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ABSTRACT: This study was conducted to explore a new method
for degrading and recycling waste chemical pipe insulation and
cooling materials. A chemical degradation method was employed,
utilizing alkali metal catalysts and a two-component alcoholysis
system consisting of specific ratios of diethylene glycol and
butylene glycol. The system effectively degraded the polyisocya-
nurate (PIR) insulation with the aim of reusing the waste material.
The experimental results show that the best reaction performance is
obtained with 1,4-BG/DEG ratio of 43:57 at 180 and 190 °C 1 h.
The resulting regenerated pipe has an apparent density of 0.041 g/
cm® and a compressive strength of 0.413 MPa. With remarkable
thermal stability, well-preserved porosity, and strong skeletal
structure, the cold loss on the outer surface of the insulated pipe
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is lower than the design requirement of 23 W/m?, which is qualified for the energy efficiency of the insulated pipe. The proposed
strategy for degradation and recycling of waste chemical pipe insulation and cold insulation materials provides a pioneering green
treatment method for the task of recycling polyurethane waste with fire-resistant degradability and a high cross-linking degree.

1. INTRODUCTION

Polyurethane rigid foam, commonly referred to as PUR foam,
boasts an impressive array of features that include superior
thermal insulation, lightweight construction, high specific
strength, exceptional chemical resistance, and notable
soundproofing effects. As a vital type of synthetic resin
insulation material, it finds extensive application across diverse
thermal insulation scenarios in industries such as construction,
petrochemicals, refrigeration, and more.'™ The widespread
adoption of PUR foam is underpinned bgr its diverse
applications and soaring market demand.””® Within this
realm, polyisocyanurate, abbreviated as PIR, also known as
“polyisocyanate foam PIR” or simply “polyester PIR”, stands
out as a novel cryogenic insulation material suitable for use
within a broad temperature range of —196 to +120 °C. PIR
foam combines urethane groups with polyisocyanurate groups,
where the latter’s distinctive six-membered isocyanurate ring
structure arises from the trimerization of excess isocyanate
molecules during the foaming process.” This unique structure
contributes to a higher cross-linking network, low thermal
conductivity, and exceptional thermal stability compared to
PUR foam.” PIR not only excels in thermal properties but also
demonstrates remarkable fire performance, typically achieving
a B2 rating. By fine-tuning the concentration of polyisocyanu-
rate rings and adopting advanced formulation techniques, it
can even attain a Bl rating with an oxygen index exceeding
35%.° As an ideal organic insulation material, PIR boasts low
thermal conductivity, robust weather resistance, and the
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flexibility to be prefabricated or poured onsite. These
advantages make PIR an ideal choice for cryogenic insulation
in pipelines of oil refineries, chemical plants, ethylene, fertilizer,
and other industries.

Amidst the rapid advancements in the polyurethane
industry, global consumption of polyurethane is projected to
escalate annually over the upcoming years, averaging a growth
rate of approximately 6.7% per annum.'°~"* China’s polyur-
ethane sector, which embarked on its journey in the late 1950s,
witnessed gradual progress, particularly with the introduction
and establishment of raw material facilities like isocyanate
MDL"*~"” Since then, the industry has accelerated its pace,
though early disposal methods for PIR and polyurethane waste,
such as landfilling and incineration,'®* ™' resulted in severe
pollution and resource wastage.”” > Consequently, the
adoption of chemical recycling and degradation processes to
derive novel recycled materials not only mitigates resource
depletion but also addresses environmental pollution concerns,
thereby presenting a promising future for the PIR and
polyurethane waste degradation industries.”” >’
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Figure 1. Schematic diagram of the PIR structure.
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This paper delves into the utilization of a two-component
alcoholic agent, facilitated by an alkali metal catalyst, for the
recovery of thermal and cold insulation materials from waste
chemical pipelines. Figure 1 shows the structure of the PIR.
Through rigorous experimentation, the degradation conditions
of waste PIR were meticulously analyzed, culminating in the
identification of optimal degradation parameters. Alcoholysis
regenerates PIR with a yield of 80—90% and a purity of more
than 90%, while PIR degraded by other means tends to have a
yield of 70% and a purity of about 60%. This innovative
approach offers a fresh perspective and an eflicient means for
the chemical recycling of waste polyurethane, opening new
avenues for sustainable waste management.

2. EXPERIMENTAL PART

2.1. Main Raw Materials. PIR Waste (Tianjin Petrochem-
ical), Diethylene Glycol (AR, Fuchen Chemical), Butylene
Glycol (AR, Fuchen Chemical), Potassium Hydroxide (99.9%,
McClean), Combined Polyether Polyol (Bluestar Dongda),
polyisocyanate (Wuhan Huaxiang Kejie Biotechnology Co.,
Ltd.), dimethicone DSO (99.9%, Jinan Haiyuan Chemical Co.,
Ltd.), 1-fluoro-1,1-dichloroethane HCFC-141b (99.9%, Jinan
Haiyuan Chemical Co., Ltd.), triethanolamine (99.9%,
McClean), and dibutyltin dilaurate (99.9%, Jinan Haiyuan
Chemical Co., Ltd.). Waste PIR is the key to this study and its
microstructure. The waste PIR microscopic image is shown in
Figure 2.
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Figure 2. Waste PIR microstructure diagram.

Also, some of the properties of used PIRs are as follows:
density: 0.312 cm®/g, thermal conductivity: 0.025 W/(m-K),
compressive strength: 0.317 MPa.

2.2, Experimental methods. 2.2.7. Waste PIR Alcohol-
ysis Experiment. Alcoholysis solvents are crucial in the
alcoholysis reaction of PIR foams, as they dissolve the
reactants and facilitate the reaction. In order to avoid excessive
byproducts affecting product quality, this paper adopts the
experimentally verified optimal ratio, i.e., the mass ratio of the
alcoholysis solvent to the PIR foam, to ensure that there is no
large amount of excess solvent, so as to balance the reaction
rate and the cost of subsequent treatment. From a techno-
economic point of view, the solvent cost affects the production
cost, so the optimized solvent ratio used in this paper aims to
improve the reaction selectivity and yield. Specifically, a
mixture of 100 g of 1,4-BG and DEG, in equal proportions, was
introduced into the reactor as the alcoholytic agent, along with
a 1% (0.6 g) alkali metal catalyst (AMC). Subsequently, 100 g
of waste PIR powder(See Figure S1) was added, and the
mixture was subjected to stirring alcoholysis at 180 °C for 2 h,
resulting in the successful synthesis of the alcoholized material.

The waste PIR was first segmented into smaller pieces and
processed through a crusher to achieve a fine powder form.
This powder was then introduced into the reaction kettle. For
the degradation process, a two-component alcoholytic agent
consisting of butylene glycol (1,4-BG) and diethylene glycol
(DEG) combined in varying proportions was utilized.
Specifically, 100 g of this agent, along with 10 g of alkali
metal catalyst (AMC), were added to the kettle. The
preweighed waste polyurethane powder was subsequently
incorporated into the mixture. The system was continuously
heated to 180 °C, maintained at this temperature for 1 h, and
then further increased to 190 °C for an additional hour to
complete the reaction. This process yielded the regenerated
polyol (RP), which underwent subsequent testing, analysis,
and foaming procedures. The two-component alcoholytic
agent effectively catalyzed the degradation of the waste PIR,
and Figure 3 illustrates the underlying degradation reaction
mechanism.

Under the catalytic influence of AMC and at elevated
temperatures within the reaction kettle, 1,4-BG and DEG
function as efficient alcoholytic agents. This results in the
cleavage of the polyisocyanurate urea bonds within the waste
PIR, which are subsequently replaced by alcoholytic agents to
generate polyester polyols. The intricate reaction mechanism
underlying this process is visually depicted in Figure 3.

2.2.2. Preparation of Thermal Insulation and Cold
Insulation Materials for Recycled New Chemical Pipelines.
The degraded recycled polyether polyol 7 g of RP, 23 g of
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Figure 3. Schematic diagram of the degradation mechanism of waste
PIR by the AMC catalyst.

commercial polyether polyol 4110, 2.5 g of dimethyl silicone
oil, 13g of foaming agent (CAS 287-92-3), 0.3 g of catalyst
triethanolamine, and 0.1 g of dibutyltin dilaurate were added to
disposable plastic cups and stirred with a cantilever mixer, and
the stirring time was 2 min. Then 45 g of polyisocyanate is
added to the well-mixed product, and stirring will continue to
prepare the foaming material. The prepared new chemical
pipeline materials were allowed to stand in a cool and dry place
for 24 h, and samples were made according to the test
standards. Therefore, the schematic diagram of the green
recycling process of degrading waste PIR is shown in Figure 4.

2.2.3. Polyurethane Performance Testing and Character-
ization. 2.2.3.1. Viscosity Test. To conduct the viscosity test of
the degradation products at 43 °C, the sample bottle
containing the degradation product is carefully positioned
directly beneath the viscosity tester probe,”” ensuring that the
probe does not penetrate the sample (avoiding contact with
the bottle’s bottom). The viscosity measurement is then
performed, with meticulous attention paid to recording the
rotor type, rotational speed, viscosity readings (in S separate
groups), and the corresponding opening angles (in S separate
groups) for accurate analysis.

2.2.3.2. Hydroxyl Value Test. An appropriate amount of
degradation products is placed in an Erlenmeyer flask, and the
hydroxyl value is determined by the pyridine method
according to the GB/T12008.3-2009 standard.”

2.2.3.3. FTIR Spectroscopy. At ambient temperature, the
structural composition of the degradation products was verified
through infrared spectroscopy using a Spectrum-One FTIR
spectrometer manufactured by PE in the United States ** The
spectral range was set between 4000 and 500 cm ™" to capture a
comprehensive view of the molecular features. Prior to analysis,
an appropriate quantity of the degradation product specimens
underwent drying and subsequent waste chemical pipe
insulation and cooling material (NCPM) procedures. Fourier
transform infrared spectroscopy was employed to analyze the
structure of the samples, providing insights into their chemical
makeup.

2.2.3.4. Apparent Density Test. The apparent density of the
recycled polyurethane foam is rigorously tested in accordance
with the nationally recognized standard GB/T6343-2009.”° To
ensure accuracy, the foam, after standing for 24 h to attain
stability, is precisely cut into sample blocks. Each sample block
undergoes a rigorous weighing process with five individual
measurements taken and their average calculated to determine
the definitive weight of the block. Subsequently, the apparent
density was calculated using below formula, ensuring that the
final result adheres to the highest standards of accuracy and
precision.

p=m/v

p — Object density, g/cm®, m — Mass of the object, g, v-The
volume of the object,cm®. The density of the recycled
polyurethane foam is calculated.

2.2.3.5. Compressive Strength Test. Adhering to the GB-
8813-88 test standard, a universal testing machine is utilized to
assess the strength of carefully dimensioned test blocks.”
During the test, the compression velocity of the machine is
carefully controlled, and the compression deformation of each
test block is meticulously recorded. To ensure reliability, the
average of all test results is calculated and adopted as the
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Figure 4. Schematic diagram of the green recycling process of degrading waste PIR.
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compressive strength representative of each group of test
blocks. Furthermore, this compressive strength is analyzed and
compared against that of a pure sample, with a known
compressive strength of 240 Pa, to provide valuable insights
into the performance of the recycled material.

2.2.3.6. Thermogravimetric (TG) Analysis. Employing a
thermogravimetric analyzer, the experimental sample was
subjected to a temperature ramp from room temperature (25
°C) to 800 °C, within a nitrogen atmosphere, at a controlled
heating rate of 10 °C/min. During this process, air served as
the carrier gas, flowing at a steady rate of 50 mL/min. Alumina
was utilized as the reference material to facilitate accurate
thermogravimetric analysis. Following the completion of the
experiment, the acquired data were meticulously sorted and
analyzed to gain insights into the thermal stability and
degradation behavior of the sample.

2.2.3.7. Scanning Electron Microscopy. Sections of new
chemical pipeline materials and then placing the slices on the
stage for vacuuming and gold spraying.”® The skeleton and cell
structure of each NCPM specimen were observed by using
mirrors of different magnifications.

2.2.3.8. Thermal Conductivity Test. Conforming to the
GB/T10294-2008 standard, the thermal conductivity of novel
chemical pipeline materials is rigorously assessed using the
QTM-500 thermal conductivity analyzer.® To ensure
precision, each proportionally prepared sample undergoes
testing three times, and the average of these measurements is
adopted as the final result. The test parameters are carefully
set, with a duration of 160 s, a sampling interval of 640 ms, a
test power of 0.17 W, and the thermal conductivity unit
expressed as W/(m-K), providing a comprehensive and
accurate assessment of the material’s thermal properties.

2.2.3.9. Thermal Insulation Test. The recycled PIR pipe
shell of ©219 was applied to the electric heating pipe of 219,
and the temperature of the pipe was raised to 60 and 100 °C,
respectively. After the temperature is stable and the steady-
state heat transfer is reached, the ambient temperature is tested
with a Testo-925 temperature tester, and the outer surface
temperature and outer surface heat flux of the PIR are
measured by the HFM-201 heat flux meter.

3. RESULTS AND DISCUSSION

3.1. Hydroxyl Value and Viscosity Analysis of
Regenerated Polyol (RP). Figure S presents the compre-
hensive characterization results of the hydroxyl number and
viscosity of the recycled polyol (RP) (see Figure S2) derived
from the degradation of waste polyurethane using varying
proportions of a two-component alcoholytic agent (1,4-
BG:DEG). Notably, the RP exhibits a hydroxyl value (420)
and viscosity that closely resemble those of commercially
available (pure) polyether polyol 4110, indicating the
effectiveness of the two-component alcoholytic agent in
catalyzing the complete degradation of waste polyurethane.
Furthermore, the RP recovered through the use of alkali metal
catalyst (AMC) catalysts demonstrates a superior hydroxyl
value compared to traditional degradation methods, attribut-
able to the enhanced catalytic activity of these metals.
Intriguingly, as the proportion of 1,4-BG in the alcoholytic
agent gradually increases, the hydroxyl value of the RP initially
rises and then declines. This trend can be explained by the
corresponding change in viscosity of the regenerated polyol,
which initially decreases and subsequently increases with the
1,4-BG content. Optimally, when the 1,4-BG:DEG ratio is

T v T v T T T v T =1 1000

" P Hydroxyl value(mgKOH/g)
A Viscosity m.Pa.s
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2000

13:67 50:50 60:10
Alcoholysis ratio

Figure S. Hydroxyl value and viscosity analysis of RP.

43:57, the degradation process yields the highest hydroxyl
value of 512 KOH/g alongside the lowest viscosity of 2876
mPa-s. This optimal condition results in a degradation product
that boasts exceptional performance and fluidity, making it
highly suitable for various applications.

3.2. Infrared Spectroscopy Analysis of Regenerated
Polyether Polyols of Degradation Products. The IR
spectral analyses of RP and commercially available polyester
polyols, both prepared with equal amounts of AMC, revealed
interesting similarities and differences in their spectral
characteristics.””’ —>° As shown in Figures 6 and 7, the RP

T L) Ll L) Al L

= pure sample
60:10
e 50 : 50

OH -CH;, C=0 [~ 40:60
. — 43:57
- N-Hj / /

' g ede s

Transmittance(a.u.)
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Figure 6. Infrared spectra of the regenerated polyols.

samples exhibited characteristic peaks almost identical to those
of the commercially available polyester polyols irrespective of
the type and proportion of the alcohol solvent used, suggesting
that the effect of the alcohol solvent composition is minimal.
The peak at about 2300 cm™ in Figure 6 is identical to the
isocyanic acid N=C=0 stretching band typically observed at
2270—2280 cm™". The N—H in-plane bending vibration of the
regenerated polyether polyol containing urethane groups
(amide II band) is observed at 1508 cm™'. At wave numbers
of 1500—1560 cm™’, it has been shown to be the characteristic
peak range of linear aromatic benzene rings. The C—N
stretching vibrations of regenerated polyether polyols are
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Figure 7. Infrared spectra with partial enlargement.

present at around 1530—1540 cm™". The sharp band at 1412—
1410 cm™ is typical of the C—N stretching vibrations of
isocyanurate rings. The Ar—H deformation of the aryl ring is
found at about 1590 cm™'. N—H stretching is present in the
3500—3300 cm ™' range; the 2900 cm ™' band is typical not
only of methyl groups but also of various alkyl groups. The
prominent stretching vibrational peak centered at 3350 cm™'
indicates the presence of alcohol hydroxyl (—OH), while the
characteristic absorption peaks at 2900 and 1737 cm™
correspond to methyl and carbonyl groups, respectively.
These findings suggest that the urea bonds of polyisocyanu-
rates are efliciently broken and replaced by alcohol hydroxyl
groups under the alcoholysis of discarded PIR foams, resulting
in regenerated polyol blends rich in ether bonds.** This
structural similarity to commercial polyester polyols empha-
sizes the potential of RP in the preparation of regenerated
polyurethane PIR foams, providing a sustainable alternative to
conventional materials.

3.3. Analysis of Apparent Density of Recycled Cold
Insulation Materials. The analysis of the apparent density of
NCPMs prepared using a two-component alcoholytic agent
with varying proportions of butylene glycol (1,4-BG) and
diethylene glycol (DEG) reveals an intriguing trend as
depicted in Figure 8. As the proportion of 1,4-BG gradually
increases, the apparent density initially rises and subsequently
declines, likely attributed to the evolving interactions between
these two components. Butylene glycol, being a highly polar
and relatively high-molecular-weight organic compound,
exhibits strong intermolecular interactions with diethylene
glycol. At low 1,4-BG concentrations, these interactions are
sparse, contributing to a lower overall apparent density.
However, as 1,4-BG content increases, the intensification of
molecular interactions — encompassing hydrogen bonds and
van der Waals forces — leads to a corresponding rise in
apparent density. Paradoxically, when 1,4-BG levels surpass a
certain threshold, the excessive amount of butylene glycol
introduces more free volume within the system, counteracting
the density-enhancing effects of stronger interactions. Addi-
tionally, high 1,4-BG concentrations may disrupt the orderly
arrangement of molecules, further contributing to a decrease in
apparent density. Remarkably, all AMC-catalyzed NCPMs
(Figure S1) exhibit higher apparent densities than their pure
counterparts, with the peak density (0.041 g/cm?®) observed at
a 1,4-BG:DEG ratio of 43:57. This indicates that under this
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Figure 8. Analysis of the performance density of cold insulation
materials.

specific composition, the NCPM possesses a more compact
internal structure, maximizing density within the same volume.
Moreover, all of the regenerated foams and pure samples had
higher densities than the spent PIR, suggesting that solid waste
regeneration can reductively improve the performance of the
spent PIR that has been degraded by aging.

3.4. Analysis of Compressive Strength of Recycled
Cold Insulation Materials. Figure 9 depicts the compressive

0.5 T T T T T

—=— Compressive strength MPa

Compressive strength MPa

0.3 -
0. 2 L L L L L
pure 40:60 43:57 50:50 60:40
sample

Alcohololysis ratio

Figure 9. Analysis of compressive strength of cold insulation
materials.

strength of NCPM and its pure counterpart, revealing a clear
trend: as the quantity of 1,4-BG gradually increases, the
compressive strength initially escalates and subsequently
declines. This trend aligns perfectly with the variation observed
in the density of the material. Denser NCPMs exhibit a tighter
internal structure and fortified intermolecular forces, which in
turn contribute to an enhanced compressive strength. Notably,
at a 1,4-BG:DEG ratio of 43:57, the NCPM achieves its peak
compressive strength of 0.413 MPa, marking the optimal
performance in this regard and correlating well with its
heightened density. Moreover, the compressive strength of the
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recycled foam was higher than that of the spent foam in all
proportions except for the pure sample. This suggests that
recycled foam retains the compressive strength of polyurethane
while also being of solid waste recycling significance.

3.5. Test and Analysis of Thermal Conductivity of
Recycled Cold Insulation Materials. The analysis of the
thermal conductivity of regenerated polyisocyanurate (PIR) at
room temperature was conducted in a laboratory setting
utilizing the QTM-500 thermal conductivity tester. The results,
as depicted in Figure 10, demonstrate that the thermal
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Figure 10. Recycled PIR tube shell test diagram of thermal
conductivity at room temperature.

conductivity of the regenerated PIR at room temperature is
0.0239 W/(m-K), which is the lowest recorded value and thus
indicates the superior insulation performance. Notably, this
value surpasses that of pure PIR, which is 0.030 W/(m-K),
underscoring the enhanced thermal properties of the
regenerated material. The improved thermal conductivity can
be attributed to the unique molecular structure of the
degradation products, which retain the rigid benzene ring
structure of the black material found in the original waste PIR.
This, combined with the rigid cell structure achieved through
the foaming and regeneration processes, results in a material
that is less prone to cell collapse. As a closed-cell material, the
regenerated PIR boasts more stable and uniform cells,
effectively impeding heat transfer and enhancing its insulation
capabilities. The thermal conductivity of the waste foam is
reduced due to time, and the thermal conductivity of the
recycled foam is higher than that of the waste foam in all cases
compared to that of the recycled foam.

3.6. Analysis of Thermal Loss (TG) of Recycled Cold
Insulation Materials. The thermogravimetric analysis of
NCPM derived from the alcoholysis of various two-component
alcoholytic agents reveals a distinct three-stage weight loss
pattern. As shown in Figure 11, The initial stage, spanning
100—200 °C, primarily corresponds to the evaporation of free
and bound water within the foam, though this is often
inconspicuous due to the foam’s inherently low free water
content.”' =" The second stage, occurring between 200—390
°C, marks the decomposition of the hard segment in the PIR
foam, encompassing structural units formed by isocyanates and
aromatics. This decomposition rate peaks approximately at 310
°C. The third stage, ranging from 390—780 °C, represents the
fracturing of the polyester soft segment within the PIR,
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Figure 11. Thermogravimetric (TG) diagram of recycled cold
insulation material.

featuring aliphatic polyester-based structural units.**~*

Notably, the significant weight loss for NCPM prepared
using different proportions of alcoholytic agents occurs around
250 °C, with decomposition ceasing at approximately 780 °C.
Interestingly, the pure sample and NCPM prepared with a 1,4-
BG:DEG ratio of 43:57 exhibit a maximum decomposition rate
at approximately 338 and 350 °C, respectively. This indicates
that the foam in the latter group, derived from degradable
materials, possesses greater chemical bond energy, translating
into superior high-temperature resistance compared to other
NCPM samples obtained through alcoholysis. Furthermore,
the thermal stability of NCPM prepared as a degradable
material, sourced from the degradation and recycling of waste
PIR, is comparable to or even superior to that of pure samples.
This underscores the enhanced stability and improved
resilience of polyurethane foam to environmental fluctuations
during practical applications, demonstrating the effectiveness
of the recycling and degradation process in enhancing the
overall performance of NCPM. As can be seen from Figure 12,
the regenerated PIR foam has better high-temperature
resistance when the ratio of alcohol solvent is 43:47, which
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Figure 12. Differential scanning calorimetry(DSC) diagram.

https://doi.org/10.1021/acsomega.4c07807
ACS Omega 2025, 10, 12917-12927


https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07807?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

20230515 16:37 N

(a)40:60

TM3030_5403 20230515 16:23 N 500 pm

(c) 50:50

TM3030_5399 202305/15 1619 N 500 pm

(b)43:57

TM3030_5398 20230515 16:19 N 500 pm

(d) 60:40

Figure 13. Scanning electron microscopy (SEM) of cold insulation material.

corresponds to the TG data in Figure 11, further indicating
that the regenerated PIR has good.

3.7. Scanning Electron Microscopy Analysis of
Recycled Cold Insulation Materials. Scanning Electron
Microscopy(SEM) analysis serves as a crucial and multifaceted
tool for examining foam morphology, providing valuable
insights into the efficacy of bubble growth within the intricate
network of tightly arranged bubbles that collectively constitute
the characteristic honeycomb structure of foam.””*® By
analyzing NCPM sample sections obtained through hydrolysis
with various two-component alcoholytic agents, we conducted
a meticulous observation, focusing on a distinct, clearly defined
area for SEM photography. The resulting images, presented in
Figure 13, vividly reveal the pore structure of each sample,
offering a microscopic glimpse into the intricate foam
architecture.

As depicted in Figure 13, the NCPMs synthesized using
varying 1,4-BG:DEG ratios of 40:60, 50:50, and 60:40 exhibit
distinct cell sizes, with the SEM images revealing varying
degrees of cell disruption or fragmentation. Compared with
Figure 2, all the regenerated PIR pore structures are better
than the used PIR, and the skeletons are relatively thicker,
which indicates that the microscopic properties of the
regenerated PIR are better than those of the used PIR.
Notably, the NCPM prepared with a 1,4-BG:DEG ratio of
43:57 stands out for its full and regular polygon-shaped cells,
accompanied by a significant reduction in cell junction
ruptures. This sample boasts thicker pore walls, translating
into enhanced foam performance and thermal insulation
capabilities. The underlying mechanism can be attributed to
the optimal balance achieved by the 1,4-BG:DEG ratio. As the
proportion of 1,4-BG gradually increases, the waste polyur-
ethane undergoes more effective urea bond cleavage during
recovery and degradation processes. However, when 1,4-BG
levels exceed a certain threshold, an “excessive” fracturing of
urea bonds occurs. These excessively fragmented short
segments subsequently undergo further breakage, yielding a

heterogeneous mixture of chain lengths. This, in turn, leads to
an uneven molecular weight distribution within the NCPM,
resulting in severe cell fragmentation, compromised cell
junction integrity, and a subsequent decline in foam strength
and thermal insulation performance.***™>" Therefore, the
optimal 1,4-BG:DEG ratio of 43:57 represents a sweet spot
that maximizes the beneficial effects while minimizing the
detrimental consequences of urea bond cleavage.

3.8. Thermal Conductivity Test and Analysis. For the
thermal conductivity analysis of regenerated PIR at room
temperature, the thermal conductivity of PIR at room
temperature was tested by the QTM-500 thermal conductivity
tester in the laboratory, and the thermal conductivity test data
of regenerated PIR are shown in Table 1. As can be seen from

Table 1. Thermal Conductivity Test Data of Recycled PIR
Tube Shell at Room Temperature

serial number T, °C 2, W/(m-K)
1 20 0.0243
2 21 0.0234
3 21 0.0239
4 21 0.0241
S 21 0.0241
6 21 0.0242
7 21 0.0241
8 21 0.0242
average 20.8 0.0239

the table, the thermal conductivity of regenerated PIR is
0.0239 W/(m-K) when T, is 20.8 °C. The thermal
conductivity of recycled PIR at room temperature was better
than that of pure PIR = 0.030 W/(m-K). This is because the
small molecular chain of the degradation product carries the
rigid structure of the benzene ring of the black material in the
original waste PIR, and the cell structure after foaming and
regeneration is more rigid, and the cell structure is not easy to
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collapse. As a closed-cell material, more stable and uniform
cells can effectively reduce heat transfer.

3.9. Regenerative PIR Adiabatic Effect. The recycled
PIR pipe shell of ®219 and sample PIR shell was applied to the
electric heating pipe of ®219, and the temperature of the pipe
was raised to 60 and 100 °C, respectively. After the
temperature is stable and the steady-state heat transfer is
reached, the ambient temperature is tested with the Testo-925
temperature tester, and the outer surface temperature and
outer surface heat flux of the PIR are measured by the HFM-
201 heat flux meter. The test data are listed in Tables 2 and 3.

Table 2. Experimental Data on the Adiabatic Effect of
Recycled PIR Tube Shells

medium ambient outer surface
serial temperature,  temperature, exterior surface heat flux,
number *C °C temperature, °C W/m*
1 60 16.5 19.3 23.6
2 16.8 19.9 22.7
3 16.6 19.7 25.1
average 60 16.6 19.6 23.8
1 100 17.6 23.3 50.4
2 17.4 234 50.0
3 17.5 23.5 50.0
average 100 17.5 23.4 50.1

Table 3. Experimental Data on the Adiabatic Effect of Pure
Sample PIR Tube Shells

medium ambient outer surface
serial temperature, temperature, exterior surface heat flux,
number °C °C temperature, °C W/m?*
1 60 16.0 18.8 23.7
2 15.7 18.9 25.6
3 159 18.8 22.7
average 60 15.9 18.9 24.0
1 100 16.1 23.1 53.8
2 16.3 21.2 52.0
3 16.3 22.0 53.1
average 100 16.2 22.1 53.0

Based on the laboratory thermal test data and the calculation
of Fourier’s heat transfer law, A = 0.037 W/(m‘K) at T,, = 39.8
°C and A = 0.041 W/(m-K) at T,, = 61.7 °C. A = 0.037 W/(m-
K) at T, = 39.4 °C and 4 = 0.043 W/(m'K) at T,, = 61.1 °C.
The thermal insulation effect of recycled PIR shells is similar to
or better than that of pure PIR shells. The insulating effect of
regenerated PIR shells is similar to or better than that of pure
sample PIR shells.

3.10. Evaluation of the Effectiveness of Industrial
Applications. In order to further verify the evaluation of the
effect of regenerated PIR pipe shells in practical application,
the application of degradation of regenerated PIR pipe size
@219 (See Figure S3) shells to replace the old cold-keeping
layer of the renovation project of the actual application of the
cold-keeping pipeline before and after the inlet line of the
connecting pipeline to carry out the evaluation of the energy
efficiency of the cold-keeping.The modifications are shown in
Figure 14. And to this end, the regenerated pipe shell material
in accordance with the size of the ®219 shells after the
preparation and get the results of the evaluation of the test as
shown in Table 4.

The application of degradation and regeneration of PIR pipe
shells to replace the old cold-keeping layer is practically applied
in the remodeling project, and the temperature drop on the
outer surface of the cold-keeping layer before and after the
inlet line of the connection line of the shell with the cold-
keeping pipeline size of ®219 has been reduced by 3 °C; The
cold loss on the outer surface was reduced by 20.21 W/m*
respectively; after the transformation, the post-transformation
test and cold-keeping energy efliciency evaluation were carried
out, and the cold loss on the outer surface of the cold-keeping
pipeline was lower than the design requirement of 23 W/m?,
and the performance of cold-keeping energy efficiency was
qualified (See Figure S4).

4. CONCLUSIONS

In this comprehensive study, we successfully harnessed the
synergy between an alkali metal catalyst (AMC) and a strategic
blend of 1,4-butanediol and diethylene glycol in varying
proportions to efficiently degrade and recover waste poly-
isocyanurate (PIR) foam. By meticulously analyzing the
degradation conditions of the waste PIR, we identified the
optimal ratio of these alcoholytic agents to facilitate the
production of high-quality recycled polyols. The key findings

of our investigation are summarized as follows:

(1) In the degradation of waste polyisocyanurate (PIR)
foams using a two-component alcoholysis blend, the
optimum mass ratio of 1,4-butanediol to diethylene
glycol was determined to be 43:57 and 1% g of
potassium hydroxide was added as a catalyst. The
alcoholysis process was reacted at 180 °C for 1 h. After 1
h, the temperature was raised to 190 °C and the reaction
was continued for 1 h. The alcoholysis conditions could
be achieved to ensure the successful degradation of the
waste PIR foams.

(2

~—

The viscosity of the degradation product was 2876 m-Pa-
s, and the compressive strength of the PIR foam

(a) @219 recycled tube shell

Figure 14. ®219 recycled tube shell engineering application test.
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(b) ©219 recycled pipe shell engineering
installation application
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Table 4. Test and Evaluation Results after Modification of the Inlet Line of the Insulated Cold Connection Pipe

pipe insulation
diameter  medium cold thickness,
pipeline mm temp, °C  test time insulation mm
connect D219 —14 after regenerate 60
the remodel  PIR

pipeline

cold loss on the
outer surface of

cold loss on the temp drop of the

outer surface of  outer surface of  outer surface keep cold

the original pipe, new piping, the original temperature energy
W/m? W/m? pipeline, °C drop, °C efficiency
284 8.19 4 1 qualified

obtained by foaming and regeneration of the degrada-
tion product was 0.413 MPa, the apparent density was
0.041 g/cm’ and the thermal conductivity was 0.0239
W/(m'K), all of which were better than the pure PIR
foam materials. Moreover, before and after the actual
application of the connecting pipeline inlet pipeline with
the size of ®219 pipe shell, the temperature drop on the
outer surface of the cold-insulating layer was reduced by
3 °C; the cold loss on the outer surface was reduced by
20.21 W/m? respectively, and the cold loss on the outer
surface of the cold-insulating pipeline was lower than the
design requirement of 23 W/m? and the cold-insulating
energy efliciency was qualified.

(3) The new type of chemical pipeline thermal insulation
and cold insulation material successfully prepared meets
the national standard, the sample bubble hole is
relatively complete, the skeleton is relatively thick and
the thermal insulation effect is good to achieve the best
performance.

Nowadays, the cost of solvent use has a non-negligible
impact on production costs. Optimization of solvent ratios
aims to improve reaction selectivity and yield and enhance
byproduct treatment. In the future, it is expected that efficient
and environmentally friendly alcoholysis solvents will be
developed to achieve zero emission or high-value utilization,
which will improve the economy and environmental friend-
liness. This paper focuses on the degradation of waste PIR by
alcoholysis solvent ratios, hoping to provide a new idea for the
degradation of waste PIR.
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