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Abstract: In this work, a novel functionalized graphene oxide nucleating agent (GITP) was suc-
cessfully synthesized using a silane coupling agent (IPTES), and polymer block (ITP) to efficiently
improve the crystallization and mechanical performance of PET. To comprehensively investigate
the effect of functionalized GO on PET properties, PET/GITP nanocomposites were prepared by
introducing GITP into the PET matrix using the melt blending method. The results indicate that
PET /GITP exhibits better thermal stability and crystallization properties compared with pure PET,
increasing the melting temperature from 244.1 °C to 257.1 °C as well as reducing its crystallization
half-time from 595 s to 201 s. Moreover, the crystallization temperature of PET/GITP nanocomposites
was increased from 185.1 °C to 207.5 °C and the tensile strength was increased from 50.69 MPa to
66.8 MPa. This study provides an effective strategy for functionalized GO as a nucleating agent with
which to improve the crystalline and mechanical properties of PET polyester.

Keywords: poly(ethylene terephthalate); mechanical properties; graphene oxide; crystalline properties

1. Introduction

Because of its excellent thermal stability, durability, transparency, and sanitary prop-
erties, polyethylene terephthalate (PET) is widely used in various industries as a semi-
crystalline thermoplastic polymer [1-4]. However, the crystallization and mechanical
properties of PET limit its range of applications [5]. In recent years, research has focused
on the use of organic and inorganic nucleating agents, including organic micromolecules,
organic salt, montmorillonite, and carbon materials, in order to improve the crystallization
of PET [6-9]. Compared with organic nucleating agents, these inorganic nucleating agents
facilitate the introduction of additional crystalline nuclei, effectively shortening the nucle-
ation cycle and improving the crystallinity of polyesters [10]. However, most inorganic
nucleating agents are prone to agglomerate in PET matrix, leading to a poor dispersion of
inorganic nucleating agents in PET polyester that eventually affects the properties of the
composites [11].

Recently, carbon materials have attracted extensive attention as inorganic nucleating
agents, such as carbon nanotubes (CNTs), carbon nanofiber, and graphene oxide (GO),
that are added to PET matrices to improve the crystalline properties of PET [12-14]. GO is
regarded as the more appropriate material for enhancing polymers due to its large specific
surface area, high aspect ratio, and the way that its surface contains rich oxygen-containing
groups [15-17]. Gao et al. have investigated the crystallization properties of PET/GO
composites, and their results indicate that GO enhances the crystallization properties
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of PET [18]. However, in this instance the easy agglomeration of GO layers limited its
application. Li et al. prepared modified GO with flexible long hydrocarbon chains as a
nucleating agent with which to improve the crystallization properties of polylactide [19].
Long hydrocarbon chains improved the compatibility of GO with polylactic acid (PLA),
but we found that the reaction conditions for grafting polymer chains on unmodified GO
were harsh, the grafting efficiency was low, and that most of the polymer chains existed in
a free form on the surface of GO and were not chemically grafted.

In this study, in order to address the previously mentioned issues, we synthesized
a new functionalized GO as a nucleating agent so as to enhance the crystallization and
mechanical properties of PET. Firstly, the silane coupling agent IPTES was used to modify
GO, preventing agglomeration between the GO layers and improving the grafting efficiency
of the block. Then, the GITP was prepared by grafting the polymer block ITP onto GO
using IPTES as a linker. The polar parameters of LMPET in GITP were close to those of
PET matrix, and the ITP in GITP further prevented the agglomeration of GO layers, which
was conducive to the improvement of the interfacial compatibility between GITP and PET
matrix. The crystallization, thermal stability, and mechanical properties of PET/GITP
nanocomposites prepared via melt blending were systematically researched in order to
provide a new study solution for the development of high-performance composites using
functionalized GO.

2. Results and Discussion
2.1. Characterization of GITP Nanocomposites

FTIR spectra were used to verify the synthesis of GITP, as shown in Figure la—c.
First, the synthesis of GI was confirmed via Figure 1a. Compared with the spectrum
of GO, the spectrum of GI showed peaks at 2940, 1531, and 903 cm?, corresponding
with -CHj stretching, N-H bending and Si-O-C stretching vibrations, respectively [20,21].
The -CHj stretching and Si-O-C stretching vibrations derived from IPTES, and the N-
H bending was formed via the reaction between the silyl alcohol group (2264 cm™!) of
IPTES and the carboxyl and hydroxyl (3320 cm™!) groups of GO. The synthesis of ITP
was verified via Figure 1b. Compared with the spectrum of LMPET, the broadening of
-CH, (2980~2870 cm™!) in the spectrum of TEG-LMPET was ascribed to the combined
stretching vibrations of C-H in the benzene ring and CH; in TEG [22]. In addition, two new
absorption peaks appeared at 1531 cm~! and 950 cm ™!, corresponding with the respective
N-H bending and Si-O-C stretching vibrations, in turn indicating the successful grafting
of IPTES onto TEG-LMPET. As shown in Figure 1c, the spectrum of GITP contained the
characteristic peaks of both GI and ITP. Compared with the spectrum of GI, the broadening
of the CH; (2980~2870 cm~!) peak in the spectrum of GITP was attributed to the grafting
of ITP, which introduced a significant amount of CH, groups [23,24]. Additionally, the
peaks near 1129-1020 cm ! were ascribed to the vibrational characteristics of Si-O-Si, and
5i-O-C. The presence of a Si-O-5i peak demonstrated the condensation of GI with ITP.

The XRD patterns of GO, GI, and GITP are shown in Figure 1d. The interlayer spacing
of GO, calculated based on the peak at 10.26°, was 1.00 nm. After modification with IPTES,
the interlayer spacing of GI, calculated based on the peak at 8.38°, was 1.22 nm [25]. The
increased interlayer spacing of GI was ascribed to silane molecules grafted onto the surface
of the GO sheet. Compared with GI, the interlayer spacing of GITP, calculated based on the
peak at 8.64°, was 1.37 nm, suggesting a weakening of the van der Waals forces between
adjacent GO layers. The diffraction peaks of the GITP appeared at 16.3°, 17.4°, 22.36°, 25.9°,
and 31.9°, corresponding with the (011), (010), (110), (100) and (101) planes of LMPET,
respectively [26,27]. The results indicate that ITP was successfully grafted onto the surface
of GI.

Figure 1e shows the Raman spectra of GO, GI, and GITP. Combined with the Raman fits
of GI and GITP in Figure S1, the D band at around 1350 cm ™! represented the disordered
structure (sp3 carbon) and the surface defects, while the G band at around 1600 cm ™!
corresponded with the C-C stretching vibrations of the sp?-bonded carbon atoms [28].
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The Ip /Ig value (D/G intensity ratio) was employed to assess the degree of defects and
chaos of carbon-based materials [29,30]. The Ip/Ig value of GO was 0.89, after IPTES
modification, the Ip/Ig value of GI increased to 0.94, illustrating that GI enhanced the
degrees of disorderliness. This was attributed to the reaction of the coupling agent with
the oxygen-containing group of GO [31]. Compared with GI, the Ip/Ig value of GITP
slightly increased from 0.94 to 1.04, suggesting that the ITP was successfully grafted onto

the surface of GI, thereby increasing the degree of disorder.
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Figure 1. FTIR spectra of (a) GI, GO, and IPTES; (b) ITP, TEG-LMPET, and LMPET; (c) GITP, GI, and
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ITP; (d) XRD patterns of GO, GI, and GITP; and (e) Raman spectra of GO, GI, and GITP.

XPS was employed to further analyze the elemental composition and chemical bonding
of GO, GI, and GITP, as shown in Figure 2a. The XPS spectra of the three compounds
distinctly display the characteristic peaks of Cls (285.09 eV) and O1s (531.08 eV). In the
spectra of GI and GITP, two new peaks emerge, corresponding to the respective Si2p
(102.35 eV) and N1s (400.35 eV) peaks. The high-resolution scanning spectra of N1s and
C1s were further examined for GI and GITP. The N1s spectra of GI (Figure 2b) and GITP
(Figure 2e) exhibited three peaks at 401.13 eV, 399.88 eV, and 399.21 eV, corresponding with
N-C=0, N-C and N-H bonds, respectively [32]. The existence of N-C=O and N-H bonds
was assigned to the reaction between the isocyanate groups in IPTES and the carboxyl
and hydroxyl groups present on the edges of GO. The C1s spectra of GI (Figure 2c) and
GITP (Figure 3d) displayed characteristic peaks that correspond with Si-O-C (285.69 eV),
C-C (284.82 eV), C=0 (288.88 eV), and O-C=0 (286.65 eV) bonds [33]. Relative to GI, GITP
exhibited a distinct peak corresponding with the benzene (284.25eV) moiety present in
LMPET. The Si2p spectrum of GITP (Figure 2f) was fitted into 5i-O-5i (102.6 eV) and Si-C
(102.1 eV) components, which was attributed to the condensation of silanol groups and the
moiety of IPTES, respectively [34]. The above results confirm the successful progression of

the grafting process.

The SEM images of GO, GI, and GITP are shown in Figure 3a—c. For pure GO
(Figure 3a), the GO sheets exhibited a high level of wrinkling and folding. Relative to
GO, the GI displayed a distinct layered structure, which was attributed to the fact that
IPTES prevented the aggregation of GO layer sheets (Figure 3b). In Figure 3¢, a large gap
between the GITP sheets was observed, which was attributed to the fact that the ITP on the
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surface of GITP sterically prevented the condensation reaction of IPTES between different
GI sheets during the drying process. Therefore, the above characteristics of GITP were
favorable to the increased dispersion of GITP nanocomposites in PET matrices.
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Figure 2. (a) XPS spectra of GO, GI, and GITP; (b) N1s and (c) Cl1s spectra of GL (d) C1s, (e) N1s and
(f) Si2p spectra of GITP.

Figure 3. SEM images of (a) GO, (b) GI, and (c) GITP. TEM images of (d) GO, (e) GI, and (f) GITP.

The microstructure of the synthesized GO, GI, and GITP are further analyzed by TEM,
as shown in Figure 3d—f. The number of layers can be identified by the edges of the sheets.
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Figure 3d shows the multilayer structure of GO was agglomerated together with a relatively
flat surface. As shown in Figure 3e, GI was composed of a single layer with a rough surface,
indicating that the GI was not easy to agglomerate between layers [35]. The TEM image of
GITP in Figure 3f shows the GITP is also basically a single layer. The TEM image of GITP
confirmed the coverage of ITP on the GI surface.

2.2. Crystallization Properties and Thermal Stability of PET Matrix Composites

Figure 4a,b show the DSC cooling and heating curves of PET/GI with different
contents of GI. The corresponding data are listed in Table 1. The glass transition temperature
(Tg) is the temperature at which the glassy state is transformed into a highly elastic state
and directly affects the serviceability and processability of the material. The crystallization
peak temperature (Tc), which is directly associated with the processes of nucleation and
crystal growth rate, is higher, as is the crystallization rate [36]. As shown in Figure 4a,
the Tc of pure PET was located at 185.1 °C. The value of enthalpy of melting (AHn) was
23.4 J/g and the value of enthalpy of crystallization (AH.) was 21.04 J/g. After adding
GI, the crystallization peak was significantly enhanced, indicating that the crystallization
performance of the composite PET/GI was enhanced. The Tc decreased as GI content
increased to 0.6 wt%, which was attributed to the agglomeration of GO, detrimental to the
crystallization of PET. The melting temperature (Tm) is related to the crystal perfection [37].
As shown in Figure 4b, The PET/GI composites exhibited a higher Tm when compared
with pure PET. Notably, the maximum value of Tm was achieved when GI content was at
0.4 wt%, suggesting the crystal perfection of PET/GI composites was improved. However,
the poor compatibility of GI affected the improvement of the performance of PET. To this
end, GITP was used as a nucleating agent for further research. Figure 4c,d show the DSC
cooling and heating curves of PET/GITP with different GITP additions, exhibiting thermal
behavior similar to that of PET/GI. In addition, The Tm and Tc of the PET/GITP composites
were higher than those of PET/GI. When the additive content of GITP was 0.4 wt%, both
Tc and Tm reached their maximum values. The above results indicate that GITP was better
than GI at improving the crystallization properties of PET. which was attributed to the
grafting of the block polymer ITP, which improved the dispersion of additives in the PET
matrix and prevented the agglomeration of GI layers, thereby enhancing the crystallization
of composite PET materials.

The crystallization behavior of polymers can be characterized through crystallization
kinetics. The relative crystallinity (X;) is calculated based on the theoretical melting en-
thalpy of 100% crystalline PET. Avrami index (n) can be derived from these figures. The
shorter the half-crystallization time, the faster the rate of crystallization [38]. To provide
further insights into the impact of additives on crystallization properties, the Jeziorny
method was employed to analyze non-isothermal crystallization kinetics using the Avrami
equation [39,40]. Figure 4e-h displays the relative crystallinity (X;) and crystallization time
(t — tp), as well as the plots of In[—In(1 — x)] against In(t) for the nanocomposites with
added GI and GITP. At an additive content of 0.4 wt%, PET/GI and PET/GITP exhibited
the shortest half-crystallization time and the fastest crystallization rate. Compared with
PET/GI, the PET/GITP demonstrated a higher crystallization rate. The reason for this
is that the grafting of the block polymer ITP increased the dispersion of additives in the
PET matrix.

The effect of additives on the crystalline properties of the PET matrix was further
characterized by XRD, as shown in Figure 5a,b. The XRD patterns indicate the diffraction
peaks of pure PET polyester at 16.54°, 17.63°, 22.73°, and 25.9°, corresponding with the
crystal face indexes of (011), (010), (110), and (100), respectively [41]. The addition of
additives did not affect the position of the PET diffraction peaks, indicating that the PET
crystals remained unchanged. However, the diffraction peaks of the PET /Gl and PET/GITP
composites showed significant enhancement. The diffraction peaks exhibited an initial
strengthening and subsequent weakening trend as the additive content increased. The
highest crystallinity was observed when the addition amount was 0.4 wt%. However,
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the diffraction peaks of PET/GITP were sharper than those of PET/GI under the same
conditions, proving that PET/GITP had better crystallization properties.
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Figure 4. Differential scanning calorimeter cooling (a,c) and heating (b,d) curves for (a,b) PET/GI
and (c,d) PET/GITP with different additive concentrations. The relative crystallinity (X;) versus
crystallization time (t — tp) of (e) PET/GI and (g) PET/GITP and the logarithm Avrami diagram
In[—In(1 — X¢)] versus In(t) of (f) PET/GI and (h) PET/GITP.

Table 1. Differential scanning calorimetry data of GI-doped and GITP-doped complex additive-
modified polyethylene terephthalate (PET) hybrid materials.

Content (%) Tc °C) Tm (CC) T, (°O) AHp (J/g)  AH. (J/g) Xt (%) Ty (5) n
0 185.1 244.1 73.63 234 21.04 16.1 595 2.7
0.2%PET/GI 196.9 249.1 74.9 36.65 28.36 26.2 415 2.63
02%PET/GITP  201.13 251 75.2 33.89 26.24 242 388 257
0.4%PET/GI 2023 2525 75.82 42.87 40.64 30.6 250 252
0.4PET/GITP 207.5 257.1 78.32 46.35 42,01 33.1 201 245
0.6%PET/GI 199.1 250.2 73.97 387 30.89 27.7 314 2.66
0.6%PET/GITP 203.6 355.8 74.01 42.09 33.99 30.1 299 2.60

In summary, The DSC and XRD results proved to be a significant enhancement in
the crystallization properties of PET/GI and PET/GITP compared with pure PET. The
crystallization effect of PET/GITP was better than PET/GI. The results could be attributed
to the enhanced compatibility between GITP and PET and the grafting of the block polymer
ITP prevented the agglomeration of Gl layers, promoting the improvement of crystallization
properties in PET/GITP.

The thermal stability of thermoplastic materials directly affects their range of applica-
tions [42]. The TG curves of the prepared samples are displayed in Figure 5c. Compared
with pure PET, both PET/GI and PET/GITP exhibited higher initial degradation temper-
atures, and the PET/GITP nanocomposite showed the highest degradation temperature.
Figure 6¢ indicates no significant mass loss in both PET/GI and PET/GITP composites
at 390 °C (<0.5%), indicating their substantial thermal stability [43]. The improvement of
thermal stability was attributed to the accumulation of GI or GITP on the surface of volatile
substances, inhibiting the escape of volatile substances during thermal decomposition.
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2.3. Mechanical Properties of PET Matrix Composites

The widespread application of polyester can be attributed to its superior mechanical
properties. The mechanical properties of composite materials were evaluated by tensile
strength and modulus. The relevant stress—strain curves of PET nanocomposites are shown
in Figure 6a,b. All prepared samples showed two stages of elastic deformation and strain
hardening [44]. Figure 6¢ shows the tensile strength of pure PET and nanocomposites
with different additions. Tensile strength reached the optimum value when the addition
amount was 0.4 wt%. Because of the higher crystallinity of the PET nanocomposites doped
with additives, leading to the aggregation of molecular chains to form ordered crystalline
zones, the intermolecular forces become stronger and the tensile strength is also increased.
The highest tensile strengths of PET/GI and PET/GITP were 65.13 MPa and 66.8 MPa,
respectively. Figure 6d shows the Young’s modulus of PET, PET/GI nanocomposites, and
PET/GITP nanocomposites. The addition of filler also enhanced the elastic modulus of the
nanocomposites compared with pure PET. The modulus of 0.4 wt% PET/GI and 0.4 wt%
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PET/GITP nanocomposites reached 2.08 GPa and 2.33 GPa, respectively. Additions of
fillers above 0.4 wt% led to a decrease in strength and modulus due to the interaction
between the filler and the matrix being weakened.

The key to enhance the mechanical properties of PET lies in the compatibility and
interface interaction between the additive and the matrix [45]. PET/GITP exhibited superior
mechanical properties compared with PET/GI, primarily because of the ITP polymer block
of GITP. The ITP prevented GO layer aggregation and enhanced the compatibility between
GITP and PET materials, resulting in a denser internal structure. This internal structure is
beneficial for the decrease of stress concentration.

3. Experimental Section
3.1. Materials

Single-layer GO was purchased from Nanjing Xianfeng Nano Material Technol-
ogy Co., Ltd. (Nanjing, China). Ethylene glycol (EG), antimony trioxide (Sb,Oj3), phe-
nol, and tetrachloroethane were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Triethylene glycol (TEG), N,N-Dimethylformyl (DMF) and dibutyltin
dilaurate (DBDU) were purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China). Ethanol and 3-isocyanatopropyl-triethoxysilane (IPTES) were
purchased from Shanghai Aladdin Biotechnology Co., Ltd. (Shanghai, China) The commer-
cial PET polyester slices (processing grade: fiber grade, non-extinction, intrinsic viscosity
0.8 dL/g) were purchased from Sinopec Yizheng Chemical Fiber Co., Ltd. (Yizheng, China).

3.2. Synthesis of GI Nanocomposites

The synthesis process of GI nanocomposites is shown in Figure 7a. An amount of
0.6 g of GO nanosheets were ultrasonically dispersed in 300 mL of DMF solvent to form
a uniform GO suspension at room temperature. Then, 10 mL of IPTES and 0.5 mL of
DBDU were added to the GO suspension. The reaction was performed while stirring at
100 °C for 6 h. Thereafter, the resulting mixture was washed four times by centrifugation
with absolute ethanol. Finally, GI powder was obtained after drying the product in a
vacuum oven.
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Figure 7. Synthesis of (a) GI nanocomposite, (b) ITP, and (c) GITP nanocomposite.
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3.3. Synthesis of Low Molecular Block Polymers (ITP)

The synthesis process of ITP is shown in Figure 7b. LMPET was prepared using the
transesterification method reported previously [46]. For the synthesis of TEG-LMPET,
18.3 g of LMPET and 6 mL of EG were dissolved in phenol/tetrachloroethane (mass ratio
1:1). The mixture was stirred for 1 h at 60 °C. Then, 32 mL of TEG and 30 mg polyconden-
sation catalyst of Sb,O3 were added to the mixture solution under stirring at 60 °C for 1 h.
After cooling, The TEG-LMPET was obtained via rinsing with phenol/tetrachloroethane
(mass ratio 1:1) and absolute ethanol until the excessive reactants were removed and dried
at 60 °C in a vacuum oven for 24 h.

For the synthesis of ITP, 1 g of TEG-LMPET was dissolved in phenol/tetrachloroethane
(mass ratio 1:1). The mixture was stirred for 1 h at 100 °C. Then, 5 mL of IPTES and 0.5 mL
of DBDU were added into the mixture solution under stirring at 100 °C for 10 h. After
cooling, the resulting mixture was washed four times by centrifugation with absolute
ethanol. Finally, the product ITP was dried at 60 °C for 24 h.

3.4. Synthesis of GITP Nanocomposites

The synthesis process of ITP is shown in Figure 7c. Amounts of 20 mg of GI and 50 mg
of ITP were ultrasonically dispersed in 30 mL of anhydrous ethanol to form a suspension
at room temperature. Then, 30 mL of deionized water was added to the aforementioned
suspension, the mixtures were stirred at 60 °C for 12 h. Finally, the mixture was washed
three times with water/ethanol solution (1:1 v/v). Finally, the product GITP was dried at
60 °C for 24 h.

3.5. Preparation of PET/GI and PET/GITP Nanocomposites

The GI, GITP, and PET polyester chips were dried at 100 °C for 48 h in a vacuum
oven. Then, PET/GI and PET/GITP nanocomposites were obtained by melt-blending
PET polyester chips with GI and GITP using a micromixer. Finally, PET polyester chips,
PET/GI, and PET/GITP were introduced into the twin-screw micro-composite extruder
and injection molding machines, respectively. PET/GI and PET/GITP, with different
contents of GI and GITP (0.2, 0.4, and 0.6 wt%), were prepared. The effects of different
additive contents on the properties of PET materials were then compared.

3.6. Characterization

The surface functional groups and the chemical composition of the samples were
characterized by Fourier transform infrared (FT-IR, IS-50, Thermo-Fisher, Waltham, MA,
USA) in the range of 4000-400 cm ! and X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo-Fisher, USA). Raman spectra of the samples were obtained on a Horiba LabRam
HR800 Raman spectrometer with 532 nm laser excitation. The crystallinity of the polymer
was tested by X-ray diffraction (XRD, D8 advance, Bruker AXS, Karlsruhe, Germany). The
physical morphology and structure of GO, GI, and GITP were characterized by scanning
electron microscopy (SEM, JSM-7500F, JEOL, Tokyo, Japan) and transmission electron
microscopy (TEM, JSM-2100 F, JEOL, Tokyo, Japan).

The crystallization and melting performance of the samples were investigated by
a differential scanning calorimeter (DSC, DSC250, Waters, Milford, MA, USA) in a N;
atmosphere. PET, PET/GI, and PET/GITP composites were heated at a rate of 30 °C min~1
from room temperature to 300 °C and maintained for 10 min to eliminate thermal history.
Then, they were cooled to 30 °C at 10 °C min~! to obtain the crystallization curve before
being heated to 300 °C at 10 °C min~! to obtain the melting curve. The thermal properties
of the samples were investigated by a thermal analyzer (TA, SDT650, Waters, USA) in a N,
atmosphere. The samples were heated from room temperature to 600 °C at 10 °C min~!.
Tensile tests of the samples were obtained by a universal material testing machine (Instron
3382, Massachusetts, USA).
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4. Conclusions

Here, a novel nucleating agent GITP was designed, and its effects on the crystallization
and mechanical properties of PET were explored systematically. Owing to the admirable
dispersivity of GITP within the PET matrix, GITP had a good effect on the improvement of
the crystallization properties, thermal stability, and mechanical properties of PET/GITP
nanocomposites. The GITP with a 0.4 wt% addition was able to significantly enhance
the crystallization properties and thermal stability of PET, increasing the crystallization
temperature and the melt temperature. In particular, the relative crystallinity increased
by 105.6%, and the half-crystallization time decreased from 595 s to 201 s. At the same
concentration level, the tensile strength of PET/GITP was increased from 50.7 MPa to
66.8 MPa and the tensile modulus of 2.33 GPa was increased by 60.7%. The present work
provides a new idea for the development of functionalized GO in order to improve the
crystallization and mechanical properties of PET and represents a new strategy for the
development of more novel functional polyester composites.
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Author Contributions: Conceptualization, ].T. and Y.W.; methodology, M.Z. and W.W.; software,
PZ. and Q.S.; validation, Y.D., Q.S. and P.Z; formal analysis, Z.L.; investigation, Y.D.; resources,
L.H.; data curation, Y.D.; writing—original draft preparation, Y.D.; writing—review and editing, Y.D.;
visualization, ].T.; supervision, ].T. and Y.W.; project administration, M.Z.; funding acquisition, J.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by State Key Project of International Cooperation Research
(2023YFE0201100); the Program for Introducing Talents of Discipline to Universities (“111” plan); and
the high-level discipline program of Materials Science of Shandong Province, China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

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

References

1.

10.

Dhaka, V.; Singh, S.; Anil, A.G.; Sunil Kumar Naik, T.S.; Garg, S.; Samuel, J.; Kumar, M.; Ramamurthy, P.C.; Singh, J. Occurrence,
toxicity and remediation of polyethylene terephthalate plastics. A review. Environ. Chem. Lett. 2022, 20, 1777-1800. [CrossRef]
[PubMed]

Ge, Y; Liu, T. Numerical simulation on bubble wall shape evolution and uniformity in poly(ethylene terephthalate) foaming
process. Chem. Eng. Sci. 2021, 230, 116213. [CrossRef]

Peng, C.; Huang, A.; Ma, X.; Zhong, J.; Chen, G.; Luo, W.; Zeng, B.; Yuan, C.; Xu, Y; Dai, L. Transparent and flame-retardant
hybrid protective coating with high surface hardness, yet foldability. Prog. Org. Coat. 2023, 175, 107346. [CrossRef]
Zimmermann, W. Biocatalytic recycling of polyethylene terephthalate plastic. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2020,
378,20190273. [CrossRef] [PubMed]

Liu, Y.; Wirasaputra, A.; Jiang, Z.; Liu, S.; Zhao, J.; Fu, Y. Fabrication of improved overall properties of poly (ethylene terephthalate)
by simultaneous chain extension and crystallization promotion. J. Therm. Anal. Calorim. 2018, 133, 1447-1454. [CrossRef]

Ren, Q.; Fan, J.; Zhang, Q.; Yi, J.; Feng, J. Toughened polypropylene random copolymer with olefin block copolymer. Mater. Des.
2016, 107, 295-301. [CrossRef]

Naz, F; Ciprian, M.; Mousavi, B.; Chaemchuen, S.; Zhu, M.; Yan, S.; Verpoort, E. Solvent-free synthesis of cyclic polycaprolactone
catalysed by MOF-derived ZnO/NCs catalysts. Eur. Polym. . 2021, 142, 110127. [CrossRef]

Majka, TM.; Bartyzel, O.; Raftopoulos, K.N.; Pagacz, J.; Leszczyniska, A.; Pielichowski, K. Recycling of polypropy-
lene/montmorillonite nanocomposites by pyrolysis. |. Anal. Appl. Pyrolysis 2016, 119, 1-7. [CrossRef]

Demir, T.; Wei, L.; Nitta, N.; Yushin, G.; Brown, P]J.; Luzinov, I. Toward a Long-Chain Perfluoroalkyl Replacement: Water and Oil
Repellency of Polyethylene Terephthalate (PET) Films Modified with Perfluoropolyether-Based Polyesters. ACS Appl. Mater.
Interfaces 2017, 9, 24318-24330. [CrossRef]

Wang, P.; Tang, S.; Sheng, E; Cali, J.; Fei, P; Nawaz, A.; Walayat, N.; Javaid, A.B.; Xiong, H. Crystallization, thermal stability,
barrier property, and aging resistance application of multi-functionalized graphene oxide/poly(lactide)/starch nanocomposites.
Int. . Biol. Macromol. 2019, 132, 1208-1220. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules29091953/s1
https://www.mdpi.com/article/10.3390/molecules29091953/s1
https://doi.org/10.1007/s10311-021-01384-8
https://www.ncbi.nlm.nih.gov/pubmed/35039752
https://doi.org/10.1016/j.ces.2020.116213
https://doi.org/10.1016/j.porgcoat.2022.107346
https://doi.org/10.1098/rsta.2019.0273
https://www.ncbi.nlm.nih.gov/pubmed/32623985
https://doi.org/10.1007/s10973-018-7179-x
https://doi.org/10.1016/j.matdes.2016.06.052
https://doi.org/10.1016/j.eurpolymj.2020.110127
https://doi.org/10.1016/j.jaap.2016.04.005
https://doi.org/10.1021/acsami.7b05799
https://doi.org/10.1016/j.ijbiomac.2019.03.183

Molecules 2024, 29, 1953 11 of 12

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Han, X.; Han, Y,; Jin, Y.; Tian, H.; Wang, Z.; Huang, J.; Men, S.; Kumar, R. Tailoring compatibility and toughness of microbial
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) /bio-based polyester elastomer blends by epoxy-terminated hyperbranched
polyester. Int. ]. Biol. Macromol. 2022, 220, 1163-1176. [CrossRef]

Roy, S.; Petrova, R.S.; Mitra, S. Effect of carbon nanotube (CNT) functionalization in epoxy-CNT composites. Nanotechnol. Rev.
2018, 7, 475-485. [CrossRef]

Chen, H.; Liu, Z.; Cebe, P. Chain confinement in electrospun nanofibers of PET with carbon nanotubes. Polymer 2009, 50, 872-880.
[CrossRef]

Xie, L.; Duan, G.; Wang, W.; Wang, M.; Wu, Q.; Zhou, X.; Ge, X. Effect of y-Ray-Radiation-Modified Graphene Oxide on the
Integrated Mechanical Properties of PET Blends. Ind. Eng. Chem. Res. 2016, 55, 8123-8132. [CrossRef]

Rajasekar, R.; Kim, N.H.; Jung, D.; Kuila, T.; Lim, ].K.; Park, M.].; Lee, J.H. Electrostatically assembled layer-by-layer composites
containing graphene oxide for enhanced hydrogen gas barrier application. Compos. Sci. Technol. 2013, 89, 167-174. [CrossRef]
Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.H.; Bose, S.; Lee, ] H. Recent advances in graphene based polymer composites. Prog. Polym.
Sci. 2010, 35, 1350-1375. [CrossRef]

Dreyer, D.R,; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39, 228-240. [CrossRef]
Gao, W,; Li, Y.; Zhao, J.; Tang, W.; Zhang, Z.; Wang, J.; Wu, Z.; Li, M. Nucleation and thermal stability enhancements in
poly(ethylene terephthalate) composites influenced by graphene oxide. J. Therm. Anal. Calorim. 2023, 148, 2401-2415. [CrossRef]
Jing, L.; Yang, H.; Wang, H.; Zhang, J.; Liu, S.; Liu, X,; Liu, W.; Zhang, L.; Niu, M.; Chen, J. Toughness Enhancement in Polyactide
Nanocomposites with Swallow-Tailed Graphene Oxide. Polym. Sci. Ser. B 2020, 62, 560-571. [CrossRef]

Dehghani, Z.; Sedghi-Asl, M.; Ghaedi, M.; Sabzehmeidani, M.M.; Adhami, E. Ultrasound-assisted adsorption of paraquat
herbicide from aqueous solution by graphene oxide/ mesoporous silica. J. Environ. Chem. Eng. 2021, 9, 105043. [CrossRef]
Pourhashem, S.; Rashidi, A.; Vaezi, M.R.; Bagherzadeh, M.R. Excellent corrosion protection performance of epoxy composite
coatings filled with amino-silane functionalized graphene oxide. Surf. Coat. Technol. 2017, 317, 1-9. [CrossRef]

Khodabakhshi, J.; Mahdavi, H.; Najafi, F. Investigation of viscoelastic and active corrosion protection properties of inhibitor
modified silica nanoparticles/epoxy nanocomposite coatings on carbon steel. Corros. Sci. 2019, 147, 128-140. [CrossRef]

Ji, W;; Cheng, X.; Chen, H.; Li, L.; Li, Y.; Liu, Z. Efficient synthesis of regular spherical GO/SiO,@Solar Salt microcapsules to
enhance heat-storage capacity and cycle stability. Energy Convers. Manag. 2021, 245, 114637. [CrossRef]

Lu, C; Hao, Z.; Chu, H.; Lu, Z. Investigation on performance of engineered cementitious composites (ECC) based on surface
modification of PET fibers using graphene oxide (GO) and polydopamine (PDA). Constr. Build. Mater. 2023, 368, 130343.
[CrossRef]

Yang, Y.; Guo, Y.-F; Fu, C.; Zhang, R.-H.; Zhan, W.; Wang, P.; Zhang, X.; Wang, Q.; Zhou, X.-W. In-situ loading synthesis of
graphene supported PtCu nanocube and its high activity and stability for methanol oxidation reaction. J. Colloid Interface Sci.
2021, 595, 107-117. [CrossRef] [PubMed]

Lee, A.S.; Jeon, H.; Choi, S5.-S.; Park, J.; Hwang, S.Y.; Jegal, J.; Oh, D.X.; Kim, B.C.; Hwang, S.S. Crystallization derivation of amine
functionalized T 12 polyhedral oligomeric silsesquioxane-conjugated poly(ethylene terephthalate). Compos. Sci. Technol. 2017,
146, 42-48. [CrossRef]

Naguib, HM.; Zhang, X.H. Advanced recycled polyester based on PET and oleic acid. Polym. Test. 2018, 69, 450-455. [CrossRef]
Ji, R;; Zhang, Q.; Zhou, E; Xu, E; Wang, X.; Huang, C.; Zhu, Y.; Zhang, H.; Sun, L.; Xia, Y,; et al. Electrospinning fabricated novel
poly (ethylene glycol)/graphene oxide composite phase-change nano-fibers with good shape stability for thermal regulation. J.
Energy Storage 2021, 40, 102687. [CrossRef]

Abbas, S.S.; Rees, G.J.; Kelly, N.L.; Dancer, C.E.J.; Hanna, J.V.; McNally, T. Facile silane functionalization of graphene oxide.
Nanoscale 2018, 10, 16231-16242. [CrossRef]

Kaspar, P.; Sobola, D.; Castkova, K.; Knapek, A.; Burda, D.; Orudzheyv, E; Dallaev, R.; Tofel, P; Tr¢ka, T.; Grmela, L.; et al.
Characterization of Polyvinylidene Fluoride (PVDF) Electrospun Fibers Doped by Carbon Flakes. Polymers 2020, 12, 2766.
[CrossRef]

Wang, J.; Chen, S.; Wang, W.; Zhao, F.; Xu, K. Energetic properties of new nanothermites based on in situ MgWO4-rGO,
CoWO4-rGO and BiyWO4-rGO. Chem. Eng. J. 2022, 431, 133491. [CrossRef]

Li, S.; Liu, Y,; Liu, Y.; Wang, Q. Synergistic effect of piperazine pyrophosphate and epoxy-octavinyl silsesquioxane on flame
retardancy and mechanical properties of epoxy resin. Compos. Part B Eng. 2021, 223, 109115. [CrossRef]

Ghaseminezhad, S.M.; Barikani, M.; Salehirad, M. Development of graphene oxide-cellulose acetate nanocomposite reverse
osmosis membrane for seawater desalination. Compos. Part B Eng. 2019, 161, 320-327. [CrossRef]

Ghazi Moradi, L.; Ganjaee Sari, M.; Ramezanzadeh, B. Polyester-amide hyperbranched polymer as an interfacial modifier for
graphene oxide nanosheets: Mechanistic approach in an epoxy nanocomposite coating. Prog. Org. Coat. 2020, 142, 105573.
[CrossRef]

Zhang, J.-X.; Liang, Y.-X.; Wang, X.; Zhou, H.-J; Li, S.-Y.; Zhang, J.; Feng, Y.; Lu, N.; Wang, Q.; Guo, Z. Strengthened epoxy resin
with hyperbranched polyamine-ester anchored graphene oxide via novel phase transfer approach. Adv. Compos. Hybrid Mater.
2018, 1, 300-309. [CrossRef]

Wang, S.; Wen, B. Effect of functional filler morphology on the crystallization behavior and thermal conductivity of PET resin: A
comparative study of three different shapes of BN as heterogeneous nucleating agents. Compos. Sci. Technol. 2022, 222, 109346.
[CrossRef]


https://doi.org/10.1016/j.ijbiomac.2022.08.130
https://doi.org/10.1515/ntrev-2018-0068
https://doi.org/10.1016/j.polymer.2008.12.030
https://doi.org/10.1021/acs.iecr.6b01935
https://doi.org/10.1016/j.compscitech.2013.10.004
https://doi.org/10.1016/j.progpolymsci.2010.07.005
https://doi.org/10.1039/B917103G
https://doi.org/10.1007/s10973-022-11873-9
https://doi.org/10.1134/S1560090420050085
https://doi.org/10.1016/j.jece.2021.105043
https://doi.org/10.1016/j.surfcoat.2017.03.050
https://doi.org/10.1016/j.corsci.2018.11.014
https://doi.org/10.1016/j.enconman.2021.114637
https://doi.org/10.1016/j.conbuildmat.2023.130343
https://doi.org/10.1016/j.jcis.2021.03.129
https://www.ncbi.nlm.nih.gov/pubmed/33819686
https://doi.org/10.1016/j.compscitech.2017.04.015
https://doi.org/10.1016/j.polymertesting.2018.05.049
https://doi.org/10.1016/j.est.2021.102687
https://doi.org/10.1039/C8NR04781B
https://doi.org/10.3390/polym12122766
https://doi.org/10.1016/j.cej.2021.133491
https://doi.org/10.1016/j.compositesb.2021.109115
https://doi.org/10.1016/j.compositesb.2018.10.079
https://doi.org/10.1016/j.porgcoat.2020.105573
https://doi.org/10.1007/s42114-017-0007-0
https://doi.org/10.1016/j.compscitech.2022.109346

Molecules 2024, 29, 1953 12 of 12

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Pollanen, M.; Suvanto, M.; Pakkanen, T.T. Cellulose reinforced high density polyethylene composites—Morphology, mechanical
and thermal expansion properties. Compos. Sci. Technol. 2013, 76, 21-28. [CrossRef]

Codou, A.; Guigo, N.; van Berkel, ].G.; de Jong, E.; Sbirrazzuoli, N. Preparation and crystallization behavior of poly(ethylene
2,5-furandicarboxylate)/cellulose composites by twin screw extrusion. Carbohydr. Polym. 2017, 174, 1026-1033. [CrossRef]
Yang, H.; Du, J. Composites made of Ginkgo biloba fibers and polylactic acid exhibit non-isothermal crystallization kinetics. Int. J.
Biol. Macromol. 2023, 253,127232. [CrossRef]

Ye, D.-z.; Zhang, X.; Gu, S.; Zhou, Y.; Xu, W. Non-isothermal crystallization kinetics of eucalyptus lignosulfonate/polyvinyl
alcohol composite. Int. ]. Biol. Macromol. 2017, 97, 249-257. [CrossRef]

Um, H.-J.; Hwang, Y.-T.; Choi, K.-H.; Kim, H.-S. Effect of crystallinity on the mechanical behavior of carbon fiber reinforced
polyethylene-terephthalate (CF/PET) composites considering temperature conditions. Compos. Sci. Technol. 2021, 207, 108745.
[CrossRef]

Lee, T-H.; Yu, H.; Forrester, M.; Wang, T.-p.; Shen, L.; Liu, H,; Li, J.; Li, W,; Kraus, G.; Cochran, E. Next-Generation High-
Performance Bio-Based Naphthalate Polymers Derived from Malic Acid for Sustainable Food Packaging. ACS Sustain. Chem. Eng.
2022, 10, 2624-2633. [CrossRef]

Chen, Y.; Wu, L,; Li, B.-G. Poly(1,5-pentylene-co-2,2,4,4-tetramethyl cyclobutylene terephthalate) copolyesters with high Tg and
improved ductility and thermal stability. Polymer 2021, 232, 124152. [CrossRef]

Ding, L.; Liu, L.; Chen, Y;; Du, Y,; Guan, S.; Bai, Y.; Huang, Y. Modification of poly(ethylene terephthalate) by copolymerization of
plant-derived «-truxillic acid with excellent ultraviolet shielding and mechanical properties. Chem. Eng. J. 2019, 374, 1317-1325.
[CrossRef]

Majumdar, A.; Shukla, S.; Singh, A.A.; Arora, S. Circular fashion: Properties of fabrics made from mechanically recycled
poly-ethylene terephthalate (PET) bottles. Resour. Conserv. Recycl. 2020, 161, 104915. [CrossRef]

Xing, L.; Wang, Y.; Wang, S.; Zhang, Y.; Mao, S.; Wang, G.; Liu, J.; Huang, L.; Li, H.; Belfiore, L.A ; et al. Effects of Modified
Graphene Oxide on Thermal and Crystallization Properties of PET. Polymers 2018, 10, 613. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.compscitech.2012.12.013
https://doi.org/10.1016/j.carbpol.2017.07.006
https://doi.org/10.1016/j.ijbiomac.2023.127232
https://doi.org/10.1016/j.ijbiomac.2017.01.010
https://doi.org/10.1016/j.compscitech.2021.108745
https://doi.org/10.1021/acssuschemeng.1c06726
https://doi.org/10.1016/j.polymer.2021.124152
https://doi.org/10.1016/j.cej.2019.05.224
https://doi.org/10.1016/j.resconrec.2020.104915
https://doi.org/10.3390/polym10060613

	Introduction 
	Results and Discussion 
	Characterization of GITP Nanocomposites 
	Crystallization Properties and Thermal Stability of PET Matrix Composites 
	Mechanical Properties of PET Matrix Composites 

	Experimental Section 
	Materials 
	Synthesis of GI Nanocomposites 
	Synthesis of Low Molecular Block Polymers (ITP) 
	Synthesis of GITP Nanocomposites 
	Preparation of PET/GI and PET/GITP Nanocomposites 
	Characterization 

	Conclusions 
	References

