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Abstract: Effective forest fire suppression remains a critical challenge, necessitating innovative solu-
tions. Temperature-sensitive hydrogels represent a promising avenue in this endeavor. Traditional
firefighting methods often struggle to address forest fires efficiently while mitigating ecological harm
and optimizing resource utilization. In this study, a novel intelligent temperature-sensitive hydrogel
was prepared specially for forest fire extinguishment. Utilizing a one-pot synthesis approach, this ma-
terial demonstrates exceptional fluidity at ambient temperatures, facilitating convenient application
and transport. Upon exposure to elevated temperatures, it undergoes a phase transition to form a
solid, barrier-like structure essential for containing forest fires. The incorporation of environmentally
friendly phosphorus salts into the chitosan/hydroxypropyl methylcellulose gel system enhances
the formation of temperature-sensitive hydrogels, thereby enhancing their structural integrity and
firefighting efficacy. Morphological and thermal stability analyses elucidate the outstanding per-
formance, with the hydrogel forming a dense carbonized layer that acts as a robust barrier against
the spread of forest fires. Additionally, comprehensive evaluations employing rheological tests,
cone calorimeter tests, a swelling test, and infrared thermography reveal the multifaceted roles of
temperature-sensitive hydrogels in forest fire prevention and suppression strategies.

Keywords: forest fire suppression; temperature-sensitive hydrogel; phosphorus salt incorporation;
firefighting efficacy

1. Introduction

Forest fires represent a global environmental challenge, characterized by rapid spread
and difficulty in containment, posing threats to both ecosystems and human life and
property, thus presenting a significant obstacle to economic development [1-3]. Traditional
fire extinguishing materials, including water, dry powder, and foam, have certain fire
extinguishing properties but exhibit limitations in terms of efficiency, ecological impact,
and resource utilization [4-6]. For instance, while water is widely available and mobile, its
high volatility at elevated temperatures limits its effectiveness in reaching the internal high-
temperature zones of the flames, leading to substantial water consumption, low economic
efficiency [7], and the risk of re-ignition. Similarly, dry powder and foam agents struggle
to penetrate the deep-seated fires, inadequately covering extensive fire areas and leaving
behind difficult-to-handle resides [8,9].

Contrary to traditional fire extinguishing materials, hydrogels offer promising char-
acteristics such as water retention, adhesion, as well as cooling abilities [10], facilitating
flame suppression by providing partial coverage and reducing water consumption, thus
enhancing and thus improving firefighting efficiency. Previous studies by Huang et al.,
Zhou et al., and Wang et al. have demonstrated the efficacy of composite hydrogels in
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inhibiting combustion and reducing temperatures in various contexts, including coal and
mine fires [11-13]. However, conventional hydrogels suffer from poor fluidity [14], hin-
dering their penetration capacity and sprayability, resulting in incomplete coverage of
ignition points and challenging residue disposal. With advancements in material science,
the exploration of novel firefighting materials has gained traction [15,16]. Temperature-
sensitive hydrogels, characterized by reversible sol-gel phase transitions in response to
temperature changes [17-19], offer promising solutions for forest fire management. These
smart polymer materials transform into fluid sols below the critical solution temperature
(CST) [20], facilitating storage, transportation, and penetration, while transitioning into
adhesive gels above this threshold [21], effectively inhibiting oxygen supply and smoke
release, thus overcoming limitations of traditional methods.

Cellulose, the most abundant natural polymer compound in the world, serves as the
foundation for hydroxypropyl methylcellulose (HPMC), a derivative synthesized via ether-
ification of cellulose [22-24]. HPMC incorporates hydrophilic and hydrophobic groups
such as hydroxypropyl and methoxy, endowing it with unique hydration-dehydration
properties and temperature sensitivity [25]. Its high CST and good water retention make it
an ideal candidate for fire extinguishing materials [26,27]. Chitosan (CS), the second most
abundant natural polysaccharide derived from deacetylation of chitin, offers biodegradabil-
ity, non-toxicity, and stability [28-30]. It forms excellent gels that are capable of swelling
with a variety of liquids, including water [31]. Despite the structural similarities to HPMC,
CS features a different molecular weight, which facilitates favorable physical blending
for good compatibility and stability. Sodium tripolyphosphate (STPP), an amorphous,
water-soluble linear polyphosphate, functions as a moisture-retaining agent and possesses
inherent flame-retardant properties, whose addition enhances the formation of a dense
carbonized layer [32-34]. With synergistic flame-retardant effects to halogenated flame
retardants but also being environmentally friendly [35], it is suitable for applications in
fire extinguishing materials. Calcium chloride (CaCl,) promotes the dehydration process
through salting out and interactions, thus accelerating the rate of gel and carbonized
layer formation.

This study synthesized a novel temperature-sensitive composite hydrogel based on
CS, HPMC, STPP, and calcium chloride (CaCl,) by the “one-pot method”, establishing
multiple physical cross-linking networks and reversible sol-gel phase transitions (Figure 1).
In comparison to chemical covalent cross-linking, physically cross-linking hydrogels are
environmentally compatible with natural polymer hydrogels and have no chemical cross-
linking agents [36]. Utilizing widely available and environmentally friendly materials,
the synthesized fire extinguishing hydrogel exhibits superior properties, including smoke
suppression, barrier formation, cooling, temperature sensitivity, water retention, and en-
vironmental compatibility. Through comprehensive testing, including rheological, FTIR
analysis, swelling test, thermal decomposition, smoke suppression analyses, thermal in-
sulation properties, along with scanning electron microscopy for visualization, this study
contributes advanced technical insight and solution strategies for forest fire suppression.
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Figure 1. Hydrogel structure adheres to wood substrate and component structure.

2. Results and Discussion
2.1. Gelling Mechanism of Thermosensitive Hydrogels

The hydrophilic groups of HPMC, including hydroxyl and hydroxypropyl [25], along
with amino groups of chitosan, form hydrogen bonds with water molecules, facilitating
their orderly arrangement within the HPMC/CS network. The uniformly dispersed cal-
cium ions in solution and the amino groups of protonated chitosan, interact ionically with
polyanionic STPP, forming a structured network (Figure 2A). At lower temperatures, hydro-
gen bonding between water molecules predominates, leading to a sol state characterized
by water coverage [37]. As temperature rises, increased heat absorption disrupts hydrogen
bonding, leading to the entanglement of HPMC and CS molecular chains. This, coupled
with enhanced salting-out effect, disrupts the ordered water arrangement, gradually expos-
ing hydrophobic methoxylated groups on HPMC. Subsequently, hydrophobic associations
dominate, resulting in gel formation.

2.2. FTIR Analysis and Swelling Test

Figure 2B shows the FTIR spectra of the HPMC + CS dry blend material, hydrogel, and
hydrogel carbonized layer. In the hydrogel system, the peak at 3470 cm ! shifted to a lower
wave number region at 3453 cm ™!, and the intensity of the peak increased compared to the
HPMC + CS dry blend material, indicating that more hydrogen bonds are generated in the
hydrated hydrogel. In the charcoal layer sample, the peaks at 2800 cm~!-3000 cm ! almost
disappeared, and the peak at 1149 cm~! shifted to a lower wavelength band, proving that
there are fewer C-H bonds in the charcoal layer, but C-C bonds are still present. Both the
hydrogel and the charcoal layer samples contained peaks of P-O bonding at 1012 cm~! and
1029 cm ! [38], respectively, whereas the physically dry-mixed powders (HPMC + CS) did
not have this characteristic peak. This is consistent with the fact that they do not contain
sodium tripolyphosphate and confirms that the carbonized layer contains phosphorus
salts. Moreover, the peak near 1650 cm~! represents an in-plane bending vibration of
N-H, confirming the presence of chitosan in the system. The absence of new peaks in the
hydrogel and charcoal layer spectra proves that the hydrogel is a physical cross-linking
system with no chemical reactions occurring. The average swelling ratio of the hydrogel
was tested to be 12 times, demonstrating its good water-holding capacity, which is essential
for its use as a refractory material.
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Figure 2. Formation process, network structure, and characterization results of hydrogel.
(A) Formation of hydrogel physical cross-linking network. (B) FTIR spectrum of HPMC + CS, dried
hydrogel, and carbonized layer. SEM images of hydrogel network structure, (C) x100, (D) x200,
(E) x500. SEM images of the surface of hydrogel carbonization layer b, (F) x300, (G) x500, (H) x1000.

2.3. Structure and Morphology Analysis

The SEM images of the two samples are shown in Figure 2C-H. Figure 2C-E illustrates
a hydrogel with a uniformly arranged and dense internal pore network, indicative of a
robust three-dimensional interpenetrating structure. This intricate architecture contributes
to the hydrogel’s exceptional water retention capabilities. In contrast, Figure 2F-H illustrate
the carbon layer formed on the hydrogel after combustion, characterized by a tightly
packed surface. This carbon layer not only impedes smoke release but also serves as a
barrier, effectively isolating oxygen and inhibiting combustion processes.

2.4. Thermal Stability Analysis

Figure 3 shows the TG and DTG curves of the temperature-sensitive hydrogel, with
and without water content, respectively. The pyrolysis process of the temperature-sensitive
hydrogel can be divided into two stages by combining the two figures.
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Figure 3. Analysis of thermal stability, rtheological properties, modulus, and temperature sensitivity
of hydrogels. (A) Thermogravimetric curves of aqueous hydrogels. (B) Thermogravimetric curves of
dried hydrogels. (C) Relationship between viscosity and shear rate of hydrogel. (D) Relationship
between shear stress and shear rate of hydrogel. (E) The change of storage modulus and loss modulus
of hydrogel with temperature. (F) Temperature-sensitive response of hydrogels.

The first weight loss occurred between 40-265 °C and 40-230 °C, with maximum
weight loss temperatures of 130 °C and 230 °C, respectively. As can be seen in Figure 3A,
the process from 40 °C to 145 °C was dominated by the continuous evaporation of the free
water with a weight loss of 84%, which helped to reduce the temperature and dilute the
oxygen, and thus mitigating combustion. The dry hydrogel (Figure 3B) had a maximum
weight loss temperature of 235 °C and a weight loss of 5% in the initial stage, and this
process was mainly the destruction of bound water.

The second phase of weight loss occurred between 265—453 °C and 235-545 °C, with
maximum weight loss temperatures of 345 and 455 °C, respectively, and was dominated
by the loss and degradation of some of the polymers and salts. Sodium tripolyphos-
phate decomposes thermally into sodium phosphate (Na;HPOy), sodium pyrophosphate
(NagP,0y7), and phosphorus dioxide (P;0Os) [39]. At around the maximum weight loss
temperature, the gel reaches the peak of the weight loss rate and forms a structurally
stable carbonized layer. This carbonized layer acts as a physical barrier to prevent further
pyrolysis of the polymer and the release of thermal decomposition products into the gas
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phase, thus inhibiting combustion and smoke emissions. As the temperature rises, sodium
tripolyphosphate and calcium chloride promote dehydration, a process that densifies the
carbon layer and further retards combustion of the material [40,41]. Upon reaching 500 °C,
the weight remains virtually unchanged.

Combining the two sets of data, water protects the hydrogel and the dry weight loss
of the hydrogel system was about 45% of the initial mass, emphasizing its commendable
thermal stability. In summary, the fire extinguishing mechanism can be attributed to
the following factors: (I) the substantial heat capacity of water facilitates continuous
evaporation, resulting in cooling and oxygen dilution. (II) STPP acts as a phosphorus flame
retardant, promoting carbonization and facilitating the formation of a protective carbonized
layer. This layer reduces heat conduction, inhibits oxygen diffusion, and suppresses smoke
release, thereby enhancing fire suppression efficacy.

2.5. Investigation of Viscosity

Viscosity is an important index to respond to the fluidity and permeability of hydrogels,
which affects the application performance of gels [42,43]. Since hydrogels are subjected to
shear in mixing, extrusion, or pumping, it is necessary to explore the relationship between
sol viscosity and shear rate using a rotational rheometer [44], and the test results are
shown in Figure 3C. From Figure 3C, a consistent decrease in viscosity across all samples
with increasing shear rate at room temperature was observed—a phenomenon known as
shear thinning.

Significantly, the viscosity reduction is most pronounced at low shear frequencies
(t <1s71), gradually stabilizing at medium to high shear rates (1 < T < 1000 s~!). Sheat-
thinned fluids offer several advantages, including reduced energy requirements for pump-
ing; enhanced efficiency, particularly in long-distance transport and complex piping sys-
tems; and improved spreadability and penetration. Moreover, upon reaching the target
site, the viscosity of the hydrogel increases after the external force diminishes, facilitating
sample localization and functionality.

2.6. Correlation Analysis of Shear Rate and Shear Stress for Hydrogel Performance in
Fire Suppression

Investigating the relationship between shear rate and shear stress in hydrogels pro-
vides crucial insights into their behavior, particularly concerning their efficacy in fire
suppression. Figure 3D illustrates the relationship between shear stress and shear rate
of hydrogels at room temperature, with the data fitted using the Herschel-Bulkley equa-
tion [45]:

T=1p+Ky" (1)

where T is the shear stress (Pa), T is the static shear stress or the initial shear stress (Pa) of
the fluid at zero shear rate, K is the fluid flow characteristic, vy is the shear rate (s~!), and n
is the rheological index of the fluid, 0 < n < 1.

The high correlation coefficient (R > 0.99) suggests a strong relationship, indicating
that the hydrogel behaves as a yield pseudoplastic fluid [46]. This behavior has significant
implications, as it implies that the hydrogel does not flow until a critical stress (i.e., the yield
stress) is exceeded, highlighting its potential for effective deployment in fire suppression
scenarios, where rapid activation is essential.

2.7. Correlation of CST Determination with Rheological Properties for Fire Suppression

In forest fire suppression research, the determination of the CST is crucial for under-
standing the behavior of temperature-sensitive hydrogels. Rheological testing assesses
two dynamic moduli: storage modulus (G’), which evaluates sample elasticity, and loss
modulus (G”), which measures sample viscosity. The literature indicate that the point
where G’ equals G” signifies the gelling point [47], with the corresponding temperature
representing the CST of the hydrogel.
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As shown in Figure 3E, the CST of the hydrogel was identified as 56 °C, a critical
parameter for effective fire suppression. Below this temperature, G’ < G”, indicating that
the sample is in a flowing sol state at this point (Figure 3F), which facilitates penetration
and spraying [48]. When the temperature is above the CST, G’ > G”, a phase transition
from a sol to an elastic solid occurs [49]. The observed increase in storage modulus with
temperature indicates that during heating, the material transforms into the solid gel state

and adheres to combustibles to achieve asphyxiation [50], thus highlighting its potential
for forest fire mitigation efforts.

2.8. Evaluation of Fire Extinguishing and Smoke Suppression Performance of
Temperature-Sensitive Hydrogel

To comprehensively assess the efficacy of a temperature-sensitive hydrogel as a fire
extinguishing material, a cone calorimeter test was conducted. The results, depicted in
Figure 4, unveiled significant insights into its performance metrics. Notably, untreated
wood panels exhibited a TTI of 9 s, while hydrogel-treated wood displayed a remarkable
delay, with TTI extended to 218 s, marking a 24-fold increase. This delay suggests the
hydrogel’s formation of a barrier layer on the wood surface, which effectively retards heat
transfer and restricts oxygen access, thereby mitigating combustion.
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Figure 4. Fire extinguishing performance analysis of hydrogel. (A) Hydrogel releases water vapor
when heated and the charring layer formed blocks heat and oxygen. Cone calorimeter (B) heat release
rate. (C) Total heat release. (D) Smoke production rate. (E) Total smoke production.

Furthermore, analysis of the HRR demonstrated a noteworthy 57% reduction in peak
HRR for hydrogel-treated pine boards compared to dry pine boards, with a significantly
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prolonged duration to peak HRR occurrence (Figure 4B). This reduction in HRR can be
attributed to the hydrogel’s protective film, which impedes heat transfer and suppresses
the rapid release of volatile components, thus mitigating flame propagation.

Additionally, the hydrogel exhibited exceptional smoke suppression capabilities, man-
ifesting in a 67% reduction in TSP and significantly decreased SPR for hydrogel-treated pine
(Figure 4D,E). This effect is attributed to the hydrogel’s cooling and blocking properties,
which hinder the pyrolysis process of wood and reduce the concentration of combustible
volatiles in the gas phase. Moreover, as the hydrogel dehydrates, it forms a dense car-
bonized layer on the wood surface, acting as a physical barrier to inhibit smoke generation
and prevent indoor fire asphyxiation.

Based on our research, our temperature-sensitive hydrogel shows great promise as an
effective tool for combating forest fires. Our findings highlight its ability to delay ignition
and reduce heat release rates, indicating its potential for fire suppression. Additionally,
the hydrogel significantly decreased smoke production and release rates, offering further
benefits in fire mitigation efforts. Overall, these results underscore the potential of a
temperature-sensitive hydrogel in forest fire management strategies.

2.9. Assessment of Thermal Regulation and Fire Insulation Performance

To visually capture the cooling and flame isolation capabilities of the prepared gel,
we conducted a series of experiments using a thermal imaging camera. Illustrated in
Figure 5A-D are sequential snapshots captured by a thermal imaging camera, documenting
the hydrogel’s behavior pre-fire and post-fire extinguishing. Notably, these observations
echo our prior findings, underscoring the hydrogel’s gradual water release mechanism that
effectively moderates temperature levels. Furthermore, our analysis highlights the gel’s
capacity to serve as a thermal barrier, even upon carbonization, reinforcing its potential
applications in forest fire mitigation strategies.

Thermogram

Real image

] m N

Figure 5. Thermal imaging process diagram of thermal insulation properties of hydrogel. (A,B) Ther-
mal image of the flame burning gradually increasing. (C,D) Thermal image of hydrogel placement
into carbonization layer. (E-H) The actual situation corresponding to the thermal images above.

3. Conclusions

In this study, a novel smart temperature-sensitive hydrogel was prepared by a simple
one-pot method for fighting solid fires (e.g., forest fires). The material exhibited excellent
fire-fighting properties such as temperature responsiveness, thermal stability, water reten-
tion, thermal insulation, and smoke suppression. For example, in cone calorimeter tests,
the time to ignition was extended from 9 to 218 s, while the heat release rate and total
smoke production were significantly reduced by 57% and 67%, respectively. Thermograms
demonstrated the thermal insulation properties of the hydrogel. The extinguishing efficacy
of this material can be attributed to several mechanisms. First, its high water content
(>90%) facilitates effective cooling and dilution of combustible gases. Second, above the
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lower critical solution temperature of 56 °C, the material transforms to a solid state, thereby
effectively blocking smoke, heat, and oxygen. Third, the addition of phosphorus-based
flame retardants promotes the formation of a dense carbon layer, which further acts as a
physical barrier. In conclusion, the multifunctional properties of the temperature-sensitive
hydrogel make it a promising candidate for a wide range of applications in the field of
fire protection.

4. Materials and Methods
4.1. Materials

Hydroxypropyl methylcellulose (HPMC, USP2910, 2% viscosity: 3 mPa-s, methoxy:
28-30%; hydroxypropyl: 7.0-12%) was purchased from Shanghai Aladdin Biochemical
Science and Technology Co., Ltd. (Shanghai, China). Chitosan (CS, medium viscosity,
200400 mPa-s) was purchased from Shanghai McLean Biochemical Science and Technol-
ogy Co., Ltd. (Shanghai, China). Glacial acetic acid (CH3CH,OH, 99.5%) was purchased
from Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, China). Sodium tripolyphos-
phate (STPP, 99%) was purchased from Shanghai Bidd Pharmaceutical Technology Co.,
Ltd. (Shanghai, China). Anhydrous calcium chloride purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd.

4.2. Preparation of Temperature-Sensitive Hydrogels

A 0.2 mol L~! glacial acetic acid solution was prepared and placed in a water bath
at 80 °C for 10 min. HPMC and CS powder were accurately weighed and uniformly
dry-mixed. The mixture was then slowly added to the glacial acetic acid solution under a
constant temperature and continuous stirring until the solute dispersed homogeneously.
After cooling to room temperature, a clarified solution was obtained. CaCl, was added
and stirred to disperse it evenly in the solution to promote a hydrophobic effect [51]. Then,
dropwise STPP was added slowly and stirred, so that it interacts electrostatically with
the protonated amino group in chitosan [52,53], enhancing the structure and the flame
retardancy of the material, then stirred until a homogeneous white liquid was formed. The
ratio of the materials involved was CS:HPMC:STPP:CaCl, = 1:5:3:3, accounting for 9 wt%,
and acetic acid accounts for 0.8 wt%.

4.3. Temperature-Sensitivity Test

The lower critical solution temperature of the sol-gel was determined using the in-
verted test tube method [54]. The prepared sol-gel was added to sample bottles and placed
in a constant temperature water bath at various temperatures. After 10 min, the bottles
were inverted, and fluidity was observed. If the liquid showed no fluidity, it reached its
CST; otherwise, the temperature was increased by 1 °C, and the process was repeated until
the liquid became non-fluid [55]. The gel formation was confirmed, and changes in sample
morphology were observed. The bottle was removed from the water bath, let stand, and
watched to see if it changed back to a flowing liquid.

4.4. Characterization and Swelling test

The HPMC, CS was dried with the hydrogel by placing it in an oven, and then
one portion of the hydrogel was cauterized with an alcohol lamp to a dry carbonized
layer. It was characterized by Fourier transform infrared spectroscopy (FTIR, Nicolet
IS50, Hefei, China). Scanning electron microscopy (SEM, JSM-7500F, Tokyo, Japan) was
performed to observe the internal pores and surface morphology of the hydrogels before
(a) and after (b) combustion. Samples were prepared by freezing one sol-gel in liquid
nitrogen and lyophilizing (FD, LGJ-10C, Beijing, China) it, while the other was burned to
charcoal. Thermogravimetric analysis (TGA, NETZSCH STA 449F3, Georgenthal, Germany)
was performed on both water-containing and oven-dried hydrogel samples in a nitrogen
atmosphere with a temperature range of 25-600 °C and a temperature increase rate of
10 °C min~!. The average swelling ratio of the hydrogel was tested to be 12 times, which
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responds to the good water holding capacity of the hydrogel. Hydrogels must retain a
large amount of water to be used as a refractory material.

4.5. Rheological Characteristics

The rheological characterization of the samples was performed by rotational rheometer
(RheolabQC, AR2000ex, Newcastle, USA). The viscosity as a function of shear rate and
the relationship between shear stress and shear rate were measured at room temperature
(25 °C). Additionally, the storage modulus (G’) and loss modulus (G”) as a function of
temperature during gel formation were measured over a temperature range of 30-90 °C
with a temperature increase rate of 5 °C min~! and a frequency of 1 Hz.

4.6. Combustion Performance Test

Pine boards (100 mm x 100 mm x 4 mm) were used and dried in a vacuum oven for
24 h. The mass difference between the two boards after drying was in the range of £0.1 g.
One of the pine boards was immersed in a beaker of temperature-sensitive hydrocolloid
for 10 min, and the dried pine boards were wrapped in aluminum foil according to the
ISO5660-1 standard using a cone calorimeter (CONE, 6810, Suzhou, China). One of the
pine boards was evenly covered with a 1.5 mm thick layer of sol-gel sample. The sample
cassettes were then placed 25 mm away from the cone and the time to ignition (TTI) as
well as the heat release rate (HRR), the total heat release (THR), the smoke production rate
(SPR), and the total smoke production (TSP) of the samples were measured at a radiation
intensity of 50 kW m~2.

4.7. Insulation and Cooling Performance Test

An alcohol lamp was placed below a large porous mesh support table, and an in-
frared thermal imager was used to record temperature changes before and after placing
the temperature-sensitive hydrogel in its gel state, assessing its thermal insulation and
cooling effects.

4.8. Statistical Analysis

Statistical methods were used to compare the differences between groups and evaluate
their statistical significance. The results were analyzed as mean standard deviation. The
statistical analysis was carried out with Office and Origin 2021 software. The experimen-
tal results of mechanistic reasoning were explained and analyzed by drawing schematic
diagrams using C4D, Office, and Photoshop. The significance level was set to * p < 0.05, indi-
cating statistical significance; ** p < 0.01 denoted a high statistical significance; *** p < 0.001
signified the highest level of statistical significance [56].
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