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Abstract: In this paper, four different kinds of diols were used for the alcoholysis of waste thermo-
plastic polyurethane elastomers. The recycled polyether polyols were used to prepare regenerated
thermosetting polyurethane rigid foam through one-step foaming. We used four different kinds
of alcoholysis agents, according to different proportions of the complex, and we combined them
with an alkali metal catalyst (KOH) to trigger the catalytic cleavage of the carbamate bonds in the
waste polyurethane elastomers. The effects of the different types and different chain lengths of the
alcoholysis agents on the degradation of the waste polyurethane elastomers and the preparation
of regenerated polyurethane rigid foam were studied. Based on the viscosity, GPC, FI-IR, foaming
time and compression strength, water absorption, TG, apparent density, and thermal conductivity of
the recycled polyurethane foam, eight groups of optimal components were selected and discussed.
The results showed that the viscosity of the recovered biodegradable materials was between 485

EITJedc:tfgSr and 1200 mPa-s. The hard foam of the regenerated polyurethane was prepared using biodegradable
Citation: Gu, X.; Wang, X.; Guo, X.; materials instead of commercially available polyether polyols, and its compressive strength was
Liu, S.; Li, Q; Liu, Y. Study and between 0.131 and 0.176 MPa. The water absorption rate ranged from 0.7265 to 1.9923%. The apparent
Characterization of Regenerated density of the foam was between 0.0303 and 0.0403 kg/m?>. The thermal conductivity ranged from
Hard Foam Prepared by Polyol 0.0151 to 0.0202 W/(m-K). A large number of experimental results showed that the degradation

Hydrolysis of Waste Polyurethane.
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of the waste polyurethane elastomers by the alcoholysis agents was successful. The thermoplastic
polyurethane elastomers can not only be reconstructed, but they can also be degraded by alcoholysis
to produce regenerated polyurethane rigid foam.
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1. Introduction

Plastic is an indispensable material in our lives [1,2]. As a part of plastics, polyurethane

(PU) has been rapidly developed in household goods, the construction industry, daily ne-
cessities, the transportation industry, household appliances, and other fields since its
emergence [3-5]. PU can be used to prepare soft polyurethane foam, hard polyurethane
foam, polyurethane elastomers, coatings, adhesives, and other products [6] which are
deeply loved by people. Thermoplastic polyurethane elastomers, with their excellent prop-
Attribution (CC BY) license (https.//  ©rties and wide application, have become important thermoplastic elastomer materials
creativecommons.org/licenses/by/  Whose molecules are largely linear, with no or little chemical cross-linking [7,8]. There
40). are many physical cross-links formed by hydrogen bonds between linear polyurethane

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Polymers 2023, 15, 1445. https:/ /doi.org/10.3390/polym15061445 https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym15061445
https://doi.org/10.3390/polym15061445
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://doi.org/10.3390/polym15061445
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym15061445?type=check_update&version=1

Polymers 2023, 15, 1445

20f16

molecular chains, which strengthen the material’s form and endow it with many excellent
properties, such as a high modulus, high strength, and excellent wear resistance, chemical
resistance, hydrolysis resistance, high and low temperature resistance, and mold resis-
tance [9-14]. With the wide application of polyurethane elastomers in various industries,
the global production and consumption of polyurethane have been increasing year over
year at an amazing speed [15]. At the same time, under such tremendous consumption,
polyurethane elastomer waste has caused serious environmental pollution and resource
waste. With the implementation of the global concept of environmental protection and
sustainable development, the recycling and sustainable utilization of polyurethane waste
has become a global issue [16].

For the recycling and sustainable development of polyurethane waste, landfill and
incineration were primarily used in the beginning of its development, but the pollution
of land caused by landfill is immeasurable. Although incineration is better than a landfill
as it does not occupy land resources, the carbon dioxide and other gases generated by
incineration cause a serious burden on the atmospheric protective layer [17,18], and people’s
awareness of environmental protection and legal restrictions relating to polyurethane
waste have caused its disposal via landfills and incineration to be banned. Due to its
three-dimensional network structure [19], in recent years, various recycling methods for
polyurethane waste have been studied, including the mechanical method, pyrolysis method,
microbial method, and chemical recovery method [20,21]. Among the many recycling
methods, chemical recycling can effectively break the carbamate bond in the chain segment
of polyurethane waste so as to obtain valuable small molecular monomers for sustainable
use [22,23]. Therefore, this method has been recognized by many scholars.

Among the many chemical recovery methods, alcoholysis has been favored for advan-
tages such as green environmental protection, low energy consumption, less impurities in the
recycled materials, and directional bond-breaking by catalysts [24,25]. In this paper, different
types of small molecule diols were used for the combination ratio to study the degradation
and recycling of used polyurethane elastomers. Alcoholysis agents with different ratios
successfully degraded the used polyurethane elastomers into small molecule alcohols, and
recycled polyurethane rigid foam was successfully prepared by using the small molecule
alcohols obtained from the degradation and recovery of the elastomers. The effects of different
types of alcoholysis agents on the degradation of polyurethane elastomers were studied,
and they have provided certain reference significance for the selection of alcohols and the
combination of two components in the degradation of polyurethane elastomers.

2. Materials and Methods
2.1. Materials and Reagents

The reagents used in this experiment are shown in Table 1.

Table 1. Raw materials of the paper experiment.

Reagent Name The Purity Factory of Production
Waste polyurethane elastomer Industrial waste Shanghai Hecheng Polymer Material Co., Ltd.
Ethylene glycol (EG) AR Tianjin Chemical Reagent Factory 1
1,2-Propanediol (PG) AR Tianjin Chemical Reagent Factory 1
Butane-1,4-diol (BDO) AR Tianjin Kaitong Chemical Reagent Co., Ltd.
Diethylene glycol (DEG) AR China Pharmaceutical Guangzhou Chemical Reagent Company
Potassium hydroxide (KOH) AR Tianjin Tianli Chemical Reagent Co., Ltd.
Silicone oil stabilizer CP Guangzhou Feirui Chemical Co., LRD
TEA AR Shanghai Demao Chemical Co., Ltd.
Dibutyltin dilaurate AR Shanghai Jieer Technology Co., Ltd.
Foaming agent cp Shenzhen Huachang Chemical Co., Ltd.
Polyether 4110 CP Shandong Lianhaoyao New Material Co., Ltd.
Polyaryl polymethylene isocyanate (PAPI) CP Wuhan Fude Chemical Co., Ltd.

Note: Deionized water was used in all of the experiments.
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The equipment used in this experiment is shown in Table 2.
Table 2. Experimental equipment used in the paper.
Name of Instrument Model Factory of Production
Electronic analytical balance JA3003C Sartorius Scientific Instruments (Beijing) Co., Ltd.
Cantilever constant speed power electric mixer TJ-1200W Changzhou Huaao Instrument Manufacturing Co., Ltd.
Spherical reactor (1 L) ZNHW-200 Shanghai Leighton Industrial Co., Ltd
Digital blast drying oven WX881 Wujiang Weixin Electric Heating Equipment Co., Ltd.
Digital viscometer NDJ-5 Shanghai Pingxuan Scientific Instrument Co., Ltd.
Disposable plastic cup 350 mL Topu Daily Chemicals (China) Co., Ltd.
Constant temperature heating sleeve FDSG-420 Wuxi Huachang Chemical Co., Ltd.

2.2. Preparation of the Titanium Nanosystem Catalysts

In this experiment, four different alcoholysis agents were selected: butanediol, propylene
glycol, monodiethylene glycol, and ethylene glycol. Through the previous cumulative work in
the laboratory, the four alcoholysis agents were paired to form a two-component alcoholysis
agent, and the alcoholysis reaction was carried out on the waste polyurethane elastomer.
The specific ratios of the alcoholysis agents were: 1=EG:PG (A1-A5); I = EG:BDO (B1-B5);
III = PG:BDO (C1-C5); IV = DEG:BDO (D1-D5); V = DEG:EG (E1-E5), and VI = DEG:PG
(F1-F5). The mass ratios of the alcoholysis agents were 40:40, 30:50, 50:30, 60:20, and 20:60.
Based on the above experimental design, the degradation steps for the waste polyurethane
elastomers were as follows (the process is also shown in Figure 1):

1.  The waste polyurethane elastomer was cut and processed to 5-10 mm small sections.

2. We mixed 80 g small molecular alcohol and catalyst (KOH) and added them into a
1000 mL spherical reactor. We then placed the reactor in a heating jacket and stirred to
90 °C until the catalyst was completely dissolved.

3. We added 80 g of chopped waste polyurethane elastomer into the reactor and heated
it up to 180 °C. At that time, we accelerated the stirring speed and waited for the
polyurethane elastomer to dissolve, gently stirring for 0.5-1 h.

4. We stopped the reaction and cooled the mixture to room temperature before pouring
it into a disposable plastic cup.

5. The hydroxyl value and viscosity of the sample were measured, and the foaming
experiment was carried out after the value had reached the standard.

6.  We took a certain amount of alcoholysis products and added the catalyst, foaming
agent, and surfactant, stirring the mixture evenly. Then, we added polyphenyl poly-
methylene polyisocyanate (PAPI) at a ratio of 1:1 and immediately stirred with a
high-speed mixer for 10 s until the mixture was uniform, and we waited for the foam
to slowly form.

7. The sample preparation and testing could then be carried out on the regenerated
polyurethane hard foam, which was to be prepared after curing and cross-linking for
24 h.

2.3. Performance Test and Structural Characterization of the Polyurethane Rigid Foam

Viscosity analysis: An NDJ-55 digital viscometer was used for the viscosity testing.
A number of degradation products were taken and placed in the container and a suitable
rotor was selected, as well as a suitable rotational speed, and the viscosity testing was
carried out at 25 °C.

Compression strength test: With reference to the GB/T8813-2008 test standard, we
selected a sample size of 50 mm x 50 mm x 50 mm and we used an EFS-24RE universal
testing machine for the compression strength test.
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Figure 1. Experimental flow chart.

Water absorption test: With reference to the GB/T8810-1988 test standard, the sample
size was 50 mm x 10 mm x 10 mm, and we used distilled water to determine the water ab-
sorption, weighing the mass of the sample before and after immersion, and then calculated
its water absorption.

Hydroxyl value determination: With reference to the GB/T12008.3-2009 standard, we took
an appropriate amount of oligomeric regenerated polyether polyol in 10 mL conical flasks and
we used ester anhydride method—pyridine for the hydroxyl value determination.

Thermal conductivity analysis: With reference to the QB/T3806-1999 standard, the
sample size was 200 mm x 200 mm x 20 mm, and we used a FEHC-S thermal conductivity
tester acquired from Changzhou Hua’ao Instrument Manufacturing Co., Changzhou, China.

SEM analysis: We cut the regenerated polyurethane rigid foam specimens into ap-
propriate thin slices (we did not squeeze them), and then we used SEM to observe the
microstructures of the bubble pores of the foam (magnified 20 times) and identify the clear,
complete, and uniform areas of the bubble pore structures for observation. We recorded
the observation results.

FT-IR test: A GR-285 IR produced by Dalian Precision Scientific Instruments Co., Ltd.,
Dalian, China was used to analyze the structures of the foam samples. The samples were
made using the KBr pressing method, and the test wavelength range was 500-4000 cm ™.

TG analysis: TG analysis was performed by using TG under a nitrogen atmosphere at a
rate of 30 °C/min, from room temperature (25 °C) to 500 °C. The gas flow rate was selected
to be 50 mL/min, the carrier gas was air, and alumina was used as a reference object.

Determination of molecular weight distribution coefficient: The molecular weight dis-
tribution of the regenerated polyether polyol was determined by gel permeation chromatog-
raphy (GPC). The measurements were performed using a thermal scientific chromatograph
equipped with an isocratic DionexUltra3000 pump and a RefrtoMax521 refractive index
detector. The separations were performed in four Phenomenex Phenogel GPC columns
with a separation temperature of 30 °C, a particle size of 5 um, and porosities of 105, 103,
102, and 50, respectively, located in an ultimate thermostatic column at 3000 °C. The mobile
phase was tetrahydrofuran (THF) at a flow rate of 1 mL-min~!. The samples were first
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dissolved with N, N—Dimethylformamide (DMF), followed by 1.6 wt.% THF, and then
filtered through a nylon filter with a pore size of 2 mm and prepared for use.

3. Results and Discussion
3.1. Degradation Mechanism of the Waste Polyurethane Elastomers
Under the action of the two-component alcohols and catalysts, the carbamate in the

chain segment of the polyurethane elastomer was broken and replaced by small molecular
alcohol chains to generate polyether polyols [26,27]. The main reaction is:

Ry -NHCOO-R2 + HO-R3-OH — Ry -NHCOO-R3-OH + Rz-OH (1)

R;-NHCOO-R;3-OH — R;-NH-R3-OH + CO, @)

Under the condition of a high temperature reaction, there will be many groups in-
volved in the reaction, and many side reactions will occur. The primary side reactions are
the urea group fracture in the alcoholysis agent, which generates small molecules of amines
and small molecules of alcohols [28]. The specific reactions are as follows:

R;-NHCONH-R, + HO-R3-OH — R;-NHCOO-R3-OH + R,-NH, @)

Taking DEG and BDO alcoholysis agents as an example, under the catalysis of an
alkaline catalyst (KOH) at a high temperature in the reaction reactor, the used polyurethane
elastomer and the alcoholysis agent broke and were replaced by the alcoholysis agent,
thus generating polyether polyols [29]. The specific reaction mechanism is shown in the
following (Figure 2):

o
DEG HO/\/ \/\OH
BDO HO™ \"\_-CH

R,—OH

KOH
Recycled polyether
polyols

H,0
H,0
+ -
" KO
Ro/\/o\/\_ .
+ Pyt o
Ké/\/\/oK R{NH \/\HNR1 +COZT
R,NH/\/\/HNR1
o
Rl\ /lk P NN
T () R{NHCOO OOCHNR;
H o] j,,[ RyNHCOO~ "\ "\_~OOCHNR,
Polyurethane elastomer R, ...Ra
structure Rl\NJ':l‘o){z \hll 10
S O K
H OK HI +
s k' 9
Kow O Tgw
(I) i _N /Q“ N
PLNLN R; R
R, I)I/ R, I)r .

State in reaction

Figure 2. Catalytic degradation mechanism of the used polyurethane elastomer.
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3.2. Small Molecular Alcohol Is Degraded and Foamed

The purpose of this study was to explore the route of industrialization such that differ-
ent types of two-component alcohols could be compared so as to select the optimal ratio
of alcoholysis agents based on the viscosity of the degradation material, the compression
strength, the thermal conductivity of the prepared regenerated polyurethane rigid foam,
and the properties of the milky white time and gel time in the foam. According to the
experimental data, the data corresponding to the eight groups of optimal components are
shown in Tables 3 and 4.

Table 3. Statistical table of the best component degradation materials of the eight groups of alcoholy-

sis agents.

Number Proportion Viscosity (mPa-s) Proportion of Catalyst Wire Drawing Time (s) Debonding Time (s)
A5 50:30 605.1 - 60 25
B1 40:40 992.4 1:2 37 20
B4 20:60 692.5 2:2 60 70

1:1 45 75

B5 60:20 660.2 12 34 64
- 67 45

C1 40:40 750.6 11 50 46
2:1 46 50

- 67 29

C4 60:20 555.0 11 48 19
1:1 56 32

D1 40:40 1208.4 2. 21 2
E3 60:20 484.2 2:2 74 66

Table 4. Statistical table of the hard foam data of the eight groups of alcoholysis agents with the
best components.

Coefficient of Thermal

Number Proportion (Ilze?mf);) WatelgAtbs(f))/r})tlon C Strength (()lf\/IP ) Conductivity
g m ate (V) Ompl‘eSSlon a (W(mK)fl)
A5 50:30 0.0399 1.9923 0.131 0.0180
B1 40:40 0.0335 1.6748 0.137 0.0173
B4 20:60 0.0312 1.5339 0.132 0.0202
0.0328 0.8853 0.146 0.0191
B5 60:20 0.0397 1.0561 0.138 0.0182
0.0347 1.1618 0.133 0.0180
C1 40:40 0.0303 1.2980 0.139 0.0182
0.0366 1.2802 0.143 0.0173
0.0340 0.8976 0.143 0.0174
C4 60:20 0.0359 0.7265 0.162 0.0166
0.0362 0.9368 0.136 0.0164
D1 40:40 0.0403 0.7630 0.176 0.0151
E3 60:20 0.0325 1.0157 0.141 0.0155

3.3. FT-IR Analysis of the Degradation Materials

Three groups (B5, C4, and D1) were selected from the eight optimal components. FT-IR
was used to identify the degradation products in the glycolysis process, and the infrared
spectroscopy was compared with commercially available polyether polyol 4110. The results
are shown in Figure 3.
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Figure 3. Infrared spectra of B5, C4, and D1 degradation products and polyether 4110.

Compared with commercially available polyether 4110, the degradation products
of B5, C4, and D1 had stronger absorption bands within 3500-3300 cm ™1, which are
the stretching vibration peaks of the alcohol hydroxyl group (-OH) [30]. There was a
strong absorption band near 1732-1708 cm~!, which is a benzene-type flood frequency
peak [31]. At 1054 cm ™!, there was a clear strong absorption band, which was the polyether
polyurethane ether group (-O-) absorption band, and this is the characteristic peak of
polyether polyol [32,33], which is similar to the characteristic peak of commercially available
polyether polyol. It can be concluded that the degradation product was the mixed product
of polyether polyol and aromatic polyol. Therefore, the glycolysis product was expected
to be a substitute for commercially available polyether 4110 for the preparation of the
regenerated polyurethane foam.

3.4. Viscosity of Degradation Products

Polyether polyols are one of the most important raw materials for the synthesis of
polyurethane foam, and their properties have attracted extensive attention. Their main
properties are viscosity, hydroxyl value, acid value, etc. The viscosity of polyether polyols
can be intuitively observed and is reflected in the differences in their fluidity. The synthesis
of general polyurethane foam is optimized for polyether polyols with low viscosity and
good fluidity. In this paper, the viscosity of all the degradation materials prepared by alco-
holysis was less than 1700 mPa-s, while the viscosity of commercially available polyether
4110 is 4300-4500 mPa-s. Therefore, it could be seen that the degradation materials obtained
by the alcoholysis degradation of waste polyurethane elastomers had excellent fluidity.
The viscosity of the eight groups of degradation materials selected by the performance
test of the degradation materials and the recycled polyurethane foam ranged from 400 to
1200 mPa-s. For the degradation materials recovered from the same waste polyurethane
elastomer, the viscosity span was large because the alcoholysis agents used were different.
Under the condition of the same catalyst, raw materials, and experimental conditions,
the only element that may have affected the performance of the degradation materials
was the difference in the type and proportion of alcoholysis agent used in the process of
alcoholysis [34]. The length of the chain segment and the number and type of functional
groups (-OH, -O-) in the alcoholysis agent used are all important indicators that will affect
the final viscosity [35].

It can be clearly seen from the experimental data (Figure 4) that a longer chain segment
and more functional groups (-OH, -O-) led to a greater level of viscosity in the degradation
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material obtained after alcoholysis. This is because the longer the chain segment of the
small molecule alcohols was obtained after the carbamate in the chain segment of the
waste polyurethane elastomer was broken and reacted with the alcoholysis agent at high
temperature due to the longer the chain segment of the alcoholysis agent. Therefore, the
viscosity of the resulting degradation product would also increase. The higher the number
of functional groups of the alcoholysis agent, the denser the cross-linked network structure
of the carbamate grafted onto the alcoholysis chain segment after fracture, and thus, the
viscosity of the degradation product increased.

1400

1200

T
[ |

1000

T
—

800

600 [ I I

400 r I

200

Viscosity (Mpa.s)

AS B1 B4 BS C1 C4 D1 E3

Constituent

Figure 4. Determination of the viscosity of the degradation products of the eight groups of opti-

mal components.

3.5. GPC Determination of the Degradation Products

In this experiment, under the catalysis of an alkaline metal catalyst (KOH), the carba-
mate bond of the waste polyurethane elastomer gradually broke at a high temperature and
was replaced by alcoholysis agents, forming into small molecule polyether polyols. The
side reaction at high temperatures generated amines, TDA, and other substances. Due to
the poor solubility of the polyether polyols with the amines and TDA, the final degradation
material was divided into two layers [36,37], where the upper layer was comprised of
polyether polyols and the lower layer was comprised of amines, TDA, and other substances.
In the preparation process for the polyurethane foam, the recovered polyether polyols (up-
per phase) played an important role, but this study intended to recycle waste polyurethane
elastomers. Therefore, recycling as much as possible was what we needed to focus on.
In this study, although the product was divided into upper and lower layers, in order to
achieve higher recovery rates, we mixed the upper and lower layers evenly before foaming,.
Therefore, the GPC measured was also a mixture of the upper and lower phases.

As shown in Figure 5, GPC analysis was performed on commercially available
polyether 4110 and on the recovered polyether polyol mixtures D1 and B5, respectively.
The primary component of commercially available polyether 4110 is polyether polyol, and
so it can be seen in the figure that D1, B5, and polyether 4110 had corresponding peaks in a,
while the peaks in b appeared in degradation materials D1 and B5. These can be attributed
to the amines, TDA, and other substances in the lower phase generated by the byproducts
of the high-temperature degradation.
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Figure 5. (a) Product retention time of polyether 4110 and degradation products D1 and B5
(b) Enlarged view of a specific location in (a).

3.6. Foaming Time of the Regenerated PU Rigid Foam

The preparation methods of polyurethane foam can be divided into one-step foaming
and two-step foaming [38]. As the name implies, one-step foaming involves mixing
polyether polyols, catalysts (dibutyltin dilaurate and triethanolamine) [39,40], foaming
agents, surfactants, and black materials and stirring, and the reaction and foaming occur
at the same time. The hydroxyl in the polyether polyol and the isocyanate in the black
material can be used to create a chain extension reaction for two-step foaming, which is
divided into the prepolymer method and the semi-prepolymer method, and the common
point of the two is that all or part of the white material and the black material are mixed to
form prepolymer before foaming, and then other additives are added, as is another part of
the mixture of the black material and white material.

The method adopted in this paper was one-step foaming, and the catalyst was the
most direct factor affecting foaming time. Generally, amine and tin compounds are used as
catalysts for polyurethane foaming. According to the synergistic effect between the two
catalysts, the milky white time and gel time in the foaming process of the degradation ma-
terial obtained from the degradation of the polyurethane elastomer were roughly measured
using the simple industrial empirical method, and the time range obtained is shown in
Figure 6.

It can be seen from the figure that the total foaming time of the selected components
was between 40-140 s. Generally speaking, within a certain range, with an increase in
catalyst addition, the foaming time will be actively shortened [41]. However, the experi-
mental results in this paper were obviously inconsistent with this conclusion because the
polyurethane elastomer used in this paper was industrial waste. Although the waste had
been cleaned, to a certain extent, before undergoing degradation, during the glycolysis
process [42], the metals attached to or wrapped in the waste turned into metal ions in the
alcoholysis agent at high temperatures. These metal ions also played a catalytic role in the
foaming process. Thus, the final knot was skewed by the presence of metal ions. This was
also the primary reason why the foaming time of the components with triethanolamine
and dibutyltin dilaurate was shorter than that of the components with the catalyst.

In actual production, the uses of polyurethane foam are different, and the requirements
for foaming time are also different. For polyurethane foam wrapped in directly buried pipe,
it is hoped that the foaming time is relatively longer and the fluidity is better because of the
pipe’s length. For wall-spraying polyurethane foam, the foaming time is attempted to be as
short as possible for faster forming.
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Figure 6. Comparison of the total foaming time (a) and the milky white time and gel time (b) in the
foaming process of the regenerated polyurethane rigid foam prepared by the eight groups of optimal
degradation products.

3.7. Water Absorption of the Regenerated PU Rigid Foam

Figure 7 shows the water absorption measurement data of the regenerated polyurethane
rigid foam prepared by the one-step foaming of the selected eight groups of degradation
products. In the foaming process for each group of degradation materials, the ratios of
amine to tin varied (0:0, 1:1, 1:2, 2:1, 2:2) so as to prepare five groups of regenerated
polyurethane foam. The prepared five groups of regenerated polyurethane foam were
cut into pieces for sample preparation, and the water absorption of each group of foam
was determined so as to select the regenerated polyurethane rigid foam that best met
the standards.

2.5

= = bng
=) th >

Water absorption rate(%)

=
n

0.0

AS C1

Constituent

Figure 7. Determination of the water absorption of the regenerated polyurethane rigid foam prepared
by the eight groups of optimal degradation products.

It can be clearly seen in Figure 7 that the water absorption rate of the optimal regener-
ated polyurethane foam was no more than 0.6%, and this can be used to judge the degree
of density between the holes of the polyurethane foam. The most direct factor affecting
density is the molecular weight of the polyether polyol and the proportion of isocyanate
added. Generally speaking, reducing the molecular weight of polyether polyol or increas-
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ing the proportion of isocyanate can improve the density of foam and reduce foam water
absorption. The lower the water absorption rate, the more complete the internal bubble
structure of the regenerated polyurethane foam, the closer the fit between the bubble and
the bubble, and the higher the uniformity of the bubble and the obturator rate [43]. This
indicates that the prepared regenerated polyurethane foam had good air tightness and a
good thermal insulation effect.

3.8. Determination of Density, Strength, and Thermal Conductivity of the Recycled PU Hard Foam

As an important performance reference index of polyurethane foam, the apparent den-
sity directly affects its compression strength and thermal conductivity. Figure 8 shows the
density, compressive strength, and thermal conductivity of the regenerated polyurethane
foam of the preferred component. As can be seen in the figure, the density of the regen-
erated polyurethane foam had a similar variation trend in its compressive strength, and
the compressive strength changed with the density. The apparent density of the optimized
regenerated polyurethane foam ranged from 30 kg/m? to 40 kg/m?3, which was consistent
with the range of low-density polyurethane foam. The range of compressive strength was
0.13-0.18 MPa, the highest thermal conductivity was 0.0192 W (m-K) !, and the lowest
thermal conductivity was 0.0132 W (m-K) ™1,
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Figure 8. Determination of (a) foam density and (b) compression strength and thermal conductivity of the
regenerated polyurethane rigid foam prepared by the eight groups of optimal degradation products.

3.9. SEM Analysis of the Regenerated PU Rigid Foam

The degradation material obtained from the degradation of the waste polyurethane
elastomer by alcoholysis was foamed using the one-step method, and the prepared regen-
erated polyurethane foam was tested by SEM. The test results are shown in Figure 9.

Figure 9 compares the foams prepared by two types of commercially available polyether
4110 from the eight optimal products. A-C are the electron microscopic images of the
foam prepared by commercially available polyether 4110 at different magnifications, and
A is the electron microscopic image of the polyurethane foam prepared by commercially
available polyether 4110 at different sizes (2 mm, 1 mm, and 500 pm). B is the electron
microscopy of the regenerated polyurethane foam prepared by polyether polyols degraded
by an alcoholysis agent (DEG: BDO) at different sizes (2 mm, 1 mm, and 500 pm). C
is the electron microscopy of the regenerated polyurethane foam prepared by polyether
polyols degraded by an alcoholysis agent (EG: BDO) at different sizes (2 mm, 1 mm, and
500 pm). It can be seen that the micromorphology of the regenerated polyurethane foam
prepared by the alcoholysis method is similar to the foam prepared by the commercially
available polyether 4110 in terms of the integrity of the bubble holes and the strength
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of the skeletons. Therefore, the alcoholysis method can successfully degrade the waste
polyurethane elastomer and prepare regenerated polyurethane foam.
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TM3030_3408 2022/05/08 17:58 H TM3030_3366
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Figure 9. The SEM images of D1 and B5 of the optimal degradation products at three different sizes
(2 mm, 1 mm, and 500 pum) were compared with those of polyether 4110. (A—C) show polyether 4110,
(D-F) show D1, and (G-I) show B5.

Under SEM, the foam holes of the regenerated polyurethane foam showed a uniform
“honeycomb” shape [44]. Under the SEM with a size of 2 mm, the bubble holes were tightly
and evenly arranged in the visible field of vision, and it could be intuitively observed
that the degradation material recovered from degradation could be used as a substitute
for polyether polyol to foam and to prepare the regenerated polyurethane foam. From
the figure at 500 pm, it can be clearly seen that the shape of the bubble presented regular
pentagonal and hexagonal geometric shapes, the skeleton was strong, and the connections
between the bubbles were tight, which indicated that the regenerated polyurethane foam
prepared using the degradation material of the waste polyurethane elastomer recovered
by the alcoholysis method had good sealing properties. The thick skeleton indicated that
the foam had a strong compression performance. Under SEM, the test also showed that
the bubble holes prepared using the degradation material displayed similar phenomena
to the bubble holes prepared using polyether 4110. The tight connection between the
bubble holes indicated that the foam had good air tightness and a good thermal insulation
performance. Figure 10 shows physical pictures of the regenerated polyurethane foam
prepared by one-step foaming in the experiment. It can be clearly seen in the pictures
that the regenerated polyurethane foam freely foamed by one-step foaming had smooth
surfaces, complete cross-linking, and no slag loss.
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Figure 10. Actual picture of the polyurethane rigid foam partially prepared in the experiment
((a—i) are regenerated polyurethane rigid foam prepared by degradation products).

3.10. TG Analysis of the Regenerated PU Rigid Foam

Figure 11 shows the thermogravimetric analysis of the regenerated polyurethane
rigid foam prepared using polyether 4110 and the regenerated polyurethane rigid foam
prepared using the degradation materials D1 and B5 and obtained by recycling the waste

polyurethane elastomer.

100 Polyether Polyol 4110 ——D1 ——BS

oL
=)

The weight loss
(%)
=)
=

40

20

200 400 600 800
Temperature (°C)

Figure 11. Thermogravimetric diagram of the hard foam of the regenerated polyurethane prepared
using polyether 4110 and the D1 and B5 degradation materials.
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As can be seen from the figure, the thermal weight loss of the two foams with different
ratios could be divided into three stages. The first stage was 100-200 °C, and the volatiliza-
tion of the free and bound water in the foam led to its weight loss. The second stage
was 200-390 °C, during which the isocyanic acid in the polyurethane joint segment broke
with the hard segment. At this stage, the polyether satin in the end of the polyurethane
chain broke [45]. The mass loss temperature of the foam prepared by the two ratios was
approximately 250 °C, and the decomposition stopped at approximately 780 °C. Finally, the
fastest weight loss temperature of polyether 4110 and D1 was approximately 338 °C, while
the fastest weight loss temperature of B5S was approximately 350 °C. It was obvious that the
weight loss speeds of polyether 4110 and D1 were significantly faster than that of B5. This
indicated that the chemical bond energy of the foam prepared by degradation material B5
was greater, and the human stability of the regenerated polyurethane foam prepared by
the degradation material recovered from the waste polyurethane elastomer was similar, or
even better, than that of polyether 4110. Therefore, it was shown that the thermal stability
of the recycled polyurethane foam prepared by recycling and degradation was more stable,
and the strain capacity of the polyurethane foam to environmental changes had improved
in the actual use process.

4. Conclusions

In this paper, four kinds of diols (butanediol, propylene glycol, ethylene glycol, and
monodiethylene glycol) were used to degrade waste polyurethane elastomers success-
fully, and the regenerated polyether polyol, which was similar to polyether polyol 4110
in its structure and properties, could be used as a raw material for polyurethane synthe-
sis. Eight groups of optimal formulations were selected according to the viscosity of the
degraded materials and the compression strength, density, water absorption, and thermal
conductivity of the regenerated polyurethane rigid foam. The indexes of the products
of the optimal formulations were all within the range of industry requirements, and the
viscosity of the recovered degraded materials was between 485 and 1200 MPa-s. The regen-
erated polyurethane rigid foam was prepared by using the degradation materials rather
than commercially available polyether polyols, and the foaming time of the regenerated
polyurethane rigid foam was generally between 40 and 140 s. The compressive strength
was between 0.131 and 0.176 MPa, and the water absorption rate ranged from 0.7265 to
1.9923%. The apparent density of the foam was between 0.0303 and 0.0403 kg/m3. The
thermal conductivity ranged from 0.0151 to 0.0202 W/(m-K). After synthesizing all the
data, the optimal group was divided into D1: DEG:BDO = 40:40. The compressive strength,
water absorption, thermal conductivity, and foam density of the recycled polyurethane
foam prepared from this component were the best. From the above data, it can be seen that
the recovery of waste polyurethane elastomers by the alcoholysis method and different
proportions of alcoholysis agents was successful, and this has certain practical significance
for the selection of alcohol types and proportions in later stages.

Author Contributions: Conceptualization, X.G. (Xiaohua Gu) and X.W.; Methodology, X.G. (Xinyu
Guo) and Q.L.; Software, X.W., X.G. (Xinyu Guo) and Q.L.; Validation, S.L.; Formal analysis, X.G.
(Xiaohua Gu); Investigation, X.W., S.L. and Q.L.; Resources, X.G. (Xiaohua Gu) and Y.L.; Data curation,
X.W. and X.G. (Xinyu Guo); Writing—original draft, X.W.; Writing—review and editing, X.W. and
X.G. (Xinyu Guo); Supervision, Y.L.; Project administration, X.G. (Xiaohua Gu). All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Heilongjiang Provincial Department of Education Project
(CLKFKT2021Z3, 145109301), China, and the key research and development guidance projects in
Heilongjiang Province (GZ20210034).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Polymers 2023, 15, 1445 15 of 16

Acknowledgments: The authors gratefully acknowledge the support from the Heilongjiang Provin-
cial Department of Education Project (CLKFKT2021Z3, 145109301), China, and the key research and
development guidance projects in Heilongjiang Province (GZ20210034).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Karamanlioglu, M.; Preziosi, R.; Robson, G.D. Abiotic and biotic environmental degradation of the bioplastic polymer poly(lactic
acid): A review. Polym. Degrad. Stab. 2017, 137, 122-130. [CrossRef]

2. Evode, N.; Qamar, S.A.; Bilal, M.; Barceld, D.; Igba, H.M.N. Plastic waste and its management strategies for environmental
sustainability. Case Stud. Chem. Environ. Eng. 2021, 4, 100142. [CrossRef]

3. Santamaria-Echart, A.; Fernandes, I.; Barreiro, F; Corcuera, M.A.; Eceiza, A. Advances in Waterborne Polyurethane and
Polyurethane-Urea Dispersions and Their Eco-friendly Derivatives: A Review. Polymers 2021, 13, 409. [CrossRef]

4. Wang, Y.; Tian, H.; Bian, Q.; Xiang, A.; Ge, X,; Liu, Q. Effect of Trolamine and Dibutyltindilaurate on the Structure and Properties
of Polyurethaneimide Foams. Cell. Polym. 2015, 34, 119-136. [CrossRef]

5. Hernandez, M.D.R,; Garcia, A.N.; Marcilla, A. Catalytic flash pyrolysis of HDPE in a fluidized bed reactor for recovery of fuel-like
hydrocarbons. J. Anal. Appl. Pyrolysis 2007, 78, 272-281. [CrossRef]

6. Gang, H,; Lee, D.; Choi, K.-Y,; Kim, H-N.; Ryu, H.; Lee, D.-S.; Kim, B.-G. Development of High Performance Polyurethane
Elastomers Using Vanillin-Based Green Polyol Chain Extender Originating from Lignocellulosic Biomass. ACS Sustain. Chem.
Eng. 2017, 5, 4582—-4588. [CrossRef]

7. Zhang, H.B,; Li, W,; Kong, X.; Yang, X.J. Effects of synthesis technology route on mechanical properties and phases/microstructures
of polyurethane elastomers. Mater. Sci. Technol. 2007, 23, 1256-1259. [CrossRef]

8.  Xu, Z; Wang, X.; Huang, H. Thermoplastic polyurethane-urea elastomers with superior mechanical and thermal properties
prepared from alicyclic diisocyanate and diamine. J. Appl. Polym. Sci. 2020, 137, 49575. [CrossRef]

9. Jin, X;; Guo, N;; You, Z,; Tan, Y. Design and Performance of Polyurethane Elastomers Composed with Different Soft Segments.
Materials 2020, 13, 4991. [CrossRef]

10. Krdl, P; Krol, B. Structures, properties and applications of the polyurethane ionomers. J. Mater. Sci. 2020, 55, 73-87. [CrossRef]

11. Elkhaoulani, A.; Arrakhiz, FZ.; Benmoussa, K.; Bouhfid, R.; Qaiss, A. Mechanical and thermal properties of polymer composite
based on natural fibers: Moroccan hemp fibers/polypropylene. Mater. Des. 2013, 49, 203-208. [CrossRef]

12.  Fazli, A.; Rodrigue, D. Waste Rubber Recycling: A Review on the Evolution and Properties of Thermoplastic Elastomers. Materials
2020, 13, 782. [CrossRef] [PubMed]

13.  Hepburn, C. Polyurethane Elastomers; Applied Science Publisher, Ltd.: London, UK, 2020.

14. Steube, M.; Johann, T.; Barent, R.D.; Miiller, A.H.E.; Frey, H. Rational design of tapered multiblock copolymers for thermoplastic
elastomers. Prog. Polym. Sci. 2022, 124, 101488. [CrossRef]

15.  Feghali, E.; Tauk, L.; Ortiz, P.; Vanbroekhoven, K.; Eevers, W. Catalytic chemical recycling of biodegradable polyesters. Polym.
Degrad. Stab. 2020, 179, 109241. [CrossRef]

16. Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, e1700782. [CrossRef]
[PubMed]

17.  Foundation, M.C. The New Plastics Economy: Rethinking the Future of Plastics; Ellen MacArthur Foundation: Cowes, UK, 2015.

18.  Hopewell, J.; Dvorak, R.; Kosior, E. Plastics recycling: Challenges and opportunities. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364,
2115-2126. [CrossRef]

19. Mizera, K,; Salasiriska, K.; Ryszkowska, J.; Kuranska, M.; Kozera, R. Effect of the Addition of Biobased Polyols on the Thermal
Stability and Flame Retardancy of Polyurethane and Poly(urea)urethane Elastomers. Materials 2021, 14, 1805. [CrossRef]

20. Zhang, G.; Yin, T,; Nian, G.; Suo, Z. Fatigue-resistant polyurethane elastomer composites. Extrem. Mech. Lett. 2021, 48, 101434.
[CrossRef]

21. Watando, H.; Saya, S.; Fukaya, T.; Fujieda, S.; Yamamoto, M. Improving chemical recycling rate by reclaiming polyurethane
elastomer from polyurethane foam. Polym. Degrad. Stab. 2006, 91, 3354-3359. [CrossRef]

22. Borda, J.; Pasztor, G.; Zsuga, M. Glycolysis of polyurethane foams and elastomers. Polym. Degrad. Stab. 2000, 68, 419-422.
[CrossRef]

23. Wang, X.; Zhan, S.; Lu, Z.; Li, J.; Yang, X.; Qiao, Y.; Men, Y.; Sun, K.J. Healable, Recyclable, and Mechanically Tough Polyurethane
Elastomers with Exceptional Damage Tolerance. Adv. Mater. 2020, 32, 2005759. [CrossRef] [PubMed]

24. Li, H; Hou, X.; Chai, L.; Cui, X;; Wang, Y.; Deng, T. Efficient and green catalytic degradation of high crosslinked rigid PU
foam and recovery value-added products via selective cleavage of C-O and C-N bonds. Polym. Degrad. Stab. 2020, 181, 109262.
[CrossRef]

25. Taourit, S.; Gac, P.; Fayolle, B. Relationship between network structure and ultimate properties in polyurethane during a chain
scission process. Polym. Degrad. Stab. 2022, 201, 109971. [CrossRef]

26. Akindoyo, J.O.; Beg, M.D.H.; Ghazali, S.; Islam, M.R; Jeyaratnam, N.; Yuvaraj, A.R. Polyurethane types, synthesis and

applications—A review. RSC Adv. 2016, 6, 114453-114482. [CrossRef]


http://doi.org/10.1016/j.polymdegradstab.2017.01.009
http://doi.org/10.1016/j.cscee.2021.100142
http://doi.org/10.3390/polym13030409
http://doi.org/10.1177/026248931503400301
http://doi.org/10.1016/j.jaap.2006.03.009
http://doi.org/10.1021/acssuschemeng.6b02960
http://doi.org/10.1179/174328407X226644
http://doi.org/10.1002/app.49575
http://doi.org/10.3390/ma13214991
http://doi.org/10.1007/s10853-019-03958-y
http://doi.org/10.1016/j.matdes.2013.01.063
http://doi.org/10.3390/ma13030782
http://www.ncbi.nlm.nih.gov/pubmed/32046356
http://doi.org/10.1016/j.progpolymsci.2021.101488
http://doi.org/10.1016/j.polymdegradstab.2020.109241
http://doi.org/10.1126/sciadv.1700782
http://www.ncbi.nlm.nih.gov/pubmed/28776036
http://doi.org/10.1098/rstb.2008.0311
http://doi.org/10.3390/ma14071805
http://doi.org/10.1016/j.eml.2021.101434
http://doi.org/10.1016/j.polymdegradstab.2006.05.017
http://doi.org/10.1016/S0141-3910(00)00030-6
http://doi.org/10.1002/adma.202005759
http://www.ncbi.nlm.nih.gov/pubmed/33175420
http://doi.org/10.1016/j.polymdegradstab.2020.109262
http://doi.org/10.1016/j.polymdegradstab.2022.109971
http://doi.org/10.1039/C6RA14525F

Polymers 2023, 15, 1445 16 of 16

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wu, C.-H.; Chang, C.-Y,; Li, ].-K. Glycolysis of rigid polyurethane from waste refrigerators. Polym. Degrad. Stab. 2002, 75, 413-421.
[CrossRef]

Wu, C.-H.; Chang, C.-Y.; Cheng, C.-M.; Huang, H.-C. Glycolysis of waste flexible polyurethane foam. Polym. Degrad. Stab. 2003,
80, 103-111. [CrossRef]

Zhao, L.; Semetey, V. Recycling Polyurethanes through Transcarbamoylation. ACS Omega 2021, 6, 4175-4183. [CrossRef]

Rane, A.V,; Sabnis, A. Synthesis and Investigation of Aminolysates and obtained Poly Ester Amides. In Proceedings of the 3rd
International Conference on Radiation Medicine (ICRM), Kottayam, India, 11-13 April 2014.

Xu, W.; Lu, B.; Hu, Y.; Song, L.; Nie, S. Synthesis and characterization of novel fluorinated polyurethane elastomers based on
2,2-bis[4-(4-amino-2-trifluoromehyloxyphenyl) phenyl]propane. Polym. Adv. Technol. 2012, 23, 877-883. [CrossRef]

Sang, S.; Li, Y.; Wang, K.; Tang, J. Application of blocked isocyanate in preparation of polyurethane(urea) elastomers. J. Appl.
Polym. Sci. 2021, 138, 50582. [CrossRef]

Salgado, C.; Arrieta, M.P,; Sessini, V.; Peponi, L.; Lopez, D.; Fernandez-Garcia, M. Functional properties of photo-cross link able
biodegradable polyurethane nanocomposites. Polym. Degrad. Stab. 2020, 178, 109204. [CrossRef]

Vanbergen, T.; Verlent, I.; Geeter, ].D.; Haelterman, B.; Claes, L.; De Vos, D. Recycling of Flexible Polyurethane Foam by Split-Phase
Alcoholysis: Identification of Additives and Alcoholyzing Agents to Reach Higher Efficiencies. ChemSusChem 2020, 13, 3835-3843.
[CrossRef] [PubMed]

Gu, X;; Lyu, S.; Cheng, W.; Liu, S. Effect of different catalysts on recovery and reuse of waste polyurethane rigid foam. Mater. Res.
Express 2021, 8, 035105. [CrossRef]

Simén, D.; Borreguero, A.M.; Lucas, A.D. Glycolysis of flexible polyurethane wastes containing polymeric polyols—ScienceDirect.
Polym. Degrad. Stab. 2014, 109, 115-121. [CrossRef]

Wang, X.; Chen, H.; Chen, C.; Li, H. Chemical degradation of thermoplastic polyurethane for recycling polyether polyol. Fibers
Polym. 2011, 12, 857. [CrossRef]

Blattmann, H.R.; Lauth, M.; Miilhaupt, R. Flexible and Bio-Based Nonisocyanate Polyurethane (NIPU) Foams. Macromol. Mater.
Eng. 2016, 301, 944-952. [CrossRef]

Strachota, A.; Strachotova, B.; gpirkové, M. Comparison of Environmentally Friendly, Selective Polyurethane Catalysts. Mater.
Manuf. Process. 2008, 23, 566-570. [CrossRef]

Mondal, P.; Khakhar, D.V. Hydraulic resistance of rigid polyurethane foams. II. Effect of variation of surfactant, water, and
nucleating agent concentrations on foam structure and properties. J. Appl. Polym. Sci. 2010, 93, 2830-2837. [CrossRef]

Shabani, A.; Fathi, A.; Erlwein, S.; Altstadt, V. Thermoplastic polyurethane foams: From autoclave batch foaming to bead foam
extrusion. J. Cell. Plast. 2020, 57, 391-411. [CrossRef]

Molero, C.; Lucas, A.D.; Rodriguez, J.F. Recovery of polyols from flexible polyurethane foam by “split-phase” glycolysis: Glycol
influence. Polym. Degrad. Stab. 2006, 91, 221-228. [CrossRef]

Thirumal, M.; Khastgir, D.; Singha, N.K.; Manjunath, B.S.; Naik, Y.P. Effect of foam density on the properties of water blown rigid
polyurethane foam. J. Appl. Polym. Sci. 2008, 108, 1810-1817. [CrossRef]

Nelson, M.C. The Relationship of Cell Morphology, Density, and Mechanical Properties in a Rigid Polyurethane Foam; University of
Nevada: Las Vegas, NV, USA, 2003.

Yang, S.; Liu, X,; Tang, G.; Long, H.; Wang, B.; Zhang, H.; Ji, Y.; Yang, Y. Fire retarded polyurethane foam composites based on
steel slag/ammonium polyphosphate system: A novel strategy for utilization of metallurgical solid waste. Polym. Adv. Technol.
2022, 33, 452—-463. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0141-3910(01)00237-3
http://doi.org/10.1016/S0141-3910(02)00390-7
http://doi.org/10.1021/acsomega.0c04855
http://doi.org/10.1002/pat.1983
http://doi.org/10.1002/app.50582
http://doi.org/10.1016/j.polymdegradstab.2020.109204
http://doi.org/10.1002/cssc.202000949
http://www.ncbi.nlm.nih.gov/pubmed/32469159
http://doi.org/10.1088/2053-1591/abeabb
http://doi.org/10.1016/j.polymdegradstab.2014.07.009
http://doi.org/10.1007/s12221-011-0857-y
http://doi.org/10.1002/mame.201600141
http://doi.org/10.1080/10426910802157938
http://doi.org/10.1002/app.20762
http://doi.org/10.1177/0021955X20912201
http://doi.org/10.1016/j.polymdegradstab.2005.05.008
http://doi.org/10.1002/app.27712
http://doi.org/10.1002/pat.5529

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of the Titanium Nanosystem Catalysts 
	Performance Test and Structural Characterization of the Polyurethane Rigid Foam 

	Results and Discussion 
	Degradation Mechanism of the Waste Polyurethane Elastomers 
	Small Molecular Alcohol Is Degraded and Foamed 
	FT-IR Analysis of the Degradation Materials 
	Viscosity of Degradation Products 
	GPC Determination of the Degradation Products 
	Foaming Time of the Regenerated PU Rigid Foam 
	Water Absorption of the Regenerated PU Rigid Foam 
	Determination of Density, Strength, and Thermal Conductivity of the Recycled PU Hard Foam 
	SEM Analysis of the Regenerated PU Rigid Foam 
	TG Analysis of the Regenerated PU Rigid Foam 

	Conclusions 
	References

