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ABSTRACT: Mixed rutile–anatase TiO2 nanoparticles were synthesized by hydrothermal treatment under acidic conditions and incor-

porated into poly(vinyl alcohol) (PVA). These nanocomposites were electrospun to produce nanofibers of PVA/TiO2, which were

characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction (XRD), UV–vis diffuse reflectance

spectroscopy, thermogravimetric analysis, and differential scanning calorimetry. The photocatalytic degradation of Rhodamine B and

degradation of the polymer by UV-C lamps were also investigated. The results showed that TiO2 nanoparticles did not change the

morphology and thermal behavior of the nanofiber polymer, but were effective in modifying the UV absorption of PVA without

reducing its stability. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Electrospun poly(vinyl alcohol) (PVA) has recently been demon-

strated to be a useful alternative to the bulk polymer, as its high

surface area and mechanical properties are interesting for the

applications of PVA such as textiles, biodegradable mats, and

ultrafine separation filters.1–3 By introducing inorganic nanofil-

lers into this polymer, its properties may also be improved, and

these nanoparticles can endow materials with remarkable prop-

erties such as electronic, antimicrobial, and catalytic activity.4–10

An especially interesting filler for nanocomposites is TiO2 nano-

particles, as they offer special properties such as photocatalytic

activity and, specially, the well-known effect of UV absorbance,

which is used to protect polymers from solar light degrada-

tion.6,11–13 Several groups have used poly(ethylene terephtha-

late),14 poly(acrylonitrile) (PAN),15 multiwalled carbon nano-

tube (MWCNT),16 and fluoropolymer17 as a polymer in

nanocomposites. Prahsarn et al.15 prepared PAN/TiO2 anatase

nanofibers web and investigated their photocatalytic activity.

Peining et al.16 fabricated MWCNT/TiO2 nanocomposites with

a morphology of rice grains. The authors observed that photo-

degradation of Alizarin Red Dye with the nanocomposites was

better than TiO2 rice grains and TiO2 P-25.
16

In a previous work from our research group, we studied the

preparation of electrospun PVA/TiO2 anatase nanocomposite

fibers.6 The immobilization of TiO2 catalysts is still a chal-

lenge—to avoid the loss of material during the reaction proc-

esses. However, this strategy often implies in a significant reduc-

tion of the catalyst activity, as it reduces the total available area

when compared with freestanding particles. Then, the electro-

spun structure may be an interesting way to immobilize TiO2

nanoparticles in a high surface area substrate, which may be a

good alternative to replace thin films of TiO2. However, when

we observed the action of this filler in the PVA fibers, we dem-

onstrated that anatase nanoparticles (commercially supplied by

Sigma-Aldrich) promoted the polymer degradation by UV

light.6 Actually, it is known18,19 that anatase is photoactive, and

generally, the rutile phase of TiO2 is the most suitable to

improve the resistance to UV. However, to the best of our

knowledge, there are no published reports about PVA loaded

with nanometric rutile TiO2, as there are no regular commercial

suppliers. On the other hand, it is notable that some studies

report rutile TiO2 nanoparticles as photoactive, which means

that their introduction into the fibers may have the same delete-

rious effect as the anatase nanoparticles.18,19

In this work, we produced nanocomposite fibers loaded with

synthesized TiO2 nanoparticles in a mixture of both phases,

that is, anatase and rutile, with the rutile phase predominating.

The TiO2 nanoparticles were produced by hydrothermal treat-

ment of Ti–peroxocomplexes.20 The results showed that the

VC 2012 Wiley Periodicals, Inc.
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rutile phase maintained its UV-protection capacity even as

nanoparticles, indicating that this phase is promising for

increasing the resistance of this electrospun material to UV

radiation.

EXPERIMENTAL

Materials

PVA was purchased from J.T. Baker (87–89% hydrolyzed, aver-

age Mw ¼ 11–31 kDa). Titanium metal powder and nitric acid

were obtained from Sigma-Aldrich; hydrogen peroxide from

Synth; and ammonia from Chemis. Deionized water (pH 6.5)

was used as a solvent.

Synthesis of TiO2 Nanoparticles by Hydrothermal Treatment

Under Strongly Acidic Conditions (pH 5 0) and Their

Characterization

TiO2 nanoparticles were synthesized as described by Ribeiro

et al.20 Titanium metal powder (Aldrich, St. Louis, MO, USA)

(0.5 g) was added to 40 mL of concentrated ammonia and 120

mL of hydrogen peroxide (Synth, Brazil). This solution was

placed in an ice-water bath for 12 h, resulting in a yellow solu-

tion of peroxytitanate [(Ti(OH)3O2]
� ion, which was heated to

boiling and then placed in an ice bath. The solution and the

precipitate were frozen together and lyophilized. After drying

the precipitate, an aliquot of � 0.2 g was stirred in a Teflon ves-

sel with 100 mL of nitric acid (2 mol/L), resulting in a suspen-

sion at pH ¼ 0, which was hydrothermalized for 2 h at 200�C
and with a pressure of 14 bar in a controlled reactor. After the

hydrothermal treatment, the TiO2 nanoparticles were separated

from the supernatant by centrifugation, washed, and dried by

lyophilization. This material was characterized by X-ray diffrac-

tion (XRD), transmission electron microscopy (TEM), and

dynamic light scattering (DLS), as described.

XRD patterns of TiO2 nanoparticles were collected in a Shi-

madzu XRD600 with Ni-filtered Cu Ka radiation and scanned

at 1�/min from 2h ¼ 5�–75�. The percentage of each phase in

the anatase–rutile mixture was determined by the technique

described in Refs. 18 and 21 using the following equations:

Xa¼ ½1þ 1:26ðIr=IaÞ��1; (1)

Xr ¼ 1� Xa; (2)

%Anatase ¼ Xa � 100; (3)

%Rutile ¼ Xr � 100 (4)

where Xa is the rate of anatase in the mixture, Xr is the rate of

rutile in the mixture, Ia is the integrated intensity of the (101)

reflection of anatase, and Ir is the integrated intensity of the

(110) reflection of rutile. The size of titania crystallites was esti-

mated by the Scherrer equation18 from the broadening of the

main anatase reflections and rutile reflections. These values are

shown in Table I. The morphology of the TiO2 nanoparticles

was examined with a TEM (Philips CM 120). The sample was

prepared by wetting copper–carbon grids with a drop of TiO2

suspension and drying. The sizes of TiO2 nanoparticles sus-

pended in water (pH ¼ 5.6, 25�C) were measured by DLS in a

Zetasizer nanoparticle analyzer (Malvern Instruments).

Preparation of PVA/TiO2 Nanocomposites by Electrospinning

Pure PVA solutions were prepared by dissolving the polymer

(JT Baker, Phillipsburg, NJ, USA) in deionized water and

stirred at 70�C for 2 h, yielding a transparent solution. The

TiO2 nanoparticles were incorporated into PVA by adding a

known amount of TiO2 powder to PVA aqueous solution and

stirred for 2 h. As both materials are hydrophilic, it was not

necessary to include any compatibilizing agent to assure good

dispersion of TiO2 nanoparticles in PVA. Thus, PVA (18 wt

%) aqueous solutions were obtained with TiO2 contents of 2.5

and 5.0 wt % (wt TiO2/wt PVA). The electrical conductivity of

PVA and PVA/TiO2 solutions was measured with a Horiba ES

12 conductivity meter. The viscosities of all the solutions were

measured with a rheometer (Anton Paar) at room tempera-

ture. These values are shown in Table II.

The method used in the PVA/TiO2 aqueous solution electro-

spinning experiments was the same as in our previously pub-

lished studies.5,6 A voltage of 14 kV was applied to the solution,

the working distance was set at 10 cm, the injection rate at 0.7

mL/h, and the collector speed at 200 rpm. The electrospinning

was performed at room temperature and with 40–55% relative

humidity. Webs of fibers were collected on aluminum foil and

dried for 8 h at 60�C before characterization.

Characterization of the Nanocomposites

The morphology of all nanofibers was examined by scanning

electron microscopy (SEM; Leo 440). The average fiber diameter

and its standard deviation (SD) were determined in SEM

images by direct measurement of at least 100 fibers using the

software ImageJ.22 TEM images of the PVA/TiO2 (5 wt %)

nanofibers were taken in a Philips CM 120 electron microscope,

with an accelerating voltage of 120 kV. The samples were dis-

persed in a mixture of hexane and water (3 : 1 v/v), and a drop

was deposited on a copper–carbon grid. The nanofiber crystal

structures were examined by X-ray diffractometry (Shimadzu

XRD 6000), with scans from 5� to 35� (2h) at 0.05�/min, using

Ni-filtered Cu Ka radiation.

The UV–vis diffuse reflectance spectra of nanofibers were

recorded between 200 and 800 nm with a UV–vis-NIR

Table I. Phase Composition of Synthesized Samples and Size of Titania

Crystallites Estimated by the Scherrer Equation18 from the Main Anatase

Reflections and Rutile Reflections

% Rutile % Anatase Drutile (nm) Danatase (nm)

Sample 1 59 41 31 34

Sample 2 59 41 33 38

Sample 3 51 49 37 36

Table II. Viscosity and Electrical Conductivity of PVA/TiO2 Solutions

TiO2 loading
(wt TiO2/wt PVA)

Viscosity
(Pa s)

Conductivity
(mS/cm)

0.0 0.19 1.41

2.5 0.29 1.54

5.0 0.35 1.59
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spectrophotometer (Varian Cary 5G). The values of the Kubelka–

Munk function (k/S) were calculated by the following equation:

k=S¼ ð1� R1Þ2=ð2R1Þ (5)

where S is the scattering coefficient, k is the absorption coeffi-

cient, and R1 is the reflectance from a layer of infinite

thickness.23

A TGA Q500 (TA Instruments) was used for thermogravimetric

analysis. The nanofibers were analyzed by heating from 25 to

600�C at 10�C/min under flowing nitrogen (40 mL/min). Dif-

ferential scanning calorimetry (DSC) was performed with a TA

Q100 calorimetry (TA Instruments) in nitrogen flowing at 50

mL/min. The DSC curves were recorded between 30 and 225�C
at a heating rate of 10�C/min.

To evaluate the catalytic action associated with the TiO2 nanopar-

ticles in the fibers, photocatalytic degradation of Rhodamine B

(RhB) was carried out in a box reactor with four UV-C lamps

(100–280 nm). The sample was prepared by using about 0.0036 g

of PVA/TiO2 (5 wt %) nanofiber in 20 mL of a 2.5 mg/L dye solu-

tion in a beaker. In another beaker of the same solution, an equiva-

lent mass of TiO2 synthesized by the hydrothermal method was

dispersed to produce a reference treatment. For comparison, an

experiment was carried out in the absence of TiO2. Spectra of the

dye were measured by a UV–visible spectrophotometer (Shimadzu)

with a variable wavelength (400–650 nm) using a quartz cell.

To evaluate possible degradation of PVA by the action of TiO2

nanoparticles, a degradation experiment was carried out in the

same box reactor with lamps UV-C as above. The temperature

was about 25�C. The distance between the lamp and the sam-

ples was 12 cm. A 4-cm2 nanofiber rectangular mat was cut as

the sample, weighing 9.0–5.0 mg. The weight loss of PVA in the

samples by photocatalytic degradation was monitored in dupli-

cates and recorded against irradiation time.

RESULTS AND DISCUSSION

Figure 1(A) shows the XRD patterns of three samples of TiO2

nanoparticles prepared by hydrothermal treatment for 2 h at

pH 0, and Figure 1(B) shows the size distribution of a selected

sample estimated by light scattering. It can be seen from the

XRD patterns that in all the samples, only the anatase (*) and

rutile (þ) phases were detected, confirming the coexistence of

two phases and showing that the desired phase, rutile, was pres-

ent in the mixture.18,24–26 However, when comparing the most

intense diffraction reflection for each phase in the XRD pat-

terns, anatase (101)25 and rutile (110),26 it is observed that the

percentage of rutile in the anatase–rutile mixture varied with

the sample, as shown in Table I. However, rutile was the major-

ity component of the mixture in all cases (from 51 to 59%).

These results agree with previous article published by Ribeiro

et al.20 We can also observe from Table I that the average diam-

eters of titania crystallites estimated by the Scherrer equation18

were in the range of 31–38 nm, which agrees in general with

the TEM image of nanoparticles observed in Figure 1(C). The

particle size measurements by DLS [Figure 1(B)] show sizes

ranging from 50 to 100 nm. Considering this rather narrow

range and the particles anisotropy, we may affirm that the

nanoparticles are well dispersed in the water, with few agglom-

erates, which is highly desirable for their dispersion into the

water-soluble PVA matrix.

A series of SEM images of the PVA nanofibers [PVA, PVA/TiO2

(2.5 wt %) and PVA/TiO2 (5 wt %)] are shown in Figure 2(A–

C). It is clear that the nanofibers were randomly distributed in

the mats and their morphology was uniform, without beads,

showing that loading with TiO2 did not interfere with the fiber

production, at least in these amounts. TiO2 nanoparticles will

probably be well distributed in the nanofibers, in view of this

uniform morphology. In fact, the TEM images of nanocompo-

site fibers indicate this good distribution, as seen in Figure

2(D), where the TiO2 particles has the same morphology

expected from the synthesized material.

The average diameter of each type of fiber was ranged from 100

to 119 nm [Figure 2(A–C)]. Taking the SDs into account, differ-

ences between the average diameters are negligible, indicating

again that the presence of the nanoparticle did not affect the

final fiber sizes. These results agree with our previous study,6 in

which it was shown that TiO2 loading in PVA could interfere

Figure 1. (A) X-ray diffraction patterns of TiO2 nanoparticles prepared by 2 h of hydrothermal treatment under acidic conditions (pH ¼ 0). (B) Size

distribution of TiO2 nanoparticles dispersed in water with 37 mg/L of TiO2 at pH ¼ 5.6. The sample was analyzed at 25�C. (C) TEM dark-field image

of TiO2 nanoparticles. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38031 3



with the spinning conditions only at very high concentrations,

as it did not significantly change the solution conductivity

(Table II). However, the viscosity of the PVA suspension was

altered, which could interfere in the final fiber diameter at

higher loadings; however, the slight variation within the range

of loading in our study was unimportant.

The XRD patterns of the PVA nanofibers are shown in Figure 3.

It can be seen that TiO2 nanoparticles did not impede the crys-

tallization path of the PVA phase, as expected. For all nanofib-

ers, we can observe the PVA reflection at 2h ¼ 19.5�.3,27 Besides
the diffraction reflection for PVA, the major reflections of ana-

tase and rutile are observed at 2h ¼ 25.4� and 28�.25,26 How-

ever, we could not see other reflections from the anatase25 and

rutile phases,26 owing to low TiO2 contents. The UV–vis diffuse

reflectance spectra (Figure 4a and b) indicate the presence of

TiO2 nanoparticles in the nanofibers. The absorption of the

PVA/TiO2 nanocomposites in the UV region was also higher

than that of the PVA nanofiber, which confirms the expected

UV absorption effect desirable for the improvement of resistance

to UV irradiation.

To characterize the thermal behavior of PVA nanofibers, TG,

DTG, and DSC analyses were carried out. The TG curves

showed that the TiO2 loading did not change the thermal deg-

radation mechanism for this polymer. The presence of nanopar-

ticles only increased the final residue, as expected. These results

were corroborated by DTG curves [Figure 5(A)], which showed

two weight loss steps during degradation: the main weight loss

around 240–350�C is associated with dehydration of the poly-

mer side chain, whereas the loss from 370–485�C reflects the

loss of residual acetate groups on the side chains of the poly-

mer.28 DSC analysis corroborated with these results, as it

showed the same melting temperature, 190�C, for all the nano-

composites [Figure 5(B)].28,29 The endothermic peaks around

100–115�C relate to the evaporation of free water and should

not be correlated to any specific behavior of the nanocomposite

itself, as PVA is highly hydrophilic.

To evaluate the surface accessibility of TiO2 nanoparticles dis-

persed in the fibers, a catalytic experiment was performed, using

RhB as a probe of the TiO2 activity.6 As only the nanoparticles

attached to the surface are expected to have some activity in the

degradation of the dye, the catalytic experiment is a way of

indirectly analyzing the distribution of TiO2 in the fibers. Figure

6(A) shows the photocatalytic degradation of RhB under eight

sets of conditions. It can be seen that the degradation of dye af-

ter 30 min with PVA/TiO2 (5 wt %) was slightly greater than

that of the self-sensitization of RhB; however, after 7 h of UV

irradiation, the dye was more degraded by self-sensitization

than with the fiber. This effect is probably due to the fact that

Figure 2. SEM images of nanofibers: (A) PVA, (B) PVA/TiO2 (2.5 wt %), and (C) PVA/TiO2 (5 wt %). (D) TEM bright-field image of PVA/TiO2 (5 wt

%) nanofiber. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE

4 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38031 WILEYONLINELIBRARY.COM/APP



the nanocomposite absorbs some radiation or the TiO2 nano-

particles degrade the PVA, in competition with the degradation

of RhB.6 In the comparison of equivalent amounts of TiO2 in

the nanofiber and as a dispersed powder in suspension, after 30

min and 7 h, we observe that the degradation of RhB by the

dispersed powder condition was greater than the degradation

with nanofiber. It is important to mention that despite the syn-

thesized TiO2 nanoparticles presented a worse performance for

the dye degradation when compared with a commercial anatase

nanopowder, they had a significant photodegradation activity,

as shown in the figure.

This behavior showed that the majority of TiO2 particles were

inside the fibers and confirmed the UV absorption effect associ-

ated with these low TiO2 loadings. However, as the synthesized

particles showed some low photocatalytic activity, it was very

important to assess the UV degradation of PVA by the filler.

Figure 6(B) shows that the mass loss was negligible, contrary to

the result in our previous study,6 in which a TiO2 anatase load-

ing promoted a severe mass loss, especially in the first

Figure 3. (A) X-ray diffraction patterns of electrospun nanofibers: PVA/

TiO2 (5 wt %), PVA/TiO2 (2.5 wt %), and PVA. (B) Detail of the region

2h ¼ 22�–30�.

Figure 4. UV–vis diffuse reflectance spectra for (a) PVA/TiO2 (5.0 wt %),

(b) PVA/TiO2 (2.5 wt %), and (c) PVA.

Figure 5. (A) DTG curves of electrospun nanofibers with inset thermog-

ravimetric curves: PVA, PVA/TiO2 (2.5 wt %), and PVA/TiO2 (5 wt %).

(B) DSC thermograms of electrospun nanofibers: PVA, PVA/TiO2 (2.5 wt

%), and PVA/TiO2 (5 wt %).
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degradation times. Arantes et al.30,31 also observed a similar

degradation effect when loading styrene–butadiene rubber with

synthetic TiO2 anatase. The current result is very important, as

it shows that the rutile TiO2 synthesized, despite being in a

mixture with some anatase, was effective in modifying the UV

absorption behavior of PVA, without negatively affecting the

PVA stability.

SUMMARY

We successfully prepared PVA/TiO2 nanocomposite fibers by

electrospinning, with average diameters in the range of 100–119

nm. The morphology of electrospun PVA/TiO2 nanocomposite

was uniform and without beads. It was observed that the poly-

mer loaded with a low percentage of TiO2 rutile–anatase nano-

particles did not alter the thermal behavior or impede the crys-

tallization of PVA. The surface accessibility of dispersed TiO2

nanoparticles in the fibers was probed by degradation of RhB.

The nanoparticles were observed to be active in absorbing UV

radiation, which is desirable to improve the resistance of the

polymer to UV irradiation.
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