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aic acid copolyester plasticizers
and their application in PVC

Wanjing Zhang, a Liyan Wang,*a Hong Chen,*a Liying Guo, a Yaoyao Baia

and Xin Qianb

A series of 2-methyl-1,3-propanediol (MPO) modified azelaic acid and hexylene glycol copolyester

(PHMAZ) plasticizers with varying contents were synthesized using a direct esterification melt

polycondensation method, and their structures were characterized systematically. Analysis using infrared

spectroscopy and nuclear magnetic resonance spectroscopy confirmed the synthesis of the designed

copolyester structure. Gel permeation chromatography (GPC) tests indicated that the number average

molecular weight of each copolyester sample ranged between 2000 and 3000. These copolyesters were

used to plasticize polyvinyl chloride (PVC) resin, and the glass transition temperature of the plasticized

PVC samples was tested using a differential scanning calorimeter (DSC). Further characterization of the

plasticizing effects was conducted using an electronic universal testing machine. The research results

showed that as the content of MPO increased, the plasticizing effect of the copolyester initially increased

and then decreased. Specifically, the copolyester containing 45% MPO, PHMAZ-45, demonstrated the

best plasticizing effect on PVC, with the glass transition temperature of the plasticized PVC system

around −35 °C, elongation at break at 908.4%, and a plasticizing efficiency of 254.5%. Additionally, this

new type of copolyester plasticizer uses bio-based raw materials, exhibits excellent plasticizing effects,

and the preparation process is stable and controllable. It holds promising potential to replace traditional

volatile and toxic phthalate esters, presenting significant industrial application value.
1. Introduction

Polyvinyl chloride is the world's most widely produced general
plastic and has the advantages of good impact resistance,
corrosion resistance, wear resistance, insulation and low pro-
cessing cost.1–13 It is widely used in industrial products, daily
necessities, agriculture, building materials, medical equip-
ment, military industry, electronic devices, etc.1,4,10,14–27 PVC is
a basic chemical material. With the continuous advancement of
technological reforms and the support of national policies, the
PVC market has become more prosperous, which in turn has
promoted the research and development of plasticizers.

Plasticizers can be inserted into polymer molecules to
increase the distance between polymer molecules and reduce
the intermolecular force, which can greatly improve the proc-
essability of PVC and make it have good weather resistance and
mechanical properties.16,23,28–32 For a long time, the plasticizers
used for PVC have mainly been phthalates, and the most widely
used is dioctyl phthalate (DOP),10,11,33–35 but it is easy to migrate
out and is toxic, which will affect the application performance of
yang University of Technology, Liaoyang

@163.com

Group Co., Ltd, Liaoyang 111003, P. R.

23671
the product, and many animal experiments have shown that
DOP is potentially carcinogenic,36–41 and its application in most
daily products has been banned in many countries. Therefore,
the development of new non-toxic migration-resistant plasti-
cizers has become a research hotspot.20,42–45

With the improvement of market requirements, research on
various plasticizers has gradually developed. Among them,
polyester plasticizers have higher molecular weight and good
compatibility with PVC. They are inserted between macromol-
ecule segments and are not easy to migrate, making it easier to
improve PVC. The processing performance of products has
received widespread attention.46 In the foreign plasticizer
market, polyester plasticizers account for more than 12%,47

while the development of polyester plasticizers in China is
mostly in the research stage. Lindström et al.48,49 synthesized
linear polyglycol adipate and branched polyglycol adipate and
applied them as plasticizers to PVC. The results showed that the
addition of both types of polyester plasticizers signicantly
enhances the compatibility of the plasticizers with PVC, the
extraction resistance, and the mechanical properties of PVC
products. Yin et al.50 synthesized low molecular weight iso-
sorbide adipic acid and isosorbide alcohol suberic acid poly-
ester plasticizer. It is found that this polyester plasticizer has
good compatibility with PVC, good heat resistance and
improved plasticizing efficiency. Gao et al.51 proposed polyhexyl
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The esterification principle of PHMAZ.

Fig. 2 Copolyester plasticizer preparation process.
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succinate as a PVC plasticizer. Since polyester has a higher
molecular weight and more polar groups, compared with
dioctyl phthalate, polyester the interaction with PVC is stronger,
giving PVC higher thermal stability and plasticizing efficiency.
The above polyester plasticizers are synthesized by melt poly-
merization, but the production process is complicated or the
plasticizer's plasticizing effect is not excellent enough. There-
fore, new environmentally friendly polyester plasticizers with
good plasticizing effects and simple preparation processes are
developed agents are of great signicance.52

The plasticizer PHMAZ prepared in this article is a series of
new copolyesters synthesized from azelaic acid (AZA), 1,6-hex-
anediol (HDO) and 2-methyl-1,3-propanediol (MPO). Plasticizer,
azelaic acid, also known as “azalea acid”, is oen used as
a plasticizer and in the chemical synthesis of polyamide resins.
Bio-based azelaic acid is mostly extracted from crops such as rye
and wheat.53 Currently, bio-based azelaic acid synthesized from
vegetable oil has been industrialized.54–57 Azelaic acid polyester
is used in the plasticizer industry and is environmentally
friendly. Azelaic acid polyester plasticizers are also widely used
in lm and sheet, cables and wires, coatings, and nylon
industries.58–61 The copolyester plasticizer synthesized in this
article is a bio-based polyester plasticizer, which is a type of
non-toxic, degradable and environmentally friendly plasticizer.
It can be used in PVC instead of DOP and meets the require-
ments of sustainable development.
2. Experimental
2.1. Reagents and instruments

Azelaic acid (AZA), analytical grade, Shanghai Aladdin
Biochemical Technology Co., Ltd; 1,6-hexanediol (HDO),
analytical grade, Sinopharm Chemical Reagent Co., Ltd; 2-
methyl-1,3-propanediol (MPO), analytical grade, Sinopharm
Chemical Reagent Co., Ltd; high concentration hydrolysis-
resistant titanium catalyst (KBS-4), analytical grade, Titanium
Technology (Liaoning) Co., Ltd; polyvinyl chloride (PVC),
industrial grade, Shaanxi Northwest Yuan Chemical Group.

ALC-2103 electronic analytical balance, Sartorius Scientic
Instruments (Beijing) Co., Ltd; DF-101S instantaneous constant
temperature heating magnetic stirrer, Shanghai Lichenbangxi
Instrument Technology Co., Ltd; SU-70C internal mixer,
Changzhou Suyan Technology Co., Ltd; Bruker Tenso (II)
Fourier transform infrared spectrometer, Bruker Company,
Germany; DSC-822e differential scanning calorimeter, Mettler
Company, Switzerland; AVANCE NEO 400M (Bruker) nuclear
magnetic resonance spectrometer, Bruker Company, Germany;
XLB-DY at plate vulcanizing machine, Qingdao Huabo
Machinery Technology Co., Ltd; CMT6104 microcomputer
controlled electronic universal testing machine, Shenzhen
Xinsansi Material Testing Co., Ltd.
2.2. Preparation and structural characterization
experiments of azelaic acid copolyester plasticizer

2.2.1. Preparation of azelaic acid copolyester plasticizer.
Connect an instant heating magnetic stirrer, a three-necked
© 2024 The Author(s). Published by the Royal Society of Chemistry
ask, a thermometer, a condenser, and a nitrogen cylinder in
sequence. Then, add bio-based nonanedioic acid, 1,6-hex-
anediol, and 2-methyl-1,3-propanediol into a 500 ml three-
necked ask in an acid-to-alcohol ratio of 1 : 1.1. Place the
ask in an oil bath set at 120 °C. Once the chemicals in the ask
have completely melted, increase the temperature to 180 °C,
activate the magnetic stirring, and add 0.1 wt% of titanate-
based catalyst. Start the nitrogen gas ow to carry out the
esterication reaction under nitrogen protection. Observe until
the water output signicantly decreases, then raise the
temperature to 190 °C and maintain for 10 minutes until no
water is produced, indicating the completion of esterication.
The principle of esterication is shown in Fig. 1 and 2, resulting
in the nal oligomeric polyester plasticizer. A series of new
polyester plasticizers PHMAZ was prepared, varying the
proportion of MPO in the alcohol, including PHAZ, PHMAZ-15,
PHMAZ-20, PHMAZ-25, PHMAZ-30, PHMAZ-45, and PHMAZ-50.

2.2.2. Plasticizer infrared spectrum test. Fourier transform
infrared spectroscopy is used to analyze the structure of poly-
ester, and the wave number range is set to 4000–500 cm−1;
before testing the sample, the background spectrum must be
scanned to eliminate the inuence of humidity and other
impurities in the air. The samples can be tested separately, and
the background spectrum must be scanned again for each
sample tested.

2.2.3. Hydrogen NMR testing of plasticizers. The internal
structure of polyester molecules was tested using hydrogen
nuclear magnetic resonance spectroscopy, with deuterated
chloroform (CDCl3) as the solvent, tetramethylsilane (TMS) as
the chemical shi internal standard, and the resonance
frequency was 500 MHz.

2.2.4. Molecular weight and distribution testing of plasti-
cizers. In the experiment, gel permeation chromatography was
used to detect various molecular weights and molecular weight
distributions of copolyester plasticizers. In the experiment,
hexauoroisopropanol (HFIP) was used as the mobile phase,
RSC Adv., 2024, 14, 23662–23671 | 23663
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narrow distribution polymethyl methacrylate was used as the
standard sample, and the temperature was set at 40 °C for
experimental detection.

2.2.5. Analysis of thermal properties of plasticizers. When
testing the thermal stability of the polyester plasticizer sample,
the temperature was raised from 30 °C to 600 °C at a heating
rate of 10 °C min−1 to obtain the thermal weight loss curve (TG)
of the plasticized PVC sample. The weight loss curve is differ-
entially processed, and nally the differential thermal weight
loss curve (DTG) is obtained.
2.3. Preparation and performance characterization of PVC
resin samples plasticized with copolyester plasticizer

2.3.1. Preparation of PVC resin splines plasticized with
plasticizer. Mix the copolyester plasticizer and PVC at a ratio of
1 : 1, then add 1.5 wt% heat stabilizer, then put it into an
internal mixer with a temperature set to 180 °C, mix for 10
minutes, take out the sample, and you will get the result. PVC
sample aer plasticization.

The plasticized PVC sample is processed into granules, dried
in a vacuum oven at 70 °C for more than 5 hours, and then the
polyester granule sample is hot-pressed into a 1.2 mm thick
sheet using a at vulcanizer at 160 °C, and then cut aer cooling
and shaping. Make a standard dumbbell-shaped spline and
leave it at room temperature for 24 hours before use. The
specic process is shown in Fig. 3.

2.3.2. Differential scanning calorimetry (DSC) testing of
plasticized PVC resin samples. The glass transition temperature
was measured using a differential scanning calorimeter. Rise
from −60 °C to 190 °C at a heating rate of 10 °C min−1 and stay
for 10 minutes. Then reduce the temperature from 190 °C to
−60 °C at a cooling rate of 10 °C min−1.

2.3.3. Thermal gravimetric (TG) testing of plasticized PVC
resin samples. When testing the thermal stability of PVC
samples plasticized with polyester plasticizer, the temperature
was raised from 40 °C to 600 °C at a heating rate of 10 °C min−1
Fig. 3 Preparation of PVC resin splines plasticized with plasticizer.

23664 | RSC Adv., 2024, 14, 23662–23671
to obtain the thermal weight loss curve (TG) of the plasticized
PVC samples. Then perform differential processing on the
thermogravimetric curve, and nally obtain the differential
thermogravimetric curve (DTG).

2.3.4. Mechanical property testing of plasticized PVC resin
samples. The tensile properties and elongation at break were
tested using a universal testing machine using standard GB/T
1040.2-2006 (50 mm min−1). The mechanical data obtained
are the average of at least three test results.
3. Experimental results and
discussion
3.1. Copolyester plasticizer test results and analysis

3.1.1. Infrared spectrum and analysis of copolyester plas-
ticizer. Fig. 4 presents the FTIR spectra of PHAZ and PHMAZ-15
to PHMAZ-50. A broad absorption peak at 3500 cm-1 indicates
the presence of –OH groups at the polyester chain ends, sug-
gesting that diols were used in excess during the synthesis
process, serving as a chain terminator. Near 2930 cm−1, char-
acteristic absorption peaks of methyl and methylene groups on
the polyester chains are observed; a strong absorption peak near
1750 cm−1 indicates the intense absorption of the C]O bond;
moreover, the strong absorption peak at 1170 cm−1 is a typical
feature of C–O–C bond stretching vibrations in esters, further
conrming the presence of ester groups. Based on these spec-
tral data, we can preliminarily conclude that the synthesis of
PHMAZ copolyesters was successful.

3.1.2. Nuclear magnetic hydrogen spectra and analysis of
plasticizers. In the H NMR spectra (Fig. 6) of the PHAZ and the
PHMAZ-15 to PHMAZ-50 series, we observed six distinct
hydrogen characteristic peaks corresponding to the hydrogen
atoms in positions a, b, c, d, e, and f within the two repeating
units A and B as depicted in Fig. 5. Specically, the peak in the
chemical shi range of 2.25 to 2.40 ppm corresponds to the
hydrogen atom at position a in repeating unit A; the peak in the
range of 1.26 to 1.68 ppm is attributed to the hydrogen atom at
position b; the peaks within the range of 3.95 to 4.13 ppm
correspond to the two hydrogen atoms at position c in unit A;
the peak from 2.10 to 2.23 ppm indicates the hydrogen at
position d; the peak ranging from 0.88 to 0.90 ppm identies
Fig. 4 FTIR spectra of PHAZ and PHMAZ.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Two structural units of PHMAZ copolyester.

Fig. 6 HNMR spectra of PHAZ and PHMAZ.
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the hydrogen at position e; and the peaks from 4.03 to 4.13 ppm
reveal the two hydrogen atoms at position f in unit A. The
successful detection of these characteristic peaks not only
conrms the synthesis of the described copolyester plasticizers
but also clearly delineates the structural features within the
various repeating units.

In addition, in the process of melt condensation polymeri-
zation to form copolyester, due to the difference in boiling point
of raw material acid and alcohol, the degree of volatilization of
acid and alcohol with nitrogen is different. Therefore, it is
necessary to conduct a detailed study on the molecular chain
structure of PHMAZ copolyester with different proportions
through NMR spectroscopy to obtain MPO The relationship
between the feeding ratio of HDO and the copolymerization
ratio in the molecular structure determines whether the
synthesized sample meets the experimental needs. In the two
repeating structural units A and B, the number of H at the c
position in each A repeating structural unit is equal to the
number of H at the f position in each B repeating structural
unit. Therefore, the H at the c position and the H at the f
position The ratio of the number is the ratio of the relative
integrated areas of the corresponding peaks, that is, the ratio of
the two copolymerized repeating structural units A and B.

In the HNMR analysis results of the PHMAZ-15 sample, the c
and f peaks were integrated using MestReNova soware. The
integration area of the c peak was compared with that of the f
peak (if the integration area includes decimals, it is rounded
off). From this comparison, the ratio of the two copolymer
repeating units, A and B, was calculated to be 1 : 9, leading to
the determination that the molar ratio of repeating unit A to the
total repeating units is 1 : 10. Similarly, this method can be used
to calculate the ratios of other copolymer repeating units within
the copolymer. Detailed calculation results are provided in
Table 1.
Table 1 Comparison of copolyester feed ratio and copolymerization un

Sample PHAZ PHMAZ-15 PHMAZ-20 PHM

Feed ratio [MPO/(MPO + HDO)]/%
(mole fraction)

0 15 20 25

Copolymer structural unit ratio
[A/(A + B)]/% (mole fraction)

0 10.00 16.67 20.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
Table 1 displays the ratios of copolyester raw materials to
repeating units for different samples. It is observed that as the
amount of MPO increases, the proportion of Type A repeating
units also rises correspondingly, indicating that the reaction is
proceeding normally. However, it is also evident from the table
that the proportion of Type A repeating units consistently
remains lower than the addition ratio of MPO. This suggests
that in the esterication reaction with nonanedioic acid, MPO is
less readily involved compared to 1,6-hexanediol. This
phenomenon is also reected in the preparation process of
copolyester plasticizers, where an increase in MPO leads to
a corresponding prolongation of the reaction time.

3.1.3. Test analysis of molecular weight and distribution
results of copolyester plasticizer. Fig. 7 shows the molecular
weight and its distribution results for the synthesized polyester
plasticizer samples, which demonstrated that the number
average molecular weight of all samples remained below 3000
and exhibited an increasing then decreasing trend. This
phenomenon can be attributed to the incremental addition of
MPO in the plasticizer, where the increasing presence of methyl
groups leads to a weakening of intermolecular forces. Being
non-polar, methyl groups reduce the polar interactions between
molecules, thereby decreasing the degree of polymerization and
resulting in a reduction in molecular weight. Low molecular
weight polyester plasticizers more easily intercalate into PVC
molecular chains, weakening the interactions between large
PVC molecular chains while providing effective lubrication and
increasing the mobility of the PVC chains. Consequently, this
results in improved plasticizing effects and higher plasticizing
it ratio

AZ-25 PHMAZ-30 PHMAZ-35 PHMAZ-40 PHMAZ-45 PHMAZ-50

30 35 40 45 50

0 25.05 27.03 30.58 34.72 39.68

RSC Adv., 2024, 14, 23662–23671 | 23665
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Fig. 7 Molecular weight and molecular weight distribution index
graph of polyester plasticizers. Fig. 9 DTG curves of PHAZ and PHMAZ.
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efficiency. In contrast, high molecular weight polyester plasti-
cizers struggle to intercalate into PVC molecular chains and fail
to provide signicant lubrication, hence exhibiting lower plas-
ticizing efficiency. A possible explanation for the increased
molecular weight in PHMAZ-50 could be that the increase in
methyl groups facilitates mild crosslinking reactions among
molecules, forming intermolecular bridges (crosslinking) that
subsequently increase the overall molecular weight. As per the
data from Fig. 7, the dispersity index of the plasticizer is less
than 2, indicating a relatively narrow and uniform molecular
weight distribution.

3.1.4. Thermogravimetric test results and analysis of
copolyester plasticizer. In order to further investigate the
thermal performance of the PHMAZ series copolyester plasti-
cizers, this study detailed the analysis of the TG and DTG curves
for both PHAZ and PHMAZ series polyester copolyester plasti-
cizers (Fig. 8 and 9). The graphs demonstrate that all samples
show good thermal stability before reaching 300 °C, with their
mass remaining relatively stable. Analyzing the data from Fig. 8,
a signicant peak in mass loss was noted between 300 °C and
400 °C, marking the main phase of thermal decomposition for
these materials. As the temperature advances beyond 400 °C,
the mass loss of the samples tends to halt and stabilizes, indi-
cating that the residual mass remains steady. It is noteworthy
Fig. 8 TG curves of PHAZ and PHMAZ.

23666 | RSC Adv., 2024, 14, 23662–23671
that both PHAZ and PHMAZ series display highly similar
performance on the TG and DTG curves, suggesting that the
introduction of MPO and its concentration variations exert
a limited inuence on the materials' thermal stability.

Based on the curves in Fig. 8 and 9, the thermal performance
data of the copolyester plasticized PVC system are presented in
Table 2, where Tonset is the degradation temperature at which
the sample degrades by 5 wt%, Tmax is the temperature corre-
sponding to the maximum rate of thermal degradation, and
W600°C is the percentage of the residual mass of the sample at
600 °C. The data in the table show that the Tonset, Tmax, and
W600°C of PHMAZ copolyester vary minimally with the increase
in the content of the MPO.

In conclusion, this indicates that the addition of MPO and its
concentration variations have limited impact on the thermal
stability of the PHMAZ series copolyester plasticizers, which
exhibit good thermal stability and thermal decomposition
performance.
3.2. Plasticized PVC resin sample test results and analysis

3.2.1. DSC test results and analysis of plasticized PVC resin
samples. Fig. 10 shows the DSC thermograms of PVC samples
plasticized with PHAZ and the PHMAZ-15 to PHMAZ-50 series.
The glass transition temperatures of PVC samples treated with
the PHMAZ series plasticizers are roughly −35 °C, signicantly
lower than those plasticized with PHAZ. This observation
suggests that the addition of MPO decreases the glass transition
temperature of the plasticized PVC samples. In conjunction
with the measured molecular weights of the plasticizers,
depicted in Fig. 8, the incorporation of MPO leads to a reduction
in both the molecular weight of the plasticizers and their glass
transition temperatures. This is because plasticizer molecules
with lower molecular weights have a greater free volume, which
allows the ends of the molecular chains to move more freely,
resulting in a lower glass transition temperature. Conversely,
higher molecular weight plasticizers increase molecular
entanglement, which hinders the movement of the molecular
chains, thus leading to a higher glass transition temperature.

3.2.2. Thermogravimetric test results and analysis of plas-
ticized PVC resin samples. Fig. 12 and 13 show the TG and DTG
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 DSC curves of PHAZ and PHMAZ plasticized PVC samples.

Fig. 11 DSC curve of PHMAZ-45 plasticized PVC sample.

Fig. 12 TG curves of PVC samples plasticized by PHAZ and PHMAZ.

Fig. 13 DTG curves of PVC samples plasticized by PHAZ and PHMAZ.

Table 2 TGA data of copolyester plasticizers

PHAZ PHMAZ-15 PHMAZ-20 PHMAZ-25 PHMAZ-30 PHMAZ-35 PHMAZ-40 PHMAZ-45 PHMAZ-50

Tonset/°C 310.0 299.3 298.3 315.8 298.3 322.7 295.2 341.1 317.6
Tmax/°C 424.1 423.6 421.0 424.8 420.0 412.1 411.3 418.1 418.0
W600°C/% 0.7 1.1 0.9 0. 48 1.6 0.6 0.48 0.5 0.6
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curves for PVC samples labeled PHAZ, and PHMAZ-15 to
PHMAZ-50, across a temperature range from 0 °C to 600 °C. The
graphs reveal that all samples maintain a relatively stable mass
© 2024 The Author(s). Published by the Royal Society of Chemistry
until about 250 °C with no signicant weight loss observed. This
phase of stability indicates that these materials might exhibit
stable performance at normal operating temperatures.
However, as the temperature continues to rise from 250 °C to
500 °C, the mass of all samples declines rapidly, with two
distinct peaks visible between 250 °C and 500 °C in Fig. 11,
representing the decomposition of PVC and the plasticizer
respectively. This thermal behavior suggests that the materials
begin to lose their structural integrity, which requires careful
temperature monitoring in practical applications. Above 500 °C,
the mass of all samples approaches stability. The TG and DTG
curves of both the PHAZ and PHMAZ series show highly similar
behaviors, indicating that the addition of MPO does not affect
the thermal performance of the plasticized PVC.

According to the curves from Fig. 12 and 13, the thermal
performance data for the polyester-plasticized PVC system is as
presented in Table 3, which includes Tonset (the temperature at
which 5 wt% of the sample has degraded), Tmax (the tempera-
ture corresponding to the maximum rate of thermal degrada-
tion), and W600°C (the percentage of the sample's residual mass
at 600 °C). The data show minor variations in Tonset, Tmax, and
W600°C with increasing content of the modifying third monomer
MPO.

In summary, this indicates that the addition of MPO and
variations in its content have a limited impact on the thermal
stability of the PVC plasticized with the PHMAZ series copo-
lyester plasticizers.

3.2.3. Test results and analysis of mechanical properties of
plasticized PVC resin samples. Fig. 14 shows the tensile
strength and elongation at break data for PVC samples treated
with PHAZ and PHMAZ-15 to PHMAZ-50 plasticizers, as tested
using a universal testing machine. The data reveals that the
elongation at break exhibits an initial increase followed by
RSC Adv., 2024, 14, 23662–23671 | 23667
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Table 3 TGA data of plasticizer PVC samples

PHAZ PHMAZ-15/PVC PHMAZ-20/PVC PHMAZ-25/PVC PHMAZ-30/PVC PHMAZ-35/PVC PHMAZ-40/PVC PHMAZ-45/PVC PHMAZ-50/PVC

T10%/°C 277.2 279.8 280.1 280.2 280.8 267.3 268.3 269.1 270.1
T50%/°C 340.2 339.2 344.7 333.4 339.1 308.1 310.3 310.3 312.4
W600°C/% 10.1 9.1 11.9 9.1 11.2 9.5 9.1 10.1 9.0

Fig. 14 Mechanical properties graph of PVC samples plasticized with
PHAZ and PHMAZ.
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a decrease with rising MPO content, with PHMAZ-45/PVC
achieving the highest average elongation at break of 908.4%.
This indicates that the plasticizing effect improves and then
diminishes as the ratio of MPO containing methyl groups
increases, with the optimal plasticizing performance observed
in PHMAZ-45. This phenomenon could be due to the non-polar
methyl functional groups in the MPO side chains enhancing the
volumetric effect of the plasticizer, thereby improving the
plasticizing effect. However, when the methyl content becomes
excessive, the exible segments in the polyester chain are
signicantly reduced, and the polarity of the low molecular
weight polyester increases, consequently reducing the plasti-
cizing effect.

The mechanical property values are summarized in Table 4.
The tensile properties can directly explain the exibility of the
plasticized PVC splines, while the elongation at break can
directly reect the plasticizing effect of the plasticizer of the
plasticized PVC splines. There are generally two methods for
Table 4 Mechanical property date of plasticizers

Stress/MPa Strain/% ED3m/%

PHAZ/PVC 17.4 337.9 94.6
PHMAZ-15/PVC 15.2 473.7 132.7
PHMAZ-20/PVC 16.4 572.6 160.4
PHMAZ-25/PVC 18.2 676.9 189.6
PHMAZ-30/PVC 16.6 798.0 223.5
PHMAZ-35/PVC 13.4 877.6 245.8
PHMAZ-40/PVC 13 905.8 253.7
PHMAZ-45/PVC 13.5 908.4 254.4
PHMAZ-50/PVC 12.28 784.7 219.8

23668 | RSC Adv., 2024, 14, 23662–23671
calculating plasticization efficiency. One is based on the elon-
gation at break. The other is based on the glass transition
temperature. Since it is difficult to measure the glass transition
temperature of plasticized PVC samples, this experiment uses
the elongation at break to achieve plasticizing efficiency.
Calculate that on the premise that the elongation at break of
pure PVC is 0, the ratio of the elongation at break of PVC
plasticized by polyester plasticizer to the elongation at break of
DOP plasticized PVC is the elongation of polyester plasticizer.
Plastic efficiency, the calculation formula is as follows:

ED3m ¼ ED3m;poly

ED3m;DOP

� 100%

Among them, is the plasticizing efficiency, is the elongation
at break of PVC aer plasticizing with polyester plasticizer, is
the elongation at break of PVC aer plasticizing with DOP
(calculated based on the elongation at break of DOP/PVC
sample of 357%).

Table 4 presents the mechanical performance data of PVC
samples treated with different plasticizers, including tensile
strength, elongation at break, and plasticization efficiency. The
data reveal that variations in MPO content within the PHMAZ
series of plasticizers signicantly affect the plasticizing effect on
PVC samples. Notably, the PVC samples plasticized with
PHMAZ-45 exhibit an elongation at break as high as 908.4% and
a plasticization efficiency reaching 254.5%, demonstrating the
most effective plasticization performance.

4. Conclusions

In the esterication reaction of nonanedioic acid, MPO is more
difficult to participate compared to 1,6-hexanediol. This is re-
ected in the preparation of copolyester plasticizers, where the
product content of the MPO esterication reaction with non-
anedioic acid remains consistently lower than the amount of
MPO added, and the reaction time extends as the MPO content
increases.

As the content of MPO in the PHMAZ series of copolyester
plasticizers increases, their molecular weight decreases, making
these plasticizers more easily insertable into the PVC molecular
chains. This change reduces intermolecular interactions and
enhances the mobility of the chains, thereby effectively
improving the plasticizing effect and efficiency. Conversely,
plasticizers with higher molecular weights nd it difficult to
achieve this effect. As for PHMAZ-50, its increased molecular
weight may be due to the introduction of methyl groups that
cause slight cross-linking reactions between molecules, thereby
increasing the overall molecular weight.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Both the TG and DTG curves of the PHMAZ series copolyester
plasticizers and those of the plasticized PVC samples show
a high degree of similarity, indicating that the added amount of
MPO does not signicantly affect the thermal performance or
the plasticizing effect of the copolyester plasticizers. Addition-
ally, the PHMAZ series copolyester plasticizers exhibit good
thermal stability.

Variations in MPO content within the PHMAZ series of
plasticizers signicantly affect the plasticizing effect on PVC
samples. Notably, the PVC samples plasticized with PHMAZ-45
exhibit an elongation at break as high as 908.4% and a plasti-
cization efficiency reaching 254.5%, demonstrating the most
effective plasticization performance.

In conclusion, the synthesized copolyester plasticizer
PHMAZ offers signicant advantages such as simplicity of
synthesis and controllable processes. It effectively lowers the
glass transition temperature of plasticized PVC materials and
enhances the mechanical properties of PVC, providing excellent
plasticizing effects. Among them, PHMAZ-45 shows the best
plasticizing effects; its elongation at break increased by more
than double compared to the DOP/PVC sample, which had an
elongation at break of 357%. Therefore, PHMAZ copolyester
plasticizers hold the potential to replace DOP in the plastici-
zation of PVC materials, leading to industrial applications.
Data availability

The raw/processed data required to reproduce these ndings
cannot be shared at this time as the data also form part of an
ongoing study.
Author contributions

Conceptualization: Liyan Wang and Hong Chen; writing –

original dra: Wanjing Zhang and Liying Guo; writing – review
& editing: Yaoyao Bai and Xin Qiao.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (22278271), Liaoning Shengda Environ-
mental Resources Group Co., Ltd.
References

1 D. Garcia, R. Balart, J. E. Crespo and J. Lopez, Mechanical
properties of recycled PVC blends with styrenic polymers, J.
Appl. Polym. Sci., 2006, 101(4), 2464–2471.

2 N. Yarahmadi, I. Jakubowicz and L. Martinsson, PVC
oorings as post-consumer products for mechanical
recycling and energy recovery, Polym. Degrad. Stab., 2003,
79(3), 439–448.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3 D. Braun, PVC—origin, growth, and future, J. Vinyl Addit.
Technol., 2001, 7(4), 168–176.

4 G. Matuschek, N. Milanov and A. Kettrup, Thermoanalytical
investigations for the recycling of PVC, Thermochim. Acta,
2000, 361(1–2), 77–84.

5 N. Sombatsompop and S. Thongsang, Rheology,
morphology, and mechanical and thermal properties of
recycled PVC pipes, J. Appl. Polym. Sci., 2001, 82(10), 2478–
2486.

6 M. J. Slapak, J. M. van Kasteren and B. A. Drinkenburg,
Hydrothermal recycling of PVC in a bubbling uidized bed
reactor: the inuence of bed material and temperature,
Polym. Adv. Technol., 1999, 10(10), 596–602.

7 D. Braun, Recycling of PVC, Prog. Polym. Sci., 2002, 27(10),
2171–2195.

8 S. Nakamura, K. Nakajima, Y. Yoshizawa,
K. Matsubae-Yokoyama and T. Nagasaka, Analyzing
polyvinyl chloride in Japan with the waste input− output
material ow analysis model, J. Ind. Ecol., 2009, 13(5), 706–
717.

9 Z. Xiaodan, Y. Xu and X. Shiai, Preparation and application
in PVC of novel organic/inorganic composite UV absorber,
J. Funct. Polym., 2019, 32(3), 398–404.

10 N. Ranjan, Chitosan with PVC polymer for biomedical
applications: a bibliometric analysis, Mater. Today: Proc.,
2023, 81, 894–898.

11 J. Li, S.-H. Jin, G.-C. Lan, Z.-S. Xu, L.-T. Wang, N. Wang, et al.,
Research on the glass transition temperature and
mechanical properties of poly (vinyl chloride)/dioctyl
phthalate (PVC/DOP) blends by molecular dynamics
simulations, Chin. J. Polym. Sci., 2019, 37, 834–840.

12 C. Xue, H. Nan, Y. Lu, H. Chen, C. Zhao and S. Xu, Effects of
inorganic-organic surface modication on the mechanical
and thermal properties of poly (vinyl chloride) composites
reinforced with y-ash, Polym. Compos., 2021, 42(4), 1867–
1877.

13 O. K. Gohatre, M. Biswal, S. Mohanty and S. K. Nayak, Study
on thermal, mechanical and morphological properties of
recycled poly (vinyl chloride)/y ash composites, Polym.
Int., 2020, 69(6), 552–563.

14 F. P. La Mantia, Recycling of PVC and Mixed Plastic Waste,
ChemTec Publishing, 1996.

15 S. Moulay, Chemical modication of poly (vinyl chloride)—
Still on the run, Prog. Polym. Sci., 2010, 35(3), 303–331.

16 Y. Ma, S. Liao, Q. Li, Q. Guan, P. Jia and Y. Zhou, Physical
and chemical modications of poly (vinyl chloride)
materials to prevent plasticizer migration-Still on the run,
React. Funct. Polym., 2020, 147, 104458.

17 C. Wang, Y. Han, W. Wang, J. Liu, N. Wang and B. Hou,
Polyvinyl chloride/epoxy double layer powder coating
enhances coating adhesion and anticorrosion protection of
substrate, Prog. Org. Coat., 2021, 158, 106335.

18 D. Garcia, R. Balart, L. Sanchez and J. Lopez, Compatibility
of recycled PVC/ABS blends. Effect of previous degradation,
Polym. Eng. Sci., 2007, 47(6), 789–796.
RSC Adv., 2024, 14, 23662–23671 | 23669

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03174a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
26

 1
:3

7:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 F. Burat, A. Güney and M. O. Kangal, Selective separation of
virgin and post-consumer polymers (PET and PVC) by
otation method, Waste Manage., 2009, 29(6), 1807–1813.

20 F. Chiellini, M. Ferri, A. Morelli, L. Dipaola and G. Latini,
Perspectives on alternatives to phthalate plasticized poly
(vinyl chloride) in medical devices applications, Prog.
Polym. Sci., 2013, 38(7), 1067–1088.

21 E. Linde and U. W. Gedde, Plasticizer migration from PVC
cable insulation–The challenges of extrapolation methods,
Polym. Degrad. Stab., 2014, 101, 24–31.

22 M. C. Fernandes, V. A. Pereira, A. C. Fonseca, A. Ramalho,
J. F. Coelho, R. Barros, et al., Synthesis and
characterization of biobased polyester PVC plasticizers to
industrial manufacturing of tubes, J. Appl. Polym. Sci.,
2021, 138(37), 50941.

23 B. Shah and V. Shertukde, Effect of plasticizers on
mechanical, electrical, permanence, and thermal
properties of poly (vinyl chloride), J. Appl. Polym. Sci., 2003,
90(12), 3278–3284.

24 A. Hamid, M. Khan, F. Hussain, A. Zada, T. Li, D. Alei, et al.,
Synthesis and physiochemical performances of PVC-sodium
polyacrylate and PVC-sodium polyacrylate-graphite
composite polymer membrane, Z. Phys. Chem., 2021,
235(12), 1791–1810.

25 X. Zhang, Z. Mao and J. Zhang, Signicant improvement of
the low-temperature toughness of PVC/ASA/NBR ternary
blends through the concept of mismatched thermal
expansion coefficient, J. Polym. Eng., 2019, 39(10), 902–908.

26 K. Gaurav, R. Singh, B. K. Tiwari and R. Srivastava, Novel
proton exchange membranes based on PVC for microbial
fuel cells (MFCs), J. Polym. Eng., 2019, 39(4), 360–367.

27 M. Singh, D. Somvanshi, R. K. Singh, A. K. Mahanta, P. Maiti,
N. Misra, et al., Functionalized polyvinyl chloride/layered
double hydroxide nanocomposites and its thermal and
mechanical properties, J. Appl. Polym. Sci., 2020, 137(27),
48894.

28 X. Wang, M. Song, S. Liu, S. Wu and A. M. Thu, Analysis of
phthalate plasticizer migration from PVDC packaging
materials to food simulants using molecular dynamics
simulations and articial neural network, Food Chem.,
2020, 317, 126465.

29 A. Descat, M. Lecoeur, M. Kouach, L. Goossens, T. Aurélie.,
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