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Abstract: Rigid polyurethane foams were prepared by the one-step expandable foam method using
casting molding followed by forming clay-based composites. Polyurethane/vermiculite foam com-
posites (PU/VMT) were controlled based on adding the percentage of clay in the formulation. The
effects of composite modifications were evaluated by X-ray diffraction (XRD), thermogravimetric
analysis (TG/DTG), and scanning electron microscopy (SEM/EDS) applied to the flame retardancy
explored by the vertical burn test. The results indicated that adding clay controlled the particle
size concerning polyurethane (PU) foams. However, they exhibited spherical structures with closed
cells with relatively uniform distribution. XRD analysis showed the peaks defined at 2θ = 18◦ and
2θ = 73◦ relative to the crystallinity in formation and interaction of rigid segments were identified, as
well as the influence of crystallinity reduction in composites. In the flame test, the flame retardant
surface was successful in all composites, given the success of the dispersibility and planar orientation
of the clay layers and the existence of an ideal content of vermiculite (VMT) incorporated in the
foam matrix.

Keywords: polyurethane foams; polymer–clay composites; flame retardant

1. Introduction

Polyurethane foams (PU) without flame retardant additives are commercial materials
with low thermal conductivity, low density, and low cost [1,2]. However, they have a
flammable character and rapid flame propagation through the formation of a fire pool
under the burning object [3]. Therefore, they are widely used as thermal insulators in
both construction and engineering applications and the development of heat transfer
technologies, making them an attractive resource for minimizing energy waste caused by
heat transfer [4,5].

Thermal insulation deserves special attention in the development of heat transfer
technology [4]. However, despite the many advantages of PU, many researchers often
seek optimization in flame retardancy and smoke suppression. Flame retardant PUs can
be produced by halogenated compounds [6], expanded graphite (EG) [7], ammonium
polyphosphate (APP) [8], melamine derivatives [9], microencapsulated red phosphorus,
and others [10]. Halogenated compounds have been banned by several countries, such
as France [11], the United States [12], and the European Union [13], due to their toxicity
and bioaccumulation. On the other hand, other flame retardant additives always harm PU,
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which can damage PU's mechanical and thermal insulation properties, causing the leaching
of flame retardants [14].

In recent years, polyurethane composites and/or polymeric/clay materials have
gained special attention from industries since the combination has excellent thermo-
mechanical properties and a series of physical and chemical properties [15]. These polymer-
clay composites can be synthesized by incorporating inorganic clays dispersed in a polymer
matrix. The easy availability, sustainable properties, and low cost of clay minerals require a
small weight percentage of the clay to produce a helpful nanocomposite, with a remarkable
improvement in properties. Such as tensile strength and modulus, gas permeability, heat
distortion, temperature, and flammability without affecting the optical homogeneity of the
products make these fillers attractive [16,17].

The layered clays’ low percentage (≤10% by weight) for the PU matrix can significantly
improve many essential properties, such as tensile strength, modulus, and elongation at
break, tear strength, and flame retardant properties. Polymer/ceramic materials generally
exhibit low thermal conductivity and are widely used as thermal insulators. The thermal
properties of these elements can be optimized by incorporating tiny pores, which are
created by foaming throughout the production method [18].

Among the clays used for the preparation of polymer–clay nanocomposites [19,20],
there is vermiculite (VMT), which is a clay mineral with a basic structure composed of thin
sheets of crystals, usually bonded face to face, conceiving a unit cell of two tetrahedral
sheets separated by an octahedral. Vermiculite is a swelling hydrous phyllosilicate clay
mineral with an ideal chemical formula of (Mg2+, Fe2+, Fe3+)3[(SiAl)4O10]OH2·4H2O [21].
As vermiculite can be expanded up to 30 times its original volume when heated to 650–950
◦C, expanded vermiculite (EV) is often used as an additive in materials and geopolymers
to obtain greater porosity and fire resistance [22–25].

Vermiculite is a swelling hydrous phyllosilicate clay mineral with an ideal chemical
formula of (Mg2+, Fe2+, Fe3+)3[(SiAl)4O10]OH2·4H2O [21]. Vermiculite is among the most
commonly used silicates in the manufacture of bio-nanocomposites. Mineral clays can
modify the polymer’s characteristics and improve its processability. These silicates are
composed of tetrahedral (silicon, tetracoordinate) and octahedral (aluminum, hexacoordi-
nated) layers with a lamellar crystallinity structure that is formed by a 2:1 mineral clay unit
cell [26–28].

The objective of this work was to investigate the morphological, structural, and thermal
stability properties of rigid foams of the PU/VMT composite in different concentrations
(0, 5%, 10%, 15%, and 20%), as well as contribute to the development of environmentally
friendly flame retardant products and sustainable growth.

2. Experimental
2.1. Reagents

Gaya In purchased medium-expanded vermiculite. Minerals Industries. The polyol
used in the PU/VMT is polypropylene glycol with a viscosity at 20 ◦C = 1500 ± 300 cps
(MCNS Inc., Seoul, Korea) containing n-pentane (technical grade). The isocyanate used was
4,4′-diphenylmethane diisocyanate (MDI) with NCO% = 31% and an average functionality
of 2.8 (Tosoh Corporation, Tokyo, Japan). The reagents were used without purification.

2.2. Preparation of Rigid Foam and Composites

Rigid polyurethane foams were prepared using the one-step expandable foam method
with casting molding. First, vermiculite (VMT) was dispersed in the polyol before adding the
isocyanate (Figure 1 (1)). Then, a certain amount of MDI isocyanate (MDI/polyol = 1.1 w/w)
was added to the mixture with vigorous stirring for 10 s (Figure 1 (2)). The mixture was
then quickly poured into a mold to produce PU foam (Figure 1 (3)). The molds containing
PU were kept at room temperature for 24 h (Figure 1 (4)). Finally, the PU foams were
separated from the mold, and the hard surface of the foams was removed (Figure 1 (5)).
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Ten samples of each formulation were prepared. The composites were called the PU/VMT
x%, where x is the amount of clay used. The foam components are shown in Table 1.
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Figure 1. Stages of preparation of rigid polyurethane foams. Stages of preparation of rigid
polyurethane foams. (1) Vermiculite (VMT) dispersed in the polyol before adding the isocyanate;
(2) MDI isocyanate was added to the mixture; (3) The mixture was then quickly poured into a mold to
produce PU foam; (4) The molds containing PU were kept at room temperature for 24 h (5) PU foams.

Table 1. PU/VMT composite formulations.

Samples Polyol Isocyanate VMT

PU/VMT 0 476.19 g 523.81 g -

PU/VMT 5 476.19 g 523.81 g 5%

PU/VMT 10 476.19 g 523.81 g 10%

PU/VMT 15 476.19 g 523.81 g 15%

PU/VMT 20 476.19 g 523.81 g 20%

2.3. Characterizations

The PU/VMT composites were characterized by Scanning Electron Microscopy (SEM)
using a scanning electron microscope with an electron source by field emission FEG (Field
Emission Gun), Quanta FEI 250. The micrographs were obtained at 20 kV and a spot size
of 3 with a Dispersive Energy Spectrometer (EDS), making it possible to evaluate their
chemical composition semi-quantitatively. In addition, thermal gravimetric analysis was
performed on a Shimadzu T.G., model TGA-51, under air with a heating rate of 10 ◦C·−1

from room temperature to 1000 ◦C.
X-ray diffractometer (XRD) analysis was performed on the composites in a Panalytical

X-ray diffractometer, Model Serie Empyrean. First, the crystallinity index of each sample
was determined by the peak intensity method represented by Equation (1).

IC = (Ic − Ia)/Ic × 100% (1)

where:
IC is the crystallinity index (%);
Ic is the intensity of the crystalline peak (a.u.);
Ia is the intensity of the amorphous peak (a.u.).
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2.4. Vertical Flammability Test

The flammability tests performed vertical tests according to the standard vertical
burning test (ASTMD 3801-96) [29]. The sample size was 130 × 13 × 3 mm (length × width
× thickness).

According to the ASTMD 3801-96 Vertical Standard Burn Test (Standard Test Method
for Measuring the Comparative Burning Characteristics of Solid Plastics in a Vertical
Position), we calculate the total after-flame time for each set of five specimens, tf, using the
following Equation (2):

t( f ) = ∑5
i=1(t1,i + t2,i) (2)

where:
tf = total flame time, s;
t1,i = after-flame time after the first flame impact, s;
t2, i = after-flame time after the impact of the second flame, s, of the i-specimen.
For the vertical Standard Burn Test (ASTMD 3801-96) [29], five tested samples of each

formulation were tested. The samples were tested in a room atmosphere and 45 to 75%
relative humidity.

3. Results and Discussion
3.1. Analysis of TG/DTG, DRX, MEV, and EDS

The thermal stabilities of the PU/VMT composites x% (x% = 0%, 5%, 10%, 15%,
and 20%) were studied and analyzed by the behavior of the TG/DTG curves shown
in Figure 2 with the thermal and in Table 2. For the control material, PU/VMT 0%
(Figure 2, (a1 and b1)), it was possible to observe four stages of mass losses, the first refer-
ring to the loss of water or physisorbed gases. The other losses are characteristics of the
PU occurring in the second event, including the decomposition of the carbamate group
in the main chain of the PU in the C–O bond to form isocyanate and polyol. In the third
event, the continuation of the decomposition of intermediates (diphenyl ethyl allophanate)
occurs in primary or secondary amines, alkene, and CO2. In the fourth event, polyol
chains are degraded, releasing a large amount of CO2. The values of the thermal events
are summarized in Table 2 [30–33]. The materials PU/VMT 5% (Figure 2 (a2 and b2)),
PU/VMT 10% (Figure 2 (a3 and b3)), PU/VMT 15% (Figure 2 (a4 and b4)), and PU/VMT
20% (Figure 2 (a5 and b5)) showed a profile similar to the control material PU/VMT0%,
with the exception of the residue value. This phenomenon is similar to the results of Meng
et al. [31]. They studied a self-healing coating based on flexible polyurethane foam, and
the work of Wang et al. [9] presents very similar profiles of the TG and DTG curves of
PU foams. Furthermore, Miedzińska et al. [34] indicate stages of thermal decomposition
around Tmax = 215 ◦C (1st Stage), 319 ◦C (2nd Stage), and 591 ◦C (3rd Stage), corroborating
the data obtained in this work experimentally.

Table 2. Weight loss, temperature range, maximum degradation temperature, and residue of samples.

Sample Weight Loss (%) Temperature Range (◦C)
Maximum

Degradation
Temperature (◦C)

The Residue (%)

PU/VMT0%

1.07% 25–86 ◦C 47 ◦C

9.10%
6.83% 86–225 ◦C 182 ◦C

69.34% 225–425 ◦C 310 ◦C
14.77% 425–985 ◦C 468 ◦C

PU/VMT5%

3.02% 25–99 ◦C 47 ◦C

9.93%
4.42% 99–188 ◦C 157 ◦C

64.76% 188–422 ◦C 312 ◦C
17.88% 422–988 ◦C 459 ◦C
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Table 2. Cont.

Sample Weight Loss (%) Temperature Range (◦C)
Maximum

Degradation
Temperature (◦C)

The Residue (%)

PU/VMT10%

3.02% 21–96 ◦C 41 ◦C

13.72%
4.42% 96–196 ◦C 153 ◦C

64.76% 196–417 ◦C 314 ◦C
17.88% 417–982 ◦C 461 ◦C

PU/VMT15%

3.02% 24–85 ◦C 46 ◦C

22.53%
4.42% 85–195 ◦C 164 ◦C

64.76% 195–421 ◦C 311 ◦C
17.88% 421–987 ◦C 458 ◦C

PU/VMT20%

3.02% 28–86 ◦C 40 ◦C

23.53%
4.42% 86–197 ◦C 160 ◦C

64.76% 197–426 ◦C 314 ◦C
17.88% 426–983 ◦C 454 ◦C

Polymers 2022, 14, x FOR PEER REVIEW 5 of 11 
 

 

 

Figure 2. (a) TG curves of the composites: PU/VMT 0% (a1), PU/VMT 5% (a2), PU/VMT 10% (a3), 

PU/VMT 15% (a4) and (b) DTG: PU/VMT 20% (a5); DTG: PU/VMT 0% (b1), PU/VMT 5% (b2), 

PU/VMT 10% (b3), PU/VMT 15% (b4), and PU/VMT 20% (b5). 

Table 2. Weight loss, temperature range, maximum degradation temperature, and residue of sam-

ples. 

Sample Weight Loss (%) 
Temperature Range 

(°C) 

Maximum Degrada-

tion Temperature (°C) 
The Residue (%) 

PU/VMT0% 

1.07% 25–86 °C 47 °C 

9.10% 
6.83% 86–225 °C 182 °C 

69.34% 225–425 °C 310 °C 

14.77% 425–985 °C 468 °C 

PU/VMT5% 

3.02% 25–99 °C 47 °C 

9.93% 
4.42% 99–188 °C 157 °C 

64.76% 188–422 °C 312 °C 

17.88% 422–988 °C 459 °C 

PU/VMT10% 

3.02% 21–96 °C 41 °C 

13.72% 
4.42% 96–196 °C 153 °C 

64.76% 196–417 °C 314 °C 

17.88% 417–982 °C 461 °C 

PU/VMT15% 

3.02% 24–85 °C 46 °C 

22.53% 
4.42% 85–195 °C 164 °C 

64.76% 195–421 °C 311 °C 

17.88% 421–987 °C 458 °C 

PU/VMT20% 

3.02% 28–86 °C 40 °C 

23.53% 
4.42% 86–197 °C 160 °C 

64.76% 197–426 °C 314 °C 

17.88% 426–983 °C 454 °C 

For the 0% PU/VMT control, there is an amount of mass residue of approximately 

9.095% (Table 2). However, after the addition of clay, there is an increase in the residual 

mass, which increases as the clay increases in the material composition: PU/VMT 5%; 

PU/VMT 10%; PU/VMT 15%; and PU/VMT 20%, 9.93%, 13.72%, 22.53%, and 23.53% (Table 

2), respectively, showing a relationship between the degradation events (mainly from a 

temperature above 300 °C, the increase in the amount of clay, and residual masses. This 

residual mass increases as clay do not decompose equally to PU (organic compound), as 

it is a mineral. Most of its mass does not degrade with temperature, with only water leav-

ing the condensation of hydroxyl groups on the surface and structure of the VMT. Curve 

Figure 2. (a) TG curves of the composites: PU/VMT 0% (a1), PU/VMT 5% (a2), PU/VMT 10% (a3),
PU/VMT 15% (a4) and (b) DTG: PU/VMT 20% (a5); DTG: PU/VMT 0% (b1), PU/VMT 5% (b2),
PU/VMT 10% (b3), PU/VMT 15% (b4), and PU/VMT 20% (b5).

For the 0% PU/VMT control, there is an amount of mass residue of approximately
9.095% (Table 2). However, after the addition of clay, there is an increase in the residual
mass, which increases as the clay increases in the material composition: PU/VMT 5%;
PU/VMT 10%; PU/VMT 15%; and PU/VMT 20%, 9.93%, 13.72%, 22.53%, and 23.53%
(Table 2), respectively, showing a relationship between the degradation events (mainly from
a temperature above 300 ◦C, the increase in the amount of clay, and residual masses. This
residual mass increases as clay do not decompose equally to PU (organic compound), as it
is a mineral. Most of its mass does not degrade with temperature, with only water leaving
the condensation of hydroxyl groups on the surface and structure of the VMT. Curve 2 (b)
shows the derivatives of the TG curve. It is possible to observe the similarity of events
in all systems, with a significant variation occurring in the third event, with maximum
degradation at 310 ◦C. The highest intensity (or area) occurred for PU/VMT0% until the
worst occurred for PU/VMT20%. It corroborates with the previous discussion since the
integration of the area of this peak is proportional to the degraded mass in the temperature
range, indicating once again the presence of clay and the proportionality with the mass
added in different systems.

Figure 3 shows the diffractograms of the PU/VMT composites (0%, 10%, and 20%)
with a broad peak at 2θ = 18◦. Another is defined at a 2θ = 73◦ relative to the crystallinity
in the formation and interaction of rigid segments. The diffractograms show the predomi-
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nantly amorphous nature of polyurethane and its derivatives, given the absence of narrow
diffraction peaks [35].
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The crystallinity reduces with the increase of vermiculite up to a limit of 20% m/m of
vegetal load. Using the peak intensity measurement method, it is possible to identify that
the crystallinity index for polyurethane and its composites was approximately 82.19% for
PU/VMT 0%, 64.58% for PU/VMT 5%, 72.61% for PU/VMT 10%, 74.38% for PU/VMT
15%, and 63.78% for PU/VMT 20%. Therefore, in all compositions, the addition of vermi-
culite influenced the formation and compaction of the rigid segments, which explains the
reduction of crystallinity in the composites (Figure 3).

Figure 4 shows SEM/EDS images of the surfaces of PU/VMT composites. All mi-
croscopy exhibits closed spherical structures and energetically stable faces. In addition to
presenting nucleation sites not regularly distributed due to agglomeration and/or excess
VMT charges, resulting in the formation of non-uniform morphology, as shown in Figure 4.
For Xia et al. [36], this phenomenon is explained by the fact that EV acts as an inorganic
filler on the composite wall, restricting the increase in size, distribution, and uniformity. For
the pure composite, it is possible to observe a larger size of disordered structures about the
composites with 5%, 10%, 15%, and 20% of organic clay. This same behavior was observed
by Harikrishnan et al. [37] when evaluating micrographs of precursor polyurethane foams
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with a crosslinked glassy carbon. For the authors, the cell size decrease of carbon foam
made of composite foam precursor is clear about carbon foam made of pure PU foam.
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The incorporation of vermiculite (5%, 10%, 15%, and 20%) interferes with the diameter
and distribution of pores due to the increase in the viscosity of the polyol [30], suggesting
that the amount of clay changes the orientation and dispersion with to the foaming process
since it can act as a nucleating agent due to its good compatibility with polyether and conse-
quently standardize the nucleation sites [38]; that is, the nucleation energy barrier favors the
charge–polymer interface [3]. Wang et al. [30] reinforce the relationship between the actual
identification of the clay. The surroundings of the core in the form are generated by interface
polymer and clay dispersed in the medium. The morphology and properties of composites
depend on several factors that drive the distribution and relative percentages, such as the
functional groups of the incorporated clay, the synthesis procedure, the molecular weight
of the polyols, chemical reactions, and the physical interactions involved [39].

The EDS analysis (Figure 5) shows the elemental composition of the PU/VMT com-
posites. The composite without clay in the PU precursor foam presents the typical elements,
such as carbon (53.3%), presence of oxygen (20.4%), and gold (26.3%) attributed to the
sample holder of the equipment. The other composites in the presence of vermiculite
present boron, aluminum, silicon, and magnesium, arising from the decomposition of clay,
which is an aluminosilicate composed of numerous chemical elements, thus suggesting
the incorporation of clay into PU. In small amounts, chlorine (PU/VMT 5%) and bromine
(PU/VMT 10%) are residual elements.
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3.2. Performance of Composites in Vertical Flame Test

The vertical flame test is a quick and direct way to evaluate flame retardancy [40]. In
the vertical flammability test (Figure 6), the total post-flame time was observed for each
set of composite compositions (0%, 5%, 10%, 15%, and 20%). VMT acts as a reinforcing
filler, and as it is an inorganic material, it can contribute to reducing the flammability of
polymeric materials. The flame resistance is vertical, and the composite containing 15%
VMT showed better firing performance. In addition, it achieved better dispersibility and
planar orientation of the clay layers, giving an ideal VMT content to be incorporated into
the foam matrix.
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The proportion of the mixture between the components guarantees high activity in the
interaction between the phases (PU + VMT) and a satisfactory performance [36,41]. In ad-
dition, VMT is natural and economical clay, widely used mainly because it is thermostable
and flame retardant, which may have favored the flame result [34,42], as shown in Figure 6.
However, the flame test of the PU foams did not show regularity with the increase of
vermiculite from 0 to 20%. It is known that when exposed to fire, the PU layers start to burn
quickly and form an inflatable layer of carbon [43]. We believe that after incorporation with
VMT, the exposed area of the foams decreases, hindering the ventilation of oxygen and
consequently the burning [43]. Thus, it is inferred that at that moment, the PU mass ratio
per unit volume was reduced with the increase of VMT incorporation. In turn, it needs
more oxygen to maintain the burning after adding clay [43]. In addition, another point to
note is that excess VMT prevents homogenization in the matrix, which would result in the
formation of an uneven residual carbon layer after firing, leading to decreased firing when
the VMT content exceeds 15%.

4. Conclusions

PU/VMT composites were successfully synthesized by the casting molding method.
The mixture of vermiculite with PU provided good dispersion and proportionality, given
the added compositions of the clay. The PU/VMT15% composite is uniform, reinforcing the
cost-benefit issue with environmental and economic advantages. This behavior reinforces
the flammability data, and the addition of VMT affected the formation and compaction
of the rigid segments, reducing the degree of crystallinity of the composites. The flamma-
bility was reduced in PU/VMT 15% composite, showing better burn performance and
consequently achieving better dispersibility and planar orientation of the VMT layers.
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tion, formal analysis, visualization; L.M.C.H.: writing and editing; R.P.-G.: Methodology; A.I.M.;
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funding; D.A.d.S.: supervision, project administration; J.A.O.: and writing—review. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by CAPES, CNPq, and FAPEPI.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to thank their institutions, UFPI, UFPB, and IFPI Institutes.

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

References
1. Ciecierska, E.; Jurczyk-Kowalska, M.; Bazarnik, P.; Gloc, M.; Kulesza, M.; Kowalski, M.; Krauze, S.; Lewandowska, M. Flammabil-

ity, mechanical properties and structure of rigid polyurethane foams with different types of carbon reinforcing materials. Compos.
Struct. 2016, 140, 67–76. [CrossRef]

2. Mahmood, N.; Yuan, Z.; Schmidt, J.; Xu, C. (Charles) Depolymerization of lignins and their applications for the preparation of
polyols and rigid polyurethane foams: A review. Renew. Sustain. Energy Rev. 2016, 60, 317–329. [CrossRef]

3. Laufer, G.; Kirkland, C.; Cain, A.A.; Grunlan, J.C. Clay–Chitosan Nanobrick Walls: Completely Renewable Gas Barrier and
Flame-Retardant Nanocoatings. ACS Appl. Mater. Interfaces 2012, 4, 1643–1649. [CrossRef]

4. Estravís, S.; Tirado-Mediavilla, J.; Santiago-Calvo, M.; Ruiz-Herrero, J.L.; Villafañe, F.; Rodríguez-Pérez, M.Á. Rigid polyurethane
foams with infused nanoclays: Relationship between cellular structure and thermal conductivity. Eur. Polym. J. 2016, 80, 1–15.
[CrossRef]

5. Wang, S.; Chen, H.; Liu, N. Ignition of expandable polystyrene foam by a hot particle: An experimental and numerical study. J.
Hazard. Mater. 2015, 283, 536–543. [CrossRef] [PubMed]

6. Slezak, F.B.; Stallings, J.P.; Rose, I. Chlorinated Xylene Derivatives for Flame-Retardant Rigid Polyurethane Foams. Ind. Eng.
Chem. Prod. Res. 1964, 3, 292–294. [CrossRef]

http://doi.org/10.1016/j.compstruct.2015.12.022
http://doi.org/10.1016/j.rser.2016.01.037
http://doi.org/10.1021/am2017915
http://doi.org/10.1016/j.eurpolymj.2016.04.026
http://doi.org/10.1016/j.jhazmat.2014.09.033
http://www.ncbi.nlm.nih.gov/pubmed/25464293
http://doi.org/10.1021/i360012a008


Polymers 2022, 14, 3777 10 of 11

7. Ye, L.; Meng, X.-Y.; Ji, X.; Li, Z.-M.; Tang, J.-H. Synthesis and characterization of expandable graphite–poly(methyl methacrylate)
composite particles and their application to flame retardation of rigid polyurethane foams. Polym. Degrad. Stab. 2009, 94, 971–979.
[CrossRef]

8. Shi, L.; Li, Z.-M.; Xie, B.-H.; Wang, J.-H.; Tian, C.-R.; Yang, M.-B. Flame retardancy of different-sized expandable graphite particles
for high-density rigid polyurethane foams. Polym. Int. 2006, 55, 862–871. [CrossRef]

9. Chen, Y.; Li, L.; Wang, W.; Qian, L. Preparation and characterization of surface-modified ammonium polyphosphate and its effect
on the flame retardancy of rigid polyurethane foam. J. Appl. Polym. Sci. 2017, 134, 45369. [CrossRef]

10. Thirumal, M.; Khastgir, D.; Nando, G.B.; Naik, Y.P.; Singha, N.K. Halogen-free flame retardant PUF: Effect of melamine
compounds on mechanical, thermal, and flame retardant properties. Polym. Degrad. Stab. 2010, 95, 1138–1145. [CrossRef]

11. Munschy, C.; Olivier, N.; Veyrand, B.; Marchand, P. Occurrence of legacy and emerging halogenated organic contaminants in
marine shellfish along French coasts. Chemosphere 2015, 118, 329–335. [CrossRef] [PubMed]

12. Abe, F.R.; de Oliveira, A.Á.S.; Marino, R.V.; Rialto, T.C.R.; Oliveira, D.P.; Dorta, D.J. A comparison of the developmental toxicity
of brominated and halogen-free flame retardant on zebrafish. Ecotoxicol. Environ. Saf. 2021, 208, 111745. [CrossRef] [PubMed]

13. Richardson, S.D.; Kimura, S.Y. Water Analysis: Emerging Contaminants and Current Issues. Anal. Chem. 2019, 77, 3807–3838.
[CrossRef] [PubMed]

14. Yang, H.; Yu, B.; Song, P.; Maluk, C.; Wang, H. Surface-coating engineering for flame retardant flexible polyurethane foams: A
critical review. Compos. Part B Eng. 2019, 176, 107185. [CrossRef]

15. Zhu, M.; Ma, Z.; Liu, L.; Zhang, J.; Huo, S.; Song, P. Recent advances in fire-retardant rigid polyurethane foam. J. Mater. Sci.
Technol. 2022, 112, 315–328. [CrossRef]

16. Sapalidis, A.A.; Katsaros, F.K.; Kanellopoulos, N.K. PVA/Montmorillonite Nanocomposites: Development and Properties. In
Nanocomposites and Polymers with Analytical Methods; InTech: London, UK, 2011.

17. Bee, S.-L.; Abdullah, M.A.A.; Bee, S.-T.; Sin, L.T.; Rahmat, A.R. Polymer nanocomposites based on silylated-montmorillonite: A
review. Prog. Polym. Sci. 2018, 85, 57–82. [CrossRef]

18. Callister, W.D., Jr.; Rethwisch, D.G. Ciência e Engenharia de Materiais: Uma Introdução, 8th ed.; LTC: Rio de Janeiro, Brazil, 2015.
19. Ruiz-Hitzky, E.; Darder, M.; Fernandes, F.M.; Wicklein, B.; Alcântara, A.C.S.; Aranda, P. Fibrous clays based bionanocomposites.

Prog. Polym. Sci. 2013, 38, 1392–1414. [CrossRef]
20. Ruiz-Hitzky, E.; Aranda, P.; Álvarez, A.; Santarén, J.; Esteban-Cubillo, A. Advanced Materials and New Applications of Sepiolite

and Palygorskite. In Developments in Clay Science; Elsevier: Amsterdam, The Netherlands, 2011; Volume 3, pp. 393–452. ISBN
9780444536075.

21. Shmuradko, V.T.; Panteleenko, F.I.; Reut, O.P.; Panteleenko, E.F.; Kirshina, N.V. Composition, structure, and property formation of
heat insulation fire- and heat-reflecting materials based on vermiculite for industrial power generation. Refract. Ind. Ceram. 2012,
53, 254–258. [CrossRef]

22. Brindley, G.W.; Brown, G. Crystal Structures of Clay Minerals and their X-Ray Identification; Mineralogical Society of Great Britain
and Ireland: London, UK, 1980.

23. Hillier, S.; Marwa, E.M.M.; Rice, C.M. On the mechanism of exfoliation of ‘Vermiculite’. Clay Miner. 2013, 48, 563–582. [CrossRef]
24. Beal, B.; Selby, A.; Atwater, C.; James, C.; Viens, C.; Almquist, C. A Comparison of Thermal and Mechanical Properties of Clay

Bricks Prepared with Three Different Pore-Forming Additives: Vermiculite, Wood Ash, and Sawdust. Environ. Prog. Sustain.
Energy 2019, 38, 13150. [CrossRef]

25. Wang, S.; Gainey, L.; Marinelli, J.; Deer, B.; Wang, X.; Mackinnon, I.D.R.; Xi, Y. Effects of vermiculite on in-situ thermal behavior,
microstructure, physical and mechanical properties of fired clay bricks. Constr. Build. Mater. 2022, 316, 125828. [CrossRef]

26. Tjong, S.C. Structural and mechanical properties of polymer nanocomposites. Mater. Sci. Eng. R Rep. 2006, 53, 73–197. [CrossRef]
27. Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: Preparation, properties and uses of a new class of materials.

Mater. Sci. Eng. R Rep. 2000, 28, 1–63. [CrossRef]
28. Júnior, R.M.S.; de Oliveira, T.A.; Araque, L.M.; Alves, T.S.; de Carvalho, L.H.; Barbosa, R. Thermal behavior of biodegradable

bionanocomposites: Influence of bentonite and vermiculite clays. J. Mater. Res. Technol. 2019, 8, 3234–3243. [CrossRef]
29. Becker, F.G.; Cleary, M.; Team, R.M.; Holtermann, H.; The, D.; Agenda, N.; Science, P.; Sk, S.K.; Hinnebusch, R.; Hinnebusch, A.R.

Standard Test Method for Measuring the Comparative Burning Characteristics. Syria Stud. 2015, 7, 37–72.
30. Wang, H.; Li, T.-T.; Ren, H.; Peng, H.; Huang, S.-Y.; Lin, Q.; Lin, J.-H.; Lou, C.-W. Expanded Vermiculite-Filled Polyurethane

Foam-Core Bionic Composites: Preparation and Thermal, Compression, and Dynamic Cushion Properties. Polymers 2019, 11,
1028. [CrossRef]

31. Meng, D.; Liu, X.; Wang, S.; Sun, J.; Li, H.; Wang, Z.; Gu, X.; Zhang, S. Self-healing polyelectrolyte complex coating for flame
retardant flexible polyurethane foam with enhanced mechanical property. Compos. Part B Eng. 2021, 219, 108886. [CrossRef]

32. Wang, W.; Pan, Y.; Pan, H.; Yang, W.; Liew, K.M.; Song, L.; Hu, Y. Synthesis and characterization of MnO2 nanosheets based
multilayer coating and applications as a flame retardant for flexible polyurethane foam. Compos. Sci. Technol. 2016, 123, 212–221.
[CrossRef]
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