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Abstract

The global production of leather shavings (LSs) amounts to
millions of tons annually, posing significant challenges in terms
of resource waste and environmental pollution if not effectively
managed. This study explores the utilization of LSs by fabricating
modified leather fibers (MLFs) as reinforcing fillers to enhance the
mechanical and thermal insulation properties of polyvinyl chloride
(PVC) foams. The process involved pulverizing LSs and modifying
them with a polyethylene glycol-isophorone diisocyanate (PEG-
IPDI) prepolymer to create MLF. This MLF was then incorporated
into PVC to produce MLF/PVC foam. The PEG-IPDI prepolymer
modification aligned the surface free energy of MLF (33.82 + 1.97
mJ/m?) with that of PVC (31.08 + 3.65 mJ/m?), thereby improving
their interfacial compatibility and imparting thermal energy storage
capacity to the MLF. The resulting MLF/PVC foam exhibited
enhancements in compressive strength and modulus, showing
increases of 93.7% and 165.8%, respectively, compared to pure PVC
foam. Furthermore, MLF/PVC foam demonstrated a slower surface
temperature increase when heated using a heating plate at 110°C
compared to pure PVC foam. These findings indicate that MLF
enhances the mechanical and thermal insulation properties of PVC
foams, primarily due to the improved foaming and thermal storage
capacities imparted by the MLF.

Introduction

The leather industry significantly contributes to the global
economy, with its trade value estimated at approximately $400
billion annually.! However, it also generates millions of tons of
leather shavings (LSs) worldwide each year. These LSs can lead
to substantial resource waste and environmental pollution if
not treated properly.?® Currently, LSs are primarily utilized for
extracting collagen and its hydrolysate, or for producing adsorbents,*
conductive materials,” and reinforcing fillers.®® These applications
often involve simple processing methods. LSs are rich in leather
fibers (LFs) that have a multidirectional and hierarchical structure
from collagen fibrils to collagen fibers and further to collagen

fiber bundles. This structure potentially enhances the mechanical
properties of polymers.®® Thus, employing LF as reinforcing fillers
in polymer-based composites presents a viable approach for LS
resource utilization.

Polyvinyl chloride (PVC), a widely used commercial polymer,
is known for its excellent flame retardancy, chemical resistance,
and affordability.”® Specifically, foamed PVC, characterized by
its lightweight nature, water resistance, and thermal insulation
properties, finds applications in construction, transportation, and
packaging.!” However, linear PVC typically exhibits poor foaming
capacity, primarily due to its low melt strength and viscoelasticity,
which in turn affects the mechanical and thermal insulation
properties of PVC foams.'*™* Restricting the movement of PVC
chains through cross-linking or filling is thought to be able to
ameliorate the above defects. While filling PVC with materials such
as calcium carbonate,” mica,'® and graphene oxide" is an effective
strategy to improve its foaming capacity, these fillers often fall short
in improving mechanical and thermal insulation properties due to
their simple structures and high thermal conductivity. In contrast,
the complex structure and high porosity of LF can effectively
restrict polymer chain movement while exhibiting low thermal
conductivity.*”'® Therefore, incorporating LF into PVC foams
is expected to enhance the mechanical and thermal insulation
properties of PVC foams.

As global energy efliciency standards intensify, there is a growing
need for foams not only to provide thermal insulation but also
to possess thermal energy storage capabilities to further conserve
energy.” Phase change materials (PCMs) are pivotal in this
context, as they can store or release substantial energy during
their phase transition processes.?’ Integrating PCMs with foams
has been shown to enhance the thermal insulation performance
of the foams.”’ Among various PCMs, polyethylene glycol (PEG)
is a notable solid-liquid PCM, recognized for its high latent
heat, chemical stability, and thermal robustness. However, PEG
is prone to leak during the phase change process and results in
adverse effects on the surrounding environment.”? A promising
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Figure 1. Schematic for the preparation of MLF and MLF/PVC foam.

solution to this issue is the conversion of PEG into a solid-solid
PCM (SSPCM) using diisocyanate as a cross-linking agent and
LF as a support material, which is expected to effectively mitigate

leakage concerns.?**

This study aims to facilitate the resource utilization of LS by
employing LF as reinforcing fillers for fabricating PVC foams with
superior mechanical and thermal insulation properties. LF, rich
in hydrophilic groups such as -COOH, -NH,, and —~OH, exhibits
poor interfacial compatibility with hydrophobic PVC.? Therefore,
hydrophobic isophorone diisocyanate (IPDI)-capped PEG (PEG-
IPDI) was used to chemically modify LF, improve the interfacial
compatibility between LF and PVC, and endow LF with thermal
energy storage capacity. The resulting modified LF (MLF) was then
blended with PVC and foamed to produce MLF/PVC foam (Figure
1). A comparative analysis of the mechanical and thermal insulation
properties of MLF/PVC foam was conducted against those of pure
PVC foam, PEG-IPDI/PVC foam, and LF/PVC foam, focusing
on rheological behavior, foaming capacity, and compressive and
thermal properties.

Experimental

Materials

LSs were sourced from Senlu Leather Co., Ltd., Shandong, China.
PEG with an average molecular weight (M,) of 6000 g/mol, IPDI,
N,N-dimethylformamide (DMF), dibutyltin dilaurate (DBTDL),
and dioctyl phthalate (DOP) were acquired from Chengdu Chron
Chemical Co., Ltd., Sichuan, China, and were of analytical
grade. PVC (SG-5), obtained from Tianye Co., Ltd., Xinjiang,
China, was of commercial quality. Barium stearate, cadmium
stearate, Ca/Zn stabilizer, calcium stearate, polyethylene wax,
and azodicarbonamide (AC) blowing agent, all commercial grade,
were purchased from Winner New Material Technology Co., Ltd.,
Guangdong, China.

Preparation of MLF

Initially, the LS was thoroughly washed and neutralized to a pH of
7.0-8.0. After adequate dehydration and drying, it was pulverized
using an ultra-centrifugal mill (ZM 200, Retsch, Germany) to
produce LF with a size smaller than 40 mesh.

PEG was pre-dried under vacuum at 120°C for 2 h. In separate
containers, 30 g (0.005 mol) of PEG and 2.225 g (0.01 mol) of IPDI
were dissolved in DMF. The PEG solution was gradually added to
the IPDI solution under stirring, followed by the addition of 1-2
drops of DBTDL as a catalyst. The reaction was conducted in a
thermostatic oil bath at 60°C under a nitrogen atmosphere for 5 h,
resulting in the formation of PEG-IPDI prepolymer with terminal
isocyanate groups. Subsequently, 10 g of LF was incorporated into
this prepolymer mixture and thoroughly blended. The combined
mixture was then transferred to a vacuum oven and maintained at
60°C for 24 h to ensure complete cross-linking of the prepolymer
with the LF. The resultant material was ground to achieve MLF of
less than 40 mesh size. The grafting ratio of PEG-IPDI prepolymer
to MLF was calculated using Equation (1):

Grafting ratio = (w,—w,) x 100/wy, 1)

where w; and w, represent the weights of LF before and after grafting
with the PEG-IPDI prepolymer, respectively.

Preparation of PVC-based composite foams

The MLF, PVC, and various additives were homogeneously mixed
using a high-speed mixer for 10 min, following the formulation
presented in Table I. The blends were then melt-blended in a torque
rheometer (RM-200C, Harp, China) at 135°C for 10 min. The MLF/
PVC composite was subsequently hot-pressed at 150°C and 10 MPa
for 10 min and foamed at 180°C for 5 min to produce the MLF/PVC
foam. Control samples of PEG-IPDI/PVC foam and LF/PVC foam
were prepared using an identical process, but MLF was substituted
with PEG-IPDI prepolymer and LF, respectively.
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Table I

Formulation of pure PVC and composite foams

Sample Filler ) PVC ‘ Additives .
(per hundred/resin)  (per hundred/resin)  (per hundred/resin)
PVC 0 100 21.3
PEG-IPDI/PVC 51.5° 100 21.3
LF/PVC 25 100 21.3
MLE/PVC 25 100 21.3

*The additives comprised DOP (10 per hundred/resin), barium stearate (0.6 per hundred/resin), cadmium
stearate (0.4 per hundred/resin), Ca/Zn stabilizer (6 per hundred/resin), calcium stearate (1 per hundred/
resin), polyethylene wax (0.8 per hundred/resin), and AC blowing agent (2.5 per hundred/resin).

® The quantity of PEG-IPDI prepolymer in the PEG-IPDI/PVC foam corresponds to the amount grafted

onto LF in the MLF/PVC foam.

Analyses of morphology and chemical structure

Morphological examination of the samples was observed using a
scanning electron microscope (SEM; Apreo S HiVoc, FEI, USA). The
chemical structures of the samples were analyzed using a Fourier
transform infrared spectroscopy (FTIR; Nicolet iS 10, Thermo
Fisher, USA). The binding energies of the elements on the sample
surfaces were measured using an X-ray photoelectron spectroscopy
(XPS; Thermo 250Xi, Thermo Scientific, USA). The contact angles
of the samples were determined using a contact angle goniometer
(DSA30, Kriiss, Germany).

Analysis of rheological behavior

The rheological behavior of the samples was evaluated in an
oscillatory mode using a rotational rheometer (MCR302, Anton
Paar, Austria) equipped with a parallel-plate geometry (diameter =
25 mm, gap = 1 mm). Viscoelastic parameters were assessed through
dynamic frequency scanning (0.01-100 rad/s) at 180 °C, maintaining
a constant strain of 1% to ensure the linear viscoelastic range.

Analysis of foaming capacity

The mass densities of the samples were measured via the water
displacement method, adhering to the ASTM D792-00 standard.
The expansion ratio (P) was calculated using Equation (2):

O = ,DS/ Pp (2)

where p; and p; represent the densities of the unfoamed and foamed
samples, respectively. Pore diameter distributions were measured at
25°C using an automatic mercury intrusion porosimeter.

Testing of compressive properties

The compressive properties of the samples were tested using a
universal testing machine (5967, INSTRON, USA), following the
ASTM D695-02 standard.
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Analysis of thermal energy storage capacity

The thermal energy storage capacities of the samples were evaluated
using differential scanning calorimetry (DSC; DSC 204-F1, Netzsch,
Germany). Each sample was subjected to a heating phase from 0°C
to 80°C at a rate of 10°C/min, followed by cooling back to 0°C at the
same rate.

The thermal reliability of the samples was assessed through an
accelerated thermal cycling test. This involved repeatedly heating
and cooling the samples between 20°C and 80°C for 100 and 200
cycles at a rate of 10°C/min. Post-cycling, the thermal properties of
the samples were reanalyzed using DSC.

Testing of thermal insulation property

The thermal insulation performance of the samples was quantified
by measuring their thermal conductivity. This measurement
was performed using a transient plane source hot-disk thermal
constants analyzer (TPS 2500 S, Hot Disk, Sweden). The samples
were positioned on a heating plate set at 110°C, and infrared thermal
imaging was conducted using an infrared imaging camera (T540,
FLIR, USA).

Results and Discussion

Structure and properties of MLF

The primary objective of this research was to utilize the
multidirectional and hierarchical structure of LF to enhance the
mechanical and thermal insulation properties of PVC foams. The
morphologies of LF and MLF were observed using SEM, as depicted
in Figure 2a. The MLF retained a hierarchical structure similar to
that of LF, ranging from collagen fibrils (50-200 nm) to collagen fibers
(2-10 pm) and further to collagen fiber bundles (20-100 pm). This
observation indicates that the unique structure of LF was preserved
in MLF following modification with PEG-IPDI prepolymer.
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Figure 2. (a) SEM images; (b) FTIR spectra; (c) XPS Cls spectra; (d) water contact angles,
surface free energies, and digital photos of LF and MLF.

The impact of PEG-IPDI prepolymer modification on MLF’s
chemical structure was analyzed using FTIR and XPS. Figure 2b
shows the FTIR spectra of PEG-IPDI, LF, and MLF. The spectra of
LF and MLF exhibited characteristic absorption peaks at 1655-1657,
1540-1544, and 1238-1242 cm™, corresponding to amides I, II, and
I11,%%2¢ respectively, suggesting that the polypeptide chain structure
of LF remained unaltered after modification. In the MLF spectrum,
the disappearance of the N=C=0 group’s characteristic absorption
peak at 2250 cm™ (from PEG-IPDI) indicates a successful cross-
linking reaction of the N=C=0O groups of PEG-IPDI prepolymer
with the -NH, groups of LF (Figure 1).” The peak at 1720 cm™ in
the MLF spectrum is attributed to the C=0 stretching vibration of
the PEG-IPDI prepolymer. The XPS analysis of the MLF surface, as
shown in Figure 2c, reveals distinct features. The Cls spectrum of
LF was decomposed and fitted into three peaks, centered at 284.4,
285.6, and 287.6 eV, corresponding to C—C/C-H, C-O/C-N, and
O-C-0/C=0, respectively.?® Following the modification of LF with
PEG-IPDI prepolymer, the Cls spectrum of MLF shows four peaks:
C-C/C-H (284.4 eV), C-O/C-N (285.6 eV), O-C-0O/C=0 (287.1
eV), and N-C=0 (288.8 eV).” The appearance of N-C=0 bonds in
the MLF spectrum further confirms the successful grafting of PEG-
IPDI prepolymer onto LF (Figure 1).

Water contact angles and surface free energies of LF, MLF, and PVC
are presented in Figure 2d. The water contact angle of MLF increased
to 137.2° + 4.1°, compared to LF’s 76.8° + 2.6° and approached that
of PVC (103.4° £ 3.2°). Moreover, MLF’s surface free energy (33.82 +
1.97 mJ/m?) was more aligned with PVC’s (31.08 + 3.65 mJ/m?). These
results suggest that the PEG-IPDI prepolymer effectively enhances
the interfacial compatibility between LF and PVC, adhering to the
principle of “like-dissolves-like.”*

Interfacial structure of MLF/PVC

Effective interfacial compatibility between MLF and PVC is crucial
for securing the mechanical and thermal insulation properties of
MLE/PVC. The freeze-fractured surfaces of LF/PVC and MLF/PVC
before foaming were observed using SEM to visually evaluate the
interfacial compatibility between fillers and PVC. Figure 3a reveals
noticeable gaps (highlighted with yellow circles) between LF and
PVC, potentially hindering stress transfer between LF and PVC and
preventing LF/PVC from fully utilizing LF’s structural benefits. In
contrast, minimal gaps were observed in the MLF/PVC composite,
which can be attributed to the enhanced interfacial compatibility
imparted by the PEG-IPDI prepolymer.
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The interfacial chemical structure of MLF/PVC was further
analyzed by comparing the FTIR spectra of pure PVC and MLF/
PVC. The FTIR spectrum of the MLF/PVC composite encompasses
characteristic peaks of both MLF and pure PVC (Figures 2b and
3b). Notably, the C=0 peak at 1716 cm™ and the C-H peak at 2959
cm™ in the MLF/PVC spectrum were shifted to lower wavenumbers
compared to the C=0 peak at 1720 cm™ in MLF and the C-H
peaks at 2952 cm™ in pure PVC.>** This shift suggests the possible
formation of hydrogen bonds between the -NHCOO- groups of
MLF and the C-H groups of PVC (Figure 1),” indicating that PEG-
IPDI prepolymer enhances interfacial compatibility between MLF
and PVC by forming interactions between MLF and PVC (Figure
3¢). Improved interfacial compatibility between MLF and PVC is
expected to more effectively utilize LF’s structural advantages and
enhance PVC’s foaming capacity.

Rheological behavior of MLF/PVC

The rheological behavior of polymers is closely related to their melt
strength and viscoelasticity, which is an important factor affecting
their foaming capacity.** The variations in complex viscosity (*),
storage modulus (G’), loss modulus (G”), and loss tangent (tan J)
across dynamic frequencies for pure PVC and its composites are
depicted in Figure 4. The n" values of the four samples decreased with
the increase in dynamic frequency, exhibiting the shear-thinning
behavior of PVC melt (Figure 4a).”> Pure PVC exhibited a lower n*
value owing to weaker interactions among its chains, suggesting
limited melt strength at the macroscopic level and, consequently,
reduced foaming capacity. In contrast, PVC composites showed
higher n" values than pure PVC, attributable to the formation of
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various networks (PVC-PVC network, PVC-filler network, and
filler-filler network) that impeded the movement of PVC chains
(Figure 4a).’® Notably, the n’ value of MLF/PVC was higher than
that of LE/PVC (Figure 4a); this indicated that the more stable
networks of MLE/PVC resisted the movement of the PVC chains
more effectively compared to LF/PVC, thus greatly enhanced the
strength of the PVC melt.”
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Figure 4. (a) Rheological behavior of pure PVC and composites:
complex viscosity (), (b) storage modulus (G"), (c) loss modulus (G”),
and (d) loss tangent (tan 9).
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G’ and G” represent the energy stored and dissipated during
deformation, respectively, and are crucial in determining the
foaming behavior of PVC.?”® The G’ and G” values of the samples
were observed to follow the order MLF/PVC > LE/PVC > PEG-
IPDI/PVC > pure PVC (Figure 4b and 4c¢). The order indicated that
MLF/PVC had the highest elastic and viscous responses among the
four samples. The loss tangent (tan § = G”/G’) serves as an essential
parameter for assessing polymer viscoelasticity.*® The tan § values
of MLF/PVC exhibited the lowest value (Figure 4d), suggesting its
superior viscoelasticity. In summary, MLF’s multidirectional and
hierarchical structure enhances the strength and viscoelasticity of
PVC melt. This enhancement in melt strength and viscoelasticity
is also expected to improve PVC’s foaming capacity.

Foaming capacity of MLF/PVC

Foaming experiments were conducted on pure PVC, PEG-IPDI/
PVC, LF/PVC, and MLE/PVC at 180°C for 5 min. To evaluate
the influence of MLF on the foaming capacity of PVC, the
microstructures and expansion ratios of the samples were analyzed.
Figure 5arevealed that pure PVC foam exhibited large cell sizes and
a low cell count, attributed to the low strength and viscoelasticity
of the PVC melt. The inclusion of fillers (PEG-IPDI prepolymer,
LF, and MLF) led to reduced cell sizes and increased cell counts
in the PVC composite foams. Figures 5b-e show the pore diameter
distributions of the samples. The MLF/PVC foam demonstrated
superior properties, with the highest porosity (45.9%), smallest
average pore diameter (30.2 pm), and lowest density (0.5323 g/cm?®).
Furthermore, the expansion ratio of MLF/PVC foam increased by
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Figure 5. (a) Microstructures, (b-e) pore diameter distributions,
and (f) expansion ratios of pure PVC and composite foams.
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Figure 6. (a) Compressive stress—strain curves and (b) compressive strength and modulus
of pure PVC and composite foams.

30.7% compared to that of pure PVC (Figure 5f). These findings
indicate that MLF, with its multidirectional and hierarchical
structure, greatly improves the foaming capacity of PVC owing to
the improved strength and viscoelasticity of the PVC melt, which
is expected to enhance the mechanical and thermal insulation

12-14

properties of PVC foams.

Mechanical properties of MLF/PVC foam

The compressive properties, crucial for assessing the mechanical
performance of PVC foams, were evaluated.”” Figure 6a presents
the compressive stress-strain curves of pure PVC and the
composite foams. All four samples exhibited no yield and
maintained good ductility during compression. The ranking in
terms of compressive strength and modulus was as follows: MLE/
PVC foam > LF/PVC foam > PEG-IPDI/PVC foam > pure PVC
foam. The compressive strength and modulus of the MLF/PVC
foam were enhanced by 93.7% and 165.8%, respectively, compared
to those of pure PVC foam (Figure 6b). The data indicates that MLF,
with its multidirectional and hierarchical structure, enhances
the mechanical properties of PVC foams. This enhancement is
primarily attributed to MLF’s ability to reinforce cell walls and

struts. Additionally, the smaller cell size in the MLF/PVC foam
contributes to a reduced bending moment in the cell walls during

compressive deformation.*

Thermal energy storage capacity of MLF/PVC foam

The modification of LF with PEG-IPDI prepolymer transformed
MLF into an SSPCM capable of thermal energy storage.
Integrating MLF into PVC foam is theoretically beneficial for
energy conservation and enhancing the foam’s thermal insulation
properties.”?' The thermal energy storage capacity of MLF/
PVC foam was investigated by DSC analysis of the fillers and
foams (Figures 7a-b), with corresponding thermal performance
parameters summarized in Table II.

The DSC curves of LF showed no obvious endothermic or
exothermic peaks, suggesting no phase change below 80°C
(Figure 7a). However, PEG-IPDI prepolymer and MLF exhibited
noticeable endothermic and exothermic peaks within the
0°-80°C range, indicating reversible thermal storage and release
capabilities (Figure 7a). The phase change enthalpies (AH,, and
AH,) of MLF during melting and crystallization were lower than
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Figure 7. DSC curves of (a) fillers and (b) foams.
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Table II

Thermal performance parameters of fillers and foams

AH,, (J/g) * T (°C) ® AH, (J/g)* T.(°C)*

PEG-IPDI 170.1 55.2 164.2 35.2
LF - - - -

MLF 106.6 48.1 100.9 29.7
MLF-100° 104.7 48.2 100.4 29.7
MLF-200° 103.8 48.0 99.4 29.5
PVC - - - -

PEG-IPDI/PVC 48.6 55.0 44.3 353
LF/PVC - - - -

MLE/PVC 20.9 48.6 18.8 29.4
MLF/PVC-100° 20.3 48.4 18.1 28.7
MLF/PVC-200° 19.9 47.6 17.7 28.3

*AH, and AH. represent the phase change enthalpies during the melting and crystallization processes,
respectively; T, and T. denote the melting and crystallization temperatures, respectively.

®MLF-100 and MLF-200 indicate MLF after 100 and 200 thermal cycles, respectively; MLF/PVC-100 and MLF/
PVC-200 refer to MLF/PVC foam after 100 and 200 thermal cycles, respectively.

those of PEG-IPDI prepolymer (Figure 7a and Table IT), suggesting
a deterioration in thermal storage and release capabilities of MLF
compared to those of PEG-IPDI prepolymer.*** This is likely
due to the cross-linked networks between LF and PEG-IPDI
prepolymer restricts PEG chain movement. Despite this, the AH,,
and AH, values of MLF/PVC foam were maintained at 20.9 and
18.8 J/g, respectively, after incorporating MLF into PVC (Figure
7b), which contributes to energy savings and enhanced thermal
insulation properties of the foam. Furthermore, the phase change
enthalpies and temperatures for MLF and MLF/PVC foam
remained relatively unchanged after 100 and 200 thermal cycles,
demonstrating their excellent thermal reliability (Figure 7a and
7b and Table II).

Thermal insulation properties of MLF/PVC foam

As previously discussed, the MLF/PVC foam exhibits notable
foaming and thermal energy storage capacities, which are expected
to enhance its thermal insulation properties. Thermal conductivity
is a critical metric for evaluating the thermal insulation properties
of foams. Typically, the thermal conductivity of foams can be
greatly reduced by increasing their expansion ratio.**** Among
the tested samples, MLF/PVC foam had the highest expansion
rate, attributable to the improved foaming capacity imparted by
MLEF (Figure 5b). Consequently, MLF/PVC foam exhibited the

lowest increase in thermal conductivity with rising temperature
(25°-90°C) (Figure 8a). The thermal insulation properties were
directly observed by placing samples on a heating plate at 110°C
(Figure 8c¢), with infrared thermal images captured at different
intervals (Figure 8d). MLF/PVC foam exhibited the slowest increase
in surface temperature, suggesting that MLF effectively enhanced
the thermal insulation properties of PVC foams by increasing their
expansion rate.

Notably, the thermal conductivity of MLF (25°C, 1.7233 W/m-K)
was higher than that of LF (25°C, 1.1905 W/m-K) (Figure 8b). While
this might seem counterintuitive for enhancing thermal insulation,
the similar thermal conductivity of MLF and PVC (25°C, 1.6951
W/m-K) allowed MLF/PVC foam to effectively utilize the thermal
energy storage capacity of PEG during heat transfer. This was
evidenced by the variations in thermal conductivity and surface
temperature of MLF/PVC foam during the phase change interval
(40°-50°C) in Figures 8a and 8c. Moreover, SEM observations of
the sample cross-sections following impact fracture (Figure 8e)
revealed that the multidirectional and hierarchical structure of
MLF created numerous micropores and micro/nanofibrils in the
cell walls. These micro/nanostructures enhance heat transfer path
tortuosity and increase phonon scattering at micro/nanostructure
boundaries, thereby reducing solid-phase thermal conduction.* In
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Figure 8. (a) Temperature-dependent thermal conductivity of pure PVC and composite foams;
(b) thermal conductivity of fillers and PVC at 25°C; (c) surface temperature variations at the center point
and (d) infrared thermal images of pure PVC and composite foams during 600 s of heating;
(e) SEM images of the surfaces of LE/PVC and MLF/PVC foams.

summary, MLF enhances the thermal insulation properties of PVC
foams through its improved foaming and thermal energy storage
capacities.

Conclusion

This study demonstrated that the use of PEG-IPDI prepolymer
effectively aligned the surface free energy of MLF with that of

JALCA, VOL. 119, 2024

PVC, thereby enhancing their interfacial compatibility. This
modification also endowed MLF with thermal energy storage
capacity. Furthermore, MLF was shown to enhance the foaming
capacity of PVC by increasing the melt’s strength and viscoelasticity.
Consequently, MLF/PVC foam exhibited a high expansion rate,
small average pore diameter, and low density. These attributes
collectively contributed to the notable improvement in both the
mechanical and thermal insulation properties of PVC foams. The
integration of MLF as a natural filler thus not only enhances the
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properties of PVC foams but also presents a viable approach for

the resourceful utilization of LSs. This work offers a promising

direction for developing LF/PVC foam with superior mechanical

and thermal insulation properties, utilizing the potential of LSs as

a valuable resource.
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