
Arabian Journal of Chemistry (2022) 15, 104331
King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com
RESEARCH ARTICLE
Branched plasticizers derived from eugenol via

green polymerization for low/non-migration and

externally/internally plasticized polyvinyl chloride

materials
* Corresponding author.

E-mail address: jiapuyou@icifp.cn (P. Jia).
1 These authors contributed equally to this work.

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104331
1878-5352 � 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Yun Hu a,1, Jing Zhou c,1, Yufeng Ma b, Yu Bei b,d, Feilong Hu e, Zhimin Kou a,b,

Yonghong Zhou
a,d
, Puyou Jia

a,*
a Institute of Chemical Industry of Forest Products, Chinese Academy of Forestry (CAF), Jiangsu Key Lab of Biomass Energy
and Materials, Jiangsu Province, 16 Suojin North Road, Nanjing 210042, China
bCollege of Materials Science and Engineering, Co-Innovation Center of Efficient Processing and Utilization of Forest

Resources, Nanjing Forestry University, 159 Longpan Road, Nanjing 210037, China
cWeifang Vocational College, School of Chemical Engineering, 06588 Haian Road, Weifang 262737, Shandong, China
dCollege of Chemical Engineering, Nanjing Forestry University, Nanjing 210037, China
eKey Laboratory of Chemistry and Engineering of Forest Products, State Ethnic Affairs Commission, Guangxi Key Laboratory

of Chemistry and Engineering of Forest Products, Guangxi Minzu University, Nanning 530006, China
Received 6 June 2022; accepted 3 October 2022
Available online 10 October 2022
KEYWORDS

Waste residues of the rosin

processing industry;

Eugenol;

Sustainable plasticizer;

Green polymerization
Abstract The synthesis of nontoxic plasticizers derived from the waste residues of the rosin-

processing industry can reduce pollution and promote the high-value utilization of the waste resi-

dues of rosin. In this study, four kinds of sustainable branched plasticizers derived from a biomass

resource, eugenol (derived from the waste residues of the rosin processing industry), were synthe-

sized via one-pot solvent free polymerization and used to plasticize polyvinyl chloride (PVC). Inter-

nally plasticized PVC was fabricated using thiolated DPE (branched plasticizers based on eugenol).

The thermal stability, tensile properties, microstructure, volatility behavior, and solvent extraction

resistance of plasticized PVC were investigated. Compared with the behavior of the commercial

plasticizer dioctyl phthalate, the thermal stability, plasticizing efficiency, and migration resistance

of the branched plasticizers are superior. The acute oral toxicity dose of each branched plasticizer

was extremely high at 5000 mg/kg of body weight, with no deaths among test animals. Compared
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with externally plasticized PVC, the internally plasticized PVC showed zero weight loss in volatility

and leaching tests despite its less effective plasticization. All the branched plasticizers have potential

application in plastic products.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Owing to the increasing shortages in petroleum resources, the develop-

ment of environmentally friendly, efficient and migration-resistant bio-

based plasticizers have gradually become of major interest in the

plasticizer industry (Kan et al., 2020). As early as the 19th century, nat-

ural camphor balls and castor oil were used to plasticize celluloid or

celluloid paint. At the beginning of the 20th century, camphor pills

were gradually replaced by triphenyl phosphate. The application of

ester plasticizers represents an extremely important milestone in the

history of plasticizer development. By 1968, a total of 550 plasticizers

had been commercialized (Wilkes et al., 2005). However, only 60 are

actually used. In the past 10 years, the annual production of plasticiz-

ers in the world has been approximately 6.4 million tons. The produc-

tion in Europe, North America, and Asia is 1 million tons, 800,000

tons, and 3.5 million tons, respectively. The global demand for plasti-

cizers reached 13.2 million tons per year in 2018 (Ji et al., 2019). There-

fore, green new materials are needed to meet the growing demand for

nontoxic, nonmigrating, and sustainable plasticizer.

Biobased plasticizers can be derived from various agricultural

products, are sustainable and abundantly available, and have low

costs. Plant oil from soybean, flaxseed, palm, castor, and other plants

can be directly prepared or obtained through chemical modification

(Mukherjee and Ghosh, 2020; He et al., 2019; Hu et al., 2018; Xuan

et al., 2019; Sinisi et al., 2019; Zhu et al., 2021). Starch and cellulose

obtained from wheat, corn, rice, or potato can be used in preparing

various sugar derivatives (such as mannose, glucose, fructose, sorbitol,

xylitol, sorbitol, and mannitol), which are indispensable raw materials

for synthesizing sugar-based plasticizers (Antti et al., 2018). Citric acid

can be extracted from sugarcane, beet root, or lemon. It is an attractive

raw material for generating biobased plasticizers and can be used in the

synthesis of various kinds of citric acid or acetylcitrate plasticizers (Xu

and Gye, 2018). The excellent plasticization of hyperbranched oligo-

mers has been recognized, and hyperbranched oligomers derived from

the biomonomers, glycerol, and adipic acid are unusually effective

(Howell and Lazar, 2019).

Rosin is one of the most important sustainable resources in the

forest chemical industry; it is derived from pine trees and widely

used in the field of papermaking, coating, and dyeing due to its

excellent anticorrosion and insulation properties, abundance in nat-

ure, and low cost (Fu-Lan and Yan, 2011; Demircan et al., 2020;

Luo et al., 2012). However, large amounts of waste residues, such

as pine tar and black rosin, are produced during the production

of rosin-refining products, as shown in Fig. 1. Pine tar and black

rosin contain many phenolic chemicals, such as eugenol, which

can be obtained through the distillation of waste residues (Nagai

et al., 1977). Eugenol is a potential material for constructing func-

tional chemicals and polymer materials because of its low toxicity

and renewable nature (Harvey et al., 2014; Jianping et al., 2015).

It is used in the synthesis of biobased polymers, such as epoxy

resins (Wan et al., 2016); cyanate esters (Harvey et al., 2015), ben-

zoxazine (Dumas et al., 2015) and polycarbonate (Trita et al., 2017).

Herein, sustainable branched plasticizers based on the distillation

product of waste residues from the rosin-processing industry (eugenol)

have been synthesized via green polymerization. Specifically, eugenol

with flexible aliphatic units and conterminous acid and hyperbranched

ester functionality has been used for generating branched plasticizers.

These materials may interact with PVC through intermolecular forces

and improve mechanical properties, particularly increasing elongation
at break and lowering tensile strength. The thermal stability, tensile

properties, microstructure, volatility behavior, and solvent extraction

resistance of PVC with these materials have been investigated.

2. Materials and methods

2.1. Materials

Eugenol, glycidol, sodium methoxide, acetic anhydride, azodi-
isobutyronitrile(AINB), chloroform, 3,6-Dioxa-1,8-

octanedithiol, ethyl acetate, trimethylolpropane tris(3-
mercaptopropionate), sodium hydroxide, magnesium sulphate,
tetrahydrofuran (THF), pentaerythritol tetra(3-
mercaptopropionate) were purchased from Shanghai Aladdin

Biochemical Technology Co., Ltd, China. PVC(KM-31) was
provided by Hanwha Chemical Corporation.

2.2. Synthesis of branched polyols based on eugenol (HPE) and
branched plasticizers based on eugenol (DPE)

Eugenol (30 g, 0.18 mol) was put in a reaction vessel filled with

nitrogen. Glycidol (53.2 g, 0.72 mmol) was dropped in the
reaction vessel by an injection pump. When all glycidol was
added in the reaction vessel in 3.5 h, the temperature was kept

at 100 �C for 3.5 h to finish the reaction. HPE was obtained for
characterization. Excess acetic anhydride was added in the
reaction vessel. The temperature was kept at 130 �C. The mix-
ture was stirrred for 4 h to complete the reaction. DPE were

obtained after purification. The synthesis scheme for HPE
and DPE production are shown Fig. S1.

2.3. Synthesis of dimeric (DDPE), trimeric (DTPE), and
tetrameric (DTDPE) branched plasticizer based on eugenol

DPE (10 g, 14.2 mmol), 3,6-dioxa-1,8-octanedithiol (1.30 g,

7.1 mmol) and AIBN (0.1 g) were dissolved in THF. The mix-
ture was added in a reaction vessel filled with nitrogen. Then,
the reaction was kept at 65 �C for night. The product was

diluted with dichloromethane and washed with DI water.
The organic filtrate was removing to obtain DDPE. DTPE
and DTDPE were prepared using the similar reaction process.
When the thiol intermediates were trimethylolpropane tris(3-

mercaptopropionate) and pentaerythritol tetra(3-
mercaptopropionate), the mole ratios of DPE and thiol inter-
mediates were 3:1 and 4:1, respectively, the mass of AIBN was

1 wt% of DPE, and the obtained products were DTPE and
DTDPE. The synthetic scheme is shown in Fig. S1.

2.4. Synthesis of thiolated DPE(DPE-SH) and DPE sodium
mercaptan (DPE-SNa)

DPE (10 g, 14.2 mmol), 3,6-dioxa-1,8-octanedithiol (2.58 g,
14.2 mmol), and AIBN (0.1 g) were dissolved in THF. The

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Synthesis scheme route of eugenol using the rosin residue.
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mixture was equipped in a reaction vessel filled with nitrogen.
The temperature was kept at 65 �C. The reaction was finished
after stirring for night. The products were diluted in dichloro-

methane and washed with brine solution. The filtrate from
organic layer was distilled to obtain DPE-SH. DPE-SH and
sodium methoxide in a mole ratio of 1:1 was dissolved in

methanol under nitrogen atmosphere. The mixture was stirred
at 60 �C for 12 h. Then, we removed methanol through distil-
lation at reduced pressure for the production of crude product.
DPE-SNa was obtained after washing with petroleum ether,

filtration, and drying for the removal of petroleum ether.
The synthetic route is shown in Fig. S2.

2.5. Synthesis of internally plasticized PVC

PVC (1 g, 0.012 mmol) and DPE-SNa (0.4 g, 0.441 mmol) were
mixed together using THF as slovent under nitrogen atmo-

sphere. The mixture was kept stirring at 60 �C for night. The
internally plasticized PVC was obtained after precipitation in
methanol and water (v/v = 1:1) and dried in an oven at

50 �C for 36 h. The internally plasticized PVC was named as
PVC-40 wt% DPE-SNa. When the mass of DPE-SNa was
0.8 g, the obtained internally plasticized PVC was named as
PVC-80 wt% DPE-SNa.

2.6. Preparation of plasticized PVC films

PVC and DDPE was dissolved in THF to obtain transpar-

ent solution. The mass ratio of PVC and DDPE is 5:2.
Then, the solution was poured in a glass-surface vessel.
PVC films were prepared after removing THF. Plasticized
PVC with DPE, DDPE, DTDPE, and DTPE were labeled

as PVC 40 wt% DPE, PVC 40 wt% DDPE, PVC 40 wt%
DTPE, and PVC 40 wt% DTDPE, respectively. Internally
plasticized PVC films were prepared without adding any

plasticizer according to similar process.

2.7. Characterization

Acute oral toxicity test, Fourier transform infrared (FT-IR)
spectroscopy, 1H nuclear magnetic resonance (1H NMR),
thermogravimetric analysis (TGA), differential scanning
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calorimetry, tensile tests, surface morphology, and atomic
force microscopy(AFM) were performed, migration resis-
tance were investigated. The methods are provided in Sup-

porting Information.
3. Results and discussion

3.1. The structure of plasticizers

DPE was prepared through one-pot solvent-free reaction
derived from eugenol, as shown in Fig. S1. HPE was the inter-
mediate product during the reaction, the feed ratio of glycidol

to eugenol was adjusted to 4:1, and DPE was synthesized from
HPE and acetic anhydride. Eugenol and the intermediate
products HPE and DPE were characterized in Fig. 2. As

shown in Fig. 2(a), the peak at 3532 cm�1 in the FT-IR spec-
trum of eugenol was attributed to AOH. The peak at
1601 cm�1 was assigned to C‚C. Compared with eugenol,
the absorption peak (AOH) at 3377 cm�1 was stronger than

eugenol, indicating that more AOH was chemically linked to
alkane chain of HPE. No peak was detected at approximately
3377 cm�1 in the FT-IR spectrum of DPE, and a strong infra-

red absorption peak appeared at 1735 cm�1 attributing to
C‚O. The results illustrated the esterification was completed,
Fig. 2 (a) FT-IR spectra of eugenol, HEP and DPE (b) FT-IR spectr

SH and DPE-SNa (d) FT-IR spectra of PVC 40 wt% DPE-SNa and
and DPE was obtained. HPE and DPE were investigated
through 1H NMR, as shown in Fig. 3(a). The peaks at 6.50–
6.75 ppm were assigned to the protons of benzene ring from

eugenol, and the peak at 5.78 ppm was attributed to the pro-
tons of ACH‚CHA (Silva et al., 2018; Teixeira et al., 2018;
Faye et al., 2017; Hu et al., 2017). New peaks appeared at

3.81–4.12 ppm, which were attributed to the protons of the
methyl groups of HPE, which connected to the ether bond in
glycidol. The new peak at approximately 3.4 ppm was assigned

to the protons of methylene groups linked to hydroxyl group,
indicating that more AOH appeared on the main chains of
HPE (Song et al., 2020; Ma et al., 2020; Won et al., 2018;
Huang et al., 2018). 1H NMR of DPE was similar to that of

HPE, but a new and strong peak appeared at 0.9 ppm, which
corresponded to the protons of methyl groups, indicating that
the esterification was completed.

DDPE, DTPE, and DTDPE were synthesized through
thiol-ene click reaction. The infrared characteristic absorption
peaks of olefins were observed at 1610 cm�1 in the FT-IR spec-

trum of DPE, as shown in Fig. 2(a), but no peak was detected
at 1610 cm�1 in the FT-IR spectra of DDPE, DTDPE, and
DTPE (Fig. 2(b)). The strong characteristic absorption peak

of the carbonyl group at 1733 cm�1 indicated that the thiol-
ene click reaction was completed. The peak at 5.78 ppm in
the 1H NMR spectrum of DPE was attributed to the protons
a of DDPE, DTPE and DTDPE (c) FT-IR spectra of DEP, DPE-

FT-IR spectra of PVC 80 wt% DPE-SNa.
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of ACH‚CHA, as seen from Fig. 3(b), but no peak at
5.78 ppm was detected in the 1H NMR spectra of DDPE,
DTPE, and DTDPE (Song et al., 2020; Ma et al., 2020; Won

et al., 2018; Huang et al., 2018). In addition, new peaks
appeared at 2.65 ppm, which were attributed to the protons
of ACH2A derived from thiol segment. The results showed

that DDPE, DTPE, and DTDPE were obtained.
DPE-SH was synthesized through thiol-ene click reaction.

Fig. 2(c) shows the FT-IR spectra of DPE, DPE-SH, and

DPE-SNa. The infrared characteristic absorption peak of
ACH‚CHA was observed at 1610 cm�1 in the FT-IR spec-
trum of DPE, but no peak was detected in the FT-IR spectrum
of DPE-SH. The peak at 5.78 ppm in the 1H NMR spectrum

of DPE was attributed to the protons of ACH‚CHA, as
shown in Fig. 3(c). However, no peak was detected at
5.78 ppm in the 1H NMR spectrum of DPE-SH. The results

showed that thiol-ene click reaction was completed (Song
et al., 2020; Ma et al., 2020; Won et al., 2018; Huang et al.,
2018). The FT-IR spectrum of DPE-SNa showed a new peak

at 3362 cm�1, compared with that of DPE-SH. The peak
was attributed to –SNa. The 1H NMR spectrum of DPE-SH
was similar to that of DPE-SNa.
Fig. 3 (a) 1H NMR spectra of eugenol, HEP and DPE (b) 1H NMR s

DPE-SH and DPE-SNa (d) 1H NMR spectra of PVC, PVC 40 wt% D
The internally plasticized PVC (PVC 40 wt% DPE-SNa
and PVC 80 wt% DPE-SNa) were investigated and compared
with PVC. The results are shown in Fig. 2(d) and Fig. 3(d), the

peaks at 1733 cm�1 and 1513 cm�1 in the FT-IR spectra of
PVC 40 wt% DPE-SNa and PVC 80 wt% DPE-SNa corre-
sponded to C‚O and benzene ring derived from DPE-SNa,

respectively. New peaks appeared at 6.6–6.7 ppm in the 1H
NMR spectra of PVC 40 wt% DPE-SNa and PVC 80 wt%
DPE-SNa, corresponding to the protons of C6H3 derived from

DPE-SNa. All the results showed that PVC 40 wt% DPE-SNa
and PVC 80 wt% DPE-SNa were successfully synthesized.

3.2. The thermal stability of plasticizers

The thermal degradation processes of DPE, DDPE,DTPE, and
DTDPE were investigated through TGA. As shown in Fig. 4(a)
and (b), DPE had the worst thermal stability at approximately

40–400 �C. As the number ester groups covalently linked to
DDPE, DTPE, and DTDPE as terminal groups, thermal stabil-
ity improved, that is, ester group was positively correlated with

thermal stability at 40–400 �C. DPE, DDPE, DTPE, and
pectra of DDPE, DTPE and DTDPE (c) 1H NMR spectra of DEP,

PE-SNa and PVC 80 wt% DPE-SNa.



Fig. 4 (a) TGA curves of DPE, DDPE, DTPE and DTDPE.(b) DTG curves of DPE, DDPE, DTPE and DTDPE.
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DTDPE showed better thermal stability than DOP (Ma et al.,
2020). The results can be used as references for the design and

synthesis of heat-resistant plasticizers.

3.3. The thermal stability of plasticized PVC

Thermal stability of plasticized PVC with DPE, DDPE,
DTPE, or DTDPE was investigated through TGA. Fig. 5(a)
and (b) show the thermal degradation curves of PVC and plas-

ticized PVC. The degraded temperatures of plasticized PVC
were higher than the control PVC sample, indicating that
DPE, DDPE, DTPE, and DTDPE improved the thermal sta-
bility of plasticized PVC. The possible reason was the presence

of a large number of ester groups with high heat resistance in
the structures of DPE, DDPE, DTPE, and DTDPE. In addi-
tion, as the number of ester groups covalently attached to

the chemical structure of plasticizer increased, such as DTPE,
the plasticized PVC presented higher thermal stability com-
pared with other samples. The internally plasticized PVC

(PVC 40 wt% DPE-SNa and PVC 80 wt% DPE-SNa) were
studied through TGA. As shown in Fig. 5(c) and (d), the ther-
mal stability of the internally plasticized PVC was worse than

PVC because of the thermal instability of CASAC bonds.

3.4. The toxicity of plasticizers

The toxicity ofDPE,DDPE,DTPE, andDTDPEwas studied at

5000mg/kg. There is not any death occurred among the test ani-
mals during acute oral toxicity tests, which indicated that all
branched plasticizers (DPE, DDPE, DTPE, and DTDPE) were

nontoxic plasticizers at a dose of 5000 mg/kg of body weight.

3.5. The microstructures of plasticized PVC

The microstructures of plasticized PVC and neat PVC were
investigated through metallurgical microscopy. The results
are shown in Fig. 6 and Fig. S4. As shown in Fig. S3,
the microstructure of PVC contained many agglomerates.
An interesting phenomenon was that the number of agglom-

erates was positively correlated with the relative molecular
weight of a plasticizer and the number of ester groups.
The microstructure of PVC 40 wt% DPE (Fig. 6a) showed

lower number of small agglomerates causing by the inter-
molecular interaction of carbanyl group of DPE and a-
hydrogen of PVC (Fig. S5). These interactions promoted

mutual dissolution between PVC resin and DPE partly or
completely, further causing the disappearance of the bound-
ary in the PVC matrix. However, numerous agglomerates
appeared in the microstructure of PVC 40 wt% DTPE

because of intertwined PVC chains, which was generated
because the interactions of carbanyl groups of DTPE and
a-H of the PVC was weaker than the same interactions in

DPE (Suresh et al., 2018). These weak interactions promoted
mutual dissolution between the PVC resin and DTPE partly
or completely, which caused the intertwining of PVC chains.

In the internally plasticized PVC (PVC 40 wt% DPE-SNa
and PVC 80 wt% DPE-SNa), the microstructure of the
materials showed many cracks and agglomerates owing to
the intertwining of internal PVC chains. DPE units were

chemically attached to PVC chains, and thus the mutual dis-
solution between PVC resin and DPE units was inhibited.

Mode of plasticization was investigated according to 2D

and 3D AFM of PVC films. The results are shown in Fig. 7.
The roughness factor (Rq) of 2D AFM of PVC 40 wt%
DPE were 6.781. The average surface roughness (Ra) value

was 9.147 nm. These data were lower than the values in PVC
40 wt% DTPE (Ra = 11.290; Rq = 13.108) and PVC 80 wt
% DPE-SNa (Ra = 21.321; Rq = 24.110), indicating that

the surface of PVC 80 wt% DPE-SNa was rough. The 3D
AFM of PVC 40 wt% DPE showed less peaks than other sam-
ples. The phenomenon can be explained by compatibility the-
ory. The intertwining of PVC 80 wt% DPE-SNa caused an

irregular surface. PVC was more easy to dissolve in DPE than
DTPE, which caused improved surface structure and flexibility
of PVC 40 wt% DPE.



Fig. 5 (a) TGA curves of plasticized PVC with DPE, DDPT, DTPE and DTDPE (b) DTG curves of plasticized PVC with DPE, DDPT,

DTPE and DTDPE (c) TGA curves of internally plasticized PVC (d) DTG curves of internally plasticized PVC.
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3.6. Glass transition and tensile properties of plasticized PVC
compositions

Tg of PVC materials can be reduced by blending with plasti-
cizer (Najafi and Abdollahi, 2020). Tg of pure PVC is around
80 �C (Ma et al., 2020; Earla et al., 2017; Xu et al., 2004; Liu

et al., 2006). The plasticizing effect of DPE, DDPT, DTPE,
and DTDPE on PVC was evaluated according to the reduction
in Tg. Only one Tg can be found for these PVC materials

(Fig. 8[a]), which illustrated that PVC and plasticizers (DPE,
DDPT, DTPE, and DTDPE) are compatible. The Tg values
of plasticized PVC materials with DPE, DTDPE, DDPE, or

DTPE were �0.7 �C, 2.7 �C, 5.6 �C, and 15.7 �C, respectively.
The results showed that the numerous ester groups and ben-
zene rings played cooperative plasticizing effects on the PVC
matrix. The benzene ring containing a plasticizer with a low

degree of branching and low relative molecular mass exerted
an excellent plasticizing effect on the PVC. Therefore, DPE
was superior to other eugenol-based plasticizers in terms of

plasticizing efficiency. In internally plasticized PVC materials,
the Tg values of PVC 40 wt% DPE-SNa and PVC 80 wt%
DPE-SNa were 48.2 �C and 36.5 �C (Fig. 8[b]), which were

lower than the Tg value of PVC but were higher than plasti-
cized the Tg values of PVC materials with DPE, DTDPE,
DDPE, or DTPE. The results showed that internal plasticizing
efficiency was lower than the external plasticizing efficiency.

The tensile tests of PVC films are shown in Fig. 9(a) (b) and

Table S1. The tensile strength and elongation at break of neat
PVC are 32.33 MPa and 170 % (Ma et al., 2020). The flexibil-
ity of PVC 40 wt% DPE was the best. The strain and stress of

PVC 40 wt% DPE were 13.2 MPa and 318 %, respectively.
PVC 40 wt% DDPE, DTDPE, and DTPE showed gradual
decrease in flexibility. The stress and strain of PVC 40 wt%
DTPE were 24 MPa and 230 %. The results showed that

DPE had higher plasticizing efficiency than DDPE, DTDPE,
and DTPE. The tensile stress and tensile strain of internally
plasticized PVC were investigated. As shown in Fig. 9(b), the

flexibility of PVC 80 wt% DPE-SNa was higher than that of
PVC 40 wt% DPE-SNa. However, the flexibility of the inter-
nally plasticized PVC was weaker than that of externally plas-

ticized PVC.

3.7. The migration resistance of plasticized PVC

The migration resistance of PVC materials was evaluated. The
results are shown in Fig. 9(c) and (d). As shown in Fig. 9(c),
the weight loss rates of PVC 40 wt% DPE, PVC 40 wt%
DDPE, PVC 40 wt% DTDPE, and PVC 40 wt% DTPE were



Fig. 6 (a) Microstructure of PVC films plasticized with DPE (b) Microstructure of PVC films plasticized with DDPE (c) Microstructure

of PVC films plasticized with DTDPE (d) Microstructure of PVC films plasticized with DTPE (e) Microstructure of PVC 40 wt% DPE-

SNa films (f) Microstructure of PVC 80 wt% DPE-SNa films.

Fig. 7 (a) 2D AFM of PVC 40 wt% DPE (b) 2D AFM of PVC 40 wt% DTPE (c)2D AFM of PVC 80 wt% DPE-SNa (d) 3D AFM of

PVC 40 wt% DPE (e)3D AFM of PVC 40 wt% DTPE (f) 3D AFM of PVC 80 wt% DPE-SNa.
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Fig. 8 (a) DSC curves of plasticized PVC with DPE, DTDPE, DDPE and DTPE (b) DSC curves of internally plasticized PVC (c) DSC

curves of plasticized PVC with DPE, DTDPE, DDPE and DTPE.

Fig. 9 (a) Tensile strain-tensile stress of plasticized PVC with DTPE, DTDPE, DDPE and DTPE. (b) Tensile strain-tensile stress of

internally plasticized PVC (c) Volatile resistance test of PVC films. (d) Solvent extraction resistance test of PVC films.
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1.20 % ± 0.12 %, 1.10 % ± 0.18 %, 0.82 % ± 0.15 %, and

0.67 ± 0.12 lower than the safety value of 1.5 % (Tan et al.,
2019; Tan et al., 2019). The weight loss of PVC/40phr DOP
is 15 ± 1.25 (Ma et al., 2020), which illustrated that DPE,
DDPE, DTDPE, and DTPE showed better migration resis-

tance than DOP. Internally plasticized PVC materials, such
as 40 wt% DPE-SNa and PVC 80 wt% DPE-SNa, showed

zero weight loss. The solvent resistance extraction results are
showed in Fig. 9(d), the weight loss of PVC 40 wt% DPE,
PVC 40 wt% DDPE, PVC 40 wt% DTDPE, and PVC 40 wt
% DTPE were 4.41 % ± 0.15 %, 3.26 % ± 0.20 %,

1.81 % ± 0.10 %, and 1.26 % ± 0.18 %. The migration
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stability was below the limit 5.5 % (Tan et al., 2019; Tan et al.,
2019). Weight loss in PVC/40phr DOP was 27.6 % ± 3.43 %,
which was extremely high (Ma et al., 2020). The results indi-

cated that the durability of DPE, DDPE, DTDPE, and DTPE
was superior to that of DOP. In addition, internally plasticized
PVC materials, including 40 wt% DPE-SNa and PVC 80 wt%

DPE-SNa, showed zero weight loss in the leaching test, which
indicated that the migration resistance of 40 wt% DPE-SNa
and PVC 80 wt% DPE-SNa was superior to that of externally

plasticized PVC.

4. Conclusions

Chemical conversion was successfully realized in eugenol derived from

the waste residues of the rosin-processing industry to nontoxic plasti-

cizers. Four kinds of sustainable branched plasticizers (DPE, DDPE,

DTDPE, and DTPE) were synthesized based on a biomass resource,

eugenol, through green polymerization and used to plasticize PVC.

PVC modified with DPE-SNa was used to prepare internally plasti-

cized PVC. Thermal stability of plasticized PVC with DPE, DDPE,

DTDPE, or DTPE was enhanced. Thermal stability of the PVC mod-

ified with DPE-SNa was lower than that of PVC. The Tg values of

plasticized PVC materials with DPE, DTDPE, DDPE, and DTPE

were �0.7 �C, 2.7 �C, 5.6 �C, and 15.7 �C, respectively. The plasticizing
efficiency of DPE was superior to the other branched plasticizers. The

Tg values of PVC 40 wt% DPE-SNa and PVC 80 wt% DPE-SNa were

48.2 �C and 36.5 �C, which were lower than the Tg value of PVC but

were higher than the Tg values of plasticized PVC materials with DPE,

DTDPE, DDPE, or DTPE. PVC 40 wt% DPE, PVC 40 wt% DDPE,

PVC 40 wt% DTDPE, and PVC 40 wt% DTPE in the volatility and

leaching tests showed safety value. Internally plasticized PVC materi-

als, including 40 wt% DPE-SNa and PVC 80 wt% DPE-SNa, showed

zero weight loss in the leaching test. The results indicated that the

migration stability of internally plasticized PVC was higher than that

of externally plasticized PVC. All the branched plasticizers were non-

toxic plasticizers at a dose of 5000 mg/kg of body weight. All the sus-

tainable branched plasticizers have potential application for plastic

products, and the high-value utilization of the waste residues of the

rosin-processing industry has numerous benefits.
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