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Abstract

In this work, it has been reported the preparation of catalytic systems based on chemically modified niobium oxides
and different polymer matrices, polypropylene (PP), poly(3-hydroxibutyrate) (PHB) and polyurethane (WPU). The
efficiency of systems as photocatalytis was investigated. Materials prepared from various polymer matrices showed
distinct photocatalytic activities. The systems based on PHB matrix and niobium oxihydroxide presenting the best
performance among the studies systems, ~ 90% dye removal at 60 min. The results of systems characterization by
Scanning Electron Microscopy (SEM), Infrared Spectroscopy (FTIR) and Differential Scanning Calorimetry (DSC)
analysis technical have showed that nanoparticles size, their dispersion in the polymeric matrix and interaction
polymer-inorganic particles are responsible by changing photocatalysis process. However, for the PHB, structure
parameters of matrix are important. The synchrotron radiation was used to investigate the macromolecular structure
of the pure polymers and after the incorporation of niobium nanoparticles.

Keywords Polymer composites - Niobium oxyhydroxide - Photocatalysis

Introduction

Photocatalytic degradation has attracted great interest as a
technique for the removal of organic and inorganic contami-
nants in residual water generated by oil refinery, textile and
tanneries [1]. This process promotes an almost complete deg-
radation of difficult oxidation organic pollutants to simple
compounds such as CO, and H,O besides using sunlight as
a source of clean energy [2]. However, the implantation of
photocatalytic systems in industrial scale has technological
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limitations, as the difficulty of building large light collectors
to treat great volumes of effluents and especially the separa-
tion of the semiconductor from the aqueous medium [3].

Semiconductors, mainly TiO,, are widely studied in pho-
tocatalytic reactions [4] because its chemical stability, low
toxicity and commercial availability. Nevertheless, the effect
of the high recombination rate of the electron-hole pairs on
TiO, reduces photocatalytic efficiency and limits its industrial
application [5]. Another alternative is niobium-based catalysts
that have been studied in the photodegradation of organic
pollutants in aqueous medium and acting with similar efficien-
cy under UV radiation in comparison to TiO, [6]. Brazil has
the largest reserves of niobium in the world. The niobium
oxide has specific properties that highlight it as a catalyst,
especially in the presence of Lewis and Bronsted acid sites,
high chemical and thermal stabilities [7]. Niobium catalysts,
mainly the nanometric sized oxides have been used as active
phases or as support of other metals in various reactions in-
cluding photocatalysis [8].

One of the approaches to solving the difficulty of recover-
ing the catalyst from the aqueous medium is its combination
with other materials, such as ceramics, glass, metals and poly-
mers. According to Singh et al. [9], the polymers represent a
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viable alternative to be used as a support for inorganic
photocatalysts. Their important properties are: (i) chemically
inert to the medium, (ii) hydrophobicity allows them to retain
the pollutants on their surface, leading to an increased efficien-
cy both in the adsorption and perhaps in the oxidation; (iii) are
accessible and can be found with abundance; (iv) low density
(float in the aqueous medium), being easily removed. In ad-
dition, the immobilization of the catalyst may lead to the op-
timization of light absorption.

Nowadays, highlighted studies of inorganic catalytic-
polymer systems applied to photocatalysis reported in the lit-
erature: polystyrene (PS)/TiO, films [10], high density poly-
ethylene (HDPE) discs with TiO, coated surface [11] both
used for degradation of the methylene blue dye in the presence
of UV radiation. The polyethylene terephthalate (PET/TiO,)
system used for the oxidation of As (IIT) to As (V) and the
removal of As (V) from the aqueous medium in the presence
of iron (II) oxyhydroxide and sunlight [12]. The polyaniline
composite (PANI/TiO,) used for the degradation of methylene
blue in the presence of visible radiation [13]. However, so-
phisticated and expensive methods for impregnation of the
catalysts in the matrix, such as sol-gel process, in situ chemical
polymerization, coating and spray technique cause the devel-
opment of these materials on a large scale costly. Additionally,
all polymers investigated are of synthetic origin making the
degradation process difficult when released into the environ-
ment. In a pioneering work, our research group investigated
the incorporation of different nanoparticles of niobium
oxyhydroxide in the poly (3-hydroxybutyrate) PHB matrix,
biodegradable polymer, changing the oxide content [14] and
the morphology of the polymer matrix [15]. The photocatalyt-
ic degradation efficiency of the methylene blue dye using UV
radiation was investigated. Photocatalysis experiments were
carried out under continuous flow and exposed to UV radia-
tion. The degradation of ~ 100% of the dye was observed with
the formation of intermediary species indicating the advanced
stage of oxidation of the organic molecule [14].

The main goal of this work is to investigate the perfor-
mance of different polymeric matrixes acting as support to
niobium oxyhydroxide based catalyst. The polymers become
interesting supports for inorganic semiconductors only if the
catalytic activity is preserved in the polymer-catalyst system.
In this context, chemical interactions between polymer and
catalyst can become relevant. Inorganic oxides have chemical
groups in their structure with high polarity contrasting with
most polymers. Here, polymeric matrixes have different
chemical structures, polypropylene (PP), poly(3-
hydroxibutyrate) (PHB) and polyurethane (WPU) were inves-
tigated. The PP has only C-H bonds in its structure, the PHB
has in addition carbonyl groups and the urethane group is
composed of C=0, C-O-C and N-H bonds. These groups are
responsible for conferring different polarities to the polymers,
increasing in the following order PP < PHB < WPU. The
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polymer-inorganic catalyst systems have been developed
and characterized by scanning electron microscopy (SEM),
infrared spectroscopy (FTIR) and differential scanning calo-
rimetry (DSC) analyze techniques. The crystallinity reduction
of polymers from the disordered growth of their crystals may
influence in the photocatalytic activity of the polymers.
Although crystallinity is a complex factor, a low crystallinity
usually caused by the presence of impurities, micro-holes and
vacancies, has been reported to increase the photocatalytic
activity. Active centers are provided for oxidation/reduction
reactions through the production of defects in the polymer
structure [16]. Then, the polymer crystalline structure was
studied using Small Angle X-Ray Scattering (SAXS). The
photocatalytic efficiency of polymer-catalytic systems was
evaluated from the kinetic curves of the removal of methylene
blue (model molecule) from aqueous medium with UV light.

Experimental

Catalytic syntheses: niobium oxyhydroxide
(NbO,(OH))

For synthesis of the niobium oxyhydroxide (NbO,(OH)),
46.2 mmol of the ammonium oxalate salt of niobium
(NH4[NbO(C,04),(H,0)](H,0),)) was dissolved in distilled
water under heating at 90 °C. After the complete dissolution
of the salt, NH4OH was slowly added to the solution until
pH 7 was reached, for precipitation of the niobium
oxyhydroxide. Thereafter, the suspension was kept under con-
stant stirring for 12 h for aging. Finally, the resulting white
solid was filtered, washed and oven dried for 12 h [17].

The obtained material was dispersed in distilled water and
treated with 30% hydrogen peroxide. The resulting yellow
solid was filtered, washed with distilled water and dried for
12 h. The catalytic activity of this material is addressed in the
various oxidation reactions described by our research group
[18]. Therefore, the characterization of this material has al-
ready been explored and shows that the yellow solid is a
nanoparticulate material.

Composite preparation

The polymer/catalyst systems were prepared using three dif-
ferent polymer matrices: (i) polypropylene (PP), (ii) poly (3-
hydroxybutyrate) (PHB), (iii) polyurethane (PU). The
methods of preparing the materials are dependent on the poly-
mers used, as described below.

Film by casting

The films of PHB/NbO,(OH) were obtained by the casting
technique. For the preparation of films, the PHB powder
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(BIOCYCLE®, Molecular weight = 600 Kg.mol ') was solu-
bilized in chloroform and dimethylformamide at a ratio of 1:5,
to which niobium oxyhydroxide content was of 2% wt. The
solution was placed under constant agitation and heated at
approximately 55 °C until complete dissolution over 4 h.
The mixture was poured into glass Petri dishes, and the sol-
vent was left to evaporate at room temperature for 72 h, after
which the samples were put in the oven at 60 °C for 24 h. The
nanocomposite PHB/NbO,(OH) was obtained by similar
method.

The WPU was syntetized by pre-polymer method as de-
scribed in our previous work [19]. The reagents used in the
first step were in the, diisocianato de isoforona (IPDI — Bayer),
a mixture of 75 wt% polycarbonate (PC MM = 1000-
2000 g.mol ') and 25 wt% of polypropyleneglycol (PPG
MM =1000-2000 g.mol™ "), dimetylolpropionic acid
(DMPA) (Sigma Aldrich) and triethylamine (TEA) (Merck).
After the obtention of pre-polymer it was dispersed in water
and hydrazine (HI) was added. The dibutyltin dilaurate
(DBTDL - Sigma Aldrich) was used as catalystic of
polymerization.

For the obtention of nanocomposite WPU/NbO,(OH),
2 wt% was introduced in the reaction flask after of HI addi-
tion. The waterbornes polyurethane were filtered in the nylon
screens to eliminate coarse particles.

Mechanical processing

The pure PP (Brasken 9.1 Kg. mol ") and the mixture of PP
and NbO,(OH) catalyst (2 wt%) were added to a Thermo
Haake (Polydrive mixer) mixing chamber at a temperature
of 180 °C for 5 min. After cooling, the obtained mixture was
added to a knife mill (Mill KIE 600). Pressing was conducted
in several steps at 180 °C for 3 min at 2 MPa, and the films
were cooled at room temperature.

Catalytic tests

The catalytic tests were performed at 25 °C using 15 mL of
methylene blue solution (20 mg.L™") as the model molecule.
A 0.5 g aliquot of the polymer film was used, with stirring at
330 rpm using a magnetic stirrer for predetermined times of
10-120 min. A UV lamp was used (mercury vapor 1=

254 nm) with power of 15 W. The samples were positioned
at 20 cm from the UV light. The oxidation efficiency was
monitored with a UV-Vis spectrophotometer (Shimadzu UV-
1601-PC) at wavelengths of 664 nm.

Characterization of materials
The morphology of the developed composites was character-

ized by a scanning electron microscope (SEM) (JEOL, model
840A) operating at 7 kV. The samples were introduced in the

liquid-nitrogen and the cryofracture surface was analyzed.
The films were coated with a 5 nm carbon layer using a
BAL-TEC 010 MC instrument after they were put into a mi-
croscope. EDS spectra were obtained from the images per-
formed using backscattered electrons with voltage of 7 kV,
spotsize 27, magnitude 400 in vacuum atmosphere.

Infrared spectroscopic (FTIR) data were obtained with a
Shimadzu Prestige 21 spectrophotometer equipped with an
attenuated total reflection accessory (ATR with Krs-5 crystal)
in reflection mode. The spectra were collected in the range of
4000 to 400 cm™ " with a scan number of 60 and resolution of
4cem.

The synchrotron small angle X-ray scattering experiments
were performed on the beam line at the National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil). The
monochromatized wavelength was 1.55 A. The data were
corrected for the parasitic scattering intensity produced by
the collimating slits, the non-constant sensitivity of the posi-
tion sensitive X-ray detector, the time varying intensity of the
direct synchrotron beam, and the differences in specimen
thickness. SAXS measurements were performed using the
MAR-165 detector. During the measurements, two different
sample-detector distances were used: Distance A, 2132 mm,
and Distance B, 603 mm.

The DSC curves were obtained on a TA Instruments
DSC2010 thermo analyzer. The samples were put into a her-
metically sealed alumina pan. In the first run, the samples
were heated in the temperature range from 30 to 185 °C, main-
tained at final temperature for 3 min, cooled to —30 °C and
heated again to 190 °C at a rate of 10 °C min ' under a
dynamic nitrogen atmosphere (50 mL min~'). The DSC
curves shown are for the second run of heating. The crystal-
linity index (X.) of the polymers and the polymers/niobium
oxyhydroxide composites was calculated from Eq. 1:

AH ,x100

Xe=——"FT—7—
¢ AH yxw(polymer)

(1)
Where AH is the melting enthalpy of the sample (J.g ') as
the heat of fusion for 100% crystalline polymers and w is the

weight fraction of the polymer’s samples [20]. Para o PHB o
valor de AH foi 146 J.g ' e para o PP, 209 J.g .

Results and discussion
Photocatalytic experiment

The kinetic curves obtained from the removal of methylene
blue from aqueous medium in the presence of the catalytic
systems and UV radiation are shown in the Fig. 1. The catalyst
systems PHB/NbO,(OH) and PP/NbO,(OH) present similar
removal of the dye by adsorption process, close to 20%, as

@ Springer



159 Page 4 of 10

J Polym Res (2019) 26: 159

1,0

No catalyst

0,8 -
0,64
o
Q
O 0,41
0,2 1
_ PHB/S, 2
Light on
0,0 T T v T v T T T T
0 20 40 60 80 100

Time (min)

Fig. 1 Kinetic of methylene blue dye removal from aqueous medium
with catalytic system and UV light (S, = NbO,(OH))

WPU/NbO,(OH) removes ~ 50% of the dye. Another impor-
tant process is the photolysis, which is represented for “no
catalyst” curve in the Fig. 1 responsible for ~ 30% of dye
photodegradation at 90 min.

After 90 min the removal of dye from aqueous medium
was of ~ 40% with PP/NbO,(OH), ~ 80% with WPU/
NbO,(OH) and ~ 90% with PHB/NbO,(OH). Some peculiar-
ities are observed to the systems: (i) PHB/NbO,(OH) and
WPU/NbO,(OH) achieved the maximum of dye removal at
60 min; (ii)) to WPU/NbO,(OH) the adsorption process is
more significantly than the photocatalysis in the dye removal
(iii) when incorporated in the PHB the niobium nanoparticle
maintained its ability to act as a catalyst; (iv) to PHB/
NbO,(OH) the removal of dye is more pronounced in the
initial 10 min of photocatalytic process; and (v) the removal
of methylene blue by PP/NbO,(OH) is mainly due to photol-
ysis process.

Despite the low efficiency of PP/NbO,(OH) as catalyst the
removal of ethylene blue is still slightly higher than in the
literature works [21] utilizing impregnated TiO, in the PP
beads. Moreover, the method of preparation used here is easier
than impregnation methods.

Characterization of the composites

SEM images and EDS spectra obtained from catalytic systems
polymer/NbO,(OH) are shown in the Fig. 2. The fracture
morphology of PP and PP/NbO,(OH) is typical of ductile
polymers with rough surfaces. Pores were not observed in
the magnification used [22]. In the PP/NbO,(OH) SEM image
appears only one phase, probably the NbO,(OH) nanoparticle
size is too small to be seen with this magnification. However,
the Nb peak in the EDS spectrum confirms the presence of
NbO,(OH) nanoparticle in the sample. The PP/NbO,(OH) has
been prepared by mechanical processing, which both,
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polymer and nanoparticle, were under high shear and temper-
ature. It is believed that in these conditions the niobium
oxyhydroxide agglomerates had their size reduced resulting
in a good nanoparticle dispersion in the matrix.

SEM image of PHB reveals a brittle fracture morphology
as expected for this polymer, fracture propagation in one di-
rection. PHB/NbO,(OH) images shows two phases, one has a
morphology similar to the matrix, and a second brighter phase
with its size submicrometric. The second phase visualized in
the SEM images of PHB/NbO,(OH) was attributed as
NbO,(OH) agglomerates, supported by the EDS spectrum
obtained while focusing this region registering the Nb peak.

For the WPU, the fracture morphology presents a smooth
and dense phase, similar to the ductile fracture, although the
cracks were observed after the extensive plastic deformation.
On the other hand, the WPU/NbO,(OH) presents more brit-
tleness indicating that the NbO,(OH) nanoparticle was able to
influence the WPU fracture mode. Probably, the chemical
interactions between polymer and nanoparticles may have
led to such changes [23] and they contribute to that
NbO,(OH) not being visible in the SEM image. The WPU/
NbO,(OH) EDS spectrum shows the presence of the niobium
nanoparticles.

Comparing the SEM images of nanocomposites with the
three polymeric matrixes it can be concluded that nanoparticle
is better dispersed in WPU/NbO,(OH) and PP/NbO,(OH)
systems. These results can be explained by two different ways:
(i) chemical affinity (probably associated with a higher hydro-
philicity) and (ii) the efficiency of the mixture method.
Highlighting that the NbO,(OH) was introduced during the
WPU synthesis, promoting additionally a more favorable con-
dition to the nanoparticle-polymer interaction.

The chemical interactions were investigated by FTIR, the
spectra are shown in the Fig. 3.

FTIR spectra of PP and PP/NbO,(OH), Fig. 3a, shows the
polymer bands in the range of ~ 3000 and 2800 cm ' and
~1500 and 800 ¢cm ', that are associated with the stretching
vibrations and deformations of C-H bonds, respectively [24,
25]. The addition of catalyst nanoparticles did not promote
significant change of PP spectrum because, mainly, of the
poor chemical affinity between polymer nanoparticle. The
PP structure is non-polar in contrast with the high
NbO,(OH) polarity.

In the PHB and PHB/NbO,(OH) spectra shown in the Fig.
3D, it can be observed characteristic bands of PHB spectrum.
The bands at 1720 cm ' and shoulder at 1745 cm ™" are asso-
ciated to the stretching vibrations of C=0 esther and those at
1272 and 980 cm ™" to the stretching vibrations C-O-C groups.
The band at 1185 cm ™' resulting from the vibration of amor-
phous phases of groups of polymers in contrast with bands at
1228, 1272 cm ' relative to the crystalline phases. These
bands are important in the identification of PHB structure by
FTIR analyses [26]. However, the relative number of
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Fig. 2 SEM images of
cryofracture surface of pure
polymers (left) and catalytic sys-
tems polymers/NbO,(OH)

(in the middle column), and EDS
spectra obtained from regions

of the image (right)
(S2=NbO,(OH))

interactions polymer-catalyst achieved is too small to promote
higher changes in the spectrum due to content low in
NbO,(OH).

In the Fig. 3¢ are shown the WPU and WPU/NbO,(OH)
FTIR spectra. Two of the mains bands in the WPU study are
referent to N-H group stretching and deformation vibration
which appears respectively at 3310 and 1533 cm™' [27].
Over again the carbonyl band is important to this polymer, it
is displayed at 1741 cm ™' [28]. In order to investigate possible
interactions between NbO,(OH) and WPU in the region at
18001600 cm ™" were done deconvolution and Gaussian ad-
justments, Fig. 2c.

Six bands were revealed in the carbonyl region of WPU
and WPU/NbO,(OH) spectra due to free and hydrogen bond
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1702 cm ! groups, respectively [29]. However, the bands ap-
pear shifted to lower frequencies in the WPU/NbO,(OH)
spectrum indicating a formation of hydrogen interactions be-
tween WPU and NbO,(OH). The rate of the areas (R) from a
carbonyl band involved in hydrogen bond and free carbonyl
band from urethane groups is known as a semi-quantitative
parameter FTIR analysis to study of the new hydrogen bond
formed. The R is 1.6 to WPU and 1.9 to WPU/NbO,(OH).
The higher is the R value of the finding, the lower is the
content of free C=0. The increase of R suggests that the hy-
drogen bonds between catalyst -OH groups and C=0 poly-
urethane. Other polyurethane groups as C-O-C or N-H could
be involved in hydrogen bond with catalyst-OH but it would
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Fig. 3 FTIR spectra of pure polymer and nanocomposites (a) PP and PP/NbO,(OH) (b) PHB and PHB/NbO,(OH) (¢) WPU and WPU/NbO,(OH). The
carbonyl band of WPU is shown on the right including the deconvolution and Gaussians adjustments (S, = (NbO,(OH))
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be necessary an investigation about other spectrum regions.
An increase to rate R has already observed to WPU based
composite and inorganic fillers [30].

The melting event T,,, and crystallinity index X, to semi-
crystalline polymers and nanocomposites were investigated
by differential scanning calorimetry (DSC). Figure 4 shows
the DSC curves to PHB and PP based materials and T,,, and X
are described in the Table 1.

In the DSC curves for WPU and WPU/NbO,(OH) shown
in Fig. 4, it was not possible to identify the melt temperature of
both materials and thus, it can be suggested that there was no
formation of crystals in the structure, although it is a segment-
ed polyurethane. In the PP ¢ PP/NbO,(OH) curves can be
observed a melting peak associated to the monoclinic crystal-
line phase of PP (a-PP) [31]. The T,, value of pure PP is
162 °C and to PP/NbO,(OH) nanocomposite is 164 °C.
According to Panaitescu et al. [32] in the study about
SWNT in the PP matrix, a slight increase in the melting tem-
perature may indicate small modifications interlamellar dis-
tances [32]. This behavior is accompanied by a reduction of
the crystallinity index (X,) from 44 to 33.

It can be seen a double melting peak displayed in PHB and
PHB/NbO,(OH) DSC curves (Fig. 3). However, the profile
curves present differences. In contrast with PBH curve, the
peak observed at lower temperature in the PHB/NbO,(OH)
curve is smaller than those in higher temperature. Double
peaks are attributed to: (i) the melting, recrystallization and
re-melting during the DSC scanning condition; (ii) the crystals
of different families lead to different sizes of the chain poly-
mer; (iii) the presence of two or more types of crystal
(polymorphism) or (iv) structural changes in the conformation
of the crystals [33, 34].

In general, a temperature shift occurred because imperfect
or smaller and/or less thick crystals. The recrystallization dur-
ing the melting process contributes less significantly, since the

WPU
WPUSS, 2

PP

PP/S, 2

-— Endothermic

PHB

PHB/S, 2

© 8 10 120 140 160 180
Temperature (°C)

Fig. 4 DSC curve of PP e PHB polymer and PP/NbO,(OH) e PHB/
NbO,(OH) nanocomposites (S, = NbO,(OH))
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Table 1 Thermal properties from DSC curves of semicrystalline
materials (S, = NbO,(OH))
Samples Tm (OC) Al-lm(J/g) XCDSC (%)
PP 162 91 44
PP/S, 164 68 33
PHB 158 (Tmy) 117 80
169 (Tmy)
PHB/S, 163 (Tm,) 103 72
171 (Tmy)

double peak has already been observed in the first run.
However, an exothermic event at 70 °C appears in the DSC
curve indicating that the chains yet not crystallized in the
cooling acquire mobility and are organized under those
existing crystals.

Even as occurred to the nanocomposite PP/NbO,(OH), the
addition of NbO,(OH) in the PHB matrix lead to a decrease of
crystalline index from 80 to 72%. This result can be explained
by the formation of imperfect crystals of polymers because of
the reduction of the polymer chain mobility during the growth
step in the presence of the nanoparticles [35]. On the other
hand, the inorganic nanoparticles can act as nucleating agent
promoting a disorderly growth of crystals in the interphase
nanoparticle-matrix and leading to a decrease of crystals [36].

In the Fig. 5 is shown the pure polymers and nanocompos-
ite SAXS profile. For all samples, an isotropic pattern was
observed to SAXS 2D. This pattern is dependent of shape,
size and size distribution of structures [37].

Figure 6 shows the scattering intensity /(g) as a function of
the scattering vector ¢ and the Lorentz correction for the PP,
WPU and PHB polymers and the nanocomposites containing
niobium nanoparticles.

In the WPU curve can be observed of a single reflection
peak related to the different micro-phases of the matrix that
occurred when there was a modification of electronic density
phases (Fig. 6a) [38]. The WPUs used are segmented poly-
mers presenting soft (SS) and hard segment (HS) which define
the micro-phases [39, 40]. For this material, generally it can be
seen the separation of these microphases during the synthesis.
In addition, the properties of these materials depend on the
morphology of the phase and degree of separation of the rigid
and soft domains [38]. The scattering peak observed in the
WPU and WPU/NbO,(OH) occurs due to heterogeneity in
the electronic density of the materials and is generally
interpreted because of the presence of microphases with dif-
ferent electronic densities. The Lorentz correction of the WPU
confirms that the material exhibits multifaceted structures, in-
cluding amorphous matrix and rigid domain, as illustrated at
the diagram of Fig. 7a. For WPU/NbO,(OH) material exhibits
amorphous matrix, rigid domain and nanoparticle, Fig. 7b. No
peaks were observed regarding the presence of crystals in the
polymeric materials, corroborating with the results in the
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Fig. 5 SAXS pattern of polymers PP, WPU, PHB and nanocomposites polymer/NbO,(OH) (S, = NbO,(OH))

DSC. Therefore, the peak ¢; observed in the SAXS curve for
the WPU and WPU/NbO,(OH) samples refers to the rigid
domains. In addition, a slope is observed in the curves of both
samples in the region greater than ¢ =3 nm ', that was asso-
ciated to the WAXS region, representing structures with sub-
nanometrics size. This region has not investigated in this
work. For the nanocomposite WPU/NbO,(OH), it can be ob-
served that the peak in the SAXS curve is wider and shifted to
larger q values in comparison to the WPU curve. Larger peaks
indicate mixtures of microphases and variation of electronic
density [19].

The results obtained for the PP polymer and PP/NbO,(OH)
nanocomposite are shown in Fig. 6b. It is observed the presence
of two main diffraction peaks for the pure PP curves and the PP/
NbO,(OH) nanocomposite, around q; =0,4 nm and q, =
0,8 nm. The ratio of the position of the peaks in the ¢ scale
shows typical values of ¢; 2¢ that reveals a well-defined lamel-
lar structure corresponding to the alternation of crystalline and
amorphous regions, as can be as seen at the diagram of Fig. 7¢c
[41]. The PP/NbO,(OH), compared to PP, presented a slight
shift of the peaks to lower values of ¢g. This phenomenon must
be attributes to the increase of lamellar periodicity resulted from

PHB \/
B PHB/S, 2

l@q

PP : q PHB
B PPIS, 2 : ! I PHB/S, 2

lq

q(m™)

q(m")
Fig. 6 SAXS curve and Lorentz correction plot of: (a) WPU, (b) PP, (¢) PHB and nanocomposites polymer/NbO,(OH) (S, = NbO,(OH))
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Fig. 7 Illustrated models of the polymer structures of (a) WPU, (b) PP and (¢) PHB based on the results of SAXS

the introduction of the NbO,(OH) particles, which indicates
that the “quality” of the crystal improves, not necessarily the
degree of the crystallinity increases. From DSC results, we can
conclude that the nanoparticle disturbs the crystallization pro-
cess and, consequently, fewer crystals are formed, but these are
more perfect crystals. Furthermore, in the PP/NbO,(OH) curve
we can note the presence of broad peak at g3 =3.2 nm " that is
not observed in the PP (highlighted in Fig. 6b). This result may
be related to the presence of agglomerated niobium nanoparti-
cles in the PP matrix, as observed by Souza et al. [42]. The
authors investigated the structures of modified niobium
oxyhydroxide nanoparticles incorporation in PP using SAXS.
In addition, the high order reflection q3 might be represent the
averaged segregation distance between the agglomerated
NbO,(OH) particles.

The intensity (/) as a function of the scattering vector of the
PHB and PHB/NbO,(OH) samples derived from the integration
of the SAXS standards are shown in Fig. 6¢. An intense peak at
q=0.94 nm ' is observed in the PHB curve and secondary
peaks are observed in the ¢ range of 1.3-2.0 nm . Generally,
the most intense dispersion peak of semi-crystalline PHB is
associated with electron density contrast alternating between
crystalline and amorphous layers [43]. When the periodicity
q1, 2q; 1s observed, a lamellar crystalline structure is attributed
to the polymer. For the materials PHB and PHB/NbO,(OH), no
periodicity can be observed for the peaks. However, it suggests
that part of the PHB chains did not have enough time to organize
into crystalline lamellae forming different families of crystals, as
shown in the DSC. In addition, the secondary peaks may be
associated with formation of secondary lamellae of less thick-
ness than the thickness of the lamellae developed during the
primary phase of crystallization [44, 45] as represented at the
diagram of Fig.7d. Due to the addition of niobium nanoparticles
in the PHB matrix, the higher peak, ¢;, was shifted to lower
values of ¢ and the secondary crystallization peaks were not
observed. For this material, it can be observed a smaller amount
of peaks, indicating the reduction of the amount of different
families of crystals. The results suggest that niobium
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nanoparticles led to a decrease in the formation of secondary
lamellae. Moreover, the bump in the region ¢ =3.02 nm™" is
observed only for the PHB/NbO,(OH) composite is associated
with the contribution of the niobium oxyhydroxide particles as
discussed by Souza et al. [42]. The higher crystallinity of PHB
samples was attributed to the formation of secondary and inter-
connected lamellae. As the nanoparticle restricted these phe-
nomena, the X PHB/NbO,(OH) values are smaller.

Additionally, the morphology of the polymer was investi-
gated by the repeating distance between the L domains. The L
value is estimated from the peak position using Bragg’s Law
(eq. 2) in which the peak q; is determined from I(q)qz versus ¢
[46]. The values obtained for L refer to the highest intensity
and well defined dispersion peak ¢;.

2w

L= )

qmax

The spacing L should be interpreted as the average separa-
tion distance between the domains. At WPU systems, it rep-
resents the average distance between the rigid domains. For
the crystalline systems, L represents the average lamellar crys-
talline repeat distance.

The presence of the niobium oxyhydroxide in the WPU
nanocomposite reduces the L-spacing of the pure polymer
from Lwpy=28.5 nm (WPU) to Lwpu/nbo,(0n) =7.8 nm
(WPU/NbO,(OH)). Nanoparticles promote a significant
difference in L-spacing and may indicate the existence of
nanoparticles in the inter-domain’s regions [47]. The de-
crease in L spacing can also indicate the interruption of the
aggregation of the chains in the rigid segment leading to
the change in these regions [48]. Urethanes from the iso-
cyanate groups can chemically interact with the hydroxyl
groups of the niobium oxyhydroxide, as shown in the
FTIR, by modifying the structure of the polymer chain
[42]. Thus, it is proposed that the rigid domain will be
more disorganized and less cohesive reducing the distance
value between the rigid domains.



J Polym Res (2019) 26: 159

Page 9 of 10 159

On the other hand, the incorporation of nanoparticles of nio-
bium promoted a change in the L spacing between the lamellae
of the polymer whose value increased slightly from Lpp =
15.1 nm to 1 Lpp/np0, (0m)= 5.4 nm for the samples PP and PP/
NbO,(OH), respectively. Similar behavior was observed in the
incorporation of cellulose nanoparticles in PP [49].

Conclusion

Catalytic systems based on niobium oxyhydroxide nanoparti-
cles dispersed in different polymer matrices were obtained and
applied in the removal of methylene blue by photocatalysis.
The PHB/NbO,(OH) has presented the best results achieving
90% of methylene blue removal within 60 min. Besides the
excellent photocatalytic efficiency, another advantage of using
the PHB/NbO,(OH) system is the facility of the removal of
the catalyst from aqueous medium since the particles are dis-
persed in the polymer.

The photocatalytic process involved polymer/niobium
oxyhydroxide systems is dependent, mainly, of inorganic
phase, influenced by size and dispersion of particles. In gen-
eral, the matrix hydrophilics, WPU, led to the high dispersion
of niobium oxihydroxide which has favored the adsorption
process. Although the good dispersion was achieved to the
hydrophobic matrix, PP, the dye removal can be attributed
the photolysis process, mainly. In case the system, PHB/
NbO,(OH) the photocatalystis process showed to be depen-
dent of inorganic catalyst and of polymeric matrix. Then, in-
teractions nanoparticles-polymer able of modify polymer
properties, as crystallinity, influencing indirectly in the
photocalatysis process. PHB matrix particularity, as the for-
mation of hydroxyl radicals in the presence of UV-radiation,
humidity and oxygen, improves the dye removal by
photocatalysis process.
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