Recycling of Polyurethane Foam as a Hardener for
Epoxy Resin

Supanee Keesuwan' and Jeng-l Chen"”

Polyurethane foam was recycled by glycolysis through the transesterification
reaction. The glycolyzed products were characterized using infrared spectroscopy,
nuclear magnetic resonance spectroscopy, and gel permeation chromatography. It was
found that the decomposed products were mainly mixtures of low molecular weight
amines and polyols. Such mixtures were used to harden epoxy resin without further
purification. The curing reaction between glycolyzed products and epoxy was studied
using differential scanning calorimetry. The cured epoxy samples showed good thermal
and mechanical properties characterized by dynamic mechanical analysis and hardness
measurements.
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INTRODUCTION
There has been a significant increase in
plastic wastes leading to a great impact on our

living  environment. Therefore, the
development of novel recycling techniques for
wastes from both thermoplastics and

thermosets has become an important subject.
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Thermosets are especially difficult for recycling
since they are not melt processable.
Polyurethane (PU) foams, being thermosetting
materials, have been recycled chemically by
various  ways  including  glycolysis,(-)
hydrolysis,*8 and others.®10) Among these
techniques, glycolysis is the most widely
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studied method for the decomposition of rigid
polyurethane foams. Decomposers used in this
method are mainly low molecular weight
compounds containing hydroxyl groups. Such
decomposers can chemically break down the
urethane linkages through transesterification
reactions.  Types of glycolyzed products
obtained depend wupon the types of
decomposers used. Glycolysis of these foams
mainly results in polyols while secondary
reactions involve the decomposition of urea
linkages and the formation of amines. The
liquid reaction products were usually processed
further in order to retrieve polyol, one of the
starting materials for making PU foam. Most of
the investigations in the literature emphasized
the regeneration of the polyol from PU foam
wastes for re-use in foam preparation.(.2)

To date, there have only been a few
works on the use of chemically recycled PU
products to make materials other than foams.
39 There is also a lack of detailed
characterizations on the liquid products
derived from recycled PU. Kanaya and
Takahashi®  have reported that the
decomposition process of polyurethane foam
by pure alkanolamines is not aminolysis but
rather alcoholysis. There was no report on the
application of their reaction product. In
addition, their conclusions may not be the same
provided a catalyst, such as a metal hydroxide,
is present. Xue et al.® reported the preparation
of adhesives using epoxy resin and glycolyzed
products from PU foam. In their work, it was
necessary to add amines, which are typical
commercial hardeners for epoxy resins, in order
to achieve better material performance. Thus, it
is interesting to develop a technique to use the
glycolyzed products as a hardener for epoxy
resin directly without the addition of hardeners
and without using complicated separation
processes for the polyols and amines.

Glycolysis of Foam

Glycolysis was carried out under a
nitrogen atmosphere in a four-neck round-
bottom flask equipped with a reflux condenser,
a thermometer, and a mechanical stirrer.
Polyurethane foam (450 g) in a cubic shape of
about 1 cm?® was added portion-wise into this
flask containing 150 g DEA and 1.8 g (0.3 wt %)
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In this paper, a novel approach for the
recycling of PU foam is reported. Diethanola-
mine (DEA) was used as a decomposer for the
glycolysis of PU foam. Sodium hydroxide was
introduced to facilitate the glycolysis reaction.®
Since the reaction between the epoxide ring and
hydroxyl group can be catalyzed by metal
hydroxides, (1219 sodium hydroxide in the
glycolyzed product can also promote the
crosslinking reaction in our polymer system.
The synthesis and characterization of the
glycolyzed product as well as the properties of
the cured epoxy samples are reported.

EXPERIMENTAL
Materials

PU foam used in this experiment is rigid
PU foam for construction provided by Pacific
Plastics (Thailand) Co., Ltd. (DOW). The
preparation of the PU foam was mainly based
on methylene diphenyl diisocyanate (MDI) and
multifunctional hydroxyl compounds.
Diglycidyl ether of bisphenol-A (DGEBA)
epoxy resin (Epiclon 850) was provided by
Siam Chemical Industry Co., Ltd. DEA and
sodium hydroxide obtained from M&B and J.T.
Baker, respectively, were used as received.

Instruments

The infrared (IR) spectra were recorded
on a Nicolet FTIR spectrophotometer. The
nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Fourier Transform
NMR spectrometer. The curing reaction of the
glycolyzed product and epoxy resin was
studied using differential scanning calorimetry
(Perkin-Elmer DSC 7). Thermograms obtained
from dynamic mechanical analysis (DMA) were
recorded on a Netzsch DMA 242 device. The
hardness of the cured resin was measured by a
Shore Durometer Type D (ASTM D 2240-86).

pulverized NaOH. The decomposition reaction
proceeded at 130-150°C until the foam was
completely dissolved.

Preparation of Crosslinked Epoxy Resin
DGEBA epoxy resin was mixed with the

glycolyzed product at different weight ratios.

These mixtures were heated in an oven at 150°C
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for 100 minutes. The cured resin was then
cooled down rapidly in a freezer.

RESULTS AND DISCUSSION

Glycolysis of Rigid Polyurethane Foam
Polyurethane foam was broken down into
a clear brown viscous liquid by DEA with
NaOH as a catalyst at 130-150°C. It was
reported that the decomposition reaction? may
proceed as shown in Figure 1. Kanaya and
Takahashi() also reported that both glycolysis

and aminolysis can occur during the
decomposition process. The glycolysis of the
urethane group preserves the same urethane
linkages and the aminolysis of urethane leads
to the formation of urea linkages. As both
reactions continued, PU foam was converted
into low molecular weight compounds. In
addition, NaOH reacted further with both
urethane and urea linkages forming aromatic
amines and polyols® as shown in Figure 1.

Ri-NH-COO-Rz + 2HN(ROH), —p Ri-NH-COO-R-NH-R-OH + HO-R»

+ Ri-NH-CO-N(ROH),

Ri-NH-CO-NH-R; + HN(ROH); —® R;-NH-COO-R-NH-R-OH + RoNH»

+ HO-R-NH-R-OCO-NH-R>+ RN

T =1 NT T T=IX TN

+ R,-NH-CO-N(ROH) ,

R-NH-CO-NH-R' + 2 NaOH —% RNH, + R'NH; + Na,CO;

The  decomposition  product was
characterized by NMR spectroscopy. The 'H
and 13C NMR spectra are shown in Figure 2 and
Figure 3, respectively. Figure 4(a) shows a
segment of molecules with urethane linkages

R-NH-COO-R"+2 NaOH —p RNH; + R'OH + Na>COs3

Figure 1. Decomposition of polyurethane foam.

composed in the foam prepared based on MDL
After the decomposition, the generation of
methylene diphenyl amine (MDA) or its analog
is expected. The chemical structure of MDA is
also shown in Figure 4(b).
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Figure 2. 'H NMR spectrum of the glycolyzed product.

Figure 3. >C NMR spectrum of the glycolyzed product.
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From 13C NMR results (Figure 3), two
small peaks at around 128 and 118 ppm( are
attributed to carbon atoms at positions 1 and 2
shown in Figure 4(a). Two prominent peaks at
around 129 and 115 ppm correspond to carbon
atoms of the aromatic amine() at positions 3
and 4 in Figure 4(b). The results suggested the
decomposition of urethane linkages and the
formation of aromatic amines during the
reaction. In the case of TH NMR results shown
in Figure 2, two large peaks at around 6.95 and
0.60 ppm resulted from protons at positions 3
and 4 showing the formation of aromatic
amines. The broad shape of these peaks also
suggested that the sample contains a mixture of
aromatic compounds. Protons at positions 1
and 2 lead to peaks at around 7.20 and 7.05
ppm. Both peaks are small, indicating that
there is a significant decrease in urethane
linkages after reaction.

From both 'H and 3C NMR spectra, it

Figure 4. (a) A segment of molecules composed in the polyurethane foam.
(b) Chemical structure of methylene diphenyl amine.

IR spectra of the glycolyzed product,
foam and DEA are shown in Figure 5. The IR
spectrum of the decomposition product was
compared with that of the polyurethane foam.
The decreasing of a peak at around 1730 cm!
indicates that urethane groups were consumed.
The IR spectrum of the decomposition product
was also compared with that of DEA. It can be
seen that a peak at around 1654 cm- increases
significantly. This peak indicates the
occurrence of N-H bending from the newly
generated primary aromatic amines. In
addition, a large peak at around 3300-3400 cm-!
in the spectrum of the decomposition product
shows the presence of a large amount of
hydroxyl groups which may come from DEA
or the glycolyzed products.

According to these  spectroscopic
analyses, it can be concluded that DEA can be
used as a decomposer for the glycolysis of PU
foam, since a significant decrease of DEA in the

was found that a large amount of aromatic
amines was generated from the decomposition
process of polyurethane. A small amount of
urethane, however, still remained in the
decomposition product. In addition, a trace of
DEA, used as a decomposer, still existed in the
reaction product. This is indicated by peaks at
50.5 and 60 ppm in the 13C NMR spectrum as
well as a peak at 2.7 ppm in the 'H NMR
spectrum.
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reaction product was observed. In addition
urethane groups were broken down during the
decomposition process and a large amount of
aromatic amines was generated. Therefore, the
recycled product is mainly composed of
hydroxyl compounds, aromatic primary amines
and aliphatic secondary amines. The molecular
weight of the recycled product was measured
by gel permeation chromatography. The results
showed that molecular weights were mostly in
the range from 280 to 1,100 g/mole.
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Figure 5.
polyurethan foam (PU foam).

Crosslinking of Epoxy Resin

Crosslinking of epoxy resin by the
recycled product containing NaOH was studied
by DSC. Ethylenediamine was used as a model
compound in order to examine the reaction
between amine and epoxy resin. It was found
that the reaction started at an onset temperature

IR spectra of diethanolamine (DEA), decomposition product (GP), and

that of the pure aliphatic amine. Typically,
aromatic amines react with epoxy resin at a
temperature higher than that for aliphatic
amines. Therefore, the crosslinking process
was extended by the reaction of aromatic
amines and epoxy resin together with the
reaction between hydroxyl groups and epoxy

at around 65°C and was completed at around
130°C. Figure 6 shows a DSC scan of amixture
of GP and DGEBA at a weight ratio of 1 to 1.
An onset temperature of the reaction between
epoxy resin and the glycolyzed product at
around 80°C and an exothermic peak at around
120°C were observed. The initial reaction is the
reaction of aliphatic amines with epoxy resin
because it requires a lower reaction
temperature than that of aromatic amines. The
onset temperature, however, is higher than that
of the model compound. This is because the
concentration of aliphatic amine in the
glycolyzed product is lower compared with

J. <. Res. Chula. Univ., Val. 23, No. 2 (1998)

resin. The two reactions are not distinguishable
in our DSC measurements. The curing
conditions of the polymer system were also
determined to be 150°C for 100 minutes from a
DSC isothermal experiment. Diethylene glycol
was used as a model ompound to confirm the
reaction of epoxy resin and polyols composed
in the glycolyzed product. The viscosity of a
mixture of diethylene glycol and DGEBA
increased significantly after heating at 150°C for
100 minutes. This observation is evidence of
the reaction between the hydroxyl group and
epoxide ring at these conditions.
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Characterization of Cured Epoxy Resin
DGEBA epoxy resin was cured by the
recycled product at various weight ratios.
Names of cured samples prepared in this work
indicate the weight ratio of recycled product to
epoxy resin. For example, P12 is the cured
epoxy resin prepared from the recycled product
and epoxy resin at a weight ratio of 1 to 2.

Figure 6. DSC reaction scan of a mixture of GP and DGEBA at a weight ratio of 1 to 1.

The glass transition temperatures (Tg) of
the cured samples were determined by the tan &
peak temperatures from DMA measurements.

The DMA results are shown in the Table
1. P13 possessed the highest Ty among the
samples investigated. It might be because the
ratio 1 to 3 is close to the stoichiometric ratio of
reactants. When the ratio was outside the
range presented in the Table, the materials
became soft and had much lower Ts.

Samples

Ty (°C)

Shore D

Hardness (std. dev.)

P11 61.5 70.2 (2.9)
P12 97.7 70.8 (1.8)
P13 103.8 75.0 (0.0)
P14 92.4 72.0 2.7)

Table 1. Tg and hardness of the cured epoxy resin samples.

The DMA thermogram of sample P14 is
shown in Figure 7. The sample possesses a
high storage modulus, F/, at room temperature
similar to those of common unfilled rigid
thermosetting materials.(4 The fact that the E/
value remains high even at temperatures higher
than Ty (rubbery plateau region) is due to the
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crosslinked structure in the sample. It is also
suggested that the service temperature of these
samples is higher than for typical uncrosslinked
amorphous polymers with a similar Ty whose
mechanical properties drop several orders of
magnitude during the T, transition.

J. Si. Res. Chula. Univ., Vol. 23, No. 2 (1998)
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Hardness of the cured samples was

Figure 7. DMA thermogram of sample P14.

developed in this study possess good

measured at ambient temperature. 1hne Tresults
showed that there was no significant difference
in hardness for the samples in Table 1. Each
hardness value was obtained by averaging five
measurements. All hardness values are in the
range of 65 to 75 Shore D, which is close to
those of polypropylenes.(

Figure 8 shows a sample prepared by P14.
In order to prepare this sample, pigment was
dispersed in the polymer resin and the resin
was then precured at ambient temperature.
When the resin became rubbery, it was shaped
into a desired configuration. The sample can
then be further cured at ambient temperature
for a few days or at an elevated temperature for
a shorter time. The preparation of this sample
demonstrated that the polymer resins

J. &i. Res. Chula. Univ., Vol. 23, No. 2 (1998)

processibility and can potentially be used in
various applications.

CONCLUSIONS

Rigid polyurethane foam was glycolyzed
by DEA with the presence of sodium
hydroxide. The brown viscous liquid obtained
is composed of amines and polyols as
suggested by IR, 'H NMR, and 3C NMR results.
This glycolyzed product was used directly as a
curing agent for DGEBA epoxy resin. The
cured epoxy resin exhibited good processibility
and mechanical properties. Optimized samples
exhibited a Ty much higher than room
temperature with  hardness values of
approximately 70 Shore D. This study has
demonstrated an alternative method for the
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Figure 8. A pigmented sample (P14) made by epoxy resin using a hardener
prepared from the glycolysis of PU foam.

recycling of rigid PU foam wastes. It is
anticipated that the same scheme can be
applied for the recycling of various types of PU
products.

ACKNOWLEDGMENTS

The authors would like to acknowledge
the financial support from the National Metal
and Materials Technology Center (MTEC)
under contract no. MT-B-56-18-09-001. S.K.
thanks the National Science and Technology
Development Agency (NSTDA) for providing a
scholarship during her studies and Assoc. Prof.
Saowaroj Chuayjuljit for her help in various
ways. The supplies of rigid PU foam from
Pacific Plastics (Thailand) Ltd. (DOW) and
DGEBA epoxy resin from Siam Chemical
Industry Co., Ltd. are appreciated.

REFERENCES

1. F. Simioni, M. Tavan, and S. Bisello, “Polyol
Recovery from Rigid Polyurethane Waste,”
Cellular Polymers, 2, 281-293 (1983)

2. HR.Van Der Wal, “New Chemical Recycling
Process for Polyurethane,” Journal of Reinforced
Plastics and Composites, 13, 87-96 (1994)

3. S. Xue, and F. He, “Epoxy Materials Prepared
from The Chemically Reclaimed Products of
Waste Rigid Polyurethane Foams,” Cellular
Polymers, 13, 125-136 (1994)

4. G.Niederdellmann, N. Roemer, J. Schenk, Hetzel,
and E. Grigat, “Process for Separating
Polyurethane Hydrolyzates into Polyether and
Diamine,” U.S. Patent 4,399,236 (1983)

5. O.B. Johnson, “Method for Continuous
Hydrolysis of Polyurethane foam in Restricted
Tubular Reaction Zone and Recovery,” U.S.
Patent 4,025,559 (1977)

164

6. H.O.Wolf, “Preparation of Polyamines by Steam
Hydrolysis  of  Polyisocyanate  Reaction
Products,” U.S. Patent 3,225,094 (1965)

7. L.C. Pizzini, and ]J.T. Patton, “Process for
Recovery = of  Polyether Polyols from
Polyurethane Reaction Products,” U.S. Patent
3,441,616 (1969)

8. T.Yukuta, T. Ishikawa, K. Usui, and M. Akoh,

“Method of Recovering and Reproducing Raw
Materials from Polyurethanes,” U.K. Patent
2,062,660 (1981)

9. S. Xue, M. Omoto, T. Hadai, and Y. Imai,
“Preparation of Epoxy Hardeners from Waste
Rigid Polyurethane Foam and Their Applica-
tion,” Journal of Applied Polymer Science 56 (1995) :
127-134

10. W.Schutz, “Process and Apparatus for
Reclaiming Polyurethanes,” U.S. Patent 4,339,358
(1982)

11. K. Kanaya, and S. Takahashi, “Decomposition of
Polyurethane foams by Alkanolamines,” Journal
of Applied Polymer Science, 51, 675-682 (1994)

12. JW.Clark, and A.E.Winslow, “Production of
Polymeric  Materials from Polyoxyalkylene
Polyols and Butadiene Diepoxide,” U.S. Patent
2,897,163 (1959)

13. H.C.Chitwood, and B.T. Freure, “The Reaction
of Propylene Oxide with Alcohols,” Journal of
American Chemical Society, 68, 680-682 (1946)

14.L.E. Nielsen, and R.F. Landel, Mechanical
properties of polymers and composites, 2 ed.,
Marcel Dekker, NewYork, 1994

15. C.A. Harper, Handbook of Plastics and Elastomers,
McGraw-Hill, New York, 1975

Received: May 20, 1998
Accepted: October 6, 1998

J. Sci. Res. Chula. Univ., Vol. 23, No. 2 (1998)



Recycling of Polyurethane Foam
T W =T L= g {0 gl 10 AV =

J. Si. Res. Chula. Univ., Vol. 23, No. 2 (1998) 165



