
preparation and production of new materials serving as an
effective technology for environmental applications. Fibrous
polymeric membranes obtained using the electrospinning tech-
nique represent an option that offers contaminant removal
from the environment with low power consumption and low
cost.'”™ Yet, most of the recent studies related with filtration
systems are favoring the use of only inorganic nanofibers for air
and water purification, mainly because of their high photode-
gradation yield. However, inorganic nanofibers lack good
mechanical properties due to the fact that the organic phase
provides flexibility and handling properties to filtration sys-
tems."*™® As a result, hybrid nanofibers will combine both the
photocatalytic activity from their inorganic nature and excellent
mechanical properties from their organic nature.

PMMA is a linear thermoplastic polymer, which possesses great
mechanical resistance, high Young’s modulus, and low elonga-
tion at break. Also, PMMA presents low capacity to absorb
water. As a result, PMMA derivative products have excellent
dimensional stability and can be used in filtration systems.***"

TiO, is the photocatalyst mostly used for water and air purifica-
tion not only because its obtaining process is relatively inexpen-
sive, but also because it is an abundant material in nature.
Rutile, anatase, and brookite, are three known crystalline struc-
tures of TiO, Of these three crystalline structures, anatase is the
one mainly used as a photocatalyst under UV irradiation.*"**

Hybrid fibrous polymeric membranes of PMMA and TiO, rep-
resent an option for the treatment of aqueous systems because
the combination of both compounds provides unique qualities
to the fibrous membrane generated by the electrospinning tech-
nique, such as excellent mechanical properties brought from
PMMA and photocatalytic properties from TiO,.

Preparation, characterization, and the photocatalytic activity of
three new hybrid materials is studied, focusing on the environ-
mental area. Using the electrospinning technique, core-shell
hybrid fibers were prepared from PMMA and a hybrid sol-gel
solution of MMA: TMSPM: TBT, and single fibers were pre-
pared from PMMA, TiO, nanoparticles, or TiO, nanowires. In
addition, comparative photodegradation activity studies were
performed to class I and class II hybrid materials in order to
determine their methylene blue photodegradation efficiency.

EXPERIMENTAL

Materials

Hybrid fibers titania-poly(methylmethacrylate) class I were pre-
pared using commercial grade acetone obtained from Faga Lab.
Poly(methyl methacrylate) (PMMA) (molecular weight of
350,000 g/mol), titanium dioxide nanoparticles (NPTiO,)
(<25 nm, anatase), and titanium dioxide nanowires (NWTiO,)
(diameter ~100 nm, length ~10 pum) were obtained from
Sigma-Aldrich. Hybrid fibers titania—poly(methylmethacrylate)
class II were prepared using titanium butoxide (TBT) as the
inorganic precursor,'”?*> methyl methacrylate (MMA) (molecu-
lar weight of 100.12 g/mol) as the source of organic component,
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3-(trimethoxysilyl) propyl methacrylate (TMSPM) as the cou-
pling agent,"” and ethanol (EtOH) as the solvent. Distilled and
deionized water and benzoyl peroxide (BPO) used as the initia-
tors for polymerization, were obtained from Sigma-Aldrich.

Preparation of Hybrid Fibers Class I and Class II

The class I and class II hybrid fibers with various amounts of
titania were prepared controlling three main parameters of the
electrospinning technique: voltage, distance between stainless
steel capillary and aluminum collector, and flow of the polymer-
ic solution. First, a 6 wt % solution of PMMA and acetone was
prepared by dissolving 3 g of PMMA in 50 mL of acetone. The
solution was continually maintained in magnetic stirring for
24 h at room temperature. Second, a precursor class I hybrid
solution of NPTiO, and NWTiO, was prepared at diverse con-
centrations, 1, 5, 10, and 15 wt %, respectively. Third, a class II
hybrid precursor solution of MMA: TMSPM: TBT was prepared
at a 1:1:1 molar ratio by mixing the adequate amount of
reagents. Then the class II hybrid precursor solution (MMA:
TMSPM: TBT) was mixed with the PMMA solution in order to
obtain two class II hybrid solutions. As a result, two precursor
class II hybrid solutions of 2:1 and 4:1 volume/volume (V/V)
ratios were prepared. Once the precursor hybrid solutions were
ready, 5 mL of class I hybrid solution (PMMA + NPTiO, and
PMMA + NWTiO,) was transferred to a 6 mL plastic syringe
and then placed in the electrospinning equipment. The hybrid
fibers class II were electrospun by coaxial arrangement. A 6 mL
plastic syringe within a nozzle of 13.9 mm inner diameter (i.d)
was filled with 5 mL of PMMA solution. A 6 mL plastic syringe
within a nozzle of 8 mm i.d was filled with 6 mL of class II
hybrid solution. Both syringes, the one containing PMMA solu-
tion and the other one containing class II hybrid solution, were
joined together by the nozzle tip with the smaller diameter
inside the larger diameter. The hybrid solutions were supplied
by a syringe pump (Kd Scientific) and the feed rate varied from
4.0 to 0.2 mL h™" at 0.1 mL h™" intervals. The metallic needle
was connected to a high-voltage power supply (Spellman CZE
1000R). The voltage was increased from 14 to 20 kV. The hybrid
fibers were collected on an aluminum foil sheet (10 cm X
10 cm). The distance between the nozzle tip and the collector
was varied from 15 to 45 cm.

Scanning Electron Microscopy

Surface characterization and the average diameter of the hybrid
fibers were performed using a scanning electron microscope
(SEM) JEOL5410LV equipped with a INCA dispersive X-ray
detector system (Oxford Instrument) and operated at a voltage
of 20 kV. Samples were coated with gold before being observed
under a high vacuum using the secondary electron detector.
The average diameter of the fibers was determined from the
SEM images of the fibers (1500X magnification) using Image]J
software. At least 30 different fibers were measured for each
experimental condition.

Transmission Electron Microscopy

The morphological characterization and the distribution of
NPTiO, and NWTiO, inside the hybrid fibers were performed
using a transmission electron microscope JEOL jem-2010f.
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Samples without any pretreatment were placed between two
copper mesh grids that had 50 to 400 holes per inch.

Infrared Spectroscopic Analysis

Fourier transform-infrared spectroscopy (FT-IR) analysis was
performed with a Perkin-Elmer Spectrum GX FT-IR spectrome-
ter. A Spectrum scan was performed from 4000 cm™' to 400
cm~! Approximately 1 mg of the sample was mixed with KBr
directly to form a pellet, the mixing ratio (KBr: sample) was
60:1 and the measurements were performed in transmittance
mode.

Thermal Analysis

The thermal behavior of the materials was studied by thermog-
ravimetric analysis (TGA) using a Perkin-Elmer model Pyris 1
TGA instrument. About 2 mg of the sample were placed in the
sample holder of alumina and was subjected to a temperature
increase at a rate of 10°C min~' from 25°C to 600°C in a
nitrogen flow, and from 600 °C to 800 °C in an oxygen flow.

Analysis of Micromechanical Properties

The micromechanical properties of the hybrid fibers were mea-
sured in tension mode, using a Honeywell load cell, an intelli-
gent picomotor, New Focus model 8753, connected to a New
Focus picomotor actuator, in order to obtain the values of ten-
sile strength, maximum elongation, and Young’s modulus.
Specimens were cut in a dog bone shape (38 mm X 15 mm
overall in size, 5 mm X 22 mm in the gauge area) as indicated
in ASTM D1708. At least seven specimens of each film were
tested as indicated and the average values are reported. The
thickness of the films was measured with a Mitutoyo microme-
ter. The tests were performed using a load cell with a range
from zero to 150 g with a maximum speed of 1.2 mm/min.

Photocatalytic Activity of Hybrid Fibers Class I and Class II
Composed by PMMA and TiO,

The photocatalytic activity of the hybrid fibers class I and II
was analyzed by photodegradation of methylene blue (MB, Sig-
ma- Aldrich) 2.9 X 107> M in aqueous solution directly from
the reaction system. This reaction system consisted of a plastic
UV-Vis cuvette (width: 1 cm, length: 1 cm, height: 5 cm,
Kartell) filled with 3 mL of MB solution and 2 mg of each
hybrid fibers. The photodegradation UV-Vis absorption spectra
of methylene blue was obtained by Agilent 8453 UV-Visible
Spectroscopy System. The Ultraviolet light was provided by an
UV source (355-360 nm) Ushio F6T5BL 3000110, 6 W. The
cuvette was placed at a distance of 10 cm from the UV source.
Before UV irradiation, the reaction system was subjected to
ultrasonic agitation in the absence of light for 10 min in order
to establish the conditions of adsorption—desorption equilibri-
um. For analytical purposes there was no water flow during the
photodegradation process. At regular time intervals of 4 h, the
dye concentration was measured by using UV-Vis spectropho-
tometer. The remaining concentration of MB after reaching
adsorption—desorption equilibrium (C;) and during photode-
gradation process (C) was determined by UV-Vis spectroscopy
by observing the band changing at 660 nm. Photodegradation
efficiency is expressed graphically with the relation C/C,. The
experiment was performed threefold for each of the hybrid
fibrous.
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RESULTS AND DISCUSSION

Optimal Conditions for Preparation of Hybrid Fibers Class I
and Class II

In order to get fibers with continual and no agglomerate shape,
the effect of varying the electrospinning conditions on the
fiber’s morphology was studied. After a systematic study, vary-
ing the conditions for both single and the coaxial electrospin-
ning methods, the optimal conditions for the preparation class I
and class II PMMA hybrid fibers were found, using various
amounts of titania. The optimal flow rate for the PMMA fibers
was 4 mL h™'. The applied voltage was 18 kV and the distance
between the nozzle tip and the collector was 15 cm. The opti-
mal conditions for preparing hybrid fibers class 1 varied while
the amount of NPTiO, and NWTiO, increased. The flow rate
for the hybrid solution class I composed by PMMA—1 wt %
NPTiO, and PMMA—1 wt % NWTIO, was 4 mL h™', the
applied voltage was 18 kV, and the distance between the nozzle
tip and the collector was 16 cm. Both hybrid fibers were com-
posed by 5 and 10 wt % (NPTiO, or NWTiO,), the applied
voltage was 18 kV, the flow rates were 3.5 or 3 mL h™!, and the
distances between the nozzle tip and the collector were 16 and
30 cm, respectively. The PMMA—I15wt % NPTiO, and
PMMA—I15wt % NWTIO, hybrid fibers were prepared by 3
mL h™! of the flow rate, a voltage of 18 kV, and 45 cm of dis-
tance between the nozzle tip and the collector. The optimal con-
ditions for preparation of hybrid fibers class I composed by
various amounts of NPTiO, and NWTiO, were the same in
each concentration due to the fact that the only variant was the
morphology of the inorganic phase as presented in Figure 1.
For both hybrid fibers class II (2:1 V/V and 4:1 V/V), the opti-
mal flow rates were 1.5 and 2.2 mL h™'. The applied voltage
was 20 kV and the distance between the nozzle tip and the col-
lector was 20 cm. Table I summarizes the optimal conditions
for the preparation of hybrid fibers class I and II.

Morphological and Spectroscopic Properties

Morphology: SEM and TEM. Both SEM and TEM enabled the
study of the hybrid fiber morphology and the distribution of
the inorganic phase on the hybrid fibers. Figure 1 shows the
SEM micrographs for the PMMA fibers and hybrid fibers class I
and class IT at a 1500X magnification. PMMA fibers with a
smooth, nonporous, and cylindrical shape are shown in Figure
1(a). The average diameter of PMMA fibers was 1.35* 0.44
pm. In Figure 1(b,c), PMMA hybrid fibers class I with 1 and 15
wt % NPTiO, are shown. Figure 1(b) represents the SEM
micrographs of hybrid fibers with 1 wt % NPTiO,. As shown in
Figure 1(b), the hybrid fibers are uniform and smooth in
appearance (it should be noted that the morphology of the
hybrid fibers with 1 wt % NPTiO, lack agglomerate or beads,
acquiring a cylindrical, nonporous structure with an average
diameter of 1.55*0.39 pm). Hybrid fibers with 15 wt %
NPTiO, and an average diameter of 1.7+ 1.29 pum are repre-
sented in Figure 1(c), it can be observed that at this concentra-
tion of the inorganic phase, the presence of agglomerations or
beads in the morphology of the fibers is very notable. The pres-
ence of these clumps can be attributed to poor NPTiO, disper-
sion at the time of forming fibers in the electrospinning
technique. It is important to emphasize that hybrid fibers with
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Figure 1. SEM micrographs of fibers (a) PMMA, hybrid fibers class I (b) 1 wt % NPTiO, (c) 15 wt % NPTiO, (d) 1 wt % NWTiO, (e) 15 wt %
NWTIO,, hybrid fibers class II (f) PMMA/MMA: TMSPM: TBT [2:1] (g) PMMA/MMA: TMSPM: TBT [4:1], at 1500X magnification.

5 wt % NPTiO, and 10 wt % NPTiO, were similar in morphol-
ogy to PMMA—I1 wt % NPTiO, hybrid fibers. Moreover,
PMMA—1 wt % NWTiO, hybrid fibers [Figure 1(d)] had an
average morphology and diameter (1.51 0.5 pm) similar to
PMMA—T1 wt % NPTiO, hybrid fibers due to the same concen-
tration of inorganic phase. Apparently, the structure difference
between the nanowires and nanoparticles does not affect the
morphology of the hybrid fibers at low concentrations. Figure
1(e) shows the micrograph of PMMA—I15 wt % NWTIO,
hybrid fibers with an average diameter of 1.18 = 0.36 pm with-
out any apparent defect, unlike PMMA—I15 wt % NPTiO,
hybrid fibers where the presence of agglomerations and beads in
the morphology of the fibers were very notable. On the other

Table I. Optimal Conditions for the Preparation of Hybrid Fibers Class I
and Class 11

Feed

Voltage rate Distance

Fibers (kV) (mLh™)  (cm)
PMMA 18 4 15
PMMA—1 wt % NPTiO» 18 4 16
PMMA—5 wt % NPTiO» 18 3.5 16
PMMA—10 wt % NPTiO» 18 3 30
PMMA—15 wt % NPTiO» 20 3 45
PMMA—1 wt % NWTiO» 18 4 16
PMMA—5 wt % NWTiO» 18 3.5 16
PMMA—10 wt % NWTiO, 18 3 30
PMMA—15 wt % NWTiO, 20 3 45
PMMA/MMA: TMSPM: 20 1.5 20
TBT 2:1 VIV
PMMA/MMA: TMSPM: 20 2.2 20
TBT 4:1 VIV
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hand, PMMA—S5 wt % NWTiIO, hybrid fibers and PMMA—10
wt % NWTIO, hybrid fibers followed the same morphological
behavior of PMMA—1 wt % NWTiO, hybrid fibers. Figure 1(f)
shows the micrograph of PMMA/MMA: TMSPM: TBT [2:1]
hybrid fibers. It is observed that the morphology of the result-
ing hybrid fibers from the 2:1 V/V ratio solution in coaxial
arrangement promotes the formation of fibers heaped together
as well as the increase in the average diameter of fibers from
1.35 um (PMMA) to 4.7 £ 1.99 um. Finally, Figure 1(g) shows
the micrograph of PMMA/MMA: TMSPM: TBT [4:1] hybrid
fibers and clearly illustrates that at a 4:1 V/V ratio, soft and uni-
form hybrid fibers are formed. In addition, 4:1 V/V ratio hybrid
fibers showed an average diameter slightly above pure PMMA
fibers, of 1.48 = 0.34 pum. This result is attributed to the proper
formation of the shell, which is constituted only within the
hybrid solution.

Figure 2 shows the TEM micrographs for the PMMA fibers and
hybrid fibers class I and class II at a 4000X magnification. Fig-
ure 2(a) confirms the soft (nonporous) morphology of PMMA
fibers. Figure 2(b) shows the presence of NPTiO, on PMMA—1
wt % NPTIO, hybrid fiber. Figure 2(c) shows PMMA—15 wt
% NPTiO, hybrid fiber in which the presence of NPTiO, is
observed. Also, it can be demonstrated that the presence of
beads on the hybrid fibers observed in Figure 1(c) is an effect
caused by the agglomeration of NPTiO, on PMMA fibers at the
time of its preparation, which leads to the hypothesis that there
is an effect of NPTiO, saturation on PMMA fibers. Figure
2(d,e) illustrate the TEM micrographs for both hybrid fibers, 1
wt % NWTIO, and 15 wt % NWTiO,, in which the presence of
NWTiO, is observed. It is visible that at a concentration of 15 wt
% NWTIO,, the hybrid fibers had no beads in its morphology—
as shown in Figure 2(e). This occurrence is explained not only
due to the fact that the NWTiO, did not saturate the fibers, but
also because the NWTiO,’s elongated structure provided stability
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Figure 2. TEM micrographs of fibers (a) PMMA, hybrid fibers class I (b) 1

NWTIO,, hybrid fibers class II, (f) PMMA/MMA: TMSPM: TBT [4:1].

to the acquired morphology with fibers allowing a better interac-
tion between titanium dioxide (NWTIO,) and acrylate group
(organic phase), which is more attainable in wire-like forms than
globe-like forms (NPTiO,). Figure 2(f) shows the micrograph of
PMMA/MMA: TMSPM: TBT [4:1] hybrid fiber. The acquired
core-shell structure where the core is compounded by PMMA
and the class I PMMA-TiO, hybrid material shell is noticeable.

SEM and TEM micrographs demonstrated that the morphology
acquired by hybrid fibers is presented in terms of the inorganic
amount and the conditions of the electrospinning technique.
Additionally, it was observed that wire shape from NWTiO,
promoted the formation of continual fibers without agglomera-
tions. In contrast, particle shape from NPTiO, promoted the
formation of fibers with agglomerations at the highest concen-
trations. Otherwise, we found that as the amount of TiO,
increased at the precursor solution during the electrospinning
technique, the amount of fibers formed on the aluminum col-
lector declined, as a result of a decrease in handleability of
hybrid fibers.

FT-IR Characterization. FT-IR spectra are shown in Figure 3.
Figure 3(a) shows the characteristic peaks of PMMA, the peaks
representing C—H stretching 2997 cm™' and 2950 cm™' and
C=O0 stretch at 1735 cm™ 'and C-H stretch at 1448 cm ™' Figure
3(b) shows the characteristic peak of NPTiO, with a Ti-O
stretch in a wave number ranging from 500 to 790 cm ™ *.** Fig-
ure 3(c,d) show the characteristics peaks of both organic and
inorganic phases in PMMA—I1 wt % NPTiO, and PMMA—15
wt % NPTiO, hybrid fibers class I. The main peaks are the
C=O0 stretch at 1735 cm™ ' and the Ti-O stretch in a wave
number ranging from 500 to 790 cm ™. Figure 3(e) shows the
characteristic peak of NWTIO, with a Ti-O stretch at
505 cm L. Figure 3(f,g) shows the characteristics peaks of
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wt % NPTIO,, (c) 15 wt % NPTiIO,, (d) 1 wt % NWTIO,, (e) 15 wt %

both organic and inorganic phases in PMMA—1 wt %
NWTiO, and PMMA—15 wt % NWTiO, hybrid fibers class I.
At higher NWTiO, concentration, the peak at 505 cm™" is wid-
er. Figure 3(h,i) show the characteristic peaks of both organic
and inorganic phases in PMMA/MMA: TMSPM: TBT 2:1 V/V
and PMMA/MMA: TMSPM: TBT 4:1 V/V hybrid fibers class II.
The PMMA characteristic peak at 1735 cm™' is presented in
both Figure 3(h,i). The inorganic phase presence is demonstrat-
ed by the appearance of a new peak at 1630 cm™ ' as demon-
strated by Du et al,”® who observed that the intensity of this
band increased with an increasing TiO, content in the prepared
films, this band does not appear in the spectrum of PMMA.
Chen et al.*® assigned the same signal to the possible interaction
between the acrylate group and TiO,. On the other hand, the
peaks at 3650 cm ™' and 3420 cm~ ' are characteristic of O-H
stretch, which are typical of the present species in the hybrid
precursor solution. It can be noticed from Figure 3(h,i) that the
new formed peak at 1630 cm ™' decreased in intensity in the 4:1
V/V ratio because the amount of hybrid solution is lower than
at a 2:1 V/V ratio. Table II shows FT-IR information of func-
tional groups present in the materials.

Thermal Analysis

Figure 4 shows the weight loss and heat flow for PMMA fibers,
hybrid fibers class I, and hybrid fibers class II. The degradation
of PMMA fibers is observed in one step, the final degradation
temperature was 360.2°C. The thermograms of hybrid fibers
class I confirmed the exact amount of inorganic phase present
in them, as shown in Figure 4(a,b). As seen in Figure 4, all
these thermograms show degradation in one step; however, the
final degradation temperature was slightly different for each
hybrid fiber class I [Figure 4(a,b)], depending on the inorganic
phase concentration. In the case of PMMA—I1 wt % NPTiO,
and PMMA—I1 wt % NWTiIO, hybrid fibers, the residual
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Figure 3. FT-IR of (a) PMMA, (b) NPTiO,, (¢) PMMA—1 wt %
NPTiO,, (d) PMMA—I15 wt % NPTiO,, (¢) NWTiO,, (f) PMMA—I1
wt % NWTiIO,, (g) PMMA—I5 wt % NWTIO,, (h) PMMA/MMA:
TMSPM: TBT 2:1 V/V, (i) PMMA/MMA: TMSPM: TBT 4:1 V/V.

weights were 1.1% and 1.8% of the original fibers weight, as
shown in Figure 4(a,b). These residual weights corresponded to
the inorganic phase. On the other hand, the final degradation
temperatures for those fibers were 370.2°C and 372.3°C, 12°C,
higher than PMMA fibers in the case of PMMA—1 wt %
NWTiO, hybrid fibers. The PMMA—15 wt % NPTiO, and
PMMA—I15 wt % NWTiO, hybrid fibers had 15.7% and 13.7%
of residual weight. Also, Figure 4(a,b) show that the degradation
temperatures for those hybrid fibers were 364.46°C and
370.4°C. After the addition of NPTiO, and NWTiO,, the ther-
mal stability of the PMMA fibers increases noticeably. Friederich
et al”’ described this behavior only in PMMA + NPTiO, sys-
tems, due to the possible restriction on the mobility of PMMA
chains, caused by the presence of nanoparticles and/or a

Table II. FT-IR Functional Groups

Wave length (cm™) Functional group Component
3650-3420 Alcohol O—H
2997 Alkane C—H
2950 Alkane C—H
1735 Ester C=0
1630 Inorganic Ti—O
1448 Alkane C—H
500-790 Inorganic Ti—O
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Figure 4. TGA curves for PMMA fibers, hybrid fibers class I (a)

PMMA + NPTiO,, (b) PMMA + NWTiO, and (c) PMMA/MMA:
TMSPM: TBT hybrid fibers class II.

reaction between the polymer and the nanoparticles surface
through the methoxycarbonyl group. Both PMMA/MMA:
TMSPM: TBT 2:1 V/V and PMMA/MMA: TMSPM: TBT 4:1 V/
V hybrid fibers class II presented two steps of degradation
[shown in Figure 4(c)]. In the case of PMMA/MMA: TMSPM:
TBT 2:1 V/V, the first step at 225.9 °C corresponds to the degra-
dation of the hybrid precursor solution, and the second degra-
dation step being at 378.8 °C, a close temperature to the PMMA
degradation temperature. Nevertheless, the second degradation
step is presented at a higher temperature than PMMA thermal
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Table III. Micromechanical Properties of PMMA Fibers, Hybrid Fibers Class I, and Hybrid Fibers Class II

Fibers Tensile strength (MPa) Young's modulus (MPa) Elongation at break (%)
PMMA 0.028 = 0.007 0.54 +£0.23 10.31+2.19
PMMA—1 wt % NPTIO, 0.081 +0.002 0.54+041 7.28+1
PMMA—5 wt % NPTIO2 0.017 =0.005 0.22+0.05 14.74 +3.04
PMMA—10 wt % NPTiO» 0.035+0.008 0.91+0.55 13.98+2.33
PMMA—15 wt % NPTiO2 0.007 =£0.007 0.19+011 9.3+£3.75
PMMA—1 wt % NWTiO» 0.306+0.11 3.84+0.93 17.12+3.48
PMMA—5 wt % NWTiO» 0.13+0.009 2.62+0.71 16.33=0.77
PMMA—10 wt % NWTiO, 0.089+0.024 2.1+0.66 198+4
PMMA—15 wt % NWTiO» 0.06 £0.02 1.6+0.64 1541 +1.62
PMMA/MMA: TMSPM: TBT 2:1 V/V 0.03+0.004 1.91+0.98 9.18+1.86
PMMA/MMA: TMSPM: TBT 4:1 V/V 0.44+0.13 36.37+7.71 3.73+0.64

degradation, a behavior observed by Du et al,?® who attributed it

to the possible interaction between the PMMA matrix and the
inorganic phase. Finally, the first weight loss for PMMA/MMA:
TMSPM: TBT 4:1 V/V hybrid fibers is at 231.1°C, a slightly
higher temperature than the first degradation step of PMMA/
MMA: TMSPM: TBT 2:1 V/V hybrid fibers. It is noteworthy that
this result coincides with the fact that there is a larger proportion
of PMMA than hybrid material on fibers, so the first degradation
step moved to a closer PMMA degradation temperature. Even
with the PMMA-rich composition of these fibers, the slight
increase of the PMMA degradation temperature evidences the
stronger interaction of the organic and inorganic phases. In fact,
it can be observed that the thermograms of these fibers continue
decreasing at temperatures higher than 400°C and up to 600°C.
This weight loss can be attributed to polymer chains that require
higher energy to break because they have an even stronger inter-
action with the inorganic phase, which encloses them and limits
their movement as expected in these hybrid fibers class II. Also,
the last weight loss observed at 600°C is due to the gas flow
changed from nitrogen to oxygen where the remaining organic
compounds were degraded.

Analysis of Micromechanical Properties

Table III shows the tensile strength, Young’s modulus, and the
elongation at break of PMMA fibers of hybrid fibers class I and
hybrid fibers class II. In the case of hybrid fibers class, I, all the
hybrid fibers composed by PMMA + NWTiO, had better
micromechanical properties than hybrid fibers composed by
PMMA + NPTiO,. PMMA—1 wt % NWTiO, hybrid fibers
exhibited the highest tensile strength, suggesting that 1 wt %
NWTiO, increases the ability of fibers to withstand a greater
amount of applied strength before its permanent deformation.
In both cases, hybrid fibers composed by PMMA + NPTiO, and
PMMA + NWTiO, result in a reinforced effect of PMMA fibers
at small concentrations of NPTiO, and NWTiO,. This effect
can be attributed to a good dispersion of inorganic phase at
small concentrations. In the same way, the fibers with 1wt %
NWTiO, presented the highest Young’s modulus value, which
means that at this concentration the rigidity of the material has
increased. In addition, it can be inferred that at a low inorganic
phase concentration, the interaction between titanium dioxide
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(NWTIO;) and acrylate group increases the Young’s modulus,
providing more flexibility to the fibers. In the case of hybrid
fibers class II, PMMA/MMA: TMSPM: TBT 4:1 V/V hybrid
fibers not only exhibited the highest tensile strength indicating
a greater interaction effect among acrylate group and TiO,, but
also it shows the highest Young’s modulus value. Although,
PMMA/MMA: TMSPM: TBT 2:1 V/V hybrid fibers showed
larger diameter than 4:1 V/V hybrid fibers, fibers are agglomer-
ated [Figure 1(f)], and this characteristic is affecting directly
their mechanical properties. It is important to note that the
fiber’s morphology significantly influences the mechanical prop-
erties as noticed in hybrid fibers class II, where the Young’s
modulus value increased 20 times for 4:1 V/V fibers, compared
to 2:1 V/V fibers. Even though PMMA fibers and most of the
hybrid fibers except PMMA/MMA:TMSPM:TBT 4:1 V/V
showed low mechanical properties, these fibers are handleable
enough to be processed during the photocatalytic test, mainly
because the photocatalytic activity was measured with no water
flow as mentioned in Photocatalytic Activity of Hybrid Fibers
Class I and Class II Composed by PMMA and TiO, section.

Photocatalytic Activity of Hybrid Fibers Class I and Class II
Composed by PMMA and TiO,

Figure 5 shows the photodegradation efficiency of methylene
blue for PMMA fibers, hybrid fibers class I, and hybrid fibers
class II. As shown in Figure 5, the control sample of PMMA
fibers had approximately 15% of photodegradation efficiency
due to the UV irradiation effect onto MB molecules. The inter-
action between MB molecules and UV irradiation affected the
organic molecule stability; as a result, MB molecules were
removed. Figure 5(a) corresponds to the graphics of efficiency
for hybrid fibers composed by PMMA + NPTiO,. Photodegra-
dation efficiency obtained by PMMA—1 wt % NPTiO, fibers
after 28 h was approximately 85%. The efficiency obtained by
PMMA—5 wt % NPTIO, fibers was 91%. The efficiency of
94% and 93% were for PMMA—I10 wt % NPTiO, fibers and
PMMA—I15 wt % NPTiO, fibers, respectively. It can be con-
cluded that as the concentration of NPTiO, was increasing in
the fibers, the photodegradation efficiency also increased. How-
ever, in hybrid fibers with the highest NPTiO, concentration,
the efficiency was not the greatest, mainly because the presence
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Figure 5. Photodegradation efficiency of methylene blue (C/C, deter-
mined by the band changing at 660 nm) for hybrid fibers class I (a)
PMMA + NPTiO,, (b) PMMA +NWTiO,, and (c) PMMA/MMA:
TMSPM: TBT hybrid fibers class II.

of NPTiO, agglomerates affected the photodegradation process
by decreasing the production of hydroxyl radicals (OH-) gener-
ated during the NPTiO, activation process with ultraviolet light.
These radicals worked to breakdown the MB molecules. Fur-
thermore, the inadequate distribution of NPTiO, observed on
PMMA—15 wt % NPTiO, hybrid fibers can affect the produc-
tion of hydroxyl radicals during the photodegradation process.
This could be due to the presence of NPTiO, agglomerates
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observed on the fibers. Figure 5(b) corresponds to the graphics
of efficiency for hybrid fibers composed by PMMA + NWTiO,.
Photodegradation efficiency obtained by PMMA—I1 wt %
NWTIO, fibers at the end of 28 h was approximately 39%. The
efficiency obtained by PMMA—5 wt % NWTIO, fibers was
37%. The efficiency of 47% and 45% were for PMMA—10 wt
% NWTiO, fibers and PMMA—I15 wt % NWTiO, fibers. It is
possible that hybrid fibers composed by PMMA + NWTiO,
showed lower photodegradation efficiency than hybrid fibers
composed by PMMA + NPTiO, because anatase might be less
in proportion compared to rutile and brookite. Figure 5(c) cor-
responds to the graphics of photodegradation efficiency for
hybrid fibers class II. The photodegradation efficiency of hybrid
fibers with 2:1 V/V ratio was approximately 85% and 80% for
hybrid fibers with a 4:1 V/V ratio. The 5% difference is due to
the amount of precursor hybrid solution presented on fibers,
since it is where TiO, and SiO, (from TMSPM) are found.
Apparently, the morphology acquired by hybrid fibers class II
did not negatively affect the photodegradation efficiency, since
the fibers with 2:1 V/V ratio presented greater efficiency as well
as a tendency to form clumps among fibers. It is important to
note that the photodegradation efficiency of these hybrid fibers
is not so different from that of the class I hybrid fibers, with
similar inorganic content (15% NPTiO,), despite the amor-
phous characteristic of the inorganic phase in the class II hybrid
fibers. Furthermore, class II hybrid fibers were processed at
room temperature; whereas commercial NPTiO, in class I
hybrid fibers required much higher processing temperature to
reach the anatase crystalline phase. Therefore, the low process-
ing temperature of class II hybrid fibers indeed represents an
important advantage as photocatalyst materials. Even though
these new hybrid materials reached a 94% photodegradation
yield after 28 h in process, they have an excellent potential
usage for filtration systems in aqueous environments because of
their mechanical properties and low cost of production process,
especially class II hybrid fibers.

CONCLUSIONS

Optimal conditions for the preparation of three hybrid materials
based on PMMA and TiO, were found using the electrospinning
technique. Two new types of fibrous hybrid materials class II
with core-shell structure were prepared, PMMA/MMA: TMSPM:
TBT 2:1 V/V and PMMA/MMA: TMSPM: TBT 4:1 V/V. Both
materials presented differences between diameters and morpholo-
gy, primarily governed by the concentration of hybrid solutions
in fibers. Also, SEM and TEM determined the morphological
characteristics brought from a simple, mixed solution process
and a sol-gel technique for hybrid fibers class I and hybrid fibers
class II. In addition, these two techniques demonstrated that the
acquired morphology by hybrid fibers class I depended not only
on the inorganic phase concentration, but also on the interaction
between NPTiO, and NWTiO, with the acrylate group presented
in the organic phase. For this reason, it was possible to prepare
hybrid fibers class I with 15 wt % of NWTiO,.

Thermal analysis of hybrid fibers class II showed that both PMMA
and PMMA-TiO, hybrid material were present in core-shell struc-
tures. Moreover, the concentration of the inorganic phase in
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percentage by weight was corroborated in hybrid fibers class 1.
Also, it was demonstrated that a concentration of 5 wt % NPTiO,
increased approximately 10°C the thermal stability of the material
and 12 °C in the case of PMMA—10 wt % NWTiO,. On the other
hand, the micromechanical properties showed that at low concen-
tration of NPTiO, and NWTiO, Young’s modulus magnitude
increased in hybrid fibers class I; however, it was PMMA/MMA:
TMSPM: TBT 4:1 V/V hybrid fibers that achieved the greatest value
of Young’s modulus value, thanks to the interaction between the
acrylate group and titanium dioxide. Finally, the photocatalytic
activity evaluation of the three hybrid materials with various TiO,
concentrations has shown the photodegradative efficiency of meth-
ylene blue, finding that PMMA—10 wt % NPTiO, hybrid fibers
showed greater efficiency, with 94% of methylene blue elimination
in an aqueous solution.

Taking into account all of the above, the hybrid fibers class II
composed by PMMA/MMA: TMSPM: TBT 4:1 V/V represent
the best material for use as an aqueous filtration system, not
only because of its good mechanical properties and easy han-
dling, but also for its easy processing by the electrospinning
technique and its low cost, where the synthesis of TiO, nano-
particles are much less affordable than inorganic precursors for
the synthesis of TiO, (sol-gel technique). Although PMMA—10
wt % NPTiIO, hybrid fibers reached 94% of methylene blue
degradation and PMMA/MMA: TMSPM: TBT 4:1 V/V, they
showed only 80% of photodegradation.
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