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Abstract: To solve the decrease in the crystallization, mechanical and thermal properties of recycled
polyethylene terephthalate (rPET) during mechanical recycling, the aromatic amide fatty acid salt
nucleating agents Na-4-ClBeAmBe, Na-4-ClBeAmGl and Na-4-ClAcAmBe were synthesized and the
rPET/nucleating agent blend was prepared by melting blending. The molecular structure, the thermal
stability, the microstructure and the crystal structure of the nucleating agent were characterized in
detail. The differential scanning calorimetry (DSC) result indicated that the addition of the nucleating
agent improved the crystallization temperature and accelerated the crystallization rate of the rPET.
The nucleation efficiencies (NE) of the Na-4-ClBeAmBe, Na-4-ClBeAmGl and Na-4-ClAcAmBe were
increased by 87.2%, 87.3% and 41.7% compared with rPET which indicated that Na-4-ClBeAmBe
and Na-4-ClBeAmGl, with their long-strip microstructures, were more conducive to promoting
the nucleation of rPET. The equilibrium melting points (T0

m) of rPET/Na-4-ClBeAmBe, rPET/Na-4-
ClBeAmGl and rPET/Na-4-ClAcAmBe were increased by 11.7 ◦C, 18.6 ◦C and 1.9 ◦C compared with
rPET, which illustrated that the lower mismatch rate between rPET and Na-4-ClBeAmGl (0.8% in
b-axis) caused Na-4-ClBeAmGl to be the most capable in inducing the epitaxial crystallization and
orient growth along the b-axis direction of the rPET. The small angle X-ray diffraction (SAXS) result
proved this conclusion. Meanwhile, the addition of Na-4-ClBeAmGl caused the clearest increase in
the rPET of its flexural strength and heat-distortion temperature (HDT) at 20.4% and 46.7%.

Keywords: recycled polyethylene terephthalate; lattice matching; microstructure; crystallization
behavior; mechanical properties; thermal properties

1. Introduction

Polyethylene terephthalate (PET) has the advantages of transparency, chemical resis-
tance and thermal stability, and has been widely used in packaging films, textile fibers and
beverage bottles [1,2]. But the extensive use of the PET in daily life has caused serious
environmental pollution [3,4]. Therefore, recycled polyethylene terephthalate (rPET) has
received increasing attention [5]. At present, chemical recycling and mechanical recycling
have been applied in the field of PET recycling. Mechanical recycling involves secondary
processing and reuse through cleaning, crushing, and blending with necessary additives
and extruder granula, which is considered the most economical and convenient recycling
method in the field of PET recycling [6,7].
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However, the molecular chains of rPET are easy to break at high temperatures during
mechanical recycling due to the presence of ester bonds in the molecular chains of rPET
(Figure 1a) which leads to a reduction in the order degree of the rPET molecular chains [8].
Because of this, the crystallization properties of rPET decrease sharply which cause the
mechanical and thermal properties of the rPET to greatly decrease [9]. As a commonly
used method for polymer modification, the blending modification has the advantages of
simplicity and cost-effectivenes, and has been widely applied in the crystallization behavior
modifications of rPET [10]. The nucleating agent has the advantages of having a small
addition amount and excellent effects, and was therefore considered to be an effective
additive for blending modification within rPET [11]. The nucleating agent can transform
the nucleation mode of rPET from homogeneous nucleation to heterogeneous nucleation.
Meanwhile, the nucleating agent also provides the external surface for rPET to reduce
the nucleation free energy of rPET [12,13]. This effect greatly reduces the energy required
for rPET homogeneous nucleation, which can affect the order degree and increase the
crystallization rate and the crystal density.

It is well known that the rPET crystallization process consists of nucleation and crystal
growth [14]. Among numerous methods of crystal growth, epitaxial crystallization has the
special function of inducing the directional arrangement of molecular chains which causes
an increase in the degree of order of the rPET molecular chains, thereby improving the
crystallization properties of rPET and ultimately obtaining a rPET with superior mechanical
and thermal properties [15,16]. Epitaxial crystallization can be induced and the crystals of
the rPET can grow along a specific direction when the structure of the nucleating agent has
a lattice-matching relationship with the rPET, but the mismatch rate between the nucleating
agent and the rPET must be less than 15% [17]. In addition, research has shown that the
nucleating agent with a microstructure of a long stripe or fibre can also induce epitaxial
crystallization in the polymer [18,19].

At present, research into a nucleating agent that induces epitaxial crystallization in
polymers is primarily focused on inorganic materials [20]. Zhang et al. [21] discussed the
effect of palygorskite (PGS) on the crystal transformation of the isotactic polybutene (iPB).
The results showed that PGS can greatly accelerate the crystalline transformation of the iPB
because of the lattice-matching effect of the crystal form I and the PGS. Ouchiar et al. [22]
found that talc powder with a mismatch rate of less than 15% with polylactic acid (PLA)
can orient the growth of PLA along the direction in the (001) plane of the talc powder,
thus effectively improving the crystallization properties of PLA. Wang et al. [19] utilized
bacterial cellulose (BC) with a long-strip microstructure to induce epitaxial crystallization
in isotactic polypropylene (iPP). These findings demonstrate that iPP exhibits a preferential
crystallization along the surface of BC at high density, thereby inhibiting the lateral growth
of iPP spherulites. Furthermore, the orientation of iPP crystals was observed to occur
in a direction perpendicular to the surface of the BC. As a result, the crystallization and
mechanical properties of iPP were significantly improved.

But the inorganic nucleating agent has limited effectiveness in improving the crystal-
lization behavior of rPET because of the poor compatibility in the rPET matrix [23]. On
the contrary, organic nucleating agents generally have superior modification effects by
reason of their good compatibility with rPET, offering them more potential application in
the modification of rPET, and even more so, bringing other unexpected excellent effects [24].
Therefore, organic nucleating agents that have a lattice-matching relationship with rPET
and have excellent aspect ratio microstructures may induce the production of epitaxial
crystallization in the crystallization process of rPET and promote the crystal orientation of
rPET, which can greatly improve the mechanical and thermal properties of rPET [25].

Milliken & Company has developed a kind of organic nucleating agent HPN 210 M.
for the modification of high density polyethylene (HDPE). The principal component of the
HPN 210 M. containing aromatic amide fatty acid salt is sodium 4-[(4-chlorobenzoyl) amino]
benzoate (Na-4-ClBeAmBe) which has a long-strip microstructure with excellent aspect
ratio (Figure 1). The research has shown that Na-4-ClBeAmBe can induce the machine-
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direction lamellar growth of HDPE. The addition of Na-4-ClBeAmBe can accelerate the
crystallization rate of HDPE by 5.2% and remarkably improve the impact strength of
HDPE [26]. Consequently, Na-4-ClBeAmBe may induce epitaxial crystallization during
the crystallization process of rPET, thereby improving the crystallization properties and
mechanical properties of said rPET.

However, the effect of Na-4-ClBeAmBe on the crystallization behaviour of rPET re-
mains unclear. Therefore, exploring the influence of Na-4-ClBeAmBe on the crystallization
behavior of rPET and changing the molecular structure of Na-4-ClBeAmBe to obtain the
new excellent aromatic amide fatty acid salt nucleating agent based on the molecular design
strategy can clarify the role of the lattice-matching relationship between the nucleating
agent and rPET, the orientation growth mode of rPET crystals induced by the nucleating
agent, and the effect of the microstructure of the nucleating agent on the crystallization
behavior of rPET, which is greatly helpful in obtaining a new structure for an efficient
aromatic amide fatty acid salt nucleating agent for rPET [27].

In this study, Na-4-ClBeAmBe was synthesized through chemical reaction and two
types of aromatic amide fatty acid salt nucleating agent with different molecular structures
were obtained by changing the functional groups of Na-4-ClBeAmBe. The three kinds
of aromatic amide fatty acid salt nucleating agents were separately submitted to melting
blending with rPET to prepare the rPET/aromatic amide fatty acid salt nucleating agent
blend. The molecular structure, the thermal stability, the microstructure and the crystal
structure of the nucleating agent was characterized in detail. The crystallization behavior
of the rPET/aromatic amide fatty acid salt nucleating agent blend was characterized
by differential scanning calorimetry (DSC) and small angle X-ray diffraction (SAXS). In
parallel, the impact of the lattice matching, orientation growth mode and microstructure
of the nucleating agent on the crystallization process of the rPET was subjected to in-
depth investigation. Moreover, the mechanical and thermal properties of the blend were
also discussed.

Molecules 2024, 29, x FOR PEER REVIEW 3 of 16 
 

 

HPN 210 M. containing aromatic amide fatty acid salt is sodium 4-[(4-chlorobenzoyl) 
amino] benzoate (Na-4-ClBeAmBe) which has a long-strip microstructure with excellent 
aspect ratio (Figure 1). The research has shown that Na-4-ClBeAmBe can induce the ma-
chine-direction lamellar growth of HDPE. The addition of Na-4-ClBeAmBe can accelerate 
the crystallization rate of HDPE by 5.2% and remarkably improve the impact strength of 
HDPE [26]. Consequently, Na-4-ClBeAmBe may induce epitaxial crystallization during 
the crystallization process of rPET, thereby improving the crystallization properties and 
mechanical properties of said rPET. 

However, the effect of Na-4-ClBeAmBe on the crystallization behaviour of rPET re-
mains unclear. Therefore, exploring the influence of Na-4-ClBeAmBe on the crystalliza-
tion behavior of rPET and changing the molecular structure of Na-4-ClBeAmBe to obtain 
the new excellent aromatic amide fatty acid salt nucleating agent based on the molecular 
design strategy can clarify the role of the lattice-matching relationship between the nucle-
ating agent and rPET, the orientation growth mode of rPET crystals induced by the nucle-
ating agent, and the effect of the microstructure of the nucleating agent on the crystalliza-
tion behavior of rPET, which is greatly helpful in obtaining a new structure for an efficient 
aromatic amide fatty acid salt nucleating agent for rPET [27].  

In this study, Na-4-ClBeAmBe was synthesized through chemical reaction and two 
types of aromatic amide fatty acid salt nucleating agent with different molecular struc-
tures were obtained by changing the functional groups of Na-4-ClBeAmBe. The three 
kinds of aromatic amide fatty acid salt nucleating agents were separately submitted to 
melting blending with rPET to prepare the rPET/aromatic amide fatty acid salt nucleating 
agent blend. The molecular structure, the thermal stability, the microstructure and the 
crystal structure of the nucleating agent was characterized in detail. The crystallization 
behavior of the rPET/aromatic amide fatty acid salt nucleating agent blend was character-
ized by differential scanning calorimetry (DSC) and small angle X-ray diffraction (SAXS). 
In parallel, the impact of the lattice matching, orientation growth mode and microstruc-
ture of the nucleating agent on the crystallization process of the rPET was subjected to in-
depth investigation. Moreover, the mechanical and thermal properties of the blend were 
also discussed. 

 
Figure 1. (a) The molecular structure of the rPET; (b) the molecular structure of Na-4-ClBeAmBe; (c) 
the microstructure of Na-4-ClBeAmBe [26]. 

  

Figure 1. (a) The molecular structure of the rPET; (b) the molecular structure of Na-4-ClBeAmBe;
(c) the microstructure of Na-4-ClBeAmBe [26].

2. Results
2.1. The Characterization Analysis of the Aromatic Amide Fatty Acid Salt Nucleating Agent

The FTIR spectra of the sample are shown in Figure 2a. The vibrational peaks of
–NH, C=O and O=C-N appear at 3460–3361 cm−1, 1660 cm−1 and 680 cm−1, respectively,
which proves the occurrence of the acylation reaction [28]. The vibration peaks of the
benzene ring skeleton present at 1606, 1529 and 1423 cm−1 [29]. The peaks at 900–700 cm−1
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represent the out-of-plane bending vibration of the C-H in the benzene ring and those at
777 cm−1 represent the para-substitution in the benzene ring. Meanwhile, the peaks below
680 cm−1 are the in-plane and out-of-plane ring deformation vibration of the benzene ring.
In addition, the vibration peak of C-Cl appeared at 1101 cm−1. The results prove that the
aromatic amide fatty acid salt nucleating agents were synthesized successfully.

The TG curve of the sample is shown in Figure 2b. It can be seen that all the aromatic
amide fatty acid salt nucleating agents had good thermal stability, and thermal decomposi-
tion did not occur in the range of 100–300 ◦C, which indicated that the chemical structure
of the nucleating agent remained intact in the processing temperature of the rPET (280 ◦C)
and can be used as the dispersing nucleating agent of rPET.

The microstructure of the sample is shown in Figure 2d–f. It can be seen that the
microstructures of Na-4-ClBeAmBe and Na-4-ClBeAmGl are long-strip microstructures
with excellent aspect ratios and that Na-4-ClAcAmBe is shown to have a plate microstruc-
ture. Therefore, Na-4-ClBeAmBe and Na-4-ClBeAmGl have more potential to induce
epitaxial crystallization in rPET, thereby promoting the oriented growth of rPET in the
crystallization process.

The XRD curve of the sample is shown in Figure 2c. It can be seen that Na-4-ClBeAmBe,
Na-4-ClBeAmGl and Na-4-ClAcAmBe have different crystal structures. The sample under-
went phase retrieval and quantitative analysis through Jade and then the lattice spacing
of the sample was calculated through the Bragg formula (Equation (1)) [30]. The lattice
parameters of the sample were obtained and are recorded in Table 1.

2dsinθ = nλ (1)

where d is the interplanar spacing, θ is the angle between the incident X-ray and the
corresponding crystal plane, λ is the wavelength of the X-ray and n is the diffraction order.

The mismatch rate between the rPET and the aromatic amide fatty acid salt nucleating
agents was calculated according to Equation (2).

∆ =
(d − d0)

d0
×100% (2)

where d and d0 represent the parameters of the rPET and the aromatic amide fatty acid salt
nucleating agent in the lattice matching.

The mismatch rates between the rPET and Na-4-ClBeAmBe on the b-axis and c-axis
were 14.7% and 7.4%, and the rPET with Na-4-ClBeAmGl and Na-4-ClAcAmBe on the
b-axis were 0.8% and 8.9%, respectively. The data indicated that Na-4-ClBeAmBe, Na-4-
ClBeAmGl and Na-4-ClAcAmBe can achieve the lattice-matching condition for inducing
epitaxial crystallization in rPET and that they have the potential to promote the oriented
growth of rPET in the crystallization process.

Table 1. The crystallographic data of the sample.

Sample Crystal System Density
(g/cm3) z Unit Cell Volume

(nm3)

Lattice Parameters

a (nm) b (nm) c (nm)

rPET [31] triclinic 1.455 1 0.291 0.456 0.594 1.075
Na-4-ClBeAmBe monoclinic 0.403 1 1.228 2.215 0.518 1.161
Na-4-ClBeAmGl monoclinic 1.158 1 0.338 0.348 0.589 1.717
Na-4-ClAcAmBe cubic 1.413 1 0.277 0.652 0.652 0.652
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2.2. The Crystallization Behavior of the rPET/Nucleating Agent Blend

The non-isothermal and isothermal crystallization behaviors of the rPET/nucleating
agent blend are shown in Figure 3. The non-isothermal crystallization curve of the sample
is shown in Figure 3a and the degree of crystallinity (X) of the sample was calculated by
Equation (3) and is recorded in Table 2.

X = 100% × ∆Hm

∆H0
m

(3)

where ∆Hm is the actual measured melting enthalpy and ∆H0
m is the standard melting

enthalpy for the complete crystallization of the rPET, which is 140.1 J/g [32].
It can be clearly seen from Figure 3a that the crystallization temperature (Tc) of the

rPET/Na-4-ClBeAmBe and the rPET/Na-4-ClBeAmGl blends was significantly elevated to
22.6 ◦C compared with the rPET, while the rPET/Na-4-ClAcAmBe was only increased to
11.6 ◦C. This is because the nucleating agent can provide the heterogeneous nucleation sites
for the rPET thereby increasing the Tc of the rPET and shortening the forming cycle of the
rPET. Compared with Na-4-ClBeAmBe, Na-4-ClBeAmGl had the same effect of improving
the non-isothermal crystallization behavior of the rPET while the effect of Na-4-ClAcAmBe
was relatively poor. This phenomenon was probably because Na-4-ClAcAmBe, with its
plate microstructure, was less effective than Na-4-ClBeAmBe and Na-4-ClBeAmGl, with
their long-strip microstructures, in increasing the Tc of rPET. Compared with rPET, the X
of the rPET/Na-4-ClBeAmBe, the rPET/Na-4-ClBeAmGl and the rPET/Na-4-ClAcAmBe
blends were increased by 5.3%, 6.6% and 4.4%, respectively. This result indicates that the
nucleating agent can improve the crystal structure of rPET. The X value of the rPET/Na-4-
ClBeAmGl blend was the highest, which may be due to the lower mismatch rate between
Na-4-ClBeAmGl and rPET.

The isothermal crystallization curve of the rPET/nucleating agent blend at 225 ◦C is
shown in Figure 3b. To further explore the effect of the nucleating agent on the crystalliza-
tion rate of rPET, the Avrami model, which is widely applied on polymer, was selected to
describe the phase transition kinetics during the crystallization process of the blend [33].
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The Avrami equation belongs to the first order dynamic equation and the general form is
shown in Equation (4).

X(t) = exp(− Kttn) (4)

where X(t) is the relative crystallinity at time t, K is the crystallization rate constant and n
is the Avrami index.

The half-time of crystallization (t1/2) can be calculated using Equation (5) [34].

t1/2 = (
ln2
K

)
1/n

(5)

Transform the logarithmic on both sides of Equation (3) to obtain Equation (6).

ln[−ln(1 − X(t)] = lnK + nlnt (6)

The curve of the X(t) versus crystallization time is shown in Figure 3c. Figure 3d was
obtained by fitting Figure 3c according to Equation (6) where the slope of the straight line
is n and the intercept is K. Meanwhile, the isothermal crystallization kinetic parameters are
recorded in Table 2.
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As shown in Figure 3c and Table 2, the t1/2 of the rPET/Na-4-ClBeAmBe blend and
the rPET/Na-4-ClBeAmGl was decreased by 65.9% and 71.9%, respectively, while the
rPET/Na-4-ClAcAmBe blend was only decreased by 18.8% compared with the rPET. The K
value represented the same tendency with the t1/2. This is because the nucleating agent can
reduce the time during the random movement of the molecular chain of the blend to form
critical nuclei thereby increasing the nucleation rate and thus increasing the crystallization
rate. The improvement of Na-4-ClBeAmBe and Na-4-ClBeAmGl was evdiently better
than in Na-4-ClAcAmBe on the t1/2 and K of the rPET/nucleating agent blend which may
also be attributed to the long-strip microstructure of the Na-4-ClBeAmBe and the Na-4-
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ClBeAmGl blends. The superior effect of Na-4-ClBeAmGl compared with Na-4-ClBeAmBe
may because of the lower mismatch rate between the Na-4-ClBeAmGl and the rPET which
was heplful to form a more stable crystal structure and accelerate the crystallization rate [3].
The n of the sample was between 2 and 3 which indicated that the growth mode of the
rPET/nucleating agent blend was in the form of two-dimensions. Meanwhile, the addition
of the nucleating agent had no effect on the crystal growth mode of the blend [35].

Table 2. The non-isothermal crystallization data and isothermal crystallization kinetic parameters of
the sample.

Sample
Non-Isothermal Isothermal

∆Hm (J/g) X (%) n K (min−n) t1/2 (min)

rPET 29.47 21.0 2.06 2.6 × 10−2 4.85
rPET/Na-4-ClBeAmBe 36.91 26.3 2.41 2.1 × 10−1 1.65
rPET/Na-4-ClBeAmGl 38.78 27.6 2.43 3.3 × 10−1 1.36
rPET/Na-4-ClAcAmBe 35.57 25.4 2.28 3.0 × 10−2 3.94

2.3. The Nucleation Process of the rPET/Nucleating Agent Blend

The nucleation efficiency (NE) of the sample was calculated according to Equation (7)
proposed by Fillon et al. [36].

NE =
tc,NA − tc1

tc2,max − tc1
× 100% (7)

where tc,NA is the crystallization peak temperature of the rPET/nucleating agent blend,
tc1 is the crystallization peak temperature of the rPET and tc2,max is the maximum Ts of
the rPET.

To calculate the NE, the determination of the Ts was required. The crystallization
curve of the rPET after different heat treatments is shown in Figure 4a. The Tc of the rPET
began to weaken when the thermal treatment temperature was below 255 ◦C. When the
thermal treatment temperature was in the range of 257–255 ◦C, the Tc of the rPET rose with
the decrease in the thermal treatment temperature, meaning that SN only occurred in the
rPET during the cooling process. Therefore, 255 ◦C was selected as the Ts of the rPET, and
the tc2,max was 217.2 ◦C [10].
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The NE values are shown in Figure 4b. It can be seen that the addition of the nucleating
agent significantly improved the NE of the rPET. This is because the nucleating agent can
provide heterogeneous nucleation sites for rPET, thereby reducing the free energy of
nucleation, increasing the nucleation density and thus significantly reducing the nucleation
time of the rPET [37]. The improvement of the Na-4-ClBeAmBe and the Na-4-ClBeAmGl
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blends was remarkably, better than Na-4-ClAcAmBe, although all the nucleating agents
had lattice-matching relationships with the rPET, the role of the microstructure in the
nucleation stage was more pronounced, meaning the nucleating agent with the long-
strip microstructure was more conducive to promoting the nucleation of the rPET. These
results confirmed the conjecture of the non-isothermal crystallization behavior of the
rPET/nucleating agent blend.

2.4. The Crystal Growth Process of the rPET/Nucleating Agent Blend

The equilibrium melting point (T0
m) of the sample was calculated according to Equation (8)

and the melting point (Tm) of the sample after isothermal crystallization (Table 3) [38].

Tm = (1 − 1
2β

)T0
m +

1
2β

Tc (8)

where β is a constant related to the crystal structure and T0
m can be determined by the

extrapolation of the experimental melting point Tm versus Tc to the line Tm = Tc according
to Equation (8). The results were obtained and are recorded in Figure 5a and Table 3.

Selected different isothermal crystallization temperatures (Tc) and secondary melting
temperatures (Tm) are recorded in Table 3 and Figure 5 was then obtained based on the
data from Table 3. As shown in Figure 5a and Table 3, the T0

m of rPET/Na-4-ClBeAmBe,
rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe improved by 11.7 ◦C, 18.6 ◦C and
1.9 ◦C. Research has shown that the T0

m of the polymer is closely related to the thickness
of the crystalline. A thicker crystalline can reduce the degree of freedom of the molecular
chain segments, thereby strengthening the intermolecular interactions of the polymer and
thus increasing the T0

m of the polymer. Therefore, the increasing thickness of a crystalline
can lead to an increase in the T0

m of a polymer [39].
The result of the T0

m indicated that the addition of Na-4-ClBeAmBe and Na-4-ClBeAmGl
significantly increased the crystal thickness of the rPET compared with Na-4-ClAcAmBe,
which illustrated that a nucleating agent with a long-strip microstructure also had better ef-
fects during the crystal growth process. The crystal thickness of the rPET/Na-4-ClBeAmGl
blend was thicker than that of the rPET/Na-4-ClBeAmBe, indicating that the lower mis-
match rate between the rPET and the Na-4-ClBeAmGl (0.8% in b-axis) emphasized the
capability of Na-4-ClBeAmGl to induce the epitaxial crystallization and orient the growth
along the b-axis direction of the rPET.

The SAXS was conducted on the sample in order to further investigate the effect of
the nucleating agent on the crystal orientation of rPET during the crystal growth process
of the rPET and obtain Figure 6. It can be seen from Figure 6 that the rPET exhibited
oriented crystallization along the tensile direction during the processing. The rPET/Na-4-
ClAcAmBe blend demonstrated a concentric scattering pattern with a uniform distribution
of scattering lines, indicating that Na-4-ClAcAmBe did not induce the oriented growth
of the rPET. This result illustrated that although Na-4-ClAcAmBe has a lattice-matching
relationship with rPET, the plate microstructure prevents the Na-4-ClAcAmBe to induce
the oriented crystal growth of the rPET. The orientation of the rPET/Na-4-ClBeAmGl blend
was more pronounced than the rPET/Na-4-ClBeAmBe blend. This result indicated that a
lower mismatch rate is more conducive to inducing oriented crystal growth in rPET under
the premise of having the same microstructure of long strips with an excellent aspect ratio.
The study of the SAXS was consistent with the results of the T0

m and verifies the conjecture
of the crystallization behavior of the rPET/nucleating agent blend.

The Fit2D was used to process Figure 6 and obtain the SAXS intensity curve shown in
Figure 5b. The single scattering peak of each sample can be observed from Figure 5b indi-
cating the presence of an ordered crystal structure in the sample. The lower the angle repre-
sents the longer the period, so the lengths of the periods of the samples can be obtained from
Figure 6b: rPET/Na-4-ClBeAmGl > rPET/Na-4-ClBeAmBe > rPET/Na-4 ClAcAmBe > rPET.
Due to the positive correlation between the long period and the crystal thickness of the
sample, the long period result further confirmed the conclusion of T0

m [40].
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Table 3. The isothermal crystallization parameters of the sample.

Sample Tc (◦C) Tm (◦C) T0
m (◦C)

rPET
225 250.8

264.5227 251.4
230 252.4

rPET/Na-4-ClBeAmBe
225 248.7

276.2227 250.9
230 252.0

rPET/Na-4-ClBeAmGl
225 248.5

283.1227 250.6
230 252.1

rPET/Na-4-ClAcAmBe
225 250.7

266.4227 251.5
230 252.6

Molecules 2024, 29, x FOR PEER REVIEW 10 of 16 
 

 

thickness of the sample, the long period result further confirmed the conclusion of Tm
0  

[40]. 

 
Figure 6. The SAXS of the samples: (a) rPET; (b) rPET/Na-4-ClBeAmBe blend; (c) rPET/Na-4-
ClBeAmGl; (d) rPET/Na-4-ClAcAmBe. 

2.5. The Mechanical and Thermal Properties of the rPET/Nucleating Agent Blend 
The mechanical properties of the sample are shown in Table 4. It can be seen that the 

flexural strengths of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-
ClAcAmBe were separately increased by 17.2%, 20.4% and 3.7% compared with rPET, 
while the tensile strengths of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-
4-ClAcAmBe were increased by 6.6%, 12.2% and 4.6%. Meanwhile, the impact strengths 
of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe were 
decreased by 4.2%, 6.9% and 0.9%. This result indicated that the addition of a nucleating 
agent significantly increased the rigidity and fracture resistance but slightly reduced the 
toughness of the rPET. This is because the addition of the nucleating agent can reduce the 
crystal size of the rPET and form a crystal structure with compactness and uniformity, 
making the molecular chain segment of the rPET more difficult to move, thus improving 
the flexural capacity and the ability to transfer and disperse tensile stress under external 
forces, whilst also affecting the ability to absorb external impact energy [41]. Meanwhile, 
the result also proved that Na-4-ClBeAmGl with a long-strip microstructure and low 
mismatch rate with rPET had more pronounced effects of inducing the epitaxial growth 
and the oriented crystallization of the rPET, which significantly improved the rigidity and 
yield strength, with a slight loss of impact toughness, in the rPET through the promotion 
of the ordered arrangement of the rPET’s molecular chain and improvement of the crystal 
structure of the rPET [42]. 

The HDTs of the sample are recorded in Table 4. It can be concluded from Table 4 that 
the HDTs of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe 
separately increased by 43.1%, 46.7% and 27.5% compared with rPET. This is because the 
nucleating agent can act as a physical crosslinking point, which is similar to the 
macromolecules, to improve the rigidity of rPET and thereby improve the HDT of rPET 

Figure 6. The SAXS of the samples: (a) rPET; (b) rPET/Na-4-ClBeAmBe blend; (c) rPET/Na-4-
ClBeAmGl; (d) rPET/Na-4-ClAcAmBe.



Molecules 2024, 29, 3100 10 of 15

2.5. The Mechanical and Thermal Properties of the rPET/Nucleating Agent Blend

The mechanical properties of the sample are shown in Table 4. It can be seen that
the flexural strengths of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-
ClAcAmBe were separately increased by 17.2%, 20.4% and 3.7% compared with rPET, while
the tensile strengths of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-
ClAcAmBe were increased by 6.6%, 12.2% and 4.6%. Meanwhile, the impact strengths
of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe were de-
creased by 4.2%, 6.9% and 0.9%. This result indicated that the addition of a nucleating
agent significantly increased the rigidity and fracture resistance but slightly reduced the
toughness of the rPET. This is because the addition of the nucleating agent can reduce
the crystal size of the rPET and form a crystal structure with compactness and uniformity,
making the molecular chain segment of the rPET more difficult to move, thus improving the
flexural capacity and the ability to transfer and disperse tensile stress under external forces,
whilst also affecting the ability to absorb external impact energy [41]. Meanwhile, the result
also proved that Na-4-ClBeAmGl with a long-strip microstructure and low mismatch rate
with rPET had more pronounced effects of inducing the epitaxial growth and the oriented
crystallization of the rPET, which significantly improved the rigidity and yield strength,
with a slight loss of impact toughness, in the rPET through the promotion of the ordered
arrangement of the rPET’s molecular chain and improvement of the crystal structure of the
rPET [42].

The HDTs of the sample are recorded in Table 4. It can be concluded from Table 4 that
the HDTs of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe
separately increased by 43.1%, 46.7% and 27.5% compared with rPET. This is because
the nucleating agent can act as a physical crosslinking point, which is similar to the
macromolecules, to improve the rigidity of rPET and thereby improve the HDT of rPET [43].
Na-4-ClBeAmGl was shown to have the most obvious trend of increasing the HDT of the
rPET. This is because the results of the T0

m and SAXS analysis concluded that the addition
of Na-4-ClBeAmGl grew the crystal thickness of the rPET the most. Research has shown
that the crystal-thickening process can transform a metastable crystal into a crystal with a
stable equilibrium; therefore, the addition of Na-4-ClBeAmGl can increase the crystallinity
and improve the crystal structure of rPET, thereby improving the HDT of rPET [42].

Table 4. The mechanical and thermal properties data of the sample.

Sample Flexural Strength
(MPa)

Impact Strength
(KJ/m2)

Tensile Strength
(MPa) HDT (◦C)

rPET 66.7 3.06 54.2 69.1
rPET/Na-4-ClBeAmBe 78.2 2.93 57.8 98.9
rPET/Na-4-ClBeAmGl 80.3 2.85 60.8 101.4
rPET/Na-4-ClAcAmBe 69.7 3.03 56.7 88.1

3. Materials and Methods
3.1. Materials

The rPET (rPET-PCR80AP) was supplied by the Ningbo Jianfeng New Material Co.,
Ltd. (Ningbo, China). The 4-aminobenzoic acid, the 4-chlorobenzoyl chloride and the
chloroacetyl chloride were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shang-
hai, China). The glycine and sodium hydroxide (NaOH) were purchased from the Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The acetone and alcohol
were purchased from Tianjin Tianli Chemical Reagent Co., Ltd. (Tianjin, China).

3.2. Preparation of the Aromatic Amide Fatty Acid Salts Nucleating Agent

4-aminobenzoic acid (0.05 mol) was dissolved in 70 mL of the acetone and then 4-
chorobenzoyl chloride (0.025 mol) was added dropwise to obtain the reaction system that
ensured the dripping time was 1 h. Then, the rude product was obtained by removing the
acetone after reacting for 7 h. Subsequently, the rude product was washed to neutrality
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by acetone and deionized water and then dried at 70 ◦C to a constant weight to obtain
the 4-chlorophenylamido-benzoic acid (4-ClBeAmBe). 4-ClBeAmBe (0.02 mol) and NaOH
(0.04 mol) were dispersed into the deionized water (100 mL) with stirring for 8 h to obtain
the rude product by removing the water. Consequently, the rude product was washed to
neutrality using deionized water and then dried at 110 ◦C to obtain the Na-4-ClBeAmBe.

Glycine (0.05 mol) was dissolved in 70 mL of acetone and then 4-chorobenzoyl chloride
(0.025 mol) was added dropwise to obtain the reaction system ensuring a drip time of
1 h. Subsequently, the rude product was washed to neutrality by acetone and deionized
water and then dried at 70 ◦C to constant weight to obtain the 4-chlorobenzoylamino-
glycinate (4-ClBeAmGl). 4-ClBeAmBe (0.02 mol) and NaOH (0.04 mol) were dispersed into
the deionized water (100 mL) to obtain reaction system with stirring for 8 h. The crude
product was then thoroughly precipitated by adding 500 mL of alcohol to the system and
dried at 60 ◦C to obtain sodium 4-[(4-chlorobenzoyl) amino] glycinate (Na-4-ClBeAmGl)
(Figure 7a).

The 4-aminobenzoic acid (0.05 mol) was dissolved in 70 mL of acetone and then
the chloroacetyl chloride (0.025 mol) was added dropwise to obtain the reaction system
that ensured the dripping time was 1 h. Subsequently, the rude product was washed to
neutrality by acetone and deionized water and then dried at 70 ◦C to constant weight
to obtain 4-chloroacetylamino-benzoic (4-ClAcAmBe). The 4-ClAcAmBe (0.02 mol) and
NaOH (0.04 mol) were dispersed into the alcohol (100 mL) to obtain reaction system with
stirring for 8 h. Consequently, the rude product was precipitated through adding 500 mL
acetone to the system and dried at 60 ◦C to obtain the sodium 4-[(4-chloroacetyl) amino]
benzoate (Na-4-ClAcAmBe) (Figure 7b).
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3.3. Characterization of the Aromatic Amide Fatty Acid Salt Nucleating Agent

The molecular structure of the nucleating agent was characterized using an FTIR
spectrometer (Nicolet iS10, Thermo Scientific Inc., Waltham, MA, USA) using 64 scans
per sample.

The thermal stability of the nucleating agent was conducted by using a thermogravi-
metric analyzer (TGA 1, Mettler Toledo, Zurich, Switzerland) in the range of 40 ◦C to 600 ◦C
with a heating rate of 10 ◦C/min under a nitrogen atmosphere.

The microstructure of the nucleating agent was observed using SEM (SU5000, Hitachi
Ltd., Tokyo, Japan) with an accelerating voltage of 10 kV.

The crystal structure of the nucleating agent was tested using an XRD (Rigaku Ultima
IV, Rigaku Corporation, Tokyo, Japan) equipped with Cu-Kα radiation (λ = 0.154 nm) at
room temperature.

3.4. Preparation of the rPET/Nucleating Agent Blend

The formula of the rPET/nucleating agent blend is shown in Table 5. Each component
of the rPET/nucleating agent blend was mixed with a high-speed mixer (Songqing Hard-
ware Factory, SL-500A, Yongkang, China). The rPET/nucleating agent blend was extruded
and pelletized at 280 ◦C by a twin-screw extruder (Shanghai Xinshuo Precision Machinery
Co., Ltd. WLG10A, Shanghai, China). The standard test specimens were molded by an
injection machine (Shanghai Xinshuo Precision Machinery Co., Ltd. WZS10D, Shanghai,
China) with an injection pressure of 15.5 MPa and 280 ◦C.
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Table 5. The formula of the rPET/nucleating agent blend.

Sample rPET
(wt%)

Na-4-ClBeAmBe
(wt%)

Na-4-ClBeAmGl
(wt%)

Na-4-ClAcAmBe
(wt%)

rPET 100 0 0 0
rPET/Na-4-ClBeAmBe 100 0.3 - -
rPET/Na-4-ClBeAmGl 100 - 0.3 -
rPET/Na-4-ClAcAmBe 100 - - 0.3

3.5. The Crystal Behavior of the rPET/Nucleating Agent Blend

The crystallization behavior of the rPET/nucleating agent blend was performed by DSC
(Q1000, Waters Corporation, Milford, MA, USA) in a nitrogen atmosphere (50 mL/min). All
the rPET/nucleating agent blend was eliminated the thermal history from 40 ◦C to 280 ◦C
at 10 ◦C/min before testing.

The non-isothermal crystallization behavior: the rPET/nucleating agent blend was
cooled from 280 ◦C to 40 ◦C at 10 ◦C/min, and then heated from 40 ◦C to 280 ◦C at
10 ◦C/min.

The isothermal crystallization behavior: the rPET/nucleating agent blend was cooled
from 280 ◦C to different isothermal temperatures (225, 227, and 230 ◦C) at 40 ◦C/min,
maintained at the isothermal temperature for 50 min, then cooled to 40 ◦C at 10 ◦C/min
and then heated from 40 ◦C to 280 ◦C at 10 ◦C/min.

The self-nucleation (SN) procedure was as follows and is shown in Figure 8: (i) Heated
from 40 ◦C to 280 ◦C at 20 ◦C/min and held at the temperature for 3 min to eliminate the
thermal history. (ii) Cooled from 280 ◦C to 40 ◦C at 10 ◦C/min and held for 3 min to create
a “standard” thermal history. (iii) Heated from 40 ◦C to a pre-selected SN temperature
(Ts) and held for 3 min. (iv) Cooled from Ts to 40 ◦C at 10 ◦C/min and held for 3 min.
(v) Heated from 40 ◦C to melt at 10 ◦C/min. The aforementioned five steps were repeated
at different Ts [10].
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3.6. The SAXS of the rPET/Nucleating Agent Blend

The X-ray scattering data were obtained at the beamline BL16B1 of Shanghai Syn-
chrotron Radiation Facility (SSRF). The SAXS (Pilatus 2M, Dectris, Zurich, Switzerland)
was carried out at room temperature. The radiation source was Cu Kα (λ = 0.154 nm), and
the X-ray source was set at a voltage of 30 kV and a current of 30 mA. The SAXS profiles
were recorded in a 2θ range from 0.3◦ to 5◦ at a scanning rate of 0.25◦/min.
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3.7. The Mechanical Properties of the rPET/Nucleating Agent Blend

The universal testing machine (M10, Instron Company, Boston, MA, USA) was used to
evaluate the tensile properties and flexural properties of the rPET/nucleating agent blend
at 25 ◦C according to GB/T 1040-2006 and GB/T 9341-2008. The crosshead speed was set
as 10 mm/min. The impact strength of rPET/nucleating agent blend was measured by an
impact tester (Ceast 9050, Instron Company, Waltham, MA, USA) with a 5.5 J capacity at a
maximum pendulum height (150◦) at room temperature according to GB/T 1043.1-2008.

3.8. The Thermal Properties of the rPET/Nucleating Agent Blend

The HDT/VICAT equipment (CEAST HV500, Instron Company, Norwood, MA, USA)
was used to carry out the heat-distortion temperature (HDT) test at a heating rate of
2 ◦C/min and a load of 1.80 MPa according to GB/T 1634.2-2004.

4. Conclusions

In this work, the aromatic amide fatty acid salt nucleating agents Na-4-ClBeAmBe,
Na-4-ClBeAmGl and Na-4-ClAcAmBe were synthesized through chemical reaction, which
have the potential to improve the crystallization, mechanical and thermal properties of
rPET. The rPET/nucleating agent blend was prepared by the melting blending method.

The FTIR and TG confirmed the successful synthesis of the nucleating agent which can
be used as the dispersing nucleating agent of the rPET, respectively. The SEM illustrated that
Na-4-ClBeAmBe and Na-4-ClBeAmGl both had long-strip microstructures with excellent
aspect ratios and Na-4-ClAcAmBe was shown to have a plate microstructure. The mismatch
rate results can prove that the nucleating agent and rPET satisfy the lattice-matching
relationship for generating epitaxial crystals.

The result of the crystallization behavior of the rPET/nucleating agent blend indicated
that the nucleating agent can provide the heterogeneous nucleation sites for rPET, thereby
reducing the free energy of the nucleation, increasing the nucleation density and thus
improving the Tc and X and accelerating the crystallization rate of rPET. Meanwhile, the
addition of the nucleating agent had no effect on the crystal growth mode of the blend.

Compared with rPET, the NEs of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and
rPET/Na-4-ClAcAmBe were increased by 87.2%, 87.3% and 41.7%, which indicates that
the role of the microstructure in the nucleation stage was more pronounced while the
nucleating agents with the long-strip microstructures were more conducive to promoting
the nucleation of rPET.

The T0
m of rPET/Na-4-ClBeAmBe, rPET/Na-4-ClBeAmGl and rPET/Na-4-ClAcAmBe

was increased by 11.7 ◦C, 18.6 ◦C and 1.9 ◦C compared with rPET. This result illustrated
that the nucleating agent with the long-strip microstructure also had a better effect during
the crystal growth process and the lower mismatch rate between rPET and Na-4-ClBeAmGl
(0.8% in b-axis) demonstrates the capability of Na-4-ClBeAmGl to induce the epitaxial
crystallization and orient growth along the b-axis direction of the rPET. The SAXS result of
the sample proved this conclusion.

The mechanical properties of the sample showed that the addition of the nucleating
agent significantly increased the flexural strength and tensile strength but slightly reduced
the impact strength of rPET. Because the improvement of the crystallization properties
can lead to an increase in the mechanical properties, rPET/Na-4-ClBeAmGl had the best
properties, thereby proving that Na-4-ClBeAmGl had the best effect on inducing oriented
growth in rPET because of the lower mismatch rate and the long-strip microstructure
with excellent aspect ratio. Meanwhile, the HDTs of rPET/Na-4-ClBeAmBe, rPET/Na-4-
ClBeAmGl and rPET/Na-4-ClAcAmBe separately increased by 43.1%, 46.7% and 27.5%
compared with rPET, which further proved this conclusion.
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