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ABSTRACT: A novel bio-based PVC plasticizer, levulinic acid pentaerythritol ketal ester (LAPKE), was synthesized and evaluated as

renewable resource alternatives to traditional phthalate. The structure of LAPKE was characterized by FT-IR, 1H NMR, and 13C

NMR. The LAPKE and dioctyl phthalate (DOP) at different mass ratio were added to the PVC to prepare PVC samples. The mechan-

ical properties of PVC samples at mass ratio of 1:1 showed that its tensile strength, elongation at break was up to an optimum value.

The thermal stability was measured by dynamic thermal stability and thermogravimetric analysis (TGA), and the results showed that

the thermal ability of PVC was improved with the addition of LAPKE. The weight loss of migration property (volatility, leaching test

and exudation) has also increased by increasing mass ratio of LAPKE. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44227.
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INTRODUCTION

Poly(vinyl chloride) (PVC), one of the most versatile thermo-

plastics with wide utility, plays an important role in the plastic

industry.1,2 PVC can be used in military, construction, biomedi-

cal, baby-care, and food packing application, mainly because of

the presence of plasticizers.3 During the last decade, phthalate

esters accounted for more than 80% of all the PVC plasticizers

due to its good performance and low cost.4 A review summa-

rizes some study results on the migration of phthalate esters

from PVC to different environments such as soil, marine ecosys-

tem, indoor air, etc.5–7 Studies show that the phthalate esters

from the air can penetrate human skin rapidly.8,9 Since 1999,

the phthalate esters plasticizers have been forbidden to be used

in the toys played by the children under the age of three.

Recently, no-toxic, environment and renewable materials for

PVC plasticizers have drawn more attentions. As a versatile plat-

form compound, levulinic acid is identified as the one of the 12

top value-added chemicals from biomass with numerous indus-

try applications due to its high reactive keto and carboxyl

groups.10,11 These two functional groups make levulinic acid a

potentially versatile building block for preparation of organic

chemicals.12,13 Most importantly, as a bio-based material, levu-

linic acid can be prepared from biomass such as glucose,

5-hydroxymenthylfurfural, cellulose, miscanthus, and so on.14–17

In this study, a novel green PVC plasticizer, levulinic acid pen-

taerythritol ketal ester (LAPKE), was synthesized shown in

Scheme 1. Our aim is to develop an efficient green PVC plasti-

cizer that can be completely or partially replace the traditional

DOP plasticizer. And meanwhile, the mechanical property, ther-

mal stability and migration stability of PVC samples can also be

improved.

EXPERIMENTAL

Materials

Levulinic acid and pentaerythritol were obtained from Aladdin

Industrial Co., Ltd. Ethanediol was purchased from Nanjing

Chemical Reagent Co., Ltd. Para-toluenesulfonic and cyclohex-

ane were supplied by the Sinopharm Chemical Reagent Co.,

Ltd. The catalyst Qs-6 was obtained from Nanjing Jinling Petro-

chemical Research Institute Co., Ltd.

Synthesis

Hundred grams of pentaerythritol and 350 g levulinic acid were

mixed in a four-necked round-bottom flask with a mechanical

stirrer, condenser pipe and thermometer. The mixture was slow-

ly heated to 90 8C. And as the mixture was melted, 0.45 g cata-

lyst Qs-6 was added to the mixture. The mixture was further

heated to 185 8C and remained for 5 h. In order to get rid of

the generated water and unreacted excess levulinic acid, the
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mixture was treated under 3 to 5 Torr caused by a vacuum

pump. After the mixture was cooled to temperature, 183 g etha-

nediol and 20 mL water-carrying agent, cyclohexane, were

added. The reaction was allowed to continue at 85 8C for 4 h.

Finally, cyclohexane was removed by reduced pressure distilla-

tion at 85 8C.

Preparation of PVC Specimens

DOP and LAPKE at different weight ratio were added to the

PVC, and the formula was shown in Table I. The PVC speci-

mens were prepared as followed18: firstly, the plasticizers and

stabilizers were added to the PVC powder, and the blends were

mixed by a mechanical mixer. Secondly, the mixtures were plas-

ticized at 165 8C for 3 min by double-roller blending rolls (SY-

6215-A1, Shiyan Precision Instruments Co., Ltd of Dongguan,

China), and its roll spacing was set at 2 mm. Thirdly, the

specimens were made by hot press (XDY-1003, Shenzhen

Chuangjiahong Machinery Co., Ltd, China) at 170 8C for 5 min.

Finally, the thin films were made by a mould to a standard

dumbbell shaped specimens.

Characterizations

FT-IR. FT-IR spectra of LA LAPE and LAPKE were obtained on

a Nicolet iS10 FT-IR (Nicolet Instrument). The sample was

scanned 32 times from 4000 to 400 cm21 with a resolution

of 4.

1H NMR and 13C NMR. The 1H NMR and 13C NMR spectra

of LAPKE dissolved in deuterated chloroform were recorded by

a Bruker 400 MHz spectrometer (Bruker Instrument, Germany)

at room temperature.

Dynamic Mechanical Analysis (DMA). The dynamic mechani-

cal analysis (DMA) was performed via a DMTA Q800 (TA

Instrument). The size of sample was 40 mm (L) 6 6 mm (W)

3 0.2 mm (T). The oscillatory frequency of the dynamic test

was 1 Hz. The temperature was raised at a rate of 3 8C min21

at 250 to 150 8C.

Thermogravimetric Analysis (TGA). Thermogravimetric analy-

sis (TGA) was carried out on a TG209F1 TGA thermal analysis

instrument (Netzsch Instrument Crop., German). Each sample

was scanned in N2 atmosphere (50 mL/min) at the temperature

of ambient temperature to 800 8C at a heating rate of 20 8C/

min.

Tensile Test. The elongation at Break, tensile strength Young’s

modulus of samples was measured according to the GB/T

1040.1-2006. The test temperature was fixed at 20 8C, and the

cross-head was set at 20 mm/min.

Volatility. The volatility test was measured according to the ISO

176:2005 plastics-determination of loss of plasticizers-activated

carbon method. In this volatility test, the specimen size was

60 mm 3 60 mm 3 2 mm. Weigh the original specimen. Place

specimen on the bottom of metal container and spread about

120 cm3 of activated carbon over this specimen. And then put

the lid on the container. Place the container in the oven con-

trolled at a temperature of 70 6 1 8C. After 24 h, remove the

container from the oven and allow it to cool at room tempera-

ture. Remove the specimens from the container and carefully

brush them free from any trace of carbon particles. Finally,

reweigh the specimen after the volatility test.

Leaching Test. The leaching test was carried out according to

ASTM D 1239-98. The preferred specimen size in this standard

was 60 mm 3 60 mm 3 2 mm. The PVC specimens were

immersed in different solvents (distill water, olive oil, 10% etha-

nol (v/v), 30% acetic acid (w/v), and petroleum ether) at a tem-

perature of 23 6 1 8C and a relative humidity of 50 6 5% for

Scheme 1. The reaction scheme for the synthesis of LAPKE.

Table I. The Formulation of the PVC Specimens

Samples PVC (g) DOP (g) LAPKE (g) Calcium stearate (g) Calcium stearate (g)

PVC 0 100 0 0 1.5 0.5

PVC 1 100 30 0 1.5 0.5

PVC 2 100 24 6 1.5 0.5

PVC 3 100 15 15 1.5 0.5

PVC 4 100 6 24 1.5 0.5

PVC 5 100 0 30 1.5 0.5
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24 h. After that the solvent extracted PVC specimens were rinsed

and dried under the test conditions in oven at 30 8C for 24 h.

Exudation. In exudation test, the method was according to

ASTM D2199-82. The PVC samples were cut to the size of

60 mm 3 60 mm 3 2 mm. the samples were placed between

two sheets of unplasticized polyethylene terephthalate. The three

sheets were pressed closely at the temperature of 30 8C for 72 h.

Finally, the PVC samples were washed with water and dried.

Dynamic Thermal Stability. The dynamic thermal stability was

measured by the torque rheometer according to the ASTM D

2538-02. The testing temperature was fixed at 180 8C, and rotor

speed was maintained at 30 r/min.

RESULTS AND DISCUSSION

FT-IR

Chemical structure of levulinic acid (LA), levulinic acid pentaer-

ythritol ester (LAPE), and levulinic acid pentaerythritol ketal

ester (LAPKE) were monitored by FT-IR. The spectrum of the

products was depicted in Figure 1. The wide absorption peaks

at 3436 to 2976 cm21 and around 924.43 cm21 belong to the

AOH stretching vibration in the structure of carboxyl. The

characteristic peak at 1712.43 cm21 was assigned to the absorp-

tion of C@O in the structure of ketone, and at 1734.68 cm21 it

was also assigned to the absorption of C@O, but it was in the

structure of ester. It can be seen that in the FT-IR spectra of

LAPKE the absorption peak at 1712.43 cm21 disappeared.

Moreover, three vibrational coupling characteristic peaks

appeared at 1156.65, 1122.83, and 1097.39 cm21, which were

due to the form of ACAOACAOACA through ketal reaction.

The absorption at 861.38 cm21 was observed due to the vibra-

tion of ACAOACA.

1H NMR and13C NMR

The molecular structure of LAPKE was also confirmed by 1H

NMR and 13C NMR. The 1H NMR spectra of LAPKE was

shown in Figure 2. As indicated the peak at 1.3 ppm was corre-

sponding to the terminal methyl protons (ACH3). The peaks

located in region 3.5 to 4.2 ppm in this spectra exhibit the

methylene protons (AOACH2ACH2AOA) in the five-

membered ring structure formed by ketal reaction. However,

the methylene protons in the structure of ACACH2ACH2ACA
were at the ranges of 2.0 to 2.3 ppm and 2.4 to 2.7 ppm.

Because of the spinspin splitting, a sextet peak and two triplet

peaks occurred at 3.5 to 4.2, 2.0 to 2.3, and 2.4 to 2.7 ppm,

respectively. And another methylene proton in the structure of

ACACH2AOA was assigned at 4.3 ppm. The peak at 7.3 ppm

was corresponding to proton of deuterated chloroform.

Figure 3 displayed the 13C NMR spectra of LAPKE. The peaks at

around 28.3 ppm were methyl carbon (ACH3). The methylene

carbons in the structure of ACACH2ACH2ACA were at 37.3

ppm and 23.4 ppm, respectively. The methylene carbon in the

structure of AOACH2ACH2AOA in the five-membered ring

structure were at 63.0 ppm. And another methylene carbon

(ACACH2AOA) was at 61.4 ppm. The peak at 108.4 and 33.4

ppm were corresponding to the central carbon in the structure of

and The peak at 172.2 ppm was corresponding

Figure 1. FT-IR spectra of products. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. 1H NMR spectra of LAPKE. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. 13C NMR spectra of LAPKE.
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to the carbonyl carbon in the ester group. The peaks at 76.8 ppm

referred to the carbon of deuterated chloroform.

Dynamic Mechanical Analysis (DMA)

DMA was a usual measurement in viscoelastic properties,

including the storage modulus and Tan d changing with the

temperature. The changes in storage modulus values with tem-

perature were shown in Figure 4(a). The storage modulus of

PVC without plasticizers was the highest among all the PVC

blends at the same temperature, and the storage modulus

decreased with the addition of plasticizers, especially with the

increasing mass ratio of DOP. A significant decrease of storage

modulus occurred at lower temperature. The glass transition

temperature (Tg) was an important metrics to measure the

plasticizing efficiency of plasticizers. The results were shown

in Figure 4(b). From Figure 4(b) only one peak was seen at

every curve, which indicated that the plasticizer had a good

compatibility with the PVC. The Tg of PVC0, PVC1, PVC2,

PVC3, PVC4, PVC5 were 89.01 8C, 45.14 8C, 46.37 8C,

46.59 8C, 50.01 8C, and 54.25 8C. According to the free volume

theory of plasticization, the low molecular had the ability to

reduce the force between the PVC chains and lubricate the

PVC chains. It was worth noting that in the structure of

LAPKE, there was the presence of ACAOACAOACA, which

can form the hydrogen bonds between the plasticizer and the

PVC chains. The forces of PVC chains were further weakened.

Combined the storage modulus and Tg, good viscoelastic

properties were obtained when the mass ratio of LAPKE was

controlled below 50%.

Thermogravimetric Analysis (TGA)

The thermal stability of PVC samples were evaluated by TGA

analysis under the air at the heating rate of 20 8C/min. The TG

and DTG curves of different PVC specimens were shown in

Figure 5, and the analysis data was shown in Table II. It can be

seen from TGA curve that there was a two-stage thermal degra-

dation process. The first stage was at 200 to 350 8C, which was

corresponding to the dechlorination of PVC including the for-

mation and stoichiometric elimination of HCl.19 The second

stage at the temperature of 420 to 550 8C was contributed to

the degradation of complex structure such as the cross linking,

cyclization, and splitting of chains, and aromatization.20–22 Usu-

ally, the onset of degradation temperature referred to the tem-

perature at which the weight loss was up to 5%.23 The thermal

degradation parameters of PVC samples were given in Table II.

Figure 4. The DMA curves of different PVC blends. (a) Describes the

change of storage modulus as the temperature increased. (b) Is the change

of Tan d at the temperature from 280 8C to 150 8C. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. The TGA and DTG curves of PVC specimens. The TGA curves

show the mass change of specimens from room temperature to 800 8C.

The DTG curves show the mass loss rate change from room temperature

to 800 8C. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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As the increase of LAPKE plasticizer, the onset of degradation

temperature increased from 253.6 8C to 277.1 8C. It can be con-

cluded that the addition of LAPKE improved the stability of

PVC samples. However, compared with the Tonset 5% of none

plasticized PVC, the onset of degradation temperature of PVC

plasticized by DOP decreased from 263.8 8C to 253.6 8C. Tmax

referred to the temperature that was the maximum degradation

rate. Clearly, an increase in LAPKE content generally resulted in

higher Tmax values from 300.2 8C to 306.8 8C. In conclusion, the

presence of LAPKE can improve the thermal stability, and as

the mass ratio increase of LAPKE and DOP, the Tonset 5% and

Tmax became higher.

Tensile Properties

Mechanical properties are important index to evaluate the plasti-

cizing effect of plasticizer for PVC. The values of tensile strength,

percent elongation, modulus of elasticity, and shore hardness of

obtained plasticized PVC samples are shown in Table III. It can be

seen that the addition of plasticizer efficiency increased the elonga-

tion at break, but the tensile strength, modulus of elasticity, and

shore hardness decreased. Compared PVC 1 and PVC 5, the elon-

gation at break of PVC 1 was a little higher, but the tensile strength,

modulus of elasticity and shore hardness were a little lower. It was

worth noting that the highest value of the elongation at break was

the sample of PVC 3, and combined with its other mechanical

properties values in Table III, it could be concluded that the effi-

cient plasticizer was the mixture of DOP and LAPKE at mass ratio

of 1:1. On the other hand, the molecular structure of LAPKE can

be considered as four branches occurred from the central carbon

atoms like microspheres, which can reduce the interactions

between PVC molecular. Meanwhile, the abundant presence of

many oxygen atoms in the LAPKE enhanced the intermolecular

forces between LAPKE and PVC through hydrogen bond. There-

fore, compared with the pure DOP, the tensile strength, modulus

and elasticity and shore hardness of pure LAPKE plasticized PVC

was higher.

Migration Stability

Migration was an important behavior during the use of plasticiz-

er in polymers. Specially, it was dangerous when the plasticizer

was added to the baby nipple. According to the environments

where the PVC products were used, the migration stability was

characterized by the amount of plasticizer migrated out of the

PVC samples to the gaseous phase (volatility), liquid phase

(leaching test), and solid substrates (exudation) to determine the

degree of plasticizer migration. The weight losses were deter-

mined by the weight before and after the tests, and the formula

was as follows:

Weight loss of plasticizers %ð Þ 5 ðWbefore2WafterÞ=Wbefore

where Wbefore and Wafter are the weights of PVC samples before

and after the tests.

The research had found that the volatility, exudation and leach-

ing test process depended on the compatibility between the

plasticizers and PVC, the polarity and structure of plasticizer,

temperature, the surrounding media, and other conditions.24 If

the PVC samples were under the same condition, the most

important influence factor on the migration was the structure

and its compatibility with PVC. Table IV was the volatility and

exudation properties of different PVC samples, it can be seen

that the volatilization loss decreased in the samples according to

the following order: PVC1, PVC2, PVC3, PVC4, and PVC5. Fig-

ure 6 showed the possible hydrogen bond between the PVC

chain and two chains of LAPKE molecule. Compared with

interaction between the DOP and the PVC, it had stronger

intermolecular forces between the PVC chain and LAPKE mole-

cule. So the volatility weight loss decreased as the LAPKE

increased. In the exudation, there was no significant difference

and mass loss during the experimental period among those

samples, indicating that the plasticizers were compatible with

PVC and could not be extracted easily.

The leaching test was operated through the plasticized PVC

immersed distill water, olive oil, 10% (v/v) ethanol, 30% (w/v)

acetic acid and petroleum ether at a temperature of 23 6 1 8C

Table II. The Thermal Degradation Parameters of PVC Specimens

Samples PVC0 PVC1 PVC2 PVC3 PVC4 PVC5

Tonset 5%
a ( 8C) 263.8 253.6 271.5 272.1 276.6 277.1

Tmax
b ( 8C) 300.2 303.9 305.4 304.5 304.4 306.8

a The temperature at which the PVC samples lose 5 wt %.
b The peak temperature of DTG at which it is the maximum degradation
rate.

Table III. Mechanical Properties of PVC Specimens

Samples Elongation at break (%) Tensile strength (MPa) Modulus of elasticity (MPa) Shore hardness(HD)

PVC 0 118 40 1076 62.5

PVC 1 357 19 80 42.3

PVC 2 351 31 121 45.6

PVC 3 372 33 97 45.1

PVC 4 347 32 162 47.6

PVC 5 332 35 241 48.7

Table IV. The Volatility and Exudation Properties of PVC Specimens

Samples
PVC1
(%)

PVC2
(%)

PVC3
(%)

PVC4
(%)

PVC5
(%)

Volatility 1.819 1.663 1.337 1.025 0.952

Exudation 0.011 0.009 0.012 0.015 0.010
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for 24 h. And the results were shown in Table V. To each sam-

ple, the order of weight loss was as follows: petroleum ether,

olive oil, 30% acetic acid, 10% ethanol, and water. The results

indicated that the plasticized PVC had no significant weight loss

(less than 1%) in aqueous environment. However, when the

plasticized PVC samples were immersed in organic solvent, the

weight loss increased. To different PVC samples, compared with

pure DOP plasticized sample PVC1, the weight loss decreased

gradually as the mass ratio in the PVC samples increased. These

results can be attributed to the stronger intermolecular interac-

tion and better compatibility between the PVC and the plasti-

cizer of LAPKE. In conclusion, the presence of LAPKE can

improve the resistance of exudation.

Dynamic Thermal Stability

Pure PVC can be easily decomposed to generate low molecular

under high temperature conditions, which seriously limited its

molding process and application. In this study, the dynamic

thermal stability of PVC blends was measured through the tor-

que rheometer. The important influence to the thermal stabili-

zation time was chamber temperature and rotating speed. So in

this study, the chamber temperature was fixed at 180 8C and the

rotating speed was fixed at 30 r/min. The torque rheological

curves of PVC blends were shown in Figure 7. In Figure 7 the

points M, N, O, P, and Q referred to fusion torgue, process of

melting, balance torque, and starting point of degradation of

PVC1 blends. According to the Figure 7, the thermal stabiliza-

tion time, fusion torgue and balance torque were shown in

Table VI. It can be seen that the thermal stabilization time

increased from 8.45 to 23.35 min with the increasing mass ratio

of LAPKE. It indicated that the addition of LAPKE can effi-

ciently improve the thermal stabilization time. Compared the

fusion torque with balance torque, they were not identical with

the increasing mass ratio of LAPKE. With the increasing of

mass ratio of LAPKE, the fusion torque of PVC samples were

higher than PVC 1 blends, which mean that the melt viscosity

may be increased and the PVC blends could not be benefit to

the processing.25 However, from balance torque we also can be

seen that the values of balance torque after the addition of

LAPKE were a little lower than that of PVC 1 blends. Low bal-

ance torque would be conductive to thermoplastic processing of

PVC blends.

CONCLUSIONS

In this study, a novel bio-based plasticizer, LAPKE, was synthe-

sized and blended with PVC to evaluate the performance of

Figure 6. The possible hydrogen bonds between the PVC chain and two

chains of LAPKE molecule.

Table V. Leaching Test Value of PVC Specimens

Samples Water (%) Olive oil (%) 10% Ethanol (%) 30% Acetic acid (%) Petroleum ether (%)

PVC1 0.022 1.721 0.102 0.113 12.896

PVC2 0.019 1.014 0.075 0.099 13.241

PVC3 0.008 0.854 0.015 0.051 9.451

PVC4 0.005 0.571 0.010 0.045 6.741

PVC5 0.004 0.203 0.008 0.023 6.523

Figure 7. The torque rheological curve of PVC blends. The thermal stabi-

lization time, fusion torque and balance torque can be measured at

180 8C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table VI. The Thermal Stabilization Time, Fusion Torque, and Balance

Torque of PVC Blends

Samples PVC1 PVC2 PVC3 PVC4 PVC5

Thermal
stabilization time

8.45 11.45 15.25 18.1 23.35

Fusion torque 15.9 20.5 29.6 38.6 27.5

Balance torque 6.8 5.4 3.1 5.8 4.8

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4422744227 (6 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


PVC through partially or absolutely replacing the commercial

plasticizer DOP. As the addition of LAPKE, although the glass

transition temperature rise from 45.14 to 54.25 8C, the perfor-

mance of PVC samples has been improved by the analysis of

thermal stability (dynamic thermal stability, Tonset 5% and Tmax),

migration stability (volatility, leaching test, and exudation) and

tensile properties (tensile strength, percent elongation, modulus

of elasticity, and shore hardness). All the results could be attrib-

uted to stronger intermolecular forces between the PVC chain

and LAPKE molecule.
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24. Kovačić, T.; Mrklić, �Z. Thermochim. Acta 2002, 381, 49.

25. Jia, P.; Zhang, M.; Liu, C.; Hu, L.; Zhou, Y. H. J. Appl.

Polym. Sci. 2015, 132, 1.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4422744227 (7 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

