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ABSTRACT: A method for recycling mixed PET and PVC wastes is described. Glycolysis
of PET leads to oligomers that are polycondensed with caprolactone. The obtained diols
are extended with hexamethylene diisocyanate. In certain conditions the polyurethanes
are totally miscible with PVC, leading to acceptable mechanical characteristics for the
blend. A relation between the structure of the polyurethane and miscibility with PVC
is described. The mechanical characteristics of the blend depends on the polyurethane
chemical structure. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 657–665, 1998
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INTRODUCTION formed at temperatures ranging from 160 to
1907C. In this case, PET behaves as a charge
within the PVC matrix. However, PET contami-PET and PVC wastes are a potential source for

recycling applications. However, there are techni- nated with a small amount of PVC is impossible
to treat by a common transformation method suchcal difficulties in obtaining a final product with

acceptable mechanical properties. When collected as extrusion or injection. PVC degrades at the
PET transformation temperature, leading to atogether, the major issue is to sort out the two

polymers to treat them separately. Unfortunately, material with unacceptable mechanical charac-
teristics.PET and PVC separation is not easy using simple

and inexpensive methods such as the difference PET recycling has become common in the in-
dustry. Different processes are available and mostof density of the two polymers. Sorting out the two

polymers by using a spectroscopic method adds an of them consist of esterifying the polyester with
an excess of reactant such as diols, diamines, alco-extra cost to the treatment. The aim of our project

was to find a method that avoids the sorting steps hols, or water. PET conversion products are used
as monomers for further synthesis of PET, poly-so that the wastes could be treated directly after

the collecting steps. urethanes (PUs), or polyesters. Table I summa-
rizes the most popular methods to treat PETRecycling processes for PET alone do exist.
wastes.When the PET is blended with PVC, this is diffi-

We planned to treat PET/PVC blends as wecult. These polymers are chemically incompatible
treat PET alone. The second step of the processand their processing temperatures are different.
consists of polycondensing the depolymerizationThese features lead to different situations, de-
products of PET with a reactant to obtain a newpending on the blend composition. PVC contami-
polymer compatible with PVC. The reactant wenated with a small amount of PET can be trans-
chose was 1-caprolactone because of the miscibil-
ity of its homopolymer with PVC.32 Aubin andCorrespondence to: J. J. Robin.
Prud’homme33 studied the miscibility of PVC withJournal of Applied Polymer Science, Vol. 69, 657–665 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/040657-09 several polylactones and pointed out the mono-

657

4936/ 8e45$$4936 05-22-98 18:40:37 polaa W: Poly Applied
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Table I Common PET Depolymerization Treatments for Recycling

Treatment Reactant Reaction Products References

Alcoholysis EG BHET and EG 1–21
Hydrolysis Water Terephthalic acid and EG 22–25
Methanolysis Methanol Dimethyl terephthalate and EG 26–28
Aminolysis Amine Terephthalamide 29–31

EG, ethylene glycol; BHET, bishydroxyethylterephthalate.

phasic structure of the blends. They noticed only The precipitate was washed with ether and dried
at 707C for 12 h.one glass transition temperature, whatever the

composition of the blend was. This temperature
increases gradually with the composition.

Preparation of ISO 1/2 Specimens for Mechanical
Properties Analysis

EXPERIMENTAL
The blends were compression molded at 1307C un-
der pressure (200 bar) and cut into ISO 1/2 testPET Depolymerization
bars. They were tested on an INSTRON 1/195

PET (40 g, Arnite A from Akzo Chemical) , 66 g apparatus.
of ethylene glycol (EG), and 0.53 g of zinc acetate
were mixed and heated to 1907C for 6 h in a three-

SEM Analysisnecked flask equipped with a condenser and a stir-
rer. After cooling the mixture was mixed in 1 L of

A specimen was broken in liquid nitrogen, and thewater and filtrated. The white residue was dried
surface fracture was observed using a Cambridgeunder a vacuum at 807C for 24 h.
Stereoscan 260 microscope.

Synthesis of Co-oligomers 1/1, 1/3, and 1/5
Mechanical AnalysisPET depolymerization products [0.05 mol, bishy-

droxyethylterephthalate (BHET) and dimer], When the ISO 1/2 specimens were tested on the
0.05n mol (n Å 1, 3, or 5) of 1-caprolactone, and Instron 1/195, a crosshead speed of 50 mm/mn
0.1 wt % of dibutyltin dilaurate (DBTDL) were was used to determine the breaking strength
mixed and heated to 1507C for 2 h in a three- (confidence limit of 0.5 MPa) and the elongation
necked flask equipped with a condenser and a at break (confidence limit of 1%).
stirrer.

Synthesis of PUs PU1/1, PU1/3, and PU1/5 RESULTS AND DISCUSSION
The co-oligomer (0.01 mol) was dissolved in 500
mL of tetrahydrofuran (THF) in a three-necked The first part of the work consisted of studying

the depolymerization of PET and the polyconden-flask equipped with a condenser and a stirrer. The
temperature was raised to 677C and a solution of sation of its reaction products with 1-caprolac-

tone. We decided to model the process and charac-0.01 mol of hexamethylene diisocyanate (HMDI)
in 50 mL of THF was added dropwise. After 12 h terize the reaction products for each step of the

process. In the first step we studied PET depoly-the mixture was cooled and precipitated in ether.
The precipitate was isolated by filtration and merization.

A more realistic run was made at the end ofdried at 707C for 12 h.
the study with the two components of the blend
during all the process stages. Obtained materials

Preparation on PVC/PU Blends were characterized by proton NMR analysis and
SEM, and their mechanical properties were deter-The blends were prepared by dissolving the two

components in THF and coprecipitating in ether. mined.
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Figure 1 Chemical structure and proton NMR chemical shifts of PET oligomer.

PET Depolymerization the quantity of 1-caprolactone to obtain three dif-
ferent co-oligomers. We called them 1/1 (1 molExperimental conditions were according to Baliga BHET for 1 mol 1-caprolactone), 1/3 (1 mol BHETand Wong.1 PET was depolymerized with an ex- for 3 mol 1-caprolactone), and 1/5 (1 mol of BHETcess of EG, and zinc acetate was the catalyst. The for 5 mol 1-caprolactone) (Fig. 2).reaction was carried out at 1907C for 6 h. The The reaction was monitored by gel permeationEG excess was eliminated by washing with water, chromatography analysis. Once the 1-caprolac-and the remaining products were dried and char- tone was totally consumed the reaction wasacterized by proton 1H-NMR analysis. There was stopped (2 h). The three products were character-80 wt % BHET (1 Å 1) and 20% dimer (1 Å 1). ized by proton 1H-NMR analysis, and the averageThis result was in accordance with Baliga and polymerization degree was calculated by com-Wong’s results of 15% of the dimer (Fig. 1). paring the integration signals of the a-hydroxy-
methylene groups with the a-carboxymethylene
groups. The results are displayed in Table II.Condensation of Depolymerization Products

of PET with 1-Caprolactone

To simplify the reaction scheme, we decided to Synthesis of PUs Using 1-Caprolactone/BHET
work with BHET only. The dimer was isolated by Co-oligomers
precipitation in hot water (907C) and filtration.

BHET was condensed with 1-caprolactone at Co-oligomers 1/1, 1/3, and 1/5 were extended
with HMDI (1 mol HMDI for 1 mol co-oligomer).1507C using DBTDL as the catalyst. We varied

Figure 2 Co-oligomer’s synthesis reaction scheme.
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Table III Mechanical Characteristics of PU1/1,Table II Co-oligomer’s DPn

PU1/3, and PU1/5
DPn(l / m)

Breaking Strength Elongation at
(MPa) Break (%)Product Theor Calcd

1/1 1 1.2 PU1/1 32 900
PU1/3 25 ú 10001/3 3 3.3

1/5 5 4.8 PU1/5 9 ú 1000

/ 25% PVC. The mechanical analyses pointed outThe hydroxyl content of the co-oligomers was cal-
that the characteristics of the blends depends onculated from the average degree of polymeriza-
the chemical structure of the PU. We note thattion (DPn ) determined by proton 1H-NMR analy-
increasing the 1 caprolactone content of the co-sis. The obtained PUs were PU1/1, PU1/3, and
oligomer softened the blend. The elongation atPU1/5. The reaction was monitored by FTIR anal-
break increased and the breaking strength de-ysis. The total disappearance of the isocyanate
creased.vibration band at 2250 cm01 indicated the end of

the reaction (Fig. 3).
The PUs were compression molded after melt- DSC Analysis of Blends

ing. Their mechanical characteristics are dis-
The DSC analyses of the blends highlight theplayed in Table III. As expected, increasing 1-ca-
glass transition temperatures of the blends. Theprolactone content in the polyurethane decreased
results are displayed in Figures 6, 7, and 8 forthe breaking strength and increased the elonga-
PVC/PU1/1, PVC/PU1/3, and PVC/PU1/5 blends,tion at break. The higher the concentration of the
respectively.urethane groups is, the harder the material is.

Two different behaviors were noted. PU1/1 andIncreasing 1-caprolactone content decreased the
PU1/3/PVC blends exhibited two glass transitionurethane group concentration, leading to a softer
temperatures whatever the composition was.material.
PU1/5/PVC blends exhibited only one glass tran-

Mechanical Properties of PVC/PU Blends

The blends were prepared by dissolving the PUs
and PVC in THF and coprecipitating in ether.
After drying, the blend was compression molded
and ISO 1

2 test bars were cut. The mechanical be-
haviors of the blends are displayed in Figures 4
and 5. We tested three compositions: 25% PU
/ 75% PVC, 50% PU / 50% PVC, and 75% PU

Figure 4 Breaking strength of PVC/polyurethane
blends.Figure 3 Polyurethane’s synthesis reaction scheme.
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Figure 7 Glass transition temperatures of PVC/
PU1/3 blends.

Figure 5 Elongation at break of PVC/polyurethane
blends.

where wa is the weight fraction of component A ,
wb the weight fraction of component B , Tg the
glass transition temperature of the blend, Tga

sition temperature whatever the composition the glass transition temperature of component
was. We concluded that only PU1/5 is miscible A , and Tgb the glass transition temperature of
with PVC. We applied the calculation of glass component B .
transition temperature for a miscible blend to the The comparison between theoretical and exper-
PU1/5/PVC blend: imental results are displayed in Figure 9. We were

in accordance with the theoretical calculation
with an error of 107C. The glass temperature evo-1

Tg
Å wa

Tgb
/ wb

Tgb
lution was quasilinear with the composition.

Figure 6 Glass transition temperatures of PVC/
Figure 8 Glass transition temperatures of PVC/PU1/1 blends.
PU1/5 blends.
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The set of analyses we performed reveals that
we are in total agreement with Woo et al.34 who
proposed a relation between carbonyl functions
concentration to explain the miscibility phenom-
ena of PVC with various polyesters. In our case,
increasing 1-caprolactone content in the co-oligo-
mer increased the carbonyl concentration in the
blend and led to a PU that was miscible with PVC.
This was demonstrated by the DSC analyses and
the SEM analyses. Moreover, the energy disper-
sive analysis performed during the SEM observa-
tion revealed that the chlorine content was vary-
ing from phase to phase for PVC/PU1/1 and PVC/
PU1/3 blends but was constant on the overall sur-
face of the PVC/PU1/5 sample.

The miscibility phenomena is explained by Woo
et al.34 who noticed a relation between miscibility

Figure 9 (l ) Experimental and (j ) theoretical glass and structure of the aliphatic polyester. Miscibility
transition temperatures for PVC/PU1/5 blend. is directly related to the number of interactions be-

tween carbonyl groups of the polyester and a hydro-
gens of PVC. They pointed out that aliphatic polyes-

SEM of 50/50 PVC/PU Blends ters having a ratio of CH2/COO õ 4 are not com-
The surface fracture observations of the blends pletely miscible with PVC. When this ratio is
showed the structure of the materials. The PVC/ between 4 and 10 they noted a complete miscibility
PU1/1 and PVC/PU1/3 blends exhibited a bipha- with PVC. We calculated the ratio CH2/COO to ver-
sic structure; the phase size decreased from the ify Woo et al.’s findings. The results are displayed
PVC/PU1/1 to the PVC/PU1/3 blend (Figs. 10, in Table IV. We observed that, considering both ure-
11) that became monophasic for the PVC/PU1/5 thane and carbonyl groups in the calculation, there

is a strong relation between the miscibility of theblend (Fig. 12).

Figure 10 Surface fracture observation of 50PVC/50PU1/1 blend (1111).
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Figure 11 Surface fracture observation of 50PVC/50PU1/3 blend (1157).

blend and the number of polar chemical functions study of Woo and colleagues was about aliphatic
polyester. In our case aromatic rings interfered, butwithin the PU. We were very close to a ratio of 4

when the miscibility phenomena occurred. The our results are quite similar to theirs.34

Figure 12 Surface fracture observation of 50PVC/50PU1/5 blend (1526).
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Table V Mechanical CharacteristicsRunning Process Using PET/PVC Wastes
Comparison Between Products Obtained from

The process was run in the same way as above Model Study and Products Obtained with PVC/
for the PU1/5 synthesis, even for the glycolysis of PET Wastes
PET. The difference was that PVC was present at

Model Study Real Caseall stages of the process. The issue was to keep it
from degrading during the PET depolymerization

Breaking strength (MPa) 21.1 21.7step. The temperature was raised to 1907C during
Elongation at break (%) 730 4506 h in EG as the reactive solvent. We used a blend

of 85% PVC and 15% PET from bottle wastes, and
we did not notice a drastic thermal degradation
of PVC during the process. The mechanical behav- PVC/PU1/1 and PVC/PU1/3 blends (Figs. 9, 10)
ior of the end material was the same as the one and the monophasic structure of the PVC/PU1/5
we did (for the same proportion of PVC) during blend (Fig. 8).
the model study, even if the PET and PVC were The mechanical characteristics of the blends
not the same. The mechanical behavior of the ob- reveals the importance of the chemical structure
tained product was compared to the correspond- of the co-oligomers. Increasing the 1-caprolactone
ing material from the model study (Table V). content leads to a softening of the material with

an increase of the elongation at break. Figures 7
and 8 show the mechanical behavior difference for

CONCLUSION the three blends. Increasing 1-caprolactone con-
tent leads to elastomeric materials. The mechani-

The process we described above reveals that it is cal characteristics of the blend can be adjusted by
possible to obtain materials with acceptable me- varying the chemical structure of the co-oligomer
chanical characteristics from PET/PVC wastes. and the amount of PU in the blend. This can be
We observed that the behavior of the PVC/PU of great interest for modifying the material char-
blend is strongly dependent on the 1-caprolactone acteristics in regard to the application needed.
concentration used for the co-oligomer synthesis. Different reactants could be used for the synthesis
We noted that the blend exhibits two types of be- of the co-oligomers and the PUs. Changing the
havior regarding its composition. Only PU1/5 is diisocyanate or the 1-caprolactone enlarges the
perfectly miscible with PVC. This is demonstrated number of possibilities.
by the DSC analysis (Fig. 5) that shows the mono- The work we described is a chemical plastic
phasic structure of the material with one glass recycling process for PVC/PET blends that can
transition temperature. Decreasing the 1-capro- find application when sorting operations are not
lactone quantity in the co-oligomer leads to PUs possible or too expensive. The advantage of the
(PU1/1 and PU1/5) that exhibit a biphasic struc- process is its ability to adapt the end product me-
ture. This can be observed in Figures 6 and 7, chanical characteristics according to the applica-
where two glass transitions are reported what- tion needed. Although the approach is innovative,
ever the composition of the blends is. The micro- the energy and material economics needs some
scopic observation of surface fractures of the attention. Moreover, the feasability of melt blend-
blends confirms the biphasic structure for the ing will be investigated. These two points will be

presented in our future publication.

Table IV CH2/(COO and CON) Content of
Co-oligomers and Polyurethanes REFERENCES

Glass Transition CH2/(COO and CON)
1. S. Baliga and T. W. Wong, J. Polym. Sci., Part A,Temperatures Ratio

Polym. Chem., 27, 2071 (1989).
2. M. Nagler, Ger. Offen. DE 3,727,727 (1988).1/1 — 3
3. G. Bauer, Ger. Offen. DE 3,702,495 (1988).1/3 — 3.8
4. M. E. Londrigan and M. J. Skowronski, U.S. Pat.1/5 — 4.14

4,714,717 (1987).PU1/1 2 3
5. J. M. Bentley, J. P. Brown, and G. Frinjns, Eur.PU1/3 2 3.57

Pat. 248,570 (1987).PU1/5 1 3.88
6. G. McD. Kenneth, U.S. Pat. 4,644,019 (1987).
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10. W. L. Carlstom, R. T. Stoehr, and G. R. Svoboda, 23. J. W. Mandoki, U.S. Pat. 4,605,762 (1986).

Proc. SPI Annu. Tech. Marketing Conf., 65, 1984. 24. J. M. Weitzer, Ger. Pat. 2,123,403 (1984).
11. S. C. Snider and A. Deleon, Eur. Pat. 93,247 25. A. Michalski, Pol. Pat. PL 140,015 (1987).

(1982). 26. Toray Industries Inc., Jpn. Pat. 146,567 (1976).
12. G. Bauer, Ger. Offen. DE 3,435,014 (1984). 27. Padampat Research Center, Ind. Pat. 147,511
13. E. Schaaf and H. Zimmerman, Ger. Pat. DE (1980).

273,446 (1989). 28. M. N. Marathe and D. A. Dabholkar, Brit. Pat.
14. R. Ostrysz, S. Jedryka, and B. Los, Pol. Pat. PL

2,041,916 (1980).133,692 (1986).
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Pat. 365,842 (1990).Res., 27, 2056 (1988).
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31. Nirlon Synthetic Fiber and Chemical Ltd., INRes., 26, 194 (1987).

154,774 (1981).17. V. F. Varnavskii, E. A. Vasilenko, N. V. Datsenko,
32. J. V. Koleske, Polymer Blends, Academic Press,T. S. Skrodskaya, and L. D. Shapovalov, Rus. Pat.

New York, 1978, Chap. 22.SU 1,373,710 (1988).
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