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A B S T R A C T   

The application and service life of poly (butylene terephthalate) (PBT) is limited by its brittleness and ultraviolet 
(UV) instability. Titanium dioxide (TiO2) in PBT matrix can shield for UV light, but it triggers further photo- 
degradation of PBT via a photocatalytic effect. In this work, both toughness and against prolonged UV radia-
tion of PBT from recycled source are significantly improved by reactive compounding with ethylene-vinyl ace-
tate-glycidyl methacrylate copolymer (EVMG) and tailor-made double-shelled TiO2@SiO2-g-EVMG nanohybrids. 
The inner SiO2 shell prevents direct contact of TiO2 and the PBT matrix, while the grafted EVMG outer shell 
promotes a selective distribution and uniform dispersion of TiO2 in the EVMG phase only. Consequently, the 
impact toughness of PBT/EVMG/TiO2@SiO2-g-EVMG nanocomposites is 18 times higher than that of neat PBT. 
Moreover, the tensile strength and the elongation at break of the nanocomposites remain 95% and 87% 
respectively after 48-h accelerated UV irradiation. Meanwhile, 90% UV light can be shielded by the PBT/EVMG/ 
TiO2@SiO2-g-EVMG nanocomposites. Therefore, this work provides a facile route to make PBT nanocomposites 
with superior mechanical and UV resistant performances, which may broaden the application range of (recycled) 
PBT and e.g. PBT/Polycarbonate blends.   

1. Introduction 

Poly (butylene terephthalate), i.e. PBT, is used successfully in auto-
motive and electronic parts, and some other fields due to its high 
strength, excellent electrical insulation properties and good process 
characteristics. However, PBT is brittle and shows a notched impact 
strength of only 4 kJ/m2.[1–3]. Meanwhile, PBT materials and products 
thereof are prone to undergo aging and degradation in long-term sun-
light irradiation, because free radicals generated after UV irradiation 
could break the molecular chains, resulting in deterioration in me-
chanical properties [4–6]. Thus, improving the toughness and UV 
resistance is of importance for the safety and service life of PBT-based 
materials and products made thereof. 

Compounding with elastomers is a simple and efficient method to 
improve the toughness of plastics. Based on this fact, reactive compa-
tibilization [7–10], dynamic vulcanization [11–14], nano-technology 
[15–21] etc. have been used to further enhance the toughening effect 
of elastomers and even endow polymers with special functions. For 

example, Li et al. [15] introduced maleic anhydride grafted 
styrene-ethylene-butylene-styrene (SEBS-g-MAH) copolymer and car-
bon nanotubes (CNTs) into polycarbonate (PC)/PBT blends, which lead 
to a great enhancement in the toughness from 4.8 to 43 kJ/m2 and a 
formation of percolated conductive network structure. Huang et al. [22] 
designed polylactide (PLA)/epoxidized natural rubber (ENR)/Fe3O4 
thermoplastic vulcanizates (TPVs) with a better compatibility between 
PLA and ENR by dynamic vulcanization, achieving an increase by 16 
times in toughness and excellent self-healing behaviour. Thus, brittle-
ness of some polymers can be conquered by tuning the compatibility 
between polymer matrix and elastomer phase, and sometimes with the 
synergistic effect of introducing functionalities such as electrical con-
ducting and self-healing. However, toughening modification in combi-
nation with UV-shielding and UV resistance to PBT-based materials have 
not been well studied yet. 

TiO2 has been widely used in the fields of photo-catalysis and UV- 
shielding due to its inherent peculiarity of shielding from UV light, 
which have been reported in various nanocomposite systems, such as 
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PLA/TiO2 [23,24], polyamide/TiO2[25], TiO2@fabrics [26,27], silk/-
TiO2 [28] and polypropylene/TiO2 [29] etc. Huang et al. [26] designed 
the TiO2@fabric nanocomposite via a one-pot hydrothermal reaction, 
leading to 12 times increase in ultraviolet protection factor. However, 
the addition of TiO2 usually leads to severe degradation of polymeric 
materials due to its active oxygen species under UV irradiation [30]. Zan 
et al. [31] prepared polyethylene/TiO2 nanocomposite films, however 
the film degraded significantly under UV or sunlight irradiation. 
Buzarovska et al. [32] found that the degradation rate of PLA was 
increased by 15 times after incorporation of even a small amount of 1.0 
wt% TiO2 nanoparticles. The degradation consequently deteriorated 
mechanical properties of the corresponding materials. Hence, it is still 
challenging to prepare polymer/TiO2 nanocomposites with both 
UV-shielding property and UV resistance. 

The primary objective of this work is to design PBT-based (nano) 
composites including from recycled sources possessing toughness, UV- 
shielding and UV resistance by incorporation of ethylene-vinyl ace-
tate-glycidyl methacrylate copolymer (EVMG) and tailor-made double- 
shelled TiO2@SiO2-g-EVMG nanohybrids. The inner SiO2-shell was 
designed to keep active oxygen species of TiO2 under UV irradiation 
away from the PBT matrix, while the grafted EVMG chains were 
designed to make TiO2@SiO2-g-EVMG selectively and uniformly 
distribute in the EVMG phase to further weaken the photocatalytic effect 

of TiO2. Therefore, this study provides a new design and a facile route 
for preparing super-tough PBT-based nanocomposites with both UV- 
shielding and UV resistance properties, which may broaden the appli-
cation range of PBT and even other polyester materials as engineering 
and durable plastics. 

It is worth to note that this work uses recycled PBT as a raw material, 
thus it also provides a potential solution for solving environmental issues 
such as CO2 emission, plastic waste and marine micro-plastics. 

2. Experiments 

2.1. Materials 

Recycled-PBT with a melt flow rate of 27.4 g/10min (250 ◦C/2.16 
kg) and melting temperature of 223 ◦C was provided by Dongguan 
Zhangmutou Co., Ltd. Epoxidized elastomer, i.e., ethylene-vinyl acetate- 
glycidyl methacrylate copolymer (EVMG) containing 60 wt% of vinyl 
acetate and 0.022 mol epoxy groups per 100 g was supplied by Arlanxeo 
Deutschland GmbH. TiO2 (purity > 99.8%) was purchased from 
Shanghai Maclean Biochemical Technology Co., Ltd. Silane coupling 
agent (3-triethoxysilylpropylamine, KH550, 98%), tetraethyl orthosili-
cate (TEOS, AR), N,N-dimethylformamide (DMF, AR), ammonium hy-
droxide (NH3⋅H2O, AR) sodium hexametaphosphate (AR), ethanol and 

Scheme 1. Schematic diagram of the synthesis of TiO2@SiO2-g-EVMG nanohybrids.  
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chloroform were all obtained from Sinopharm Group Co., Ltd. 

2.2. Preparation of TiO2@SiO2-g-EVMG nanohybrids 

TiO2@SiO2 nanoparticles were first prepared through the hydrolysis 
of TEOS on the surface of TiO2. The well-known Silane coupling agent 
KH-550 (3-Aminopropyltriethoxysilane) was used to obtain the 
TiO2@SiO2–KH550 nanohybrids. Subsequently, TiO2@SiO2-g-EVMG 
nanohybrids were obtained by grafting EVMG onto TiO2@SiO2–KH550 
nanoparticles via the reaction between the amino groups of KH550 and 
the epoxy groups of EVMG. The schematic diagram of the preparation 
process is shown in Scheme 1. The experimental details are provided in 
supporting information. 

2.3. Preparation of PBT/EVMG/TiO2@SiO2-g-EVMG nanocomposites 

PBT/EVMG/TiO2@SiO2-g-EVMG nanocomposites with different 
TiO2@SiO2-g-EVMG contents (0.3, 0.7, 1.0 and 2.0 wt%) were prepared 
by a Polylab-OS mixer (Haake, Germany) with a rotor speed of 80 rpm at 
235 ◦C for 8 min. The samples were denoted as P/E/T-Ex, wherein the P, 
E and T-E represent PBT, EVMG and TiO2@SiO2-g-EVMG, respectively. 
A mixture of the PBT and the EVMG with a weight ratio of 80/20 was 
used. The x represents the weight percentage of TiO2@SiO2-g-EVMG in 
the nanocomposites. For comparison, PBT/EVMG/TiO2 nanocomposites 
were prepared in the same way and denoted as P/E/Tx. Specimens for 
different measurements were prepared by hot compression molding at 
240 ◦C and 10 MPa. The possible reactions between the PBT matrix and 
EVMG were shown in Scheme 2. The terminal carboxy group and the 
terminal hydroxyl group from the PBT matrix can react with the epoxy 
group from EVMG to form PBT-EVMG copolymer. 

2.4. Characterization 

Transmission electron microscopy (TEM). The morphology of 
TiO2, TiO2@SiO2 nanoparticles and PBT nanocomposites were observed 
by TEM (JEM-2100plus, Japan) at an accelerating voltage of 200 kV. 
Specifically, TiO2 and TiO2@SiO2 nanoparticles were ultrasonically 
dispersed in ethanol with a concentration of 0.5 mg/mL. And then, 5 μL 
TiO2 and TiO2@SiO2 suspension were dropped on the copper net and 
observed after ethanol volatilizing. The PBT nanocomposites were 
microtomed to an ultrathin section (～80 nm in thickness) at − 120 ◦C 
before observing. 

Photocatalytic activities. The photocatalytic activities of TiO2 and 
TiO2@SiO2 nanoparticles were characterized on a double beam UV–Vis 
spectrophotometer (TU-1901, China) by tracking the decomposition of 
rhodamine B solution (10 mg/L) with TiO2 or TiO2@SiO2 nanoparticles 
(50 mg). The UV lamp with a wavelength of 330 nm and a power of 300 
W was used for UV irradiation. Samples were taken from the solution 
every half hour and the supernatant without any nanoparticles after 
centrifuging was taken for testing. 

Scanning electron microscopy (SEM). The surface morphology of 
PBT nanocomposites before and after UV irradiation was observed by 
SEM (S-4800, Japan) at an accelerating voltage of 3 KV. All the samples 
were sputtered with a thin golden layer before observation. 

Fourier transform infrared (FT-IR). The TiO2, TiO2@SiO2 and 
TiO2@SiO2-g-EVMG nanohybrids were analyzed using FT-IR spectrom-
eter (Nicolet 6700, US) in attenuated total reflection mode (ATR). The 
final spectrum of each sample was an average of 32 scans at a resolution 
of 4 cm− 1 in the wavenumber range of 400–4000 cm− 1. 

Thermogravimetric analysis (TGA). The decomposition behaviour 
of TiO2, TiO2@SiO2 and TiO2@SiO2-g-EVMG nanohybrids was detected 
by a TGA instrument (1100SF, Switzerland) from 50 to 600 ◦C at 10 ◦C/ 
min in a nitrogen atmosphere. 

X-ray diffraction (XRD). The crystal structures of TiO2, TiO2@SiO2 
and TiO2@SiO2-g-EVMG nanohybrids were analyzed by an X-ray 
diffractometer (Bruker AXS D8, Germany), wherein the 2-theta scan 
range was 5–90◦ and the scanning speed was 3◦⋅min− 1. 

Energy dispersive spectroscopy (EDS). The EDS line scanning and 
elemental analysis results of TiO2 and TiO2@SiO2 nanoparticles were 
obtained on SEM (S-4800, Japan) with an accelerating voltage of 10 KV. 

Mechanical properties. The tensile properties of PBT nano-
composites before and after UV irradiation (330 nm, 300 W) were 
measured using a tensile tester (Instron 5967, USA) and the notched Izod 
impact tests were carried out according to ISO 180 using an impact 
tester at room temperature. Five measurements of each sample were 
performed and the averaged values were presented. 

UV-shielding properties. The UV absorption spectra of PBT nano-
composites were obtained on an UV–Vis near-infrared spectrophotom-
eter (UV-3600, Japan) with an integrating sphere to evaluate the UV- 
shielding properties of the nanocomposites. The spectrum of each 
sample was presented in the wavelength range of 200–500 nm. 

Scheme 2. The possible reactions between the PBT matrix and the EVMG.  
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3. Results and discussion 

3.1. TiO2@SiO2 core-shell structure analysis and photocatalytic activity 

The morphology of TiO2 and TiO2@SiO2 was observed by TEM, as 

shown in Fig. 1a–b, respectively. It is clearly observed that TiO2 nano-
particles show irregular shapes with a size of 50–100 nm (Fig. 1a), while 
TiO2@SiO2 nanoparticles present typical core-shell structures with a 
shell thickness of around 10 nm (Fig. 1b). The shell can be assigned to 
the SiO2 layer. The TEM results confirmed that the TiO2@SiO2 

Fig. 1. TEM images and EDS spectra of (a/a’) TiO2 and (b/b’) TiO2@SiO2 nanoparticles.  

Fig. 2. UV absorption spectra of rhodamine B solutions after UV irradiation from (a) rhodamine B, (b) rhodamine B/TiO2, (c) rhodamine B/TiO2@SiO2 samples, (d) 
decomposition degree of rhodamine B in different samples. Samples were taken from the corresponding solution and the supernatant without nanoparticles after 
centrifuging was taken for test. 
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nanoparticles with the core-shell structure were achieved. Such a 
structure of TiO2@SiO2 nanoparticles is further confirmed by elemental 
analysis for TiO2 and TiO2@SiO2 using energy dispersive spectroscopy 
(EDS), as shown in Fig. 1a’/1b’. The authors hasten to remark that the Si 
signal was also detected in neat TiO2 sample which was due to the 
organic treatment during preparation process at the manufacturer. 
However, the content of Si element for TiO2@SiO2 nanoparticles is 
considerably higher in comparison with neat TiO2, indicating that SiO2 
was indeed coated on the surface of TiO2 nanoparticles. 

The coating of SiO2 is designed to reduce or ideally prevent the 
photocatalytic effect of TiO2 on the degradation of PBT under UV irra-
diation. Therefore, the photocatalytic activities of TiO2 and TiO2@SiO2 
nanoparticles were evaluated by tracing the decomposition of rhoda-
mine B, and the decomposition degree of rhodamine B could be quan-
titative by the following formula: 

Decomposition  degree=
A0 − At

A0
× 100%  

where, A0 and At is the UV absorption value of the rhodamine B solution 
at the wavelength of 552 nm before and after UV irradiation, respec-
tively [33]. The UV absorption spectra and the results of decomposition 
degree calculated are shown in Fig. 2. 

As expected, the absorption peak of rhodamine B at 552 nm is getting 
weak with the UV irradiation time (Fig. 2a) due to the gradual decom-
position of rhodamine B. It is known that electrons (e−cb) in TiO2 nano-
particles could absorb energy and jump from the valence band to the 
conduction band with UV light, thus leaving holes (h+

vb) in the valence 
band. The electrons on the guide band can react easily with O2 forming 
•O2, while the holes can easily react with H2O to form •OH. The •O2 and 
•OH with high chemical activity can cleave organics into H2O and O2 
during the contacting process [34,35]. Therefore, the absorption peak of 
rhodamine B at 552 nm reduced much faster after incorporation of TiO2 
because of its photocatalytic activity (Fig. 2b). On the other hand, the 
SiO2-shell on the surface of TiO2 effectively decreased the decomposi-
tion rate of rhodamine B because of the shielding layer between TiO2 

and rhodamine B. Consequently, the decomposition rate of rhodamine B 
composites is in the order of rhodamine B/TiO2 > rhodamine 
B/TiO2@SiO2 > rhodamine B, as shown in Fig. 2d. 

3.2. Chemical and crystal structures of TiO2@SiO2-g-EVMG nanohybrids 

TiO2@SiO2-g-EVMG nanohybrids were prepared via a two-step re-
action, i.e., i) KH550 was coupled to the surface of TiO2@SiO2 nano-
particles to form TiO2@SiO2–KH550 nanohybrids via the reaction 
between the hydroxyl groups of TiO2@SiO2 and the siloxane groups of 
KH550; ii) While for the second reaction between the –NH2 groups of 
KH550 and the epoxy groups of EVMG (forming -N-C- covalent bond) is 
also well-known and it actually is the sole possible reaction in this 
process. These covalent grafting mechanisms have already been shown 
in Scheme 1. Then FT-IR, TGA and XRD were used to characterize their 
chemical and crystal structures, as shown in Fig. 3. 

As shown in Fig. 3a–b, both TiO2@SiO2 and TiO2@SiO2-g-EVMG 
show FT-IR vibration peaks of Ti–O–Si and Si–O–Si bonds at 954 and 
1071 cm− 1 [36], [37]respectively, which are ascribed to the coated SiO2 
shell. Compared with TiO2@SiO2, the FT-IR spectrum of TiO2@SiO2--
g-EVMG shows new stretching vibration peaks at 2800~3000 cm− 1 and 
1730 cm− 1, corresponding to the C–H bond and carbonyl groups of the 
grafted EVMG chains, respectively [38]. A direct evidence for the -N-C- 
covalent bond was not obtained due to its very low content and 
embedded inside by the grafted EVMG. However, the TiO2@SiO2--
g-EVMG nanohybrids were carefully purified before any measurement 
to remove the free EVMG (i.e., without covalent bond to the nano-
particles). Therefore, the new stretching vibration peaks at 2800~3000 
cm− 1 and 1730 cm− 1 can provide sufficient evidence to support the 
conclusion about the covalent bonding. The Photos of TiO2@SiO2 and 
TiO2@SiO2-g-EVMG in chloroform were shown in Fig. S1. The grafting 
degree of EVMG can be quantitatively characterized by TGA, as shown 
in Fig. 3c. TiO2@SiO2 is thermally stable with a mass loss of 3.4 wt% at 
600 ◦C, whereas EVMG sharply decomposes at around 330 ◦C and 
450 ◦C corresponding to the ester side-chain and the ethylene 

Fig. 3. (a, b) FT-IR spectra, (c) TGA curves of TiO2@SiO2, TiO2@SiO2-g-EVMG and EVMG, and (d) XRD patterns of TiO2, TiO2@SiO2 and TiO2@SiO2-g-EVMG.  
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main-chain, respectively, and its final residual mass at 600 ◦C is almost 
0. The mass loss of TiO2@SiO2-g-EVMG at 600 ◦C is 9.6 wt%. Appar-
ently, the extra mass loss of TiO2@SiO2-g-EVMG compared with 
TiO2@SiO2 is ascribed to the decomposition of EVMG chains, i.e., the 
grafting degree of EVMG can be roughly calculated as around 6 wt% 
[39]. In addition, the TGA curves of PBT/EVMG (P/E) and 

PBT/EVMG/TiO2@SiO2-g-EVMG (P/E/T-E) composites were shown in 
Fig. S2. The TGA curve of P/E composites was almost coincided with 
that of P/E/T-E composites, indicating that thermal stability of 
PBT/EVMG materials were not affected obviously by incorporation of 
the TiO2@SiO2-g-EVMG nanohybrids. 

Since the UV absorption performance of TiO2 is strongly associated 

Fig. 4. UV–Vis absorption spectra of (a) P/E/Tx and (b) P/E/T-Ex nanocomposites with different content of nanofillers, (c) the UV absorption and transmittance 
values of P/E/Tx and P/E/T-Ex nanocomposites at 330 nm as a function of filler contents. 

Fig. 5. (a) Stress-strain curves and (b) tensile strength of PBT composites before and after UV irradiation, (c) fracture toughness and (d) notch impact strength of PBT 
composites without UV irradiation. 
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with its crystal structures [40], the crystal structures of TiO2, TiO2@SiO2 
and TiO2@SiO2-g-EVMG are investigated by XRD, as shown in Fig. 3d. 
As reported, TiO2 show typical characteristic diffraction peaks corre-
sponding to 110, 101 and 211 crystalline planes [41]. In this study, the 
TiO2@SiO2 and TiO2@SiO2-g-EVMG exhibit the same diffraction signals 
as TiO2. These results indicate that the crystal structures of TiO2 did not 
change after coating with SiO2 or SiO2-g-EVMG, and thus the modified 
TiO2 nanoparticles maintain high UV absorption ability, see discussion 
below. 

3.3. UV-shielding properties of PBT nanocomposites with TiO2@SiO2-g- 
EVMG 

TiO2 as a functional additive in materials can strengthen their UV- 
shielding property and, as a result, protecting human body or objects 
from UV radiation. In this work, the UV-shielding behaviours of PBT 
with different types of TiO2 nanoparticles were monitored by an UV–Vis 
near-infrared spectrophotometer, as shown in Fig. 4. 

As shown in Fig. 4a and b, pure P/E exhibits the lowest UV absorp-
tion values in almost the whole region of UV light wavelength. Specif-
ically, the absorption values of both P/E/Tx and P/E/T-Ex 
nanocomposites gradually increase in the UV-A region (320–400 nm) 
with increasing the TiO2 or TiO2@SiO2-g-EVMG contents, which is 
ascribed to the inherent UV-absorbing character of TiO2. Taking the 
wavelength of 330 nm as an example, the UV absorption values of the 

PBT nanocomposites as a function of filler content are shown in Fig. 4c. 
The UV transmittance of the material can be calculated according to the 
Lambert-Beer law A = -lgT (the A and T represent the light absorbance 
and light transmittance respectively [42]) and the results are shown in 
Fig. 4d. Actually, the UV transmittance can be corresponded to the 
percentage that UV light was shielded. In Figs. 4d and 30% of the UV 
light was shielded by the pure P/E material whereas about 90% of the 
UV light was shielded by PBT composites with 1.0–2.0 wt% TiO2 and 
TiO2@SiO2-g-EVMG nanohybrids, demonstrating an obviously 
enhanced UV-shielding performance of PBT-based nanocomposites. It is 
worthy to note that, the UV-shielding performance of the PBT in the 
UV-B region (280–320 nm) has been also improved obviously in the 
presence of the TiO2@SiO2-g-EVMG. 

3.4. UV resistance behaviors of PBT nanocomposites with TiO2@SiO2-g- 
EVMG 

As discussed above, the issue of TiO2-based polymeric nano-
composites is to address the problem of instability in UV-light due to the 
photocatalytic effect of TiO2. Thus, the mechanical properties of the P/ 
E/T and P/E/T-E nanocomposites as a function of accelerated UV irra-
diation were studied, as shown in Fig. 5 and Table 1. Neat PBT exhibits a 
tensile strength (σ) of ~45 MPa and an elongation at break (ε) of ~20% 
(Fig. 5a). The σ decreased to 28 MPa whereas the ε of P/E composites 
increased up to 210% due to the presence of rubbery EVMG component. 
After incorporation of 1 wt% TiO2 and TiO2@SiO2-g-EVMG, the σ of P/ 
E/T1 and P/E/T-E1 nanocomposites increased to 31 and 32 MPa, while 
the ε of P/E/T1 and P/E/T-E1 nanocomposites decreased to 135% and 
160%, respectively (Fig. 5a/b). Obviously, both σ and ε of the P/E/T-E1 
nanocomposites are higher than those of the P/E/T1 nanocomposites. 
The fracture toughness calculated by the stress-strain curves and the 
notched impacted strength show a similar trend (Fig. 5c/d). Moreover, 
the DSC measurements of P/E, P/E/T1 and P/E/T-E1 blends have been 
provided in Fig. S3 and the crystallinity degree of the matrix has been 
quantified as shown in Table S1. It can be seen that the crystallinity 
degree of the PBT matrix was not be affected by untreated and treated 
TiO2, while the crystallization temperature was increased slightly. 

The mechanical properties of all P/E, P/E/T and P/E/T-E composites 
decreased after 48 h UV irradiation, notably for the P/E/T1 nano-
composites whose σ and ε remained only by 75% and 45%, respectively, 
due to the strong photocatalytic effect of TiO2 nanoparticles. However, 
the mechanical properties of P/E/T-E nanocomposites are much more 
UV stable in comparison with the other two samples, e.g., the σ and the ε 
of P/E/T-E1 nanocomposites remained by 93% and 82% respectively 
after 48 h irradiation. With increasing the content of TiO2 nanoparticles, 
the UV resistance behaviour of PBT nanocomposites would be better. 
This interesting phenomenon is attributed to the weakened 

Table 1 
The mechanical properties of PBT composites before UV irradiation and the 
conservation percentage in mechanical properties after 48h UV irradiation.  

Samples σ (MPa) Dσ (%) ε (%) Dε (%) Fracture toughness 
(MJ/m3)  

P/E 28.4 ±
0.7 

87.7 ±
2.1 

212 ±
9 

62.3 ±
1.6 

61.5 ± 2.3 

P/E/T0.3 29.3 ±
0.6 

86.4 ±
2.3 

187 ±
8 

60.4 ±
1.4 

55.4 ± 2.7 

P/E/T0.7 30.4 ±
0.6 

81.2 ±
3.3 

167 ±
8 

51.5 ±
1.6 

47.2 ± 2.9 

P/E/T1 31.4 ±
0.5 

74.9 ±
3.8 

135 ±
7 

45.2 ±
1.8 

40.7 ± 2.9 

P/E/T2 30.2 ±
0.8 

69.4 ±
4.0 

118 ±
8 

41.5 ±
1.7 

31.2 ± 3.0 

P/E/T- 
E0.3 

29.4 ±
0.4 

90.0 ±
1.3 

193 ±
7 

71.4 ±
1.2 

58.5 ± 1.8 

P/E/T- 
E0.7 

31.9 ±
0.5 

91.1 ±
1.1 

178 ±
6 

76.1 ±
0.9 

54.0 ± 1.5 

P/E/T-E1 32.1 ±
0.4 

92.5 ±
1.2 

161 ±
6 

82.0 ±
0.8 

47.1 ± 1.7 

P/E/T-E2 32.3 ±
0.6 

95.0 ±
1.2 

149 ±
4 

86.6 ±
0.9 

43.0 ± 1.9  

Fig. 6. (a) FT-IR spectra (wherein the samples 1, 2 and 3 represent the P/E blends after UV radiation for 0 h, 24 h and 48 h, respectively; 4, 5 and 6 represent the P/ 
E/T2 composites after UV radiation for 0 h, 24 h and 48 h, respectively; 7, 8 and 9 represent the P/E/T-E2 composites after UV radiation for 0 h, 24 h and 48 h, 
respectively) and (b) carboxyl index (CI) of different PBT composites as a function of UV radiation time. 
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photocatalytic activity of TiO2@SiO2-g-EVMG nanohybrids due to the 
coating of SiO2-g-EVMG layers (see discussion in Section 3.1) and their 
selective distribution in EVMG phase only (see morphology discussion 
later). 

Notes: σ, ε represent the tensile strength and elongation at break of 
PBT composites before UV irradiation, respectively. Dσ and Dε represent 
the conservation percentage of σ and ε after 48 h UV irradiation, 
respectively. 

In order to provide a deeper insight in the UV degradation behaviors, 
FT-IR was used to follow the change of the PBT molecular structure as a 
function of UV irradiation, as shown in Fig. 6. Cleavage of ester bonds 
occurred dominantly in the case of PET during photo-degradation and 
subsequently led to shorter polyester chains containing more terminal 
carboxyl groups, and deterioration in mechanical properties [43]. Ac-
cording to literatures [44,45], carboxyl index (CI) can be used to 
quantify the extent of PBT degradation, which is determined as the in-
tensity ratio of peak 3290 cm− 1 (assigned to the O–H vibration of 
–COOH groups) to the internal standard peak (2960 cm− 1 corresponding 
to C–H vibration). It has to be mentioned that the FT-IR spectra have 
been shifted in Fig. 6 to avoid overlap. The CI values of each composite 
are shown in Fig. 6b as a function of UV irradiation time. After UV 
irradiation, the CI values for all P/E, P/E/T and P/E/T-E composites 
increased. However, the CI values of P/E/T-E nanocomposite increased 
slowly and are much lower than those of P/E and P/E/T composites. For 
example, the CI value of the P/E/T2 nanocomposite increased from 0.40 
to 0.82 after an 48 h UV irradiation, while the CI value of the P/E/T-E2 

nanocomposite increased only by 0.09, indicating that the cleavage of 
PBT ester bond was prevented significantly by the TiO2@SiO2-g-EVMG 
nanohybrids. It means that the core-shell structure of TiO2@SiO2--
g-EVMG enhanced the UV stability of the P/E/T-E nanocomposites, 
which is well in accordance with the mechanical property discussion in 
Section 3.4. 

SEM was further used to observe the surface morphology of P/E, P/ 
E/T2 and P/E/T-E2 composites before and after UV irradiation, and the 
micro morphologies are shown in Fig. 7. 

All the surfaces of P/E, P/E/T2 and P/E/T-E2 composites are smooth 
and flat before UV irradiation (Fig. 7a/b/c). After 48 h of accelerated UV 
irradiation, the surface of the P/E composite became rough and some 
small cracks are visible (Fig. 7a’). In comparison with P/E composite, 
the P/E/T2 nanocomposite exhibited rougher surface and larger cracks 
(Fig. 7b’) due to the photo-degradation acceleration effect of TiO2 under 
UV irradiation. However, the P/E/T-E2 nanocomposite shows a certain 
extent of UV resistance as confirmed by the relatively smooth surface 
after UV irradiation (Fig. 7c’). Obviously, the SEM results are consistent 
with the above mechanical and FT-IR data. Therefore, it can be 
concluded that super-toughened PBT nanocomposites with both supe-
rior UV shielding and UV resistance can be obtained via incorporation of 
the core-shell structured TiO2 @SiO2-g-EVMG nanohybrids. 

Fig. 7. SEM images of the surfaces of (a/a’) P/E, (b/b’) P/E/T2 and (c/c’) P/E/T-E2 composites, wherein the (a/b/c) and (a’/b’/c’) images are corresponding to the 
surfaces before and after UV irradiation, respectively. 
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3.5. Toughening and UV resistance mechanisms of the P/E/T-E 
nanocomposites 

The morphology of P/E/T and P/E/T-E nanocomposites was inves-
tigated in more details by TEM, as shown in Fig. 8. Spherical-like EVMG 
particles with a dimension of 200–300 nm are dispersed uniformly in 
both P/E/T and P/E/T-E nanocomposites. In addition, neat TiO2 nano-
particles randomly agglomerated in both PBT and EVMG phases, and the 
size can be as large as 500 nm (Fig. 8a). In the presence of external stress, 
the TiO2 aggregates are easier to serve as the stress concentrators to 
generate large cracks and make the material fail. However, the 
TiO2@SiO2-g-EVMG nanohybrids were more uniformly and selectively 
dispersed in the EVMG phase with an average size of 200 nm due to the 
surface-grafted EVMG chains (Fig. 8b/b’), indicating a better affinity 
between the TiO2@SiO2-g-EVMG nanohybrids and the EVMG phase. 
Thus, the P/E/T-E nanocomposite exhibited a better facture toughness. 

As known, TiO2 nanoparticles could endow polymer materials with 
excellent UV shielding properties (as seen in Fig. 4), thus making it 
possible for P/E/T and P/E/T-E nanocomposites to prevent UV lights 
penetrating the composites. In other words, the degradation behaviors 
caused by UV radiation may dominantly occur on the surface or on the 
top layer of the nanocomposites. In the meantime, the TiO2 nano-
particles in P/E/T would create free radicals after absorbing UV energy, 
and then directly attack the PBT matrix. The photocatalytic degradation 
effect of TiO2 is greater than the UV shielding protection, thus leading to 
a poor UV resistance of P/E/T nanocomposite. However, in the P/E/T-E 
nanocomposite, the SiO2-shell and the selective dispersion of TiO2@-
SiO2-g-EVMG nanohybrids in the EVMG phase prevent a direct contact 

between TiO2 and PBT matrix, and the UV energy absorbed by TiO2@-
SiO2-g-EVMG nanohybrids eventually dissipated by heat or electro-
magnetic energy [46] (as seen in Fig. 9). Combined with the UV 
shielding properties of top layer of P/E/T-E nanocomposites and the 
weakened photocatalytic effect of TiO2@SiO2-g-EVMG nanohybrids, it 
finally resulted in a considerable improvement in the UV resistance of 
the P/E/T-E nanocomposites. 

4. Conclusion 

PBT including recycled PBT materials suffer from brittleness and UV 
instability. In this work, PBT nanocomposites with superior toughness 
and UV resistance are achieved by compounding with both epoxidized 
elastomer (EVMG) and tailor-made TiO2@SiO2-g-EVMG nanohybrids. 
The TiO2@SiO2-g-EVMG nanohybrids were designed via covalent 
grafting modifications and their structure was confirmed by TEM and 
FT-IR characterization. The morphology of PBT/EVMG/TiO2@SiO2-g- 
EVMG nanocomposites demonstrated that the EVMG chains grafted on 
the surface of TiO2@SiO2-g-EVMG nanohybrids were conducive to a 
uniform and selective dispersion of the nanohybrids in EVMG phase 
only. Furthermore, the selective dispersion of TiO2@SiO2-g-EVMG 
nanohybrids and the coated SiO2 shell avoid the direct contact of TiO2 
and PBT matrix, which further prevents the free radicals that initiated by 
TiO2 from attacking the PBT matrix, thus resulting in excellent UV 
resistance of the PBT/EVMG/TiO2@SiO2-g-EVMG nanocomposites. In 
addition, the TiO2@SiO2-g-EVMG nanohybrids also obviously enhanced 
the UV-shielding property and reinforced the PBT-based nano-
composites. Therefore, this work provides a new route to make robust 

Fig. 8. TEM images of (a) P/E/T1 and (b/b’) P/E/T-E1 nanocomposites. The EVMG phase, TiO2 and TiO2@SiO2-EVMG nanohybrids are marked with blue and red 
arrows, respectively, showing that TiO2 aggregates were dispersed in both PBT and EVMG phases while the TiO2@SiO2-EVMG were selectively dispersed in the 
EVMG phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Schematic diagram of UV resistance mechanism of PBT nanocomposites (Where, the Q and E represent the emitted heat and electromagnetic energy, 
respectively). 
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PBT nanocomposites with both superior UV resistance and UV shielding 
performances, and it may broaden the application of PBT in more 
advanced and durable applications including PBT/PC blends. 
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