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Mechanical andMigration Properties of PVC/Waste
PET Depolymerization Products Blends
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Waste poly(ethylene terephthalate) (PET) flakes were depolymerized by using trimethy-
lol propane (TMP) in the presence of zinc acetate as catalyst. Molar ratio of PET/TMP
was used as 1/2 and 1/4 in the alcoholysis reactions. In order to obtain PVC plastisols,
PVC powder was dispersed into a plasticizer mixture composed of di-isononyl
phthalate (DINP) and alcoholysis products by using a high-speed mixer (65% PVC,
35% plasticizers w/w). Alcoholysis products were used 20 and 40% of DINP by
weight in the plasticizer mixture. Plasticized PVC sheets were prepared from these
plastisols. Migration properties, mechanical properties and Tg of plasticized PVC
sheets were determined. Results showed that the alcoholysis products of waste PET
are compatible for using as secondary plasticizer for PVC.

Keywords waste PET, alcoholysis of PET, recycling, secondary plasticizer

Introduction

Poly(ethylene terephthalate) (PET) is a thermoplastic polyester widely used in the

packaging industry. The interest in recycling of waste PET is continuously growing

because of environmental and economic factors. In Europe, the amount of collected

waste PET increased almost ten-fold, from 45000 tons in 1995 to 499000 tons in 2003

(1). Mechanical recycling (2, 3), as well as chemical recycling, is being considered and

chemical recycling is being used to obtain the monomer for use in further synthesis (4).

The process of chemical recycling of waste PET (5) involves neutral (6), alkaline (7–9),

acidic (10) hydrolysis, glycolysis (11, 12) and simultaneous hydrolysis-glycolysis (13).

Although chemical depolymerization of waste PET by glycolysis (in excess diol, such

as ethylene glycol (14), propylene glycol (15) and diethylene glycol (16)), by alcoholysis

(in methanol) (17–20) has been studied for many years, and there is no report on using

trimethylol propane (TMP). So far, most of the studies conducted are related to the indus-

trial production of polyols, unsaturated polyesters (21, 22) and polyurethanes (23).
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E-mail: gguclu@istanbul.edu.tr

Journal of Macromolecular Sciencew, Part A: Pure and Applied Chemistry, 42:801–810, 2005

Copyright # Taylor & Francis, Inc.

ISSN 1060-1325 print/1520-5738 online

DOI: 10.1081/MA-200058667

801

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Poly(vinyl chloride) (PVC) plays an important role in the plastic industry and is one of

the most versatile thermoplastics, but it must be combined with a number of additives

before processing. Low-molecular-weight plasticizer is one of the major additives used

in PVC compounding. The addition of plasticizers to a PVC formulation decreases

many mechanical properties such as hardness, tensile strength, modulus, etc. of the

PVC product; however, low temperature flexibility, elongation and the ease of processing

are all improved (24). The most widely used plasticizers are di-octyl phthalate (DOP) and

di-isononyl phthalate (DINP) for PVC. These types of PVC- plasticizer blends present

serious problems of high migration. One alternative to this problem is the use of

polymeric plasticizers (25).

In this work, we investigated that the use of the alcoholysis products of waste PET

with TMP as a secondary plasticizer for PVC.

Experimental

Materials

Waste PET flakes from grinding post consumer water bottles was sieved to obtain an

8–10Mesh fraction. The viscosity average molecular weight (M̄v) was found to be

37000 (13). PVC was from Elf Atochem Ltd. DINP was from Plastay Chem. Ltd. The

thermal stabilizer (Ca/Zn based) was from Akdeniz Chem. Ltd. The remaining

materials were of synthesis and analytical grade.

Alcoholysis Reactions

The waste PET was depolymerized in TMP (PET/TMP molar ratio 1/2, 1/4) using 1%

(w/w) zinc acetate, based on the weight of waste PET, as catalyst. The alcoholysis

reactions were carried out at 230–2408C for 6 h in a 500mL five- necked conventional

glass reaction kettle equipped with a mechanical stirrer, heating mantle, reflux

condenser, temperature control system and N2 gas inlet. The reaction kettle was cooled

and the alcoholysis products were directly used in preparation of the plasticizer

mixture. In the case of PET/TMP molar ratio 1/2 and 1/4, alcoholysis products were

called as A1 and A2, respectively. Hydroxyl value (HV) of A1 and A2 were determined

by the acetylation method (26).

Preparation of the PVC Plastisols and Plasticized Sheets

PVC was dispersed into a plasticizer mixture composed of DINP and A1 or A2 and heat

stabilizer in a high speed mixer (1400 rpm) in the following proportions: 65% of PVC,

35% of plasticizer mixture (w/w). A1 and A2 were used 20 and 40% of DINP by

weight. Heat stabilizer (Ca/Zn based) was added at the level of 5% (w/w) based on the

weight of plastisol. The PVC plastisols were plastered to a flat paper and were heated

at 1808C in an oven for 2min and plasticized PVC sheets (0.5mm thickness) were

obtaining.

Table 1 summarizes the composition of the plasticized PVC sheets. In order to obtain

glass transition temperature (Tg) of the plasticized PVC samples, Differential Scanning

Calorimetry (DSC) (SETARAM DSC 131) was used with a heating rate of 108C/min

under nitrogen atmosphere.
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Mechanical properties of plasticized PVC sheets were determined by a Hounsfield

H10KS Universal Testing Machine.

Migration Test

Migration (liquid transfer) properties of plasticizers from plasticized PVC sheets were

investigated by using a combined method that includes thermogravimetric analysis (27)

and ASTM D2199-68 method. Small squared strip of polystyrene (PS)

(2.5 cm � 2.5 cm) with approximately 0.5mm of thickness were placed between two plas-

ticized PVC sheets of 1mm of thickness, and aged under low-pressure 100 kPa in an oven

at 708C for 3 days. PS/R, PS/A1-20, PS/A1-40, PS/A2-20 and PS/A2-40 denoted to the
PS samples aged with plasticized PVC sheets.

Subsequently, migration of the plasticizer was determined by thermogravimetric

analysis in a Shimadzu TGA 50A, by heating the aged PS samples from 25 to 5008C at

108C/min heating rate under nitrogen flow.

In order to examine the changes of the surface of the PS films (before and after

the migration test), an Olympus BX/40 microscope with a magnification of 3.3 � 10

was used.

Results and Discussion

Alcoholysis Reactions of Waste PET

In this study, the possible application of alcoholysis products obtained from waste PET as

polymeric plasticizer for PVC was investigated. The alcoholysis of waste PET was carried

out by using TMP (PET/TMP molar ratio 1/2, 1/4) in the presence of zinc acetate as

catalyst at 230–2408C. HV of A1 and A2 were found to be 725 and 925mgKOH/g,
respectively.

The results indicate that the HV of alcoholysis products (A1 and A2) increase with the

amount of TMP. This means that (1) the extent of polymerization increases with the

amount of TMP (2) excess TMP. Alcoholysis products were used as plasticizer 20 and

40% of DINP by weight.

Table 1
The composition of plasticized PVC samples

Sample

code

Plastisol Composition (wt%)

PVC

Ca/Zn
Stab. DINP A1 A2

R 100 5 65 — —

A1-20 100 5 52 13 —

A1-40 100 5 39 26 —

A2-20 100 5 52 — 13

A2-40 100 5 39 — 26
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Mechanical Properties

The elastic modulus and elongation at break (%) of the plasticized PVC sheets that plas-

ticized by using only DINP (R) was found to be 9.1MPa and 495%, respectively. The

elastic modulus decreased by using A1 and A2 products 20% of DINP by weight, but

elongation at break (%) increased. The decrease amount of elastic modulus is 29% and

22% according to R for A1-20 and A2-20, respectively. But, elongation at break (%)

was improved as 3.5 and 8% by using A1 and A2 products 20% of DINP by weight

(Figure 1). Decreased elastic modulus and increased elongation at break (%) indicate

that A1 and A2 products can be used as a plasticizer for PVC 20% of DINP by weight.

In the case of using A1 and A2 40% of DINP by weight, the elastic modulus of plas-

ticized sheets were increased, but elongation at break (%)decreased slightly. Elastic

modulus of A1-40 sample increased 23% according to R and similarly elongation at

break (%) decreased 15%. Similarly, elastic modulus of A2-40 sample increased 31%

and elongation at break (%) decreased 16% according to R (Figure 2). Since the elastic

Figure 1. Mechanical properties of plasticized PVC samples.

Figure 2. Mechanical properties of plasticized PVC samples.
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modulus and elongation at break (%) changes slightly, it can be said that using A1 and A2

products 40% of DINP by weight is acceptable for some applications.

Migration Properties of Plasticizers

The method (27) used to investigate migration properties of plasticizers based on thermo-

gravimetric analysis of PS samples aged with plasticized PVC sheets. Thermogravimetric

analysis results of blank PS, A1 and PS samples aged with different PVC sheets (PS/R,
PS/A1-20, and PS/A1-40) are given in Figure 3. As seen from Figure 3, the TGA

Figure 3. Weight % and weight loss derivative curves of PS samples aged with plasticized PVC.
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curve of the blank PS shows one step attributed to the polymer degradation. However, the

thermogram of PS/R has one additional step corresponding to the boiling point (at 384oC)

(28) of migrated DINP to PS. The weight loss derivative curve of A1 has two degradation

peaks (maxima at 2498C and 4208C) corresponds to the thermal degradation of A1.

Choice of terminated groups and total architecture of the plasticizer molecule is

especially critical to good compatibility with PVC. In application, high molecular

weight polymeric plasticizers (i.e., polyesters) and polymerizable plasticizers (i.e., tri-

methylolpropane bis(methacrylate), 2-ethyl-2-hydroxymethyl-1,3-propanediol dimetha-

crylate) are used to provide good resistance to extraction, migration, and volatile loss

(29). The thermograms of the PS/A1-20 and PS/A1-40 have only one degradation step,

such as blank PS. It means that there is no migration of plasticizers from PVC to PS

matrix. It can be said that A1 product is highly compatible with PVC due to its

molecular structure.

Microscopic observations of these samples were also in compliance with thermogra-

vimetric studies. Figure 4 shows a comparison of migration properties of the plasticizers

from PVC sheets. At the blank PS micrograph (Figure 4a), it is seen that the PS sample has

a smooth surface. When the PS sample aged with R (PS/R), it is observed on the surface

that there are numerous small transferred liquid drops on the surface, which attributed to

the migrated DINP. In the case of PS/A1-20 and PS/A1-40, the micrograph has smaller

amounts of transferred liquid drops dependent on a decreased amount of DINP used

(Figure 4(b,c,d)). Decreasing the DINP amount (increasing A1 amount) decreases the

migration. Microscopic observations and thermogravimetric studies show that A1 does

not migrate to the PS and can be used as a low migrated plasticizer.

Figure 5 shows the behavior of a blank PS sample, A2 and PS samples aged with plas-

ticized PVC sheets (PS/R, PS/A2-20 and PS/A2-40). A2 has three degradation steps in

the weight loss derivative curve (maxima at 211, 306 and 4208C). However, there was not
step at these temperatures in the thermograms of PS/A2-20 and PS/A2-40, which means

that there is no migration of A2 to PS such as A1. At the micrographs of these samples, the

surfaces of the PS films are seen homogeneous (a little amount of transferred liquid was

Figure 4. Micrographs of PS sheets after the migration tests a) Blank PS, b) PS/R, c)PS/A1-20, d)
PS/A1-40.
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observed). Since the amount of A2 in the plasticizer mixture increases, the transferred

liquid drops on the sample surface decreases. This shows that A2 does not migrate to

PS matrix (Figure 6).

Tg Determination

Figure 7 shows the Tg of plasticized PVC sheets. Tg of R was determined as2378C. Tg of

A1-20, A1-40, A2-20 and A2-40 are 2408C. Since these products have similar elastic

modulus and elongation at break (%) values and have approximately the same Tg that

R has, it can be said that A1 and A2 (20 and 40% of DINP by weight) can be used as a

secondary plasticizer with DINP for PVC.

Figure 5. Weight % and weight loss derivative curves of PS samples aged with plasticized PVC.
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Conclusions

A1-20, A1-40, A2-20, and A2-40 have approximately the same mechanical properties.

Also, these products have a lower Tg than R. Migration tests showed that all products

obtained by using A1 and A2 have a lower migration than R.

Figure 6. Micrographs of PS sheets after the migration tests. a) Blank PS, b) PS/R, c) PS/A2-20,
d) PS/A2-40.

Figure 7. Tg of the plasticized PVC sheets.
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These results show that:

Using A1 and A2 products as secondary plasticizer 20% of DINP by weight, improves

elongation at break (%) slightly, but decreases elastic modulus. Tg of these samples

are approximately the same and lower than R, but the migration of the plasticizer

mixture decreases significantly.

Using A1 and A2 products as a secondary plasticizer 40% of DINP by weight, improves

elastic modulus, but decreases elongation at break (%). Tg of these samples are

approximately the same and slightly lower than R, but the migration of the plasticizer

decreases significantly.

According to all results, A1 and A2 products obtained from alcoholysis of waste

PET by using TMP can be used up to 40% of DINP by weight as a secondary plasticizer

for PVC.
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