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ized PVC materials via covalent
attachment of aminated tung oil methyl ester

Puyou Jia,a Lihong Hu,ab Xiaohui Yang,ab Meng Zhang,*ab Qianqian Shanga

and Yonghong Zhou *a

We developed an internal plasticizer of aminated tung oil methyl ester for the production of non-migration,

phthalate-free flexible and internally plasticized poly(vinyl chloride) (PVC) materials. The chemical structure

of the synthesized aminated tung oil methyl ester and the internally plasticized PVC materials were

characterized. The obtained internally plasticized PVC materials presented a lower glass transition

temperature (Tg) and were more flexible than pure PVC. The thermal stability of internally plasticized

PVC materials was less thermally stable compared to those of pure PVC due to the active secondary

amine groups of aminated tung oil methyl ester. However, the modified PVC materials presented no

migration for self-plasticizing PVC films but 15.7% weight loss for 50 wt% of the PVC/Dioctyl phthalate

(DOP) system. It is expected that the PVC materials can be widely used in areas with high migration

resistance requirements.
1. Introduction

Polyvinyl chloride (PVC) is one of the most important produced
thermoplastic materials, which has been widely used in food
packing, toys, wire cables and medical devices.1–3 A third of PVC
in the world has been used to produce exible PVC products.
So PVC products contain a large amount of plasticizer.
Phthalate esters accounted for 70% of the global plasticizer
demand in 2014.4 However, the phthalate esters easily migrate
from the polymer matrix into the environment during pro-
cessing and use with increasing time, which decreased the
properties of the polymer products, and the potential toxicity of
phthalate esters to the human body was reported.5–8

The effective strategy to avoid the migration of plasticizers is
developing alternative plasticizers such as epoxidized vegetable
oil,9–11 polymer plasticizer,12–14 polyol ester15 and phosphate
plasticizer.16,17 These alternative plasticizers can suppress the
migration from PVC products in a certain degree, but these
small molecule plasticizers will migrate from PVC products with
increasing time. Polymer plasticizers with low plasticizing effect
cannot be used as main plasticizer. Therefore, covalent attach-
ment of plasticizer onto the PVC chains to prevent plasticizer
from migrating has been paid more attention. Internal plasti-
cizing effect makes the distance between internally plasticized
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PVC chains larger than pure PVC, and decreases interaction
force, which further promotes the PVC chain mobility. Navarro
et al.18 reported the internal plasticized method by displace-
ment of chlorine with phthalate-based thiol additives and ob-
tained good plasticized efficiency. Though the modied PVC
materials exhibited zero migration, exibility of the materials
was reduced compared with PVC/phthalate systems. Earla
et al.19,20 reported the covalent attachment of phthalate deriva-
tives onto the PVC chains via click chemistry. The obtained
internally plasticized PVC materials gave lower Tg than PVC/
diethylhexyl phthalate (DEHP) system, which indicated that
the plasticizing strategy was successful. The click chemistry
opens new gates for internally plasticized PVC materials.
Besides, a series of novel internal plasticizers such as propargyl
ether cardanol,21 propargyl ether triethyl citrate,22 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) containing
castor oil based derivative23 and hyperbranched polyglycerol24

were reported. Yang et al. synthesized a bio-based cardanol-
based plasticizer, which was covalently linked to PVC chain
using click reaction. The obtained internally plasticized PVC
materials presented lower Tg than pure PVC, excellent thermal
stability and near-zero migration comparing with PVC/DOP
blends. Lee et al. described that hyperbranched polyglycerol
was click graed on the PVC chains in the same way.24 Recently,
we developed the propargyl ether triethyl citrate and DOPO
containing castor oil based derivative for preparing internally
plasticized PVC materials, which were covalently attached on
the PVC chain, respectively. Excellent plasticizing efficiency was
obtained. However, the click chemistry strategy was usually
carried out with copper ion catalyst such as cuprous bromide,
cuprous iodide and blue copperas. These copper ion catalysts
RSC Adv., 2017, 7, 30101–30108 | 30101
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were hard to remove and limited the PVC materials further
application. The catalysts-free method was paid more attention.
Navarro et al.25,26 reported the substitution of chlorine with
trichlorotriazine-based sodium thiolates with different
aliphatic chains via one-pot procedure. Inexpensive tri-
chlorotriazine and copper ion catalyst-free was used, which
extended the application of the method in internally plasti-
cizing PVC materials. However, these PVCs were obtained via
one-pot procedure and experienced complicated reaction
process, which caused the productivity of each step hard to
calculate, or more impurities existed in these PVCs than single
reaction.

In order to obtain so and pure PVC materials without
migration, the displacement of chlorine with aminated deriva-
tives via single reaction should be give more attention, because
the strategy is similar to click reaction and one-pot procedure
but without catalyst and impurities. In recent years, the studies
of displacement of chlorine with aminated derivatives have
been investigated and used in removing heavy metal ions of
industrial wastewater, Knoevenagel condensation as catalyzer
and preparing ultraltrationmembranes.27–29 Themodied PVC
polymers with aminated castor oil was used to remove heavy
metal ions of industrial wastewater, reported by Ahamed et al.27

The displacement of chlorine with tetraethylenepentamine and
2-aminoethanol was used to prepare catalysts for the Knoeve-
nagel condensation and Heck reactions, which were reported by
Dong et al. and Huang et al.,28,29 respectively. The aminated-PVC
(PVC–NH2) coated quartz crystal microbalance (QCM) immu-
nosensor was also used to detect bacillus anthracis spores.30 In
addition, the displacement of chlorine with amidation deriva-
tives was usually to modify PVC surfaces for preparing func-
tional ultraltration membranes with improved antifouling
properties.31–33 Covalent immobilization of trypsin and chymo-
trypsin onto aminated-PVC microspheres was also descried by
Li et al.34 However, the displacement of chlorine with aminated
derivatives via single reaction for plasticizing PVC materials has
never reported.

Herein, we present a kind of aminated tung oil methyl ester
as a novel renewable and non-migration plasticizer for self-
plasticizing PVC materials. Aminated tung oil methyl ester
was synthesized via alcoholysis with methanol and
Fig. 1 Preparation of self-plasticizing PVC materials.

30102 | RSC Adv., 2017, 7, 30101–30108
ammoxidation with propylenediamine. The self-plasticizing
PVC materials were obtained from substitution reaction of
PVC with aminated tung oil methyl ester, which was used as an
internal plasticizer. The self-plasticizing PVC materials exhibi-
ted better exibility than pure PVC, and presented zero migra-
tion comparing with that of PVC/Dioctyl phthalate (DOP)
system. The internal mechanism was also discussed. Thus, we
anticipate that aminated tung oil methyl ester can be used as
a bio-based alternative plasticizer for producing food pack-
aging, toys and medical derives.

2. Experimental section
2.1. Materials

Methanol, potassium hydroxide, sulfuric acid, propylenedi-
amine, N,N-dimethylformamide (DMF), DOP were kindly
provided by Nanjing Chemical Reagent Co., Ltd. All of these raw
materials and reagents are analytical grade and used without
further purication. Polyvinyl chloride (PVC) was supplied by
Hanwha (KM-31, South Korea). Tung oil was obtained from the
Nanjing Daziran Fine chemicals Co. Ltd ($95% iodine value is
167).

2.2. Synthesis of tung oil methyl ester

Tung oil (100 g, 0.1 mol), anhydrous methanol (20 g, 0.625 mol)
and KOH (0.9 g, 0.016 mol) was mixed into a 500 mL ask with
mechanical agitator and condenser tube. The mixture was
stirring at 45 �C for 6 h. Then the mixture was settled in the
liquid separating funnel aer neutralizing with sulfuric acid
solution. The upper compounds were washed with acid solution
and distilled water. Tung oil methyl ester was gotten aer
removing water using a rotary evaporator.

2.3. Synthesis of aminated tung oil methyl ester

Tung oil methyl ester and propylenediamine with molar ratio of
1 : 1.5 were dissolved methanol. The mixture was charged into
a 250 mL ask and stirring at 60 �C for 12 h to nish the
reaction. The aminated tung oil methyl ester was obtained aer
removing methanol and unreacted propylenediamine with
reduced pressure distillation. The synthetic route of aminated
tung oil methyl ester was presented in Fig. 1.

2.4. Synthesis of self-plasticizing PVC materials

Five grams of PVC (5 g) and aminated tung oil methyl ester was
dissolved in 80 mL of DMF. The mixture was stirred at 80 �C for
2 h. Aer that, the self-plasticizing PVC material was obtained
aer washing with 10 wt% aqueous methanol solution and
drying in a DHG-91401A electrothermal blowing dry box
(Shanghai Jinghong Experimental Equipment Co., Ltd.) at 60 �C
for 24 h. The composition of reactants was showed in Table 1.

2.5. Preparation of self-plasticizing PVC lms

Self-plasticizing PVC material (5 g) was dissolved in 60 mL of
THF and stirred at 40 �C for 20 min until the solution presented
transparent. Aer that, the solution was poured into a glass
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04386d


Table 1 Synthesis of self-plasticizing PVC materials

Self-plasticizing PVC
materials PVC (g) Aminated tung oil methyl ester (g) Solvent Temperature (�C) Reaction time (h)

T1 5 1 DMF 80 2
T2 5 2 DMF 80 2
T3 5 3 DMF 80 2
T4 5 4 DMF 80 2

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 9
:2

6:
03

 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
Petri dish (12 cm diameter) and the dried in a drying box at
60 �C for 24 h to completely remove residual THF. Then the PVC
lm with a thickness of approximately 0.2 mm was obtained.
Pure PVC lm and 50 wt% DOP/PVC system were obtained
using the same method.
Fig. 2 IR spectra of products.
2.6. Characterization

2.6.1. Analysis of structure and morphology. Fourier
transform infrared (IR) spectra of the products synthesized were
carried out with a Nicolet iS10 FTIR (Nicolet Instrument Crop.,
USA) Fourier transformed infrared spectrophotometer. The
spectra were acquired in the range of 4000 cm�1 to 500 cm�1 at
a resolution of 4 cm�1. Peaks were labeled in the spectra auto-
matically via OMNIC soware (Thermo Electron Corporation,
USA).

1H Nuclear magnetic resonance (NMR) and 13C NMR spectra
of the products synthesized were performed on an AV-300 NMR
spectrometer (Bruker Instrument Crop., Germany) at
a frequency of 400 MHz. The process was carried out using
CDCl3 as solvent and tetramethylsilane (TMS) as an internal
standard. The NMR data were processed using MestReNova
soware (Santiago de Compostela, Spain).

Weight-average molecular weight and dispersity of PVC and
self-plasticizing PVC materials were investigated on an gel
permeation chromatograph (GPC) measurement made by
Waters, USA at 30 �C (ow rate: 1 mL min�1, column: mixed PL
gel 300 � 718 mm, 25 mm) using HPLC-grade THF as solvent.
PVC and self-plasticizing PVC material was brought into THF
solutions with a known concentration of 1–5mg mL�1.

The thermogravimetric analysis (TGA) tests were carried out
using a TG209F1 TGA thermal analysis instruments (Netzsch
Instrument Corp., Germany) in N2 atmosphere (50mLmin�1) at
a heating rate of 10 �C min�1. The data were collected while the
oven temperature was ranging from 40 �C to 600 �C.

Differential scanning calorimeter (DSC) measurement were
carried out under N2 atmosphere using a NETZSCH DSC 200 PC
analyzer. The temperature was over a range of �40–120 �C at
a heating of 20 �C min�1. Approximately 5–10 mg of PVC and
self-plasticizing PVC materials was weight and sealed in a 40 mL
aluminum crucible, and immediately detected using DSC
measurement. The DSC data were collected from rst cycle of
heating.

2.6.2. Mechanical testings. The mechanical properties
including tensile modulus, tensile strength, and elongation at
break were investigated according GB/T 1040.1-2006 (China) at
25 �C by using an E43.104 Universal Testing Machine (MTS
This journal is © The Royal Society of Chemistry 2017
Instrument Corp., China) at a strain rate of 20 mm min�1 with
a 50 N static tension.

2.6.3. Evaluation of the migration rate of the PVC lms.
The leaching tests were performed were carried out according
on ASTM D5227. PVC and self-plasticizing PVC lms aer
weighting were immersed in n-hexane at 50 �C for 2 h. These
PVC and self-plasticizing PVC lms were dried and reweighed.
The extraction loss was calculated according to the eqn (1):

Degree of migration ¼ [(W1 � W2)/W1)] � 100, (1)

where W1 ¼ initial weight of test specimen, and W2 ¼ nal
weight of test PVC lms.
3. Results and discussion
3.1. Structure of self-plasticizing PVC materials

In order to ensure a high purity of the aminated tung oil methyl
ester at mild reaction condition, the synthesis of target product
was experienced two stages of alcoholysis and aminolysis
reaction. The IR spectra of the tung oil, tung oil methyl ester
and aminated tung oil methyl ester synthesized for self-
plasticizing PVC materials were monitored and shown in
Fig. 2. The strong characteristic absorption peaks were labeled
in Fig. 2. As seen from the IR spectrum of tung oil, the strong
absorption peaks appeared at 3012, 2923, 2853, 1741, 1159 and
991 cm�1, which are attributed to CH–C], ]C–H, –C–H, C]O
and C–C bonds, respectively35–38. Absorption peaks appeared in
the IR spectrum of tung oil methyl ester were presented similar
absorption patterns comparing with that of tung oil. This is
RSC Adv., 2017, 7, 30101–30108 | 30103
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because the same type of chemical bond such as C]C, ]C–H,
–C–H, C]O and C–C bonds can be found in the chemical
structure of tung oil methyl ester.35–38 In the FT-IR spectrum of
aminated tung oil methyl ester, the shrinking of the C]O
characteristic absorption peak at 1740 cm�1 with concomitant
appearance of the –NH at 3361 cm�1 and 3289 cm�1, which is
assigned to amine N–H stretching vibration, the absorption
peak at 1643 cm�1 which represents the rocking vibration of N–
H, the absorption peak at 1030 cm�1 which is corresponded to
the vibration of C–N, and the weak and broad peaks at 628 cm�1

are attributed to N–H twisting vibrations,39 is indicative of the
formation of the aminated tung oil methyl ester.

The chemical structures of tung oil, tung oil methyl ester and
aminated tung oil methyl ester were also analyzed by 1H NMR,
all the peaks in the 1H NMR spectrum were easily assigned, and
no side products were observed, as shown in the 1H NMR
spectrum of tung oil (Fig. 3), the peak at 0.88 ppm was attrib-
uted the protons of methyl groups on the unsaturated long fatty
acid chains. The strong peak at 1.25 ppm was assigned to the
protons of methylene groups. The protons of methylene groups
connected the carbonyl groups appeared at 2.25 ppm, and the
signals appeared at 4.13, 4.26 and 5.24 ppm were attributed to
the methylene groups and methylene groups derived from
glyceride groups. The protons appeared at 1.59, 2.02, and
2.14 ppm were corresponded to the other methylene groups.
The protons of olen groups appeared at the range of 5.33–
6.17 ppm.35–38 Comparing with the 1H NMR spectrum of tung
oil, a new and strong signal appeared at 3.65 ppm in the 1H
NMR spectrum of tung oil methyl ester, which was assigned to
Fig. 3 1H NMR spectra of products.

30104 | RSC Adv., 2017, 7, 30101–30108
the protons of methyl groups connected to ester bonds, and the
signals attributed to the methylene groups and methylene
groups derived from glyceride groups cannot be observed at
4.13, 4.26 and 5.24 ppm, indicating that the alcoholysis reaction
was completed.35–38 As seen from the 1H NMR spectrum of
aminated tung oil methyl ester, the appearance of new peaks at
3.18, 3.45 and 3.67 ppm were assigned to the methylene groups
derived from propane diamine, and the new peaks appeared at
around 6.16 ppm was attributed to the protons of amine
groups,39 which indicated that the ammonolysis reaction was
completed.

In order to analyze the chemical structure of the self-
plasticizing PVC materials, IR and 1H NMR measurements
were carried out, and the IR and 1H NMR spectra of the self-
plasticizing PVC materials were shown in Fig. 4 and 5, respec-
tively. As seen from the Fig. 4, it is clearly that these peaks
appeared at 3293, 2918, 2850, 1735, and 1672 cm�1, which are
assigned to the –NH stretching vibrations, C–H (sp3), C–H (sp2),
C]O and N–H rocking vibration, respectively,35–40 were
increased gradually with more displacement of chlorines. In
addition, the peaks at around 686 cm attributed to the C–Cl,19–23

which appeared weak gradually with more aminated tung oil
methyl ester connected to the chemical structure of self-
plasticizing PVC mistrals, indicating the self-plasticizing PVC
materials were gotten.

In order to further study the chemical structure of self-
plasticizing PVC materials, 1H NMR measurements were
carried out and the 1H NMR spectra of PVC and self-plasticizing
PVC materials were showed in Fig. 5. As seen from Fig. 5, the
peak at 4.45 ppm was attributed to protons of CH–Cl (peak A of
1H NMR spectra of PVC), and the peak at 2.06 ppm was assigned
to protons of CH2 (peak B of 1H NMR spectra of PVC). New peak
appeared in the 1H NMR spectra of self-plasticizing PVC mate-
rials with more displacement of chlorines comparing with 1H
NMR spectra of PVC. As seen from the 1H NMR spectra of self-
plasticizing PVC materials (T2 and T4), it is clearly to observe
that the signals at 1.23, 2.80, 3.58 and 5.29–6.29 ppm, which
were attributed to the protons of –CH2–, O]C–CH2–, –NH–

CH2–CH2–CH2–NH– and –CH]CH– respectively,35–40 appearing
stronger with more displacement of chlorines, but the signal at
4.5 ppm corresponding to the protons of CH–Cl presented
Fig. 4 IR spectra of self-plasticizing PVC materials.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 1HMR of self-plasticizing PVC materials.

Fig. 6 GPC spectra of PVC materials.
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weaker gradually,19–23,40 indicating the reaction between PVC
and aminated tung oil methyl ester was completed.

The GPC analysis was used to detect the molecular weight
and dispersity of PVC and self-plasticizing PVC materials. It can
Table 2 Relative molecular mass and distribution of PVC materials

PVC materials
Number average

molecular weight (g mol�1)
Weight

molecular we

PVC 15 100 18
Y1 18 100 22
Y2 21 400 24
Y3 22 600 27
Y4 23 800 30

This journal is © The Royal Society of Chemistry 2017
be used as a method to evaluate the reaction level by examining
the molecular the molecular weight change.41,42 GPC spectra of
PVC and self-plasticizing PVC material were shown in Fig. 6.
The data of number average molecular weight (Mn), weight-
average molecular weight (MW), Z-average molecular weight
(MZ) and dispersity were presented in Table 2. As seen from
Table 2, Mn, MW and MZ of PVC materials increased gradually
from 15 100, 18 900 and 23 000 g mol�1 to 23 800, 30 200 and
39 200 g mol�1 with increasing displacement of chlorines.
Besides, GPC peak of self-plasticizing PVC materials demon-
strated a clear shi to higher molecular weight region
comparing with that of PVC, indicating that the chlorine atoms
in PVC were substituted with aminated tung oil methyl ester. All
of self-plasticizing PVC materials showed a single GPC peak
with a clear shi to a higher molecular weight region illustrated
that no homopolymer contamination of coupling reactions.
Fig. 6 presented an interesting trend that peak area of self-
plasticizing PVC materials decreased gradually with increasing
substitution of chlorine atoms in PVC with aminated tung oil
methyl ester. The decrease in peak area was attributed to
ltration of highly branched self-plasticizing PVC materials by
organic membrane during dissolution process with chromato-
graphic purity as solvent.
3.2. Property of self-plasticizing PVC materials

Glass transition temperature (Tg) was used to evaluate internal
plasticized effect of aminated tung oil methyl ester on PVC,
which was detected using DSC measurements, and the glass
transition temperature (Tg) was summarized in Table 3. Pure
PVC is with stiff backbone and high glass transition tempera-
ture (Tg) at around 90 �C. The addition of plasticizer into the
PVC polymer will increase distance of PVC chains and make
macromolecule structure polymer easy to move, increasing free
volume of polymer and reducing Tg.43–45 The substituting of
chlorine atoms with aminated tung oil methyl ester will
increase distance between PVC chains and reduce intermolec-
ular force. An internal plasticization will be expected to reduce
Tg of PVC materials. Fig. 7 presented the DSC curves of PVC
materials. As seen from Table 3 and Fig. 7, it can be found that
a single change in heat capacity of Tg could be observed in the
DSC curves of all self-plasticizing PVC materials. Tg of self-
plasticizing PVC materials decreased from 85 �C to 44 �C with
increasing substitution of chlorine atoms, which indicated that
aminated tung oil methyl ester can be used as a internal plas-
ticized plasticizer for PVC.
-average
ight (g mol�1)

Z-average
molecular weight (g mol�1)

Dispersity
(g mol�1)

900 23 000 1.2
600 27 100 1.2
500 29 600 1.2
600 36 400 1.3
200 39 200 1.3

RSC Adv., 2017, 7, 30101–30108 | 30105
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Table 3 TGA, DTG and DSC data of PVC materials

PVC materials Td (�C) Tp1 (�C) Tp2 (�C) Tg (�C)

PVC 278.4 291.5 467.4 85
T1 224.7 244.8 460.1 71
T2 223.7 244.2 458.4 57
T3 219.6 241.8 458.2 51
T4 217.1 237.5 468.1 44

Fig. 7 DSC curves of PVC materials.

Fig. 9 DTG curves of PVC materials.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 9
:2

6:
03

 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
Plasticized PVC materials generally require higher thermal
stability than that of pure PVC, because ester bonds or benzene
groups with high thermal stability in the chemical structure of
plasticizers such as dioctyl tetrahydrophthalate (DOTP) and
epoxidized soybean oil, limiting the thermal degradation of
those segments with lower thermal stability chain segments,
then improving the thermal degradation stability of plasticized
PVC materials.46 In the study, thermal stability of PVC and self-
plasticizing PVC materials were investigated, the TGA and DTG
curves obtained for PVC and self-plasticizing PVC materials
were presented in Fig. 8 and 9, respectively, and the thermal
data including thermal degradation temperature (Td) and peak
temperature of thermal degradation (Tp1 and Tp2) were
summarized in Table 3. As observed from Fig. 8 and 9, all PVC
materials showed two thermal degradation stages, dehydro-
chlorination of PVC occurred at the rst stage. The second stage
Fig. 8 TGA curves of PVC materials.

30106 | RSC Adv., 2017, 7, 30101–30108
was attributed to cyclization of conjugated polyene
sequences.47,48 An interesting phenomenon can be found from
Table 3, the Td, Tp1 and Tp2 for pure PVC was 278.4 �C, 291.5 �C
and 467.4, but these characteristic temperatures decreased
gradually with increasing substitution of chlorine atoms with
aminated tung oil methyl ester, indicating the self-plasticizing
PVC materials were less thermal stable than pure PVC due to
the active secondary amine groups.

The substitution of chlorine atom with aminated tung oil
methyl ester was able to change distance of PVC chains to
separation of PVC chain segments, and then increase the
lubricating property of PVC chains. It made the PVC materials
more exible. The tensile data were presented in Table 4.
Tensile strength decreased from 30.63 MPa to 18.52 MPa with
increasing substitution of chlorine atom, and the elongation at
break increased from 163.03% to 360.30%, indicating the PVC
was plasticized effectively.

Fig. 10 showed internal plasticizing mechanism of self-
plasticizing PVC materials. The internal plasticizing mecha-
nism can be illustrated with free volume theory.

The free volume of internally plasticized PVC was controlled
by the three factors: end movement, subgroup movement and
cranksha movement. The displacement of chlorine with ami-
nated tung oil methyl ester increases distance of PVC chains
and makes them easier to move, further increases free volume
of PVC chains. The increase of free volume promote the end
movement, subgroup movement and cranksha movement,
which makes PVC present exible and easy to be processed.
However, the substituting of chlorine atoms with aminated
tung oil methyl ester must be controlled in a certain degree, or
the cross-linking of polymer with many aminated tung oil
methyl ester chains will cause anti plasticizing effect.

PVC products without migration not only keep the properties
long time stable, but also decrease threat to human body from
the phthalate plasticizers. In this study, leaching tests were used
to evaluate durability in n-hexane at 50 �C for 2 h. The property
of n-hexane is similar to the many oils such as gasoline, diesel
oil and so on. It is usually used to estimate leaching stability of
plasticizers in organic solvents. The degree of migration for self-
plasticizing was compared with 50 wt% PVC/DOP system, the
This journal is © The Royal Society of Chemistry 2017
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Table 4 Tensile data of PVC materials

PVC materials Tensile strength (MPa) Elongation at break (%) Modulus of elasticity (MPa)

PVC 30.63 � 0.87 163.03 � 5.41 203.79 � 3.25
T1 25.74 � 0.78 210.63 � 1.28 161.01 � 4.00
T2 25.41 � 0.17 240.52 � 7.12 157.10 � 3.28
T3 21.22 � 0.86 290.38 � 6.52 130.01 � 7.45
T4 18.52 � 0.48 360.32 � 7.10 90.14 � 4.10

Fig. 10 Internal plasticizing mechanism of self-plasticizing PVC
materials.
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results illustrated no migration for self-plasticizing PVC lms
but 15.7% of weight loss for 50 wt% PVC/DOP system.

4. Conclusions

In this study, an internal plasticizer of aminated tung oil methyl
ester was synthesized via alcoholysis and aminolysis reaction,
which was covalently linked to PVC for preparing self-plasticizing
PVC materials. The GPC results showed that Mn, MW and MZ of
self-plasticizing PVC materials increased gradually from 15 100,
18 900 and 23 000 g mol�1 to 23 800, 30 200 and 39 200 g mol�1

with more substituting of chlorine atoms, and Tg decreased from
85 �C to 44 �C. The active secondary amine groups of aminated
tung oil methyl ester decreased thermal stability of self-
plasticizing PVC materials. However, the modied PVC mate-
rials presented no migration for self-plasticizing-PVC lms but
15.7% of weight loss for 50 wt% of PVC/DOP system. Therefore, it
was expected that aminated tung oil methyl ester can be used as
a bio-based alternative plasticizer for producing these PVC
products with highmigration resistance retirements such as food
packing, toys and medical derives.
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