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Abstract: The preparation of polyether polyols from waste rigid polyurethane foam has been achieved
by chemical degradation of ethylene glycol and diethylene glycol as the degradation agent. Then, the
modified rigid polyurethane foam was prepared by polyether polyols and glass fiber. To detect the
characteristic of rigid polyurethane foam, the density, water absorption, compressive strength, thermal
conductivity, infrared spectrum, morphology structure had been tested. Finally, the best degradation
formula was explored, and the modified rigid polyurethane foam had been prepared from the recycled
polyol.
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1. Introduction
Polyurethane is a kind of macromolecular organic materials with extensive application value. The
properties of strength and toughness can be improved by adding inorganic filler during molecular
polymerization [1]. The research of new polyurethane composites had been widely concerned. Glass
fiber (GF) is an excellent performance inorganic nonmetallic material which is composed of SiO2, Al2O3,
CaO, MgO, Na2O and so on [2]. In the GF preparation process, glass balls and other waste materials are
melted, stretched and braided at high temperatures [3]. The annual GF consumption was relatively large,
which will produce a large amount of waste difficult to treat and cause great environmental pollution.
The research of GF-polyurethane nanocomposites had made a breakthrough in recent years. The impact
strength of GF-polyurethane is positively correlated with the percentage of GF, but after reaching a
certain peak, the impact strength of GF-polyurethane has decreased.
In recent years, the development level of the global polyurethane industry is in the stage of rapid
development, which is increasing rapidly every year [4]. At present, Western Europe, North America
and the Asia Pacific account for more than 85% of global production and sales, of which the Asia Pacific
region has become the world's largest polyurethane market, accounting for about 45% of the global
market share. The annual growth rate is 4.5%. As of 2016, China's polyurethane capacity reached 10.56
million tons, with an average annual growth rate of 5% to 7%. In the economic slowdown environment,
strong growth momentum is maintained, and polyurethane materials have broad prospects for
development.
Polyurethane is widely used in various fields of production and life, such as insulation sandwiches
used in refrigerators, building exterior insulation boards, polyurethane rigid foams for oil pipeline
transportation layers, spandex for fabrics, and polyurethane artificial leather [5-7]. Polyurethane soft
foams such as car seats and mattresses, as well as polyurethane elastomers widely used in mining and
machine, can substitute rubber in the industrial field.
For example, in the production of refrigerators, the rejection rate can reach 7% to 10%. In the
production of other products, there are also many rejections in the production process, as well as various
waste polyurethane materials such as aging products [8-10]. According to statistics, about 20% to 30%
of waste polyurethane products need to be treated every year. These wastes are thermosetting polymer
materials, which cannot be simply melted and reshaped, and are not easily degraded in the natural
environment. It also seriously pollutes the environment while bringing problems to related companies.
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How to deal with this issue economically and environmentally has become a hot topic in the industry.
The recycling methods for polyurethane mainly include energy recovery methods, physical recovery
methods, and chemical recovery methods [11]. Physical methods are reused after burial and simple
mechanical shearing. This method causes serious environmental pollution, low economic efficiency,
poor product performance and short service life [12]. Energy recovery is using polyurethane as fuel,
which greatly pollutes the environment. Currently, the feasible chemical method is to treat it by
alcoholysis. The alcoholysis method in the chemical recovery method has received extensive attention
due to mild conditions and good performance of the reaction products [13]. One can choose the suitable
alcoholysis agent and degradation conditions to obtain polyols with good quality, which can make the
waste polyurethane reused [14,15]. The methods of alcoholysis and ammonolysis are widely used, while
hydrolysis and pyrolysis are still in the research stage [16]. Environment-friendly materials and clean
energy are the development direction of the emerging materials industry in the future. Hence, the
recycling of waste polyurethane products must be carried out. Although there were many reports on the
recovery of rigid polyurethane foam, the industrialization application of the chemical recycling method
has not been realized, which remains in the research stage. Therefore, the recycling of waste
polyurethane is imperative.
Wang J R [17] degraded polyurethane elastomer fibers and explained the degradation mechanism.
Several studies in polyurethane flexible foam wastes chemical recycling are reported in the literature.
Carolina Molero et al. [18] studied the glycolysis of flexible polyurethane foams with different glycols
to investigate their activity and got the highest quality recovered polyol. Shameel Farhan [19] prepared
carbon foam by powder molding method using waste rigid polyurethane powder. They found that the
PU powder was used as a hard template without the need for subsequent template removal.
In this study, polyurethane waste (WPU) was used as material, and recycled polyether polyol was
obtained by adding ethylene glycol and diethylene glycol as crosslinking agents in the degradation
process. Then, foaming is carried out by mixing recycled polyether polyol with isocyanate and other
additives to prepare polyurethane rigid foam (PURF). Then the GF modified PURF can be obtained by
adding the GF in the process.

2. Materials and methods
2.1. Materials
Waste Polyurethane Rigid Foam(WPU); Glass Fiber(GF); Ethylene Glycol(EG), Analytical
Reagent(AR), Tianjin Kemiou Chemical Reagent Co. Ltd.; Diethylene Glycol(DEG), Analytical
Reagent (AR), Tianjin Kemiou Chemical Reagent Co. Ltd.; Potassium Hydroxide (KOH), Analytical
Reagent (AR), Tianjin Kemiou Chemical Reagent Co. Ltd.; Polyether Polyol 4110, Chemical Pure(CP),
Langfang Quanzheng Chemical Co. Ltd.; Polydimethylsiloxane, Analytical Reagent (AR), Tianjin
Kemiou Chemical Reagent Co. Ltd.; Dibutyl Tin Dilaurate(DBTDL), Analytical Reagent (AR), Daian
Sinobio Chemistry Co., Ltd.; Monofluorodichloroethane (HCFC-141b), Chemical Pure(CP), Shandong
Binhai Chemical Co., Ltd.；Polyaryl Polymethylene Isocyanate(PAPI), Chemical Pure(CP), Wanhua
Chemical Group Co.Ltd..
2.2. Experimental method
The WPU was pulverized. The degradation reactions were carried out in a four-neck reaction kettle
equipped with a stirrer and refluxing condenser under N2 atmosphere. The 1.0 g of KOH as the catalyst
and 100 g of de-crosslinking agents composed of DEG and EG were placed in the reaction kettle, and
when the KOH was completely dissolved in DEG and EG, the required quantity of WPU was added.
The system was agitated with a cantilever type constant speed electric mixer at 100, 120, 140 and 160
℃ in a thermostated heating jacket to obtain recycled polyol.
The variables studied were temperature (100, 120, 140 and 160℃), reaction times (1.0,2.0,3.0 and
4.0 h) and the mass ratio of DEG/EG (1/1,1/2, and 1/3). The initial time is when the PURF was
completely dissolved in the de-crosslinking agents.
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PURF with different contents of GF (0%,1.0%,1.4% and 1.8%, parts per hundred of polyol) was
prepared by a one-step method, following the formula showed in Table 1. Firstly, predetermined
amounts of recycled polyol, PDMS, HCFC-141b, and TEA and DBTDL were added to the polyether
polyol 4110 in a polypropylene beaker and mixed under mechanical stirring at 500 rpm for 30 s to obtain
a homogeneous polyol mixture. Then, a precalculated amount of PAPI and GF were added to the polyol
mixture and mixed under mechanical stirring at 1000 rpm until foaming. After curing at 60℃ for 20min,
the PURF were cured for at least 24 h at room temperature before performing the characterizations.
Table 1. GF Modified Waste Rigid Polyurethane Foam (GF-PU) formula

In this study, ethylene glycol and diethylene glycol, which are small-molecule alcohols，are used to
degraded the waste polyurethane products. Under the effect of two alcohols, the carbamate bond is
broken and substituted by a relatively short alcohol chain to forms a degradation product of the polyol.
The reaction mechanism is as follows:
Reaction to breaking carbamate bond:

R1 - NHCOO- R 2 + HO - R 3 - OH → R1 - NHCOO- R 3 - OH + R 2 - OH
Reaction to producing CO2:

R1 - NHCOO- R 3 - OH ⎯
⎯→
R1 - NH - R 3 - OH + CO2

Reaction to breaking allophanate bond:

R1 - NHCONH- R 2 + HO - R 3 - OH → R1 - NHCOO - R 3 - OH + R 2 - NH2
The recycled polyol is then used to regenerate the polyurethane foam by the polyurethane foaming
reaction. In the new foaming materials, the ether bond of diethylene glycol facilitates the formation of
hydrogen bonds between the polymer molecular chains, which can enhance the polymer.
In the preparation process of polyurethane rigid foam materials, chain extension, gas generation and
cross-linking branching reactions are first carried out [20,21]. After the reaction of the polyurethane,
that the diethylene glycol acts as an alcoholysis agent is contributes to forming a special-purpose
polyurethane foam with some degree density, cross-linking degree and mechanical properties.
2.3 Characterization methods
The viscosity of the recovered polyol was determined by a rotary viscometer (NDJ-5S, Wuxi Xigong
Tools and Measuring Co., Ltd.). This test was carried out in a glass beaker at 25℃.
An appropriate amount of recycled polyol was placed in a 100mL Erlenmeyer flask, and the hydroxyl
value was determined according to GB/TQ 128.3-2009.
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The FTIR analysis was done in a spectrometer (FTS-135, American BJO-RAD Co.). Preparation of
samples using potassium bromide tableting method. The FTIR spectra were acquired in the wavenumber
range of 400-4000 cm-1.
According to QB/T 10295-2008, the thermal conductivity of the PURF was measured using the
thermal conductivity tester (DRPL-III, Shanghai Jiezhun Instrument Equipment Co., Ltd.). The thermal
conductivity of three specimens per sample was measured, and the average values were calculated.
The apparent density of the PURF was tested, following GB/T 6343-1986. The apparent density of
five specimens per sample was measured, and the average values were calculated.
The compression strength of the PURF was determined in a universal testing machine (HKW 50kn,
Shanghai Huanke Measurement and Control Technology Co., Ltd) according to GB/T 8813-2008 with
sample dimensions of 50 × 50 × 50 mm3. The compression strengths of five specimens per sample were
measured, and the average values were obtained.
The cell structures of the PURF were studied The cell structure of the PURF was observed by a
polarizing microscope (A1, Carl Zeiss Jena Co). The foam sample was prepared by cutting into thin
slices.
The cell structure of the PURF was studied using a scanning electron microscope (S-3400, Hitachi,
Japan) at the accelerating voltage of 20 kV. The samples were prepared by a brittle fracture with liquid
nitrogen and coated with gold before observation.
The water absorption rate of the PURF was determined according to GB/T 8810-88. The water
absorption rate of five specimens per sample was measured and averaged.
The thermogravimetric analysis of the PURF was studied by a thermogravimetric analyzer
(Q5000IR, American TA Co.). The characterization was performed from 25 to 500℃ at a heating rate
of 10℃/min under a nitrogen atmosphere, and the test was carried out at a gas flow rate of 50 mL/min.

3. Results and discussions
3.1. Selection of reaction time
In this study, ethylene glycol and diethylene glycol were used as alcohololytic agents in a certain
proportion, and the proportion of other reactants was determined. The reaction time was set to 1.0, 2.0,
3.0 and 4.0 as experimental factors when the reaction temperature was 140°C, through the control
variable method. The results of the viscosity and the hydroxyl value of the product of different
degradation times under the same alcohololytic agents ratio are shown in Figure 1.

Figure 1. Hydroxyl value of degradation products
at different times
The hydroxyl value of the degradation product increases as the degradation time increases. When the
time is between 1.0 and 2.0h, the reaction is slow. As for 2.0 ~ 3.0h, a large amount of carbamate bond
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is broken in the reactants and replaced by alcoholic hydroxyl groups, thereby the hydroxyl value is
increasing faster, and the alcoholysis reaction is more intense. When the degradation time reaches 3.0 or
more, the reaction tends to be gentle again, and the increasing amount in the hydroxyl value is decreases.
Considering on the comparison of the hydroxyl value of the above degradation products, the analysis
shows that the requirements can be met when the degradation time is 3.0 h.
3.2. Selection of reaction temperature
In this study, ethylene glycol and diethylene glycol were used as alcohololytic agent in a certain
proportion, and the proportion of other reactants was determined. The reaction time was 5h. The reaction
temperature was set to 100, 120, 140, 160°C as the experimental factor. The more thorough the reaction,
the viscosity of the product gradually decreased, which is shown in Table 2. When the hydroxyl value
is gradually increased, the color of the obtained product is gradually deepened; when the reaction
temperature reaches 140°C or above, the parameters of the degradation products are less changed.
Considering the factors, the degradation temperature of the waste polyurethane is determined to be
140°C.
Table 2. Viscosity of the degradation product
at different temperatures
temperature /℃

Viscosity/mPa·s

100
120
140
160

9572.3
8112.6
6454.2
5985.9

3.3. Infrared spectra of degradation products
When the total amount of solution-crosslinking agent remained unchanged, the mass ratios of DEG/
EG was in the range of 1/3 to 3/1, and the different degradation experiments were carried out in this
condition. The optimal foaming process of the obtained oligomer polyol was studied and the obtained
samples were characterized and analyzed.
Figure 2 shows the results of infrared spectra of the degradation products (DEG /EG=1/1, 1/2, and
1/3, mass ratio) and polyether 4110. Compared with the polyether 4110, the degradation products
showed strong absorption bands in the range of 3500-3300 cm-1, which is attributed to alcohol-based
hydroxy stretching vibration peaks [22]; there is a strong absorption band near 1708 cm-1, which is
attributed to a benzene-type overtone peak. There is a clear and strong absorption band at 1054 cm-1,
which is attributed to the C-O-C absorption peak.
It can be seen that a large number of carbamates in the waste polyurethane rigid foam degradation
products at 140°C are broken and substituted by the alcoholic hydroxyl group, which have been degraded
into the polyols. The degree of stretching of the peak of the degradation products is similar to that of the
polyether polyol, indicating that its chemical properties are similar to the polyether polyol, which proves
that the polyurethane is successfully degraded.
Besides, these data demonstrate that the recycled polyol is a mixed product of a polyether polyol and
an aromatic polyol. We can see that the characteristic peak of the foam (DEG/EG=1/3, mass ratio) is
more obvious than others, so when the mass ratio of DEG/EG is 1/3, it may be the best formulation for
degrading waste polyurethane rigid foam.
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Figure 2. Infrared spectra of degradation products with
different DEG/EG mass ratio and polyether polyol 4110
3.4. Compressive strength test
Figure 3 shows the compressive strength of the PURF with different GF additions in the different
mass ratios of DEG/EG. The recycled polyol has great properties, having a rigid group such as a benzene
ring and a lot of hydrogen bond [23] when the mass ratio of DEG/EG is 1/3. The PURF prepared from
the recycled polyols has great properties. The reason is the grown internal strength of the PURF matrix
result from the higher degree of hydrogen bonding among the urethane groups and a lot of rigid benzene
rings and the better cell structure of the GF modified PURF. When the mass ratio of DEG/EG is 1/3, the
GF modified PURF can withstand more strain in applications.
The GF addition had a dramatic effect on the PURF compressive strengths. The compressive strength
of the PURF rose with the increasing of the GF addition in some range. In detail, the compressive
strength increased sharply with a small GF addition and reached the maximum value at 1.4% GF
addition. Compared with the pure PURF obtained without the GF, when the addition of GF is 1.4%, the
compressive strength of the foam was increased from 0.17 MPa to 0.24 MPa, increased by 41.2%.
When the amount of GF added exceeds 1.4%, the compressive strength of PURF begins to decrease.
The reason is that the cell structure of the composite with 1.8% GF was not uniform. Still, the GF
modified PURF had higher compressive strength than the pure PU foam.

Figure 3. compressive strength of PURF with different
GF addition in different DEG/EG mass ratio
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3.5. Apparent density test
The apparent density of PURF is shows in the Figure 4. There is a large amount of gas in the PURF
bubbles. The GF can act as nucleation agents and contribute to the formation of new cells. The apparent
density of PURF rised with the increasing of the GF addition, when the mass ratio of DEG/EG is a
constant. When the mass ratio of DEG/EG is 1/3, the apparent density of PURF with the same GF
addition is the lowest and its cell is the largest. When the addion of GF is 1.4%, the apparent density of
the PURF (DEG/EG=1/3, mass ratio) is 37.16 kg/cm3.

Figure 4. Apparent density of PURF with different GF
addition in different DEG/EG mass ratio
3.6. Thermal conductivity test
As shown in Table 3 shows the thermal conductivity of the PURF with different GF additions in
different mass ratio of DEG/EG.
Table 3. Thermal conductivity of PURF with different GF addition
in different DEG/EG mass ratio
PURF formula

Thermal conductivity (W/m·K)

DEG/EG=1/1,0% GF
DEG/EG=1/2,0% GF
DEG/EG=1/3,0% GF
DEG/EG=1/3,1.0% GF
DEG/EG=1/3,1.4% GF
DEG/EG=1/3,1.8% GF

0.0242
0.0234
0.0221
0.0217
0.0206
0.0213

With a finer and more uniform cell structure, the GF modified PURF had a lower thermal conductivity
than the pure PURF. The GF modified PURF has good thermal insulation performance and meets the
requirements of national standards, and can be prepared for polyurethane products in other applications.
When the mass ratio of DEG/EG is 1/3, the thermal conductivity of the PURF with 1.4% GF is 0.0206
W/m·K, having about a 6.79% decrease in comparison with the pure PURFs (0.0221 W/m·K). However,
when the GF addition exceeds 1.4%, the thermal conductivity of PURF is a slight decrease. The reason
is that a further increase in GF addition led to a non-uniform cell structure of the PURF.
The GF can act as a nucleation agent and serve as an area for bubble growth with the formation of
new bubbles. As the amount of nucleation agents increases, the bubble size decreases, and the number of
bubbles increases. Besides, GF can block the conduction of heat flow to some degree, and thus the thermal
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insulation effect of polyurethane could be improved. When adding the right amount of GF, the thermal
conductivity of PURF is decreases.
3.7. Polarized light microscopy analysis
Figure 5 shows the results of polarized light microscopy analysis of the obtained polyurethane foam
(DEG/EG=1/3, mass ratio). It is found that the foam obtained has a larger cell structure, which is a regular
polygon, and its skeleton is thick and the crosslinked structure is well, indicating that the foam prepared
by the formulation has great pressure resistance. Moreover, the closed-cell that can be seen is good, and
the pore film is relatively smooth and translucent, and the gas can be sealed well so that the foam has
excellent heat insulation and heat preservation performance.

(A)PURF with 0% GF addition

(B) PURF with 1.4% GF addition

Figure 5. POM images of PURF with different GF additon
when the mass ratio of DEG/EG is 1/3
3.8. Scanning electron microscope analysis
Figure 6 shows the SEM images of PURF with 0% and 1.4% GF addition when the mass ratio of
DEG/EG is 1/3. The cell structure of the foam with 0% GF addition is even and fine, and the cell structure
of the PURF with 1.4% GF addition is smaller. The GF act as a nucleation agent results in the number of
bubbles becomes more than the pure PURF. Moreover, the GF also could enhance the mechanical
strength of the foam cell framework. The test results are verified to have the same regularity as the results
of the compressive strength of the test. Conclusively, the cell structure is vital for the mechanical
properties of polyurethane foams: the superior the cell structure, the higher the strain level tolerated.

(A) PURF with 0% GF addition

(B) PURF with 1.4% GF addition

Figure 6. SEM images of PURF with different GF addition when
the mass ratio of DEG/EG is 1/3
3.9. Water absorptions analysis
Figure 7 shows the water absorptions of PURF with different GF addition in different DEG/EG mass
ratio. The water absorption of PURF decreased with the increase of the GF addition. The lower water
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absorption presents the cell structure of the PURF is more complete and higher closed cell ratio; that is,
the more gas is blocked, which result in the thermal insulation performance is better. In detail, when the
mass ratio of the DEG/EG is 1/3, the water absorption of the PURF with 1.4% GF addition is 0.01792
g/cm3.

Figure 7. Water absorptions of PURF with
different GF addition in different DEG/EG mass ratio
3.10. Thermogravimetric analysis
Figure 8 shows the TG curves of the different PURFs.The initial temperature of pyrolysis of the PURF
increased with the reduction of the value of DEG/EG (mass ratio). The results show that the recycled
polyol has better quality when the mass ratio of DEG/EG is 1/3, and it contributes to the more superior
thermal stability of the PURF prepared from the recycled polyol in this condition. The initial
decomposition temperature of the PURF with DEG/EG =1/3 is 231℃, having about a 10.48% increase in
comparison with the PURF with DEG/EG =1/1 (210℃). The reason is when the mass ratio of DEG/EG
is 1/3, there is a lot of hydrogen bond and rigid group among the molecule.

Figure 8. The TG curve of the polyurethane foams
Observing the TG curves, we found that GF could improve the thermal stability of PURF. With the
temperature increasing, the weight loss rate of the sample without GF increased rapidly, but for the PURF
with 1.4% GF the weight loss rate is relatively slow due to the higher chemical bond energy of the
polyurethane molecule after adding GF. The PURF with 1.4% GF began to decompose at 232°C, and the
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temperature of thermogravimetric completion stage is about 500°C. Therefore, the thermal stability of
the polyurethane foam can be remarkably improved after adding GF.

4. Conclusions
In this study, DEG and EG were used to treat the waste rigid polyurethane foam to obtain the recycled
polyol. The PURF was prepared from the degradation products. Then, the GF was used to modify the
PURF. A series of characterization analyses show that when the degradation reaction temperature is
140℃ and the degradation time is 3.0h, and the mass ratio of DEG/EG is 1/3, the performance of
obtained recycled polyol is the best. The presence of benzene rings in the recycled polyol plays a great
role in the mechanical properties of the PURF prepared from the recycled polyol. When the GF addition
is 1.4%, for the PURF prepared in DEG/EG=1/3, the compressive strength of the PURF is 0.24 MPa,
having about a 41.2% increase in comparison with the pure PURF without adding GF. The thermal
conductivity of the GF modified PURF is 0.0206 W/m•K, and its apparent density is 37.16 kg/cm3. The
GF act as a nucleation agent led to a lot of amount of bubbles generating. Therefore, the cell structure
and thermal performance of the PURF with 1.4% GF addition are finer and the water absorption of the
PURF is lower.
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