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Preface

Most synthetic polymers are derived from petroleum, which makes them highly flammable.
Flame retardancy and thermal management are common methods to reduce fire hazards. With
the rapid development of materials science, more and more highly flame-retardant and highly
thermally conductive polymer materials are being developed for various applications, ranging from
the electrical and electronic (E&E) sector and transportation to energy materials and aerospace.

The purpose of this reprint is to collect the latest advances in polymer composites, including
research on various aspects related to fire protection, flame retardancy, thermal stability, and thermal
management. We sincerely thank all the authors for their enthusiasm and significant contributions to
this reprint. These papers emphasize the use of different flame retardancy and thermal management
methods to improve the fire resistance of polymers, which is of great significance for reducing fire
accidents and the resulting loss of life and property.

We also thank Ms. Luna Shen, the editor-in-chief of the MDPI department, for her generous and
effective help throughout the publishing process.

This reprint is dedicated to Professor Serge Bourbigot, my beloved mentor, on the occasion of his
60th birthday.

Fei Xiao, Fubin Luo, and Ke Sun
Editors
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Abstract: Epoxy vitrimers appear as a promising alternative to common epoxy thermoset composites.
Nevertheless, the possibilities of applying these materials are limited due to their high flammability
which may cause high fire risks. To date, the flame-retardant epoxy vitrimer systems reported
in the literature almost all rely on intrinsic flame retardancy to achieve high fire safety; however,
the complex and expensive synthesis process hinders their large-scale application. In this work,
disulfide-based epoxy vitrimer (EPV) was fabricated with 4, 4’-dithiodianiline as the curing agent,
and microencapsulated ammonium polyphosphate (MFAPP) was employed as a potential additive
flame retardant to improve their fire retardancy. As a comparative study, common epoxy (EP)
composites were also prepared using 4,4’-diaminodiphenylmethane as the curing agent. The results
showed that the introduction of dynamic disulfide bonds led to a reduction in the initial thermal
decomposition temperature of EPV by around 70 °C compared to EP. Moreover, the addition of
7.5 wt.% of MFAPP endowed EP with excellent fire performance: the LOI value was as high as 29.9%
and the V-0 rating was achieved in the UL-94 test (3.2 mm). However, under the same loading,
although EPV/MFAPP7.5% showed obvious anti-dripping performance, it did not reach any rating
in the UL-94 test. The flame-retardant mechanisms in the condensed phase were evaluated using
SEM-EDS, XPS, and Raman spectroscopy. The results showed that the residue of EPV/MFAPP7.5%
presented numerous holes during burning, which failed to form a continuous and dense char layer
as a physical barrier resulting in relatively poor flame retardancy compared to EP/MFAPP7.5%.

Keywords: fire retardant; epoxy vitrimers; thermal stability; microencapsulated ammonium polyphos-
phate

1. Introduction

Epoxy vitrimers are constantly emerging. They are a special class of polymers that
integrate the unique characteristics of both thermoplastics and thermosets [1-4]. The pres-
ence of abundant dynamic exchangeable bonds in their structure endows epoxy vitrimers
with high self-healing (reparable) [5,6], recyclable [7,8], and reprocessing [9,10] capabilities,
showing the potential to extend their lifetime and reduce maintenance costs in many appli-
cation fields [11]. While epoxy vitrimers have been developed in recent years, the main
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bottleneck persists in their intrinsic flammability [12], which releases a large amount of
heat and smoke during burning, resulting in high fire risk during their application.

To address this issue, efforts have been made to explore the fire retardancy of epoxy
vitrimers. Most studies focused on the incorporation of flame-retardant elements into cross-
linked EP networks. In this regard, some phosphorus-/nitrogen-containing functional
groups, such as 9,10-dihydro-9-oxa-10-phosphazene-10-oxide (DOPO) derivatives [13,14],
2-(bis(2-hydroxyethyl)amino)ethyl diphenylphosphinate [15], cyclolinear cyclotriphosp-
hazene [16], cyclophophazene [17,18], and (3-ketoester-containing phosphonate [19], were
introduced into the crosslinked network of EP by modifying epoxy monomers or curing
agents. For instance, Chen et al. prepared intrinsically flame-retardant epoxy vitrimers
by introducing dynamic phosphorus-containing ester linkages into the crosslinking net-
works. The resulting epoxy vitrimers exhibited desirable thermal stability and excellent
fire retardancy with a V-0 rating in the UL-94 test (3.2 mm) [13]. Intrinsic flame retardants
are connected to the EP matrix through chemical bonds; they participate in curing and
become a component of the cured system structure [20], ensuring the uniformity of EP
vitrimers and preventing the precipitation of flame retardants [21]. However, this inevitably
increases the complexity of the synthesis and curing process of epoxy vitrimers which
hinders its commercial application. Comparatively, additive flame retardants do not partic-
ipate in the curing reaction and are the most ideal industrial solution due to their relative
cheapness and convenience [22-24]. Moreover, inspired by the recycling of carbon fibers in
epoxy vitrimers [25], additive flame retardants and epoxy monomers are expected to be
recycled separately.

In this work, a common epoxy vitrimer (EPV) was prepared based on the exchange-
able disulfide bonds using bisphenol A diglycidyl ether as the epoxy monomer and
4, 4'-dithiodianiline (DTDA) as the curing agent [26]. To endow the EPV with flame
retardancy, melamine—formaldehyde resin microencapsulated ammonium polyphosphate
(MFAPP) was incorporated as a promising flame retardant due to the excellent compati-
bility, flame retardancy, and water resistance, benefiting from the presence of the organic
MF coating on the surface of APP [27-29]. As a comparative study, the fire performance of
epoxy composites was also studied with 4,4’-methylenedianiline (DDM) as the curing agent
and MFAPP as the flame retardant. Overall, the details of fire behaviors, flame retardancy,
and the mechanism of actions of flame-retardant EP and EPV composites were investigated
to assess the flame-retardant potential of MFAPP for epoxy vitrimers.

2. Experimental Setup
2.1. Materials

Diglycidyl ether of bisphenol-A (DGEBA, E-51, WSR618) with an epoxide equivalent
weight of 184-200 g/eq was supplied by Nantong Xingchen Synthetic Material Co., Ltd.,
Nantong, China. 4, 4’ -Diaminodiphenylmethane (DDM, 99%) and 4, 4'-dithiodianiline
(DTDA, 98%), supplied by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China, were used as the curing agents for the curing of the epoxy matrix. Melamine—
formaldehyde resin microencapsulated ammonium polyphosphate (MFAPP, TF-MF201,
ammonium polyphosphate with crystalline form II) was purchased from Guangzhou
Zhanpu Chemical Co., Ltd., Guangzhou, China.

2.2. Preparation of the Cured Epoxy Composites

For epoxy resin (EP) composites, DGEBA was added to a beaker with magnetic stirring
at 95 °C for 15 min. Subsequently, various contents of MFAPP were slowly added into
DGEBA and adequately mixed for 20 min to form a uniform mixed system. Then, DDM
was incorporated into the mixture and continuously stirred for another 20 min. After
degassing at 105 °C for 5 min, the blend was poured into a pre-heated mold and cured at
120 °C for 2 h and then post-cured at 150 °C for 2 h. Finally, the cured specimens were
naturally cooled to room temperature. Epoxy vitrimer (EPV) composites were fabricated
by the same method, except that 4, 4’-dithiodianiline was used as a curing agent. Moreover,
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the pre-curing time was increased to 40 min to avoid the precipitation of flame retardants.
The detailed formulas are presented in Table 1.

Table 1. Formulation of EP and EPV composites.

Composition
Sample
EP (g) DDM (g) DTDA (g) MFAPP (g) FRs (%)

EP 100 25.3 / 0 0
EP/MFAPP2.5% 100 25.3 / 3.21 2.5

EP/MFAPP5.0% 100 25.3 / 6.59 5
EP/MFAPP7.5% 100 25.3 / 10.16 7.5
EP/MFAPP10% 100 25.3 / 13.92 10

EPV 100 / 31.6 0 0
EPV/MFAPP2.5% 100 / 31.6 3.37 2.5

EPV/MFAPP5.0% 100 / 31.6 6.92 5
EPV/MFAPP7.5% 100 / 31.6 10.67 7.5
EPV/MFAPP10.0% 100 / 31.6 14.62 10

2.3. Characterization

The thermogravimetric analysis (TGA) was performed to evaluate the thermal sta-
bility of the samples using a simultaneous thermogravimetric analyzer (NETZSCH STA
449 F3, NETZSCH, Bayern, Germany). Approximately 5 mg of samples were heated from
25 °C to 800 °C at a heating rate of 10 °C/min under nitrogen atmospheres. Limiting
oxygen index (LOI) values of the samples were measured using an AOI LOI apparatus
(Motis Fire Technology Co., Ltd., Kunshan, China) standardized as ASTM D2863 with
dimensions of 130 x 7.0 x 3.2 mm3. The UL-94 vertical burning test was carried out
using an M607 horizontal-vertical combustion apparatus (Qingdao Shang-fang Instrument
Co., Ltd., Qingdao, China) according to ASTM D3801-2020 standards. The dimensions
of the samples were 127 x 12.7 x 3.2 mm3. A Thermo Scientific K-Alpha X-ray photo-
electron spectrometer (XPS) (Thermo Fisher Scientific, Waltham, MA, USA) was used to
determine the elemental composition and oxidation states of elements at the surface of
the residues after the UL-94 test, and Al Ka radiation (1361 eV) was used as the excitation
source. The LabRAM Odyssey high-speed and high-resolution confocal microscopic Ra-
man spectrometer (HORIBA, Giéres, France) was applied to investigate the graphitization
degree of the char residue. The Raman spectra of residual chars were obtained at room
temperature under the excitation line of a 532 nm laser. The morphology and element
mappings of char residue after the UL-94 test were performed using a Gemini 300 scanning
electron microscope (SEM, ZEISS, Oberkochen, Germany), which was integrated with an
energy-dispersive X-ray (EDX) microanalyzer for elemental analysis.

3. Results and Discussion
3.1. Thermal Stability

TGA was performed to investigate the thermal performance of EP and EPV composites
under a nitrogen atmosphere, and the TGA /DTG curves and the relative data are presented
in Figure 1 and Table 2. It is clear that the incorporation of MFAPP into the epoxy matrix
inevitably affects the thermal stability of EP and EPV composites. For EP composites, it is
evidently observed from DTG curves that a neat EP displays one-step degradation behavior
as well as EP/MFAPP composites, occurring approximately from 300 to 500 °C. The initial
decomposition temperature (Tse,) of neat EP is 375 °C, and the thermal degradation rate
rapidly reaches the maximum at 388 °C (Tmax). There is a 19.7 wt.% residue formed
at 800 °C in the EP matrix, indicating the presence of abundant aromatic/polyaromatic
structures. It is worth noting that with the increase in MFAPP loading (2.5-10.0 wt.%),
the Ts5¢, values of EP composites with MFAPP gradually decrease and stabilize at around
340 °C, and the char residues gradually increase to approximately 29%. This phenomenon
is attributed to the weak bonds of P-O-C and P-N in the structure of MFAPP [30] and
is probably ascribed to the decreased cross-linking density of EP due to the addition of
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MFAPP [31]. The TGA and DTG curves of EPV composites exhibit a similar behavior to
those of EP composites. Nevertheless, there is a remarkable reduction (~67 °C) in the Tsg,
for EPV compared to EP, which might be attributed to the instability of disulfide bonds in
the crosslinked networks [2]. The incorporation of MFAPP does not significantly reduce
the thermal stability (Ts¢, and Tmax) of EPV, and char residues at 800 °C increase with the
increase in MFAPP loading. In conclusion, although the incorporation of MFAPP leads to a
certain reduction in the thermal stability of EP and EPV composites, the char yields of those
composites are significantly improved, which is beneficial to the flame retardancy of EP.

(a), —er (b) [
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80} == EPIMFAPP7.5% | .
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Figure 1. TGA and DTG curves of EP (a,b) and EPV composites (c,d).

Table 2. TGA data from EP and EPV composites.

Sample Tsy, (°C) Ts0% (°C) Tmax (°C) Reilglzsjtg/:)soo

EP 375 406 388 19.7
EP/MFAPP2.5% 346 391 369 26.7
EP/MFAPP5.0% 338 385 355 28.6
EP/MFAPP7.5% 340 387 360 28.1
EP/MFAPP10.0% 337 380 354 29.1

EPV 308 367 350 15.5
EPV /MFAPP2.5% 306 359 339 21.3
EPV /MFAPP5.0% 304 351 328 24.6
EPV /MFAPP7.5% 303 353 324 27.8
EPV /MFAPP10.0% 305 352 324 27.6

3.2. Flame Retardancy

The flammability, fire retardancy, and anti-dripping behavior of EP and EPV compos-
ites were evaluated using LOI and UL-94 vertical burning tests [32-34], and the correspond-
ing results are presented in Table 3 and Figures 2 and 3. It is seen that the LOI value of EP
is only 23.4%, and it burns violently after ignition with severe dripping fire behavior, which
is considered as a significant fire hazard [35]. With the incorporation of MFAPP at a low
loading (2.5%), EP/MFAPP2.5% still burns out (no rating) in the UL-94 test but no dripping
occurred (Figure 2). By further increasing the loading of MFAPP to 5.0 wt.%, 7.5 wt.%, and



Polymers 2023, 15, 2839

10.0 wt.%, the flame retardancy of EP/MFAPP composites gradually improved, and when
the loading reached 7.5 wt.%, a V-0 rating was achieved for EP/MFAPP7.5% with an LOI
value of 29.7%.

Table 3. Related data from EP and EPV composites from LOI and UL-94.

UL-94 Test
Sample LOL (%) t1 (s) t2 (s) Dripping Rating

EP 234 206.2 / Yes NR
EP/MFAPP2.5% 23.6 149.8 / No NR
EP/MFAPP5.0% 26.3 57.6 14 No NR
EP/MFAPP7.5% 29.9 2.8 0.2 No V-0
EP/MFAPP10% 35.5 0.2 0 No V-0
EPV 19.9 165.8 / Yes NR
EPV/MFAPP2.5%  22.2 151.4 / No NR
EPV/MFAPP5.0%  23.1 149.6 / No NR
EPV/MFAPP7.5%  24.3 136.4 / No NR
EPV/MFAPP10.0% 25.3 142.2 / No NR

t; and t, refers to the average times of first and second ignitions; NR: no rating.

!Iﬁl' IIW "

Figure 2. Fire behaviors of (a—e) EP and (f—j) EPV composites after the first ignition (0, 2.5 wt.%,
5 wt.%, 7.5 wt.%, and 10 wt.% MFAPP loading).
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(b) (d)

Figure 3. Residues of (a—e) EP and (f—j) EPV composites after the UL-94 tests (0, 2.5 wt.%, 5.0 wt.%,
7.5 wt.%, and 10.0 wt.% MFAPP loading).

Regarding EPV composites, neat EPV is very flammable, showing an LOI value
of 19.9% and no rating (NR) in the UL-94 test. As the loading of MFAPP increases to
10 wt.%, the LOI value gradually increases to 25.3%, which is far lower than the EP
composite with the same content (Table 3). However, in terms of the UL-94 ratings, EPV
composites showed poor results relative to the EP composites (Figure 2f—j). Although
all EPV composites exhibited significant enhancements in anti-dripping behavior, the
UL-94 ratings of EPV/MFAPP systems seemed to not largely improve with the increasing
loading of MFAPP, as all EPV composites failed to pass any rating in the UL-94 test. It
can be concluded that the addition of MFAPP does not significantly improve the flame
retardancy of EPV.

Figure 3 presents the char residues of EP and EPV composites after UL-94 tests.
The residual chars of neat EP and EPV almost burn out, which illustrates the weak char
formation capacity and high fire risk of neat EP and EPV matrices. It is observed that
increasing the content of MFAPP causes the EP composites to self-extinguish over a shorter
burning distance, resulting in the formation of a dense carbon layer. On the other hand,
when MFAPP is introduced into the EPV matrix, the yields of char residues for the EPV
composites rise significantly; however, all EPV composites do not extinguish spontaneously
within 60 s after the first ignition. Visual observation shows that intumescent char residues
are formed due to the presence of MFAPP, which does not retard the burning of the
matrix underneath.

3.3. Morphology and Chemical Structure of Char Residues
3.3.1. SEM-EDS Analysis

On the basis of the above analysis of LOI and UL-94 tests, it can be concluded that
EP/MFAPP composites possess better flame retardancy than EPV/MFAPP composites
under the same loading. To further investigate its relevant mechanisms in the condensed
phase, the micro-morphologies of residual chars of EP/MFAPP7.5% and EPV/MFAPP7.5%
after the UL-94 test were analyzed by SEM-EDS.

It is observed in Figure 4a,c that the surface residues of neat EP and EPV exhibit very
loose and porous morphologies. In contrast, due to the addition of MFAPP, the surface of
char residues of EP/MFAPP7.5% become compact, smooth, and homogeneous, implying
the improvement of the char quality (Figure 4c) [36]. The continuous and dense char
layer serves as an effective physical barrier to inhibit the transfer of heat and prevent
the internal pyrolysis products from being released into the combustion zone [37]. For
EPV /MFAPP7.5%, there are numerous holes observed on the surface of char residues
(Figure 4d). These holes allow combustible pyrolysis products to be released from the
internal matrix into the external environment, resulting in poor flame retardancy.
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Figure 4. SEM-EDS images of the exterior surface of the char residues after the UL-94 test:
(ag—a3) neat EP, (b1—b3) EP/FMAPP7.5%, (c1—c3) neat EPV, (d1—d3) EPV/FMAPP7.5%.

EDS analysis was performed to study the chemical composition of the char residues,
as shown in Figure 4. In the EDS spectrum of EP/MFAPP7.5%, the main composition of
the residue is carbon (73.53%), oxygen (18.45%), nitrogen (2.07%), and phosphorus (5.96%).
The relatively high phosphorus content mainly comes from the phosphorus-containing
species formed by the decomposition of MFAPP, which are mainly orthophosphoric acid
and phosphoric acid, according to previous work [38,39]. Moreover, the oxygen content is
also high (18.45 %), implying that the formation of a continuous and compact char layer
is related to the increase in phosphorus and oxygen content [31]. It is concluded that the
introduction of MFAPP in the EP matrix promotes the formation of a char layer with a more
phosphorus-crosslinked structure, improving the quality of the char layer. For the EDS
spectrum of EPV/MFAPP7.5%, it is found that the phosphorus content (2.84%) on the char
layer from the char residue is much lower than that of the EP/MFAPP7.5%. Sulfur emerges
in the char residue of EPV/MFAPP7.5% due to the presence of DTDA as the curing agent.

3.3.2. Elemental Mappings

The distribution of species in the residual chars is very important when explaining
the mechanism in the condensed phase. Figure 5a shows the elemental mapping images
of C, O, N, and P elements, respectively, of the surface char of EP/MFAPP7.5%. The
results provide visible evidence that MFAPP decomposes to form phosphorus-containing
species, which combine with oxygen (see the O and P elemental mappings in Figure 5)
to form phosphoric acid/orthophosphates/pyrophosphates and the related analogues
during burning. The phosphorus-containing species derived from MFAPP promote the
dehydration and carbonization of the epoxy matrix and form a continuous and dense
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carbonaceous char layer. It is found that the aggregated phosphate species are embedded
on the surface of the carbon layer, which enhances the cohesion and resistance of the char
residues, thereby improving its flame retardancy. For EPV/MFAPP7.5%, the mapping
images confirm the presence and dispersion of C, O, N, P, and S elements, which indicates
those elements are uniformly distributed on the surface of char.

500um 500um
TSRO AR ST

500um

Figure 5. EDS mapping images of total elements, C, N, O, P, and S elements of the exterior char
residues after the UL-94 tests: (a) EP/FMAPP7.5%, (b) EPV/FMAPP7.5%.

3.3.3. XPS Analysis

To further explore the effect of MFAPP on the charring of EP and EPV, XPS analysis was
conducted for the chars of EP/MFAPP7.5% and EPV/MFAPP7.5%. Figure 6 shows the Cyg,
O1s, Nis, Pop and Sy, spectra of the external char of EP/MFAPP7.5% and EPV/MFAPP7.5%.
In the Cy; spectra, the peak at 284.8 eV is assigned mainly to the C-H, C-C, and C=C in the
aliphatic and aromatic species in char, while the peak at 286.5 eV corresponds to C-O, C-N,
C-P, and C=0 linkages [40]. The high-resolution O14 spectra consist of two characteristic
peaks corresponding to the double-bonded oxygen (C=0 and P=0O groups) in phosphate
and carbonyl compounds at a binding energy of 531.3 eV and single-bonded oxygen
(-O-) in O-C-O, C-O-P, O-P=0, and P-O-P at around 533.0 eV [41]. In addition, in the N1
spectrum of EP/MFAPP7.5% (Figure 6), the broad bands centered at 399.8 and 401.5 eV are
assigned to C=N group and C-N/N-H groups, respectively, while the peak intensity at
401.0 eV for EPV/MFAPP7.5% decreases compared to EP/MFAPP7.5%, indicating that less
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nitrogen-containing aromatic heterocyclic cross-linking structures are formed in the char
residue. The deconvoluted Py, region spectrum of EPV/MFAPP7.5% shows two signals
at 134.0 eV attributed to O-P-C, O-P-O, O-P=0 groups formed during the decomposition
of MFAPP, while the peak at 134.8 eV is assigned to the structure of pyrophosphates and
metaphosphates in P-O-P and POs3, respectively [42]. Similar linkages are also found
for the Py, survey of EP/MFAPP7.5% char, except that the linkages of O-P=0O can be
fitted in an independent peak at a binding energy of 133.4 eV. The high-resolution Sy,
spectrum is detected for EPV/MFAPP7.5% as demonstrated earlier by the EDS results.
The signal can be fitted into four peaks, where the binding energies at 163.6 and 164.2 eV
are assigned to the S-C and S=C, thiols, or sulfur ethers [43,44], while the peaks observed
at 164.8 and 166.3 eV are attributed to the oxidized sulfur species (5Ox) and sulfoxide
sulfur due to the burning [45,46]. Compared to EPV/MFAPP7.5%, the Nig and Py¢ spectra
of EP/MFAPP7.5% showed broader bands, suggesting that a more complex heterocyclic
carbonaceous structure containing phosphorus and nitrogen elements was formed. These
results verify that the introduction of MFAPP is conducive to the formation of crosslinking
structures containing P-O-C, P-O-P, C-N, and C-O-C groups during burning, endowing the
resulting char with better barrier effects and stability, effectively insulating the heat and
fuel transfer between the gas and condensed phases.
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Figure 6. (a) XPS survey spectra and high-resolution XPS spectra of (b) Cys, (c) Oyg, (d) Nyg,
(e) Pys, and (f) Syg of the exterior char residues of EP/FMAPP7.5% and EPV /FMAPP7.5% after the
UL-94 tests.

3.3.4. Raman Analysis

To investigate the effect of MFAPP on the structure of the char layers of EP and EPV
composites, laser Raman spectroscopy was conducted to study the graphitization level of
the char of EP/MFAPP7.5% and EPV/MFAPP7.5%, as presented in Figure 7. Two strong
characteristic peaks at approximately 1370 and 1590 cm~! are assigned to the D band
(disorder band or defect band, indicating the presence of some disorder in the carbon
aromatic structure) and G band (tangential vibration mode along the graphitic plane of the
tube), respectively. Generally, the ratio of the band intensity of the D to G band (Ip/Ig)
is an important measure of the order to estimate the graphitization degree of the char
residues, and a lower value corresponds to a higher graphitization degree. The Ip/Ig
value of EP/MFAPP7.5% is 3.74 and this value increases to 4.45 for EPV/MFAPP7.5%. The
phenomenon indicates that compared to EP/MFAPP7.5%, the residue of EPV/MFAPP7.5%
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presents more defects after burning. It demonstrates that a more graphitized structure in
residual char is formed during the burning of EP/MFAPP7.5%, which improves the barrier
effect of the heat and fuel transfer.

—_
Y
~

Intensity (a.u.)

- EPIMFAPP7.5% EPV/IMFAPP7.5%
(b)
[ 11372cm™ 1389 cm™
| 1594 cm™ [ 11587 cm™
— Fitting —— Fitting
3
S
2
7]
c
X}
=

o/l = 3.74

I/l = 4.45

S As s
.

600

900

1200 1500 1800

Wavenumber (cm™)

1200 1500 1800 900

Wavenumber (cm™)

600

Figure 7. SEM-EDS images of the exterior char residues after the UL-94 tests: (a) EP/FMAPP7.5%, (b)
EPV/FMAPP7.5%.

3.4. Flame-Retardant Mechanisms

Based on the above analyses, the possible flame-retardant mechanisms of EP/MFAPP
and EPV/MFAPP are proposed as shown in Figure 8. In the condensed phase, phosphonic
acid and its derivatives can be formed during the early decomposition of MFAPP and are
then converted to pyrophosphate and polyphosphate species with viscous natures [47].
These phosphorus-containing acids react with the decomposed epoxy matrix through
dehydration and esterification, promoting char formation [48]. Moreover, the viscous
pyrophosphate and polyphosphate species tightly cover the surface of residual char (see
Figure 5). These factors lead to the formation of a compact and phosphorus-rich char
layer with polyaromatic/heteroaromatic structures, which acts as a physical barrier to
isolate the underneath matrix from heat and oxygen. For EPV/MFAPP composites, the
presence of disulfide bonds in the crosslinking networks leads to the degradation of the
EPV composite at a lower temperature as presented in the TGA. They fracture during
combustion to form sulfur-containing gases [45], which are released into the gas phase
together with the decomposition gases of MFAPP, resulting in the formation of numerous
pores on the surface of the char. The porous surface char layer cannot insulate the transfer
of heat and oxygen, exhibiting relatively poor flame retardancy.

Figure 8. Possible flame-retardant mechanisms of EP/MFAPP and EPV/MFAPP composites.

4. Conclusions

This work performed a comparative study on the flame-retardant properties of
EP/MFAPP and EPV/MFAPP composites to evaluate the flame-retardant potential of
MFAPP in epoxy vitrimers. The results showed that the addition of 7.5 wt.% MFAPP
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endowed EP with excellent fire performance, including that the LOI value was as high as
29.9% and a V-0 rating was achieved in the UL-94 test (3.2 mm). Unfortunately, with the
same loading (7.5 wt.%), although EPV/MFAPP7.5% showed an obvious anti-dripping
performance, it did not reach any rating in the UL-94 test. SEM-EDS, XPS, and Raman were
employed to assess the flame-retardant mechanism in the condensed phase. The results
showed that the residue of EPV/MFAPP7.5% presented numerous holes during burning,
which failed to form a continuous and dense char layer as a physical barrier resulting in
relatively poor flame retardancy compared to EP/MFAPP7.5%. In summary, these results
indicate that the disulfide-based epoxy vitrimers showed relatively high flammability, and
it was difficult to improve their flame retardancy by adding small amounts of additive flame
retardants (MFAPP). This study provides a perspective on the application of additive flame
retardants in epoxy vitrimers and can contribute to future research on the improvement of
flame retardancy in epoxy vitrimers.
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Abstract: The development of thermally conductive polymer/boron nitride (BN) composites with
excellent electrically insulating properties is urgently demanded for electronic devices. However, the
method of constructing an efficient thermally conductive network is still challenging. In the present
work, heterostructured multi-walled carbon nanotube-boron nitride (MWCNT-BN) hybrids were
easily prepared using an electrostatic self-assembly method. The thermally conductive network of the
MWCNT-BN in the thermoplastic polyurethane (TPU) matrix was achieved by the electrospinning
and stack-molding process. As a result, the in-plane thermal conductivity of TPU composite films
reached 7.28 W m~—1 K1, an increase of 959.4% compared to pure TPU films. In addition, the Foygel
model showed that the MWCNT-BN hybrid filler could largely decrease thermal resistance compared
to that of BN filler and further reduce phonon scattering. Finally, the excellent electrically insulating
properties (about 10'2 Q-cm) and superior flexibility of composite film make it a promising material in
electronic equipment. This work offers a new idea for designing BN-based hybrids, which have broad
prospects in preparing thermally conductive composites for further practical thermal management fields.

Keywords: electrostatic self-assembly; MWCNT-BN hybrids; thermal conductivity; thermal
resistances; electrical insulation

1. Introduction

With the increased integration and high power density of electronic devices, mil-
itary equipment, and communication instruments, heat accumulation continues to be
a critical limiting factor in the narrow space [1-3]. Highly efficient heat dissipation is
essential to ensure the service life and stability of the electronic components. Polymer-
based thermally conductive materials have been extensively investigated due to their cost-
effectiveness, lightweight, and ease of processing [4-6]. Nevertheless, the polymer materials are
limited in practical applications because they possess a low intrinsic thermal conductivity (TC,
<0.50 W m~1 K1) [7-9]. In the past decades, aluminum nitride [10], alumina [11], boron ni-
tride [12-15], silicon carbide [16], metal [17], carbon nanotube [18,19], and graphene [20,21] have
served as thermally conductive fillers to enhance the TC of polymer materials. Particularly,
BN has attracted tremendous attention in the development of thermally conductive yet
electrically insulating composites because of its extremely high thermal conductivity (400 W
m~! K~1) and relatively wide band gap (5.5-6.4 eV) [22-24]. However, due to its chemical
inertness, the improvement of the obtained TC is usually limited due to the undesirable
dispersion of BN in polymer composites [25].

Interfacial optimization has become a trend through the surface treatment of BN to
improve the TC of polymer-based materials. The common way is to modify the BN surface
through covalent bonding and noncovalent interactions, which could promote the BN
dispersion and the phonon transfer from the BN to the polymer matrix, and thus enhance
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the TC of polymer composites [26—29]. For example, Liu et al. prepared (3-aminopropyl)
triethoxysilane (APTES) functionalized BN, and the epoxy/BN composites reached 5.86 W
m~1 K1 at a filler content of 40 wt% [30]. Additionally, Liu et al. functionalized a
noncovalent BN with polydopamine, which could improve interfacial compatibility and
uniform dispersion of BN in the polymer matrix [31]. Although the thermal conductivity
can be effectively enhanced by optimizing the dispersion of BN, it is still a challenge to
further increase thermal conductivity by constructing an efficient thermally conductive
network of polymer composites.

Previous studies have demonstrated that hybrid thermally conductive fillers prepared
with different dimensions and morphologies have been widely used to fabricate multi-
functional polymer composites, which also provide a practical method for constructing
efficient thermally conductive networks of polymer composites [32-37]. Silver nanopar-
ticles (AgNPs) are introduced onto the surface of BNNS to construct efficient thermally
conductive pathways, resulting in a higher TC of the composite [38]. Similarly, Qian et al.
developed a novel hetero-structured BN /ZC hybrid filler through in-situ growth of CNTs
onto the surface of BNNSs, and thus the TC of epoxy composites reached 3.21 W m~! K~!
at a filler content of 9.86 vol%, which is increased by about 13.4 times compared to that of
pure epoxy [39]. As a result, it is found that the hybrid thermally conductive fillers can
construct more thermal conduction pathways, ultimately improving the TC of thermally
conductive composites.

Furthermore, it is known to all that the TC of the composite can be further enhanced
by the orientation of single or multi-hybrid fillers with anisotropic properties among the
polymer matrix [40-43]. The commonly used strategies are spin-coating [30], solvent-
casting [44,45], hot-pressing [46,47], vacuum filtration [48,49], electrospinning [50,51], etc.
Recently, advanced functional composites based on electrospinning have attracted much
attention. It has also been found that the anisotropic thermally conductive fillers tend to
be oriented along the nanofiber, which can help to achieve higher TC. Shen et al. also
aligned BNNS in a horizontal direction by electrospinning technology to build efficient
thermal conduction pathways, and the obtained composite possessed a high in-plane TC of
10.9 W m~! K~ [52]. Accordingly, it can be concluded that combining the orientation and
the hybrid thermally conductive fillers can enhance the TC of the composites effectively.

In this study, one-dimensional polyethyleneimine (PEI) modified multi-walled carbon
nanotubes (MWCNTs) were successfully introduced onto the polydopamine (PDA) func-
tionalized BN via the electrostatic self-assembly method. Then, the obtained MWCNT-BN
hybrid fillers were oriented along the fiber during the electrospinning and hot-pressing
processes. The MWCNT-BN hybrid fillers significantly construct efficient thermal conduc-
tion pathways compared to single BN fillers, displaying superior TC enhancement in TPU
composite films. Furthermore, it is worth noting that the addition of a low concentration of
MWCNTs can not only greatly enhance the TC of the composite but also maintain electrical
insulation properties. The excellent TC, electrical insulation, and mechanical properties of
composite ensure its great potential applications in electronic devices, such as computers
and drones.

2. Materials and Methods
2.1. Materials

TPU (Elastogran S85A) was bought from BASF Co., Ltd. (Shanghai, China). MWCNTs-
COOH were obtained from Chengdu Organic Chemicals Co., Ltd. (Chengdu, China). The
MWCNTs-COOH (MWCNT) had the following features: a length of 10—30 pm and a diam-
eter of 5-15 nm. Hexagonal BN (average particle size of 1 um) was obtained from Yingkou
Tianyuan Chemical Research Institute Co., Ltd. (Hubei, China). Tris (hydroxymethyl)
aminomethane (Iris), dopamine hydrochloride, and PEI (Mw = 1800) were purchased from
Adamas Reagent Co., Ltd. (Shanghai, China). Ethanol, N,N-dimethylformamide (DMF),
and tetrahydrofuran (THF) were purchased from Chengdu Kelong Chemicals Co. Ltd.
(Chengdu, China).
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2.2. Preparation of MWCNT-BN Hybrids
2.2.1. Preparation of PDA Modified BN (PDA-BN)

Typically, 2.0 g of BN powder was dispersed in 400 mL of tris-buffer solution (10 mM,
pH 8.5) by ultrasonic for 1 h, then 0.8 g of dopamine hydrochloride was added and stirred
for 12 h at ambient temperature, followed by vacuum-assisted filtration, washing, and
drying to obtain BN-PDA.

2.2.2. Preparation of PEI Functionalized MWCNT (PEI-MWCNT)

Firstly, 5 g of PEI was added to deionized water (10 mg/mL) and this was stirred at
room temperature until the PEI was completely dissolved. Subsequently, 0.5 g of MWCNTs
were added into the PEI solution and it was ultrasonically processed for 1 h and stirred at
80 °C for another 12 h. Finally, the PEI-MWCNT was filtered, washed five times, and dried
at 80 °C overnight.

2.2.3. Preparation of MWCNT-BN Hybrids

According to Figure 1a, 1.2 g of BN-PDA was dispersed in 100 mL of deionized water
for 0.5 h by ultrasound, and, at the same time, a certain mass of PEI-MWCNT was dispersed
in 50 mL of deionized water. Then, the PEI-MWCNT dispersion was gradually added
to the BN-PDA dispersion and it was stirred at room temperature for 12 h. Finally, the
product was centrifuged, washed, and dried to obtain MWCNT-BN hybrids.

(a)

e R
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Functionalization &
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:r\ , self-assembly l '
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y ¥y Xy . MWCNT-BN
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N/ Modification .

(b)

TPU/MWCNT-BN)
solution

Hot pressing _

TPU/MWCNT-BN film

Electrospinning

Figure 1. (a) Schematic illustration of fabrication for (a) hetero-structured MWCNT—BN fillers and
(b) thermally conductive TPU/MWCNT—BN composite films.

2.3. Fabrication of the TPU/MWCNT-BN Composite Films

According to Figure 1b, a certain mass of MWCNT-BN hybrids was dispersed in a
mixed solvent of DMF and THF (1:1 by weight) under an ultrasonic process for 0.5 h.
TPU was added to the above solution until it was completely dissolved. Then, the
electrospinning process was carried out according to our previous work. Finally, the
TPU/MWCNT-BN electrospun fibers were hot pressed at 170 °C and 20 MPa for 10 min
to obtain TPU/MWCNT-BN composite films. For comparison, the pure TPU film and
TPU/BN composite films were also fabricated through the same procedures.
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2.4. Characterization

The surface morphology of BN, PDA-BN, MWCNT-BN, and the electrospun fibers and
the cross-section of the composite films were observed by scanning electron microscopy
(SEM, FEI Quanta 250, Hillsboro USA). The morphologies of the TPU fibers, TPU/BN fibers,
and TPU/MWCNT-BN fibers were observed by transmission electron microscopy (TEM,
FEI Tecnai G2 F20, Hillsboro USA) at 200 kV. Atomic force microscopy (AFM, AFM+, Anasys
Instruments, Hillsboro USA) images were recorded to measure the thickness of BN. Fourier
transform-infrared (FI-IR) spectroscopies of MWCNT and PEI-MWCNT were obtained
using the FT-IS10 spectrometer (FT-IR, Thermo Fisher Scientific, Massachusetts USA) over
a frequency range of 400-4000 cm . Raman spectroscopies of BN, PDA-BN, MWCNT, PEI-
MWCNT, and MWCNT-BN were obtained using a micro-Raman spectrometer (InVia Reflex,
London UK) with laser light focusing at a wavelength of 532 nm. The crystal structures of
composite films were characterized by X-ray diffraction (XRD, Ultima IV, Rigaku, Tokyo
Japan) in the 20 range of 2-90°. The chemical compositions of BN, PDA-BN, MWCNT,
PEI-MWCNT, and MWCNT-BN were determined by X-ray photoelectron spectroscopy
(XPS, AXIS Ultra DLD (Kratos) Kyoto Japan). Thermal gravimetric (TG) analyses were
performed using TG209F1 equipment (Selb Germany) under a nitrogen atmosphere at
a heating rate of 10 °C/min. A Zetasizer Nano ZS analyzer (Malvern Instruments Ltd.,
Malvern, UK) was used to characterize the zeta potentials of BN, PDA-BN, MWCNT, PEI-
MWCNT, and MWCNT-BN at pH = 7.0. The in-plane or through-plane TC of composite
films was calculated by multiplication of thermal diffusivity («, mm?/s), density (p, g/ cm?),
and specific heat capacity (Cp, J/(g-K)), i.e., TC = &« x Cp X p. A laser flash apparatus (LFA,
NETZSCH LFA 467, Selb Germany) was used to measure the o« of composite films at 25 °C.
The water displacement method was performed to determine the p of composite films.
Differential scanning calorimetry (DSC, TA Instruments, New Castle, DE, USA) was used
to measure the Cp of composite films at 25 °C. An infrared camera (T620, FLIR Systems Inc.,
Boston, MA, USA) recorded the variations in the surface temperature of the LED device.
A high resistance meter (KEITHLEY, 6487 Oregon, OR, USA) was carried out to measure
the volume electrical resistivity of the composite films. The tensile strength at the breaking
points of the composite samples was determined using an INSTRON 5966 (Shanghai China)
electronic tensile strength meter with a tensile rate of 200 mm /min.

3. Results and Discussion
3.1. Characterization of MWCNT-BN Hybrids

Bulk BN displays a similar multi-layered structure to graphite and is also a promising
thermally conductive filler [50], as shown in Figure 2a. First, BN is easily and successfully
modified through dopamine chemistry, which effectively improves the chemical activity of
inert BN. As seen in Figure S1, the color of the BN aqueous solution changes from white
to gray after modification because of the formation of a PDA layer on the BN surface.
At the same time, the dispersibility of PDA-BN is also significantly improved compared
to BN after modification. Figure 2b shows the SEM image of PDA-BN with an average
size of 0.47 um (Figure S2), and the dimension has not changed compared to the pure
BN. The MWCNT-BN hybrid is obtained by the electrostatic self-assembly method. The
MWCNT shows the uniform size and high aspect ratio in Figure 2f. The AFM image and the
corresponding thickness curve of BN are shown in Figure 2d,e, and the thickness is about
10 nm. Thermally conductive pathways can be easily constructed using the electrostatic self-
assembly method due to the different dimensions and morphologies of BN and MWCNT.
As can be seen from Figure 2¢, the MWCNT with a high aspect ratio is anchored on the
surface of BN without agglomerating and can act as an effective “bridge” to significantly
reinforce the thermal conduction pathways (Figure S3).

17



Polymers 2024, 16, 2139

Height (nm)
Lol

o
L

22

2 0100 01 02 03 04 05 06 07
-15nm Position (um)

Figure 2. SEM images of (a) BN, (b) PDABN, and (c¢) MWCNTBN. (d) AFM image and (e) height
profile of the BN. (f) TEM image of MWCNT.

FTIR measurement is carried out to prove effective modification of BN and MWCNT.
Compared to MWCNT, a small new peak at 1671 cm~! is assigned to O=C-NRR'C=0
stretching vibration in the amide I band or C=C skeletal vibration. The absorbance
peaks at 3440 cm ! are attributed to the -NH and -OH groups, which are much stronger
than MWCNT, indicating that PEI is successfully grafted onto the surface of MWCNT
(Figure 3a,b). Obviously, the dispersibility of MWCNT and PEI-MWCNT is significantly
improved compared with CNT after modification (Figure S4). As shown in Figure 3c, the ab-
sorption peaks at 811 and 1376 cm ! are attributed to the in-plane stretching vibration and
out-of-plane bending vibration of the B—N bond, respectively [51]. After PDA modification,
the peak corresponding to oxygen-containing groups becomes stronger, suggesting the
successful preparation of PDA-BN. The successfully modified BN and MWCNT are further
validated using XPS analysis (Figure 3f-i). From Figure 3f, the peak intensities of C 1s and
O 1s for PDA-BN are remarkably increased compared with pristine BN, demonstrating that
the PDAs are successfully coated on the surface of BN (Table S1). Furthermore, the N 1s
spectrum of BN is deconvoluted into 398.25 eV, corresponding to the N-B bond (Figure S5).
In comparison, a new signal of 399.8 eV occurs in the N 1s spectrum of PDA-BN, which
is assigned to the existence of N-C, further indicating that DA is successfully polymer-
ized on the surface of BN (Figure 3g). The two characteristic peaks at 532.2 eV (O 1s) and
284.9 eV (C 1s) are detected for MWCNT, while a new peak of N 1s for PEFMWCNT exists at
399.3 eV, which is fitted to 399.5 eV (N-H) and 401.0 eV (N-C) due to the PEI being grafted onto
the surface of MWCNT (Figure 3h). As presented in Figure 3i, it is also observed that the N 1s
peak of MWCNT-BN is deconvoluted into three peaks, N-C (400.8 eV), N-H (399.1 eV), and
N-B (397.9 eV), demonstrating the successful preparation of MWCNT-BN.
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Figure 3. (ab) FI-IR spectra of MWCNT and PEI-MWCNT. (c¢) FI-IR spectra of BN and
PDA—-BN. (d) TGA spectra of BN, PDA—BN, MWCNT, and PEI-MWCNT. (e) Raman results
of BN, PDA—BN, MWCNT, PEI-MWCNT, and MWCNT-BN. (f) XPS patterns of BN, PDA-BN,
MWCNT, PEI-MWCNT, and MWCNT—-BN. (g-i) N1s XPS core level of PDA—BN, PEI-MWCNT,
and MWCNT—-BN.

Furthermore, the TGA curves in Figure 3d show that the content of the PDA layer
is calculated at 3.3%. Additionally, the PEI grafted on the surface of MWCNTs is about
12.8%. As shown in Figure S6, the zeta potential of BN is estimated to be —32.8 mV due
to the hydroxyl groups attached to the surface of BN, resulting in a negatively charged
state. Meanwhile, the zeta potential of PDA-BN is about —37.2 mV, mainly because more
hydroxyl groups are generated on the surface of BN, which is consistent with the results
of FTIR measurement. In addition, the zeta potential of MWCNT in deionized water is
—41.0 mV, indicating the impossible self-assembly with the PDA-BN that has a negative
charge. Thus, the PEI is successfully grafted on the surface of MWCNT and the resultant
PEI-MWCNT displays a zeta potential value of 33.3 mV. The photographs of PDA-BN
before and after mixing with PEI-MWCNT are shown in Figure S7. The PDA-BN exhibits a
homogeneous dispersion in deionized water, while the PDA-BN fillers quickly precipitate
to the bottom due to the strong electrostatic adsorption between them. Raman spectra
analyses are performed to further confirm the surface chemical compositions of fillers
(Figure 3e). The characteristic peak at 1358 cm ! is ascribed to high-frequency intralayer
E2g tangential mode for BN. A new signal at 1587 cm~! occurs after functionalization,
which is attributed to the deformation of catechol from PDA. Furthermore, due to the
PDA layer attached to the BN surface, the intensity of the BN peak at 1358 cm ™! is merely
weakened. The MWCNT has three characteristic peaks, i.e., D peak (1343 cm 1), G peak
(1575 cm™1), and G’ peak (2678 cm~!). The G peak is caused by the vibration of the sp,
carbon atom in the carbon nanotubes, and its location and intensity are closely related to
the structure and chirality of the carbon nanotubes. The intensity of the G peak is high,
generally occurring at about 1500 cm~!. The D peak is due to disordered vibrations in
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carbon nanotubes and usually occurs at about 1300 cm~!. The intensity of the D peak is
low, but it is related to the diameter, length, and chirality of the carbon nanotubes. The G’ is
caused by the Van der Waals force between the layers of carbon nanotubes, which occurs at
about 2000 cm~!. The G’ peak intensity is low and sensitive to the chirality, diameter, and
number of layers of carbon nanotubes. Meanwhile, the PEI-MWCNT has the same peak
and intensity as MWCNT, indicating that the PEI has little impact on the crystal structure
of MWCNT. Due to the small amount of PEI-MWCNT in the MWCNT-BN hybrid filler,
the D and G peaks of PEI-MWCNT are not easily observed, while a weak G” peak can be
observed in the Raman spectra of MWCNT-BN, further proving the successful preparation
of MWCNT-BN.

3.2. Preparation and Morphology of TPU/MWCNT-BN Composite Films

The SEM images of pure TPU and TPU/MWCNT-BN electrospun fibers are shown
in Figure 4. The pure TPU fibers exhibit a smooth and uniform surface, illustrating that
TPU can be completely dissolved in the DMF/THEF solution (Figure 4a). The average
diameter of TPU fibers is about 1.29 um. With the MWCNT-BN concentrations rising,
the average diameter of the electrospun fibers increases gradually. The primary reason is
that the introduction of MWCNT-BN fillers increases the viscosity of the electrospinning
solution. Meanwhile, due to the instability of the jet, the uniformity of the fiber diameter
decreases and the MWCNT-BN also occurs on the surface of electrospun TPU/MWCNT-BN
fibers. Figure S8 shows the TEM images of TPU, TPU /40 BN, and TPU /40 MWCNT-BN
electrospun fibers, respectively. There are no fillers observed in pure TPU fiber, while
the BN is better dispersed in the TPU fibers. Furthermore, the heterostructured MWCNT-
BN is also oriented in the TPU fibers, which is better for forming thermal conduction
pathways than BN. The cross-sectional morphologies of the TPU/MWCNT-BN composite
film after hot-pressing are shown in Figure S9. It can be clearly observed that the MWCNT-
BN exhibits obvious orientation along the in-plane direction. To visually demonstrate the
flexibility of TPU/40MWCNT-BN composite films, Figure 4f shows the optical photographs
of TPU/MWCNT-BN composite films, which could be bent, folded, curled, and fixed into
the shape of a small windmill without obvious cracks. Meanwhile, the composite film
could withstand the pulling of 500 g without any breakages, demonstrating its application
prospects in electronic equipment.

Figure 4. (a—e) SEM images of TPU/MWCNT-BN fibers with different filler content of 0 wt%,10 wt%,
20 wt%, 30 wt%, and 40 wt%. The insets in (a—e) represent the diameter distribution of fibers.
(f) Photographs of the TPU/MWCNT-BN composite films.
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3.3. Properties of the TPU/MWCNT-BN Composite Films

Figure 5 shows the in-plane TC and out-of-plane TC of TPU/BN and TPU/MWCNT-
BN composite films with different content, respectively. From Figure 5a, pure TPU film
shows a low in-plane TC of 0.68 W m~! K~! due to phonon scattering between the inter-
faces, defects, and impurities [52]. It is evident that the introduction of BN can sharply
enhance the in-plane TC of TPU/BN composite film. Furthermore, as the BN content
increases, the in-plane TC of TPU/BN composite films shows a notably increasing tendency.
The TPU/40 BN composite film has an excellent in-plane TC of 6.04 W m~ ! K1 which
is higher than that of pure TPU. This is mainly because the BNs are mostly arranged
along the horizontal direction of the composite. In addition, it is worth noting that the
TPU/MWCNT-BN composite films exhibit higher thermal conductivity compared with
TPU/BN composite films at the same filler content, which is primarily due to the fact
that the heterogeneous MWCNT-BN is more prone to constructing continuous thermally
conductive pathways than BN. One can see that the TPU /40 MWCNT-BN composite film
shows ultrahigh in-plane TC of 7.28 W m~1 K_l, which is 20.5% higher than the TPU /40 BN
composite film. Each composite film displays a much lower out-of-plane TC, as shown
in Figure 5b. The through-plane TC of TPU/40 MWCNT-BN composite film increases to
0.54 W m~1 K~ when the mass fraction of MWCNT-BN is 40 wt%, which is 3.86 times
larger than that of pure TPU film (0.14 W m~! K~1). Similarly, the through-plane TC of
TPU/MWCNT-BN composite films is also higher than that of TPU/BN composite films,
the through-plane TC value of TPU/40 BN composite film is as high as 0.44 Wm~! K.

— (b)\o.e — - ((1)1200 g

8 MWCNT-BN [ MWCNT-BN g\/ —A— MWCNT-BN
= —‘E U:) 9004 /
g - £
1 04
e - = § / //'
o
= 2 _ £ 600{ & —
4 % = 51 /
202 2 "
=) 2 3004
2 g £
£ £
olINT BT BN T | 0
0 10 20 20 40 0 10 20 30 40 10 F‘II20 ‘ tsow 40
Filler content (wt%) (e) Filler content (wt%) (f) iller content (wt%)
18 21 -
? 9 % TEUEN —@— TPUMWCNT-BN o
Q o
154 \ ik o Es o
i = o *
154 - =
12 . ——o z6 B, s
X2 S o *
> T [odee g eeEweo
9 g,
94 s}
g
&1 -} 64 E e L[EDN
° £ mee
3 3 0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50 60
( ) BN (wt%) (h) MWCNT-BN (wt%) . Filler loading (wt%)
~ —_ -
% > -
~
~ S SO
~ !

Figure 5. (a) In-plane TC and (b) through-plane TC of TPU/BN and TPU/MWCNT—-BN com-
posite films with different filler content. (c) The in-plane TC enhancement of TPU/BN and
TPU/MWCNT-BN composite films with different filler content. (d,e) Thermal conductivity
anisotropy of TPU/BN and TPU/MWCNT—-BN composite films, respectively. (f) Comparison
of in-plane TC of TPU/MWCNT —BN composite films and other thermally conductive composite re-
ported previously. (g-i) Schematic diagram of thermally conductive pathways of TPU film, TPU/BN
composite film and TPU/MWCNT—BN composite film.

Due to the typical anisotropic feature of h-BN, the orientation of BN in the TPU matrix
can be studied by the XRD investigation, which is a vital factor in improving the TC of the
composite. The (002) plane and (100) plane of BN are assigned to the BN oriented in in-
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plane and through-plane directions, respectively. Therefore, the in-plane orientation degree
of BN in the TPU matrix can be expressed by the intensity ratio I (002)/1 (100). As presented
in Figure S10, the peak intensities of (002), (100), and (004) increase as the MWCNT-BN
content increases. The high I (002) /1 (100) peak ratio was obtained in the TPU/MWCNT-BN
composite films, indicating that the MWCNT-BN displays a well-oriented structure in the
TPU matrix because of the electrospinning and hot-pressing methods, which could greatly
enhance the in-plane TC of TPU composite films.

In addition, the TC enhancement (TCE) is calculated to compare the in-plane TC of
TPU composite films with that of pure TPU films, which is defined as follows:

TC — TC,

TCE =
TC,

1)
where TC and TCj are the in-plane TC of TPU composite films with different filler content
and pure TPU film, respectively. As shown in Figure 5c, the TCE value of TPU /40BN
composite film is as high as 778.6% when the BN content reaches 40%. In contrast, at the
same filler content, the TCE value is greatly enhanced to 959.4% for TPU/40MWCNT-BN,
indicating that the MWCNT-BN shows better TC enhancement than BN. Furthermore,
the anisotropic TC of the composite films is also studied. It is found that the in-plane
TC of TPU/BN and TPU/40MWCNT-BN is higher than that of the through-plane TC,
displaying a high anisotropic index (Al the ratio values of K|| and K1), as shown in
Figure 5d,e. This is due to the well-dispersed BN and MWCNT-BN which are highly
oriented along the in-plane direction because of the synergy effect of electrospinning and
hot pressing method, reducing the phonon scattering in this direction. Figure 5f and Table
52 summarize the previously reported in-plane TC of BN-based thermally conductive
materials. Compared with other polymer materials, TPU/MWCNT-BN composite films
exhibit considerable competitiveness. The in-plane TC of TPU/40MWCNT-BN composite
film is up to 7.28 W m~! K~!, which is greater than most thermally conductive materials
previously reported. The superior in-plane TC is due to the formation of heterostructured
MWCNT-BN hybrid fillers as well as the oriented microstructure of the composite films.
To further make sense of the possible mechanism of enhanced thermal conductivity, the
thermal conduction pathways in the fibers are graphically displayed in Figure 5g—i.

Due to the severe phonon scattering between the interfaces, defects, and impurities,
thermal conduction pathways are difficult to construct in pure TPU, which exhibits a low
value of TC. When BN is dispersed into the TPU matrix, the stacked BN in the TPU fibers
is conducive to phonon transfer, however, it is not enough to construct continuous thermal
conduction pathways. Nevertheless, heterostructured MWCNT-BN hybrid fillers more
easily form highly efficient phonon transmission pathways. Therefore, phonons can be
efficiently transported in the TPU fibers, resulting in a significantly improved TC.

The Agari model is employed to elucidate the effects of MWCNT on constructing
thermal conduction pathways in TPU composite films. Generally, the in-plane TC of
composite films can be effectively predicted by the following equation:

log K¢ = ViCalogKs + (1 — Vy)log(C1Km) (2)

where K., Ki,, and K are the TCs of the composite films, matrix, and fillers, respectively;
K¢ is the volume fraction of fillers, C; represents that the fillers influence the polymer
crystallinity; C; suggests that the ability of the fillers to form thermal conduction pathways,
0 < C, < 1. Figure 6a,b show the fitted curves of TPU/BN and TPU/MWCNT-BN compos-
ite films, respectively. It is worth noting that the obtained C, value of TPU/BN composite
films is 0.248, while a higher C; value is obtained (0.287) for TPU/MWCNT-BN composite
films, indicating that the MWCNT more easily forms efficient heat conduction pathways
(Table S3). In addition, the Foygel model is further fitted to calculate the interfacial thermal
resistances (R) of TPU composite films. The fitting curves and calculation results of the
TPU composite films are shown in Figure S11 and Table S4, and the calculation process
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is exhibited in detail in the supporting information. The interfacial thermal resistances
of TPU/BN and TPU/MWCNT-BN are 1.17 x 10° K/W and 7.43 x 10° K/W, showing a
decrease of 36.5% due to the addition of MWCNT. Therefore, the fitting results of the Foygel
model illustrate that the preparation of MWCNT-BN hybrids is conducive to reducing the
R-value of TPU composite films.

To further demonstrate the potential application of composite films as thermal man-
agement materials in electronic devices, pure TPU film, TPU/40 BN composite film, and
TPU /40 MWCNT-BN composite film with the same size are sandwiched between a light-
emitting diode (LED) chip and a heat sink, respectively (Figure 6¢). Surface temperature
variations of the LED chip with a working time of 120 s are recorded by the infrared thermal
imager. As shown in Figure 6d, the surface temperature of the LED chip on TPU/40 BN
and TPU/40 MWCNT-BN composite films increased to 79.2 °C and 76.8 °C, while that
of pure TPU film reached as high as 86.7 °C. It is worth noting that the LED chip shows
the slowest heating rate when the TPU/40 MWCNT-BN composite film is sandwiched
between an LED chip and a heat sink (Figure 6e). The infrared thermal image results also
verify a better thermal conduction ability of TPU/40 MWCNT-BN composite film than
TPU film and TPU /40 BN composite film. Therefore, the flexible TPU /40 MWCNT-BN
composite films have great potential in the field of electronic components to ensure service
life and stability.
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Figure 6. Agari model fitting curve of composite films: (a) TPU/BN and (b) TPU/MWCNT—BN.
(c) Schematic illustration of the thermal conduction in an LED bulb. (d) Surface temperature versus
time of the LED chip when TPU, TPU/40BN, and TPU/40MWCNT—BN as a heat spreader between
LED chips and the heat sink and (e) corresponding IR images.

In addition to high TC, the excellent electrical insulation property is also important for
thermal management applications to ensure the efficient operation and safety of electronic
equipment. Figure 7d shows the volume resistivity results of pure TPU, TPU/BN, and
TPU/MWCNT-BN composite films. The volume resistivity of TPU/20 BN composite film
is higher than pure TPU film, which is mainly due to the introduction of BN with ultra-high
resistivity. Nevertheless, the TPU/MWCNT-BN composite films exhibit lower volume electrical
resistivities because of the addition of MWCNT. It is found that the volume resistivity of TPU/40
MWCNT-BN composite film is as high as 2 x 102 Q-cm, which is far beyond the standard
of insulating materials (10° Q-cm). The TPU/40 MWCNT-BN composite film is connected
to an LED in series under a 3 V external voltage (Figure 512). It can be seen that the LED
lamps failed to light up when integrated with the TPU /40 MWCNT-BN composite film,
further visually proving the insulating property of the composite films. Therefore, it is

23



Polymers 2024, 16, 2139

believed that the composite films can be satisfied with the fields of high electrical insulation
requirements. The TGA curves of TPU film and TPU/MWCNT composite films are shown
in Figure S13. It is found that both the TPU film and TPU/MWCNT-BN composite films
show excellent thermal stability. Moreover, with an increasing MWCNT-BN content, the
decomposition temperatures of 10 wt% (T1g,) and 5 wt% (Tse,) are enhanced, suggesting
that the thermal stability of the composite film is increased. The mechanical properties
of TPU/MWCNT-BN composite films are characterized, and the results are shown in
Figure 7a. The tensile strength and elongation at the break of pure TPU film are 67.4 MPa
and 682.9%, respectively. It can be clearly observed that the tensile strength and elongation
at the break of composite films decrease gradually with increasing MWCNT-BN loadings
(Figure 7b,c). In general, more interfaces between the thermally conductive filler and
the polymer matrix are formed, which act as stress concentration points, leading to the
decline in the mechanical properties of composite films. A tensile strength of 25.44 MPa is
obtained when the MWCNT-BN loading is up to 40 wt%. At the same time, the composite
films maintain superior flexibility, which is also vital in the field of electric equipment and
electronic devices.
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Figure 7. (a) Tensile stress—strain curves of the TPU film and TPU/MWCNT-BN composite films.

(b) Elongation at break and (c) tensile strength of TPU/MWCNT-BN composite films. (d) Volume

resistivity of TPU, TPU/BN, and TPU/MWCNT-BN composite films.

4. Conclusions

In conclusion, heterostructured MWCNT-BN hybrid fillers were prepared via a facile
electrostatic self-assembly method, and highly thermally conductive and electrically insu-
lating TPU/MWCNT-BN composite films were successfully fabricated by electrospinning
and hot-pressing. The positively charged MWCNT was anchored on the surface of BN and
served as a bridge to connect the uncontacted BN, endowing the TPU/40 MWCNT-BN
composite film with a high in-plane TC of 7.28 W m~! K=, which is an increase of 959.4%
compared to pure TPU films. Moreover, infrared thermal images demonstrated that the
TPU /40 MWCNT-BN composite film exhibited strong heat dissipation capability for LED
lamps. Furthermore, the composite film possessed superior heat resistance, outstanding
electrical insulation properties (about 102 )-cm), and perfect flexibility, indicating that
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it can be widely used as a thermal interface material in high power density electrical
equipment and electronic devices.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /polym16152139/s1, Figure S1: Optical images of BN and
PDA-BN.; Figure S2: Lateral size statistics of BN, PDA-BN and MWCNT-BN. Figure S3: SEM image
of MWCNT-BN. Figure S4: Optical images of CNT, MWCNT and PEI-MWCNT. Figure S5: N1s XPS
core level of BN and MWCNT. Figure S6: Zeta potential of BN, PDA-BN, MWCNT, PEI-MWCNT
and MWCNT-BN. Figure S7: Optical images the fabrication process of MWCNT-BN. Figure S8:
TEM images of (a) TPU, (b) TPU /40BN and (c) TPU/40MWCNT-BN electrospun fibers, respectively.
Figure S9: Cross-sectional morphologies of the TPU/40MWCNT-BN composite film. Figure S10:
XRD patterns of TPU/MWCNT-BN composite film with different filler content. Figure S11: Foygel
model fitting curves of composite fims: (a) TPU/BN; (b) TPU/MWCNT-BN. Figure S12: Insulation
exhibition of TPU/40MWCNT-BN compsoite films. Figure S13: TGA curves of TPU/MWCNT-BN
composite film with different filler content. Table S1: Atomic weight ratio of BN, PDA-BN, MWCNT,
PEI-MWCNT and MWCNT-BN; Table S2: Comparison of in-plane TC of TPU/MWCNT-BN compos-
ite films and other thermally conductive composite reported previously. Table S3: Agari model fitting
parameters of composite films. Table S4: Foygel model fitting parameters of composite films.
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Abstract: Particle boards are manufactured through a hot pressing process using wood materials
(natural polymer materials) and adhesive, which find common usage in indoor decorative finishing
materials. Flame-retardant particleboard, crucial for fire safety in such applications, undergoes
performance analysis that includes assessing temperature distribution across its facing surface and
temperature increase on the backside surface during facade combustion, yielding critical insights into
fire scenario development. In this study, a compact flame spread apparatus is utilized to examine
the flame retardancy and combustion behavior of particle boards, with a specific emphasis on the
application of cost-effective flame retardants, encompassing aluminum hypophosphite (ALHP), an in-
tumescent flame retardant (IFR) comprising ammonium polyphosphate (APP), melamine (MEL), and
Dipentaerythritol (DPE), alongside magnesium hydroxide (MDH), and their associated combustion
characteristics. The D3ggec values, representing the vertical distance from the ignition point (IP) to
P3ppec (the temperature point at 300 °C farthest from IP), are measured using a compact temperature
distribution measurement platform. For MDH/PB, APP + MEL + DPE/PB, and ALHP/PB samples,
the respective Dsppec values of 145.79 mm, 117.81 mm, and 118.57 mm indicate reductions of 11.11%,
28.17%, and 27.71%, compared to the untreated sample’s value of 164.02 mm. The particle boards
treated with ALHP, IFR, and MDH demonstrated distinct flame-retardant mechanisms. MDH/PB
relied on the thermal decomposition of MDH to produce MgO and H,O for flame retardancy, while
APP + MEL + DPE/PB achieved flame retardancy through a cross-linked structure with char ex-
pansion, polyphosphate, and pyrophosphate during combustion. On the other hand, ALHP/PB
attained flame retardancy by reacting with wood materials and adhesives, forming a stable condensed
P-N-C structure. This study serves as a performance reference for the production of cost-effective
flame-resistant particleboards and offers a practical method for assessing its fire-resistant properties
when used as a decorative finishing material on facades in real fire situations.

Keywords: particle board; combustion performance; temperature distribution; flame-retardant mechanism

1. Introduction

Particle board (PB) is a type of engineered wood or non-wood material made from
natural polymer materials with wood shavings as its primary raw material. It can be manu-
factured with or without the use of adhesive by a process involving paving, pre-pressing,
and hot pressing to form sturdy panels. The most commonly used particle board typically
consists of three layers: two surface layers made of fine wood shavings and a core layer
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made of coarser shavings. Urea-formaldehyde resin is the prevalent adhesive used in the
production of particle board [1]. As a product of resourceful utilization, particle board
exhibits remarkable qualities, including high strength, resistance to deformation, a flat
surface, and stable physical and mechanical properties. This makes it a versatile material
widely employed in furniture manufacturing, construction, packaging, and interior decora-
tion of vehicles and ships, as well as in the production of household appliances, playing a
crucial role in addressing the serious shortage of wood resources. In Austria (Kronospan),
Canada (Norbord), China (Wanhua), and various other countries worldwide, the particle
board industry has experienced rapid growth, with production steadily increasing year
after year. Taking China as a prime example, since 2015, the particle board industry has gar-
nered unprecedented attention and experienced substantial growth, primarily fueled by the
booming custom furniture sector, indicating a promising developmental trajectory [2]. By
the end of 2020, China boasted 348 particle board production lines, capable of producing an
annual volume of 36.91 million cubic meters, contributing to the global annual production
capacity of particle board, which reached 114.3 million m?.

In recent years, there has been a surge in fires caused by highly flammable interior
decoration materials, significantly affecting people’s livelihoods and posing substantial
risks to their personal safety and property. To address this issue, relevant laws and regu-
lations impose higher requirements on the combustion performance grade of decoration
materials used in various parts of most buildings and locations. Particle board, being both
inflammable and flame-retardant, plays a critical role in fire prevention efforts. Initiating
flame retardant measures from the source material and applying them during the produc-
tion of particle board hold significant importance in preventing fires and slowing down
their spread at various building sites. By incorporating flame-retardant particle board, we
can effectively enhance fire safety and reduce the rapid propagation of fires.

Currently, research on flame-retardant particle board primarily focuses on combustion
theory [3], flame retardant mechanisms [4,5], flame retardant agents [6—10], flame retardant
treatment processes [4,11,12], and flame retardant property detection methods, among
others. Previous studies have explored various types of flame retardants for particle board,
including boron-based [7], metal-based [13], phosphonitryl [6], inorganic minerals [12],
biomass flame retardants, intumescent flame retardants [8], nano flame retardants [14], and
so on. Metal-based flame retardants are widely used in flame-retarding wood materials
due to their cost-effectiveness. [15-18]. In particular, a flame-retardant particle board was
developed using dried oil palm as the raw material, incorporating aluminum hydroxide
and magnesium hydroxide (MDH) as flame retardants, achieving limiting oxygen indices
of 28.55% and 27.95%, respectively [19]. The application of intumescent flame retardants
was initially adopted for plastic products and later extended to wood materials, yielding
improved flame retardancy results. Notably, ammonium polyphosphate (APP) intumescent
flame retardants have shown excellent performance when applied to wood-based panels,
exhibiting low heat release rates, minimal total heat release, limited smoke emission, a
high limiting oxygen index, and overall superior flame retardancy properties [20]. Fur-
thermore, aluminum hypophosphite (ALHP) is frequently employed as a plastic flame
retardant [21-25], and when adding 10 wt% ALHP to polylactic acid (PLA) in the UL-94
test, it can achieve a VO rating [26]. As for testing methods, several approaches are avail-
able to assess the flame-retardant performance of particle board, including ignitability,
smoke generation, flame propagation, thermal analysis, and more [27-29]. Nevertheless,
there remains a requirement for testing methodologies tailored to accurately discern the
surface temperature distribution and the corresponding rise in rear temperature for flame-
retardant particle board. Therefore, conducting research on the flame-retardant effects and
mechanisms of particle board treated with different flame retardants and exploring novel
flame-retardant detection methods holds great significance.
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The combustion reactions of various parts within artificial boards differ, primarily
categorized into the surface gas phase area, and materials progressing from the surface
to the interior undergo carbonization, degradation, dehydration, and heating processes,
respectively [30]. Thus, this research focuses on enhancing the flame resistance of particle
boards by incorporating various flame retardants, achieved by considering the combus-
tion behavior of artificial board materials and the properties of flame retardants in the
preparation of a series of flame-retardant particle boards. In this study, samples of flame-
retardant particle boards containing ALHP, IFR, and MDH have been prepared, and a
combination of a compact temperature distribution measurement platform and a cone
calorimeter was employed to evaluate the combustion behavior of flame-retardant particle
boards, such as temperature distribution distance, temporal back temperature variations,
heat release rate (HRR), and smoke production rate (SPR). Furthermore, a flame-retardant
mechanism in the condensed phase was proposed, drawing upon the analysis of char
residues following combustion and utilizing scanning electron microscopy (SEM), Raman
spectrometry, and X-ray photoelectron spectroscopy (XPS). This study is geared towards
offering valuable insights into the cost-effective flame-retardant mechanisms displayed
by various flame-retardant particle boards, introducing novel flame-retardant testing ap-
proaches, and supplying theoretical backing for the practical implementation of flame
retardants in wood-based materials, particularly in real fire scenarios.

2. Materials and Methods
2.1. Materials

In this experiment, wood shavings with a moisture content of 2-3% (measured in
percentage) are utilized as the primary raw material. Urea-formaldehyde resin adhesive
(UF), along with aluminum hypophosphate (Shandong Taixing New Material Co., Ltd.,
Jinan, China), DPE (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China),
APP, MEL and MDH (both from Shandong Changsheng flame retardant new material Co.,
Ltd., Dezhou, China), is incorporated into the experimental setup. The wood shavings
and urea-formaldehyde resin adhesive are sourced from Shandong Xingang Enterprise
Group Co., Ltd. (Linyi, China) Table 1 provides essential details regarding the adhesives
employed in this study.

Table 1. Urea—formaldehyde resin adhesive basic information.

Samples Solid Content (%) Viscosity (Pa-s) pH
Surface adhesive 59.2 39.2 7.7
Core layer adhesive 65.0 150.0 8.0

2.2. Manufacture of Particle Board

In this experiment, ordinary untreated and flame-retardant particle boards with a
thickness of 18 cm and a density of 675 kg/m?3 are prepared. The manufacturing process
involved weighing, glue mixing, lay-up, and hot pressing, as shown in Figure 1. The
shavings consisted of 34% on the surface and 66% in the core. The resin content is 10 wt%
on the surface and 10.5 wt% in the core. The compositions of the untreated and flame-
retardant particle boards are listed in Table 2. The hot pressing process included prepressing
at 3 MPa and room temperature for 20 s, followed by hot pressing at 175 °C and 2.5 MPa
for 8 min. The flame retardant is added in the same proportion to both the surface and
core layers of the flame-retardant particle boards. The formulations for the untreated and
flame-retardant particle boards are listed in Table 3.
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Figure 1. Schematic diagram of particle board manufacturing.
Table 2. The compositions of untreated and flame-retardant particle boards.
Surface Layer (34 wt%) Core Layer (66 wt%)
Samples Shavings (wt%) Resin (wt%) Flame Reotardant Shavings (wt%) Resin (wt%) Flame Ritardant
(Wt%) (Wt%)
Particle Board 100 10 - 100 10.5 -
MDH/PB 100 10 10 100 10.5 10
APP + MEL +
DPE/PB 100 10 10 100 10.5 10
ALHP/PB 100 10 10 100 10.5 10
Table 3. Formulations of untreated and flame-retardant particle boards.
Intumescent Flame Retardant (IFR) (wt%)
1 o, o,
Samples MDH (wt%) APP (wt%) MEL (wt%) DPE (wt%) ALHP (wt%)
Particle Board - - - - -
MDH/PB 10 - - - -
APP + MEL + DPE/PB - 5 25 25
ALHP/PB - - - - 10

2.3. Characterization

Limiting oxygen index (LOI): An oxygen index tester (JF-3, Jiangning Analysis In-
strument Company, Nanjing, China) is used for measurement. The specimen size is
120 mm x 10 mm X thickness according to ASTM D2863-17 [31].

Combustion performance: The combustion behavior of the sample is evaluated using
a cone calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) in accordance with
the ASTM E1354-17 standard [32]. The sample size is 100 mm x 100 mm X thickness. To
conduct the experiment, the samples are positioned horizontally and subjected to a heat
flux of 50 kW/m?. They are carefully wrapped in aluminum foil, leaving the upper surface
exposed to the heater. The wrapped samples are then placed on a ceramic backing board,
maintaining a distance of 35 mm from the cone base.

The distribution of the temperature: The experiment is conducted with a compact
temperature distribution measurement platform, as shown in Figure 2, with the sample
positioned perpendicular to the horizontal plane. The ignition point (IP) is defined as the
intersection of the horizontal axis line (H), situated 3 cm above the lower edge of the sample
facing the heat source, and the vertical axis line (V), passing through the center point of the
material (at a point 3 cm above the midpoint of the lower edge of the sample facing the
heat source).
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Figure 2. Schematic diagram of a small-scale temperature distribution measurement platform. 1—
infrared thermal imager, 2—tripod, 3—sample, 4—spray gun, 5—gypsum board, 6—support pedestal,
7—fixture, 8—support, 9—hand-held temperature detector.

The particle board was continuously lit, and a spray gun was employed, positioned
2.5 cm away from the ignition point. The resulting flame had a length of 10 cm. During
the experiment, an infrared thermal imager (TiX580, Fluke, Shanghai, China) is employed
to capture video footage of the facing surface, while a handheld temperature detector
(Ti100, Fluke, Shanghai, China) is utilized to photograph the backside surface, with the
experiment concluding when the maximum temperature of the backside surface reached
275 °C. The sample size in the experiment is 20 cm x 20 cm X 1.8 cm, and to prevent fire
hazards arising from the high temperatures during combustion, a piece of gypsum board
is placed underneath the support. Smart View 4.4 software is used to obtain the 300 °C
temperature point farthest from IP (P3gpec) on the facing surface of particle board and the
highest temperature point on the backside surface. The vertical distance from P3ggec to
IP (D3ggec) is calculated, and Origin 8.5 software is employed for data analysis to obtain
information such as D3pgec and the temporal evolution of backside temperature.

Physical and mechanical performance: The properties of particle board samples, in-
cluding thickness, density, internal bonding strength, surface bonding strength, modulus
of rupture (MOR), and modulus of elasticity (MOE), are determined following the guide-
lines outlined in the GB/T 17657-2013 standard [33] titled “Test methods of evaluating
the properties of wood-based panels and surface-decorated wood-based panels.” This
standard provides specific procedures and protocols for measuring and evaluating these
characteristics of particle boards.

Morphology of char residue: The char residue morphology of untreated and flame-
retardant particle boards is captured by a scanning electron microscope (Gemini SEM 300,
ZEISS, Oberkochen, Germany) equipped with an energy-dispersive X-ray (EDX) sensor.
Scanning electron microscope (SEM) samples are sputtered with gold using a SCD005
Sputter Coater from BAL-TEC(Switzerland) at a current of 40 mA for 180 s.

Raman spectrum of char residue: A Raman spectrometer (LabRAM HR Evolution,
HORIBA, Paris, France) is used to study the graphitization degree of char residue. The

excitation light source is 532 nm, and the scanning area is 504000 cm ..
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X-ray photoelectron spectroscopy (XPS) analysis of char residue: XPS analysis of char
residue is conducted using a Thermo ESCALAB 250XI (ThermoFischer, Waltham, MA,
USA), with an analysis chamber vacuum level of 4 x 10~? mbar, an Al K ray excitation
source (hv = 1486.6 eV), a working voltage of 14.6 kV, a filament current of 13.5 mA, and
signal accumulation over 20 cycles. The test pass-energy is 20 eV, the step size is 0.1 eV, and
the charge correction is performed with Cls = 284.8 eV as the combined energy standard.

3. Results
3.1. LOI Analysis

The LOI values for both untreated and flame-retardant particle boards have been
listed in Table 4. The LOI value for untreated particle board stands at 26.4, indicating a
heightened potential for fire hazards. However, when flame retardants ALHP, IFR, and
MDH are introduced individually at a 10% mass fraction, LOI values experience significant
increases, reaching 35.8, 33.7, and 29.4, respectively. These improvements mark substantial
enhancements of 35.61%, 27.65%, and 11.36% in LOI values relative to untreated particle
boards. These findings underscore the significant elevation in flame retardancy achieved
through the application of ALHP, IFR, and MDH treatments. Table 4 further demonstrates
that the most noteworthy LOI values, specifically 35.8 and 33.7, are attained with the
inclusion of phosphorus-based ALPH and IFR flame retardants. Significantly, particle board
inherently contains oxygen elements present in both the wood and urea-formaldehyde
resin adhesive, with the observed enhancement in flame retardancy attributed to their
interaction with phosphorus during combustion. Subsequent sections of this study will
provide an in-depth exploration of the underlying flame-retardant mechanisms.

Table 4. Limit oxygen index of untreated and flame-retardant particle boards.

Samples Particle Board MDH/PB APP + MEL + DPE/PB ALHP/PB
LOIL/% 264+0.1d 294+02c¢ 33.7+£0.1b 358+03a

Different letters followed the mean values, which means a significant difference at the 0.05 level (p < 0.05).

3.2. Temperature Distribution on the Facing Surface and the Temperature Rise on the
Backside Surface

The temperature distribution on the fire-facing surface and the temperature rise
on the backside of untreated and flame-retardant particle boards are investigated using
a small-scale temperature distribution experimental platform. Figure 3a illustrates the
temporal evolution of the vertical distance from P3ggoc to IP (D3g9ec) for both untreated
and flame-retardant particle boards, showing a rapid increase in D3y after ignition
followed by stabilization within distinct ranges, attributed to heat propagation from the
ignition source and thermal carbonization of the samples. For untreated particle board,
the maximum Dj3pgec was achieved at approximately 164.02 mm (3.17 min after ignition),
while the maximum Djpoc values and ignition times for MDH/PB, APP + MEL + DPE/PB,
and ALHP/PB samples are 145.79 mm (2.40 min), 117.81 mm (1.66 min), and 118.57 mm
(15.00 min), respectively. Significantly, the APP + MEL + DPE/PB samples displayed both
the lowest peak D3ppec and a narrower stable region compared to the other samples, which
can be attributed to the effective flame propagation and heat transfer inhibition of the
IFR flame retardant. While the peak D3gpcc of ALHP/PB samples ranked second only
to that of IFR-treated samples, it consistently maintained a relatively high level during
continuous ignition, indicating that ALHP is less effective than IFR flame retardants in
suppressing flame propagation during particle board combustion and highlighting the
distinct flame-retardant mechanisms of IFR and ALHP when applied to particle board.
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Figure 3. D3gpoc—Time curve (a); backside surface temperature rise curve (b); backside surface
temperature rise rate curve (c); infrared images of the fire-facing surface (d) and backside surface (e)
of untreated and flame-retardant particle boards; and digital images of char residues (f).
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Figure 3d displays infrared images depicting the maximum Dj3ggoc of the untreated and
flame-retardant particle boards. The images indicate the position of the 300 °C temperature
point farthest from the IP (P3qpec) and ignition point (IP), with the 300 °C region represented
by a light blue color. Comparing the untreated particle board with MDH/PB, APP + MEL
+ DPE/PB, and ALHP/PB, the flame-retardant variants demonstrate a reduction in the
maximum Djggec. Specifically, MDH/PB, APP + MEL + DPE/PB, and ALHP/PB samples
reduce the distance by 18.23 mm (11.11% reduction), 46.23 mm (28.17% reduction), and
45.45 mm (27.71% reduction), respectively. The digital photos in Figure 3f depict the char
residue following the combustion of the samples. In the cases of untreated particle board
and MDH/PB samples, notable ash accumulation is evident at the ignition point (IP), and
numerous cracks make the char easily detachable. In contrast, the char residues from
the APP + MEL + DPE/PB sample, featuring minimal ash content and narrower cracks
compared to other variants, effectively restrained flame spread on the approaching side
and minimized heat transfer on the backfiring side, aligning with the trends observed in
Section 3.3’s backside temperature rise curve. For ALHP/PB samples, wider combustion
residue cracks are observed, leading to a delay of up to 300 °C.

The temperature permeability of flame-retardant particle boards in the direction
of board thickness is evaluated by monitoring the temperature increase on the back-
side surface, with the experiment concluding upon reaching a temperature of 275 °C.
Figure 3b,c depict the temperature rise and temperature rise rate, respectively, of untreated
and flame-retardant particle boards under continuous ignition on the facing surface. Ac-
cording to Figure 3b, the untreated particle board reaches a backside surface temperature
of 275 °C in approximately 16.80 min, while MDH/PB, APP + MEL + DPE/PB, and
ALHP/PB attain the same temperature levels at 17.65 min, 23.43 min, and 22.13 min, re-
spectively. IFR flame-retardant particle board samples effectively extend the time to reach
275 °C on the backside surface by 6.63 min, a 39.46% increase, which is crucial for fire
emergency response.

Figure 3b illustrates four primary stages in the temperature rise over time on the
backside surface, with each stage corresponding to distinct characteristics and behaviors
that coincide with the rapid increase of D3yp-c on the fire-facing surface. The second stage
occurs near the peak of D3ggec on the fire-facing surface. The third stage signifies a relatively
stable D3ppoc on the fire-facing surface, while the fourth stage represents the primary phase
of heat penetration into the material. Data regarding the duration of each stage and
temperature rise rates, which were obtained from Figure 3¢ for both untreated and flame-
retardant particle board samples, are listed in Table 5. The APP + MEL + DPE/PB sample
exhibited the lowest temperature rise rate during the temperature rise on the backside fire
surface, primarily in the second and fourth stages. Both the APP + MEL + DPE/PB and
ALHP/PB samples exhibit longer backside surface temperature times, primarily due to
extended durations in the third stage and the fourth stage compared with the MDH /PB
sample. Figure 3e presents infrared images of the backside surface at various characteristic
points during the four stages of untreated and flame-retardant particle boards. Examining
the time-temperature thermal imaging maps corresponding to the second (3rd minute),
third (8th minute), and fourth (12th and 16th minute) stages, it can be observed that there
are differences in temperature and thermal imaging range of untreated and flame-retardant
particle boards, with the APP + MEL + DPE/PB sample having the lowest temperature
and the smallest high-temperature heat distribution range.

Table 5. Key data from the back temperature curve of untreated and flame-retardant particle boards.

Samples The First The Second The Third Stage = The Fourth Stage Temperature Rise Rate (°C/min)
Stage (min) Stage (min) (min) (min) The Second Stage  The Fourth Stage
Particle Board 1.30 + 0.08 b 345+0.23b 3,57 +0.23¢ 848 £0.59b 2711 +1.89b 61.64 £532a
MDH/PB 1.43 +0.09 ab 395+ 025a 5.02+0.32b 725+ 0.50b 2798 +£2.02b 60.16 £ 4.21a
APP + MEL + DPE/PB  1.47 £+ 0.08 a 415+023a 573 +£035a 12.08 + 0.80 a 2194 £152c¢ 35.45 +2.38Db
ALHP/PB 1.55 4+ 0.08 a 224+013c¢ 6.25 + 0.36 a 1213+ 0.85a 38.27 £2.87a 4196 +294b

Different letters followed the mean values, which means a significant difference at the 0.05 level (p < 0.05).

35



Polymers 2023, 15, 4479

3.3. Cone Calorimeter

To more explicitly demonstrate the fire risk and flammability of the particle board
samples, cone calorimetry analysis (CONE) was employed. The heat release rate (HRR) and
total release (THR) curves of the samples as a function of time are depicted in Figure 4a,b,
and the key data received from CONE are listed in Table 6. The flame-retardant particle
boards exhibit differences in ignition time (tign, 21 s) and the time of the second peak heat
release rate (tpHRRZI 750 s) compared to the untreated particle board. Specifically, APP +
MEL + DPE/PB samples show an extension to 24 s and 865 s for t;gn and t,Hrr2, respectively,
corresponding to delay rates of 14.29% and 15.33%, respectively. APP + MEL + DPE/PB
samples exhibit the most significant reduction in peak heat release rate (pHRR) and total
heat release at 800 s (THRg(s), with percentage decreases of 19.33% and 29.29% compared
with the untreated ones, respectively. It is noteworthy that the second peak in this sample
is also delayed, which is mainly due to IFR promoting the char formation of particle board
materials. APP + MEL + DPE/PB samples exhibit the highest fire performance index
(FPI) at 0.151 m?-s/kW, surpassing the untreated particle board by 41.67%, signifying
that APP + MEL + DPE/PB samples present the lowest fire risk among the three types of
flame-retardant particle boards.
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Figure 4. Heat release rates (a), total heat residual weight (b), smoke production rate (c), and total
smoke production (d), CO concentration (e), and CO, concentration (f) curves for untreated and
flame-retardant particle boards.
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Table 6. Key data from the cone calorimeter test of untreated and flame-retardant particle boards.

Samples

tign ()

tpHRR1
(s)

pHRRq toHRR2 PHRR THRgqg Residual ZFPI pSPR TSZP
(KW/m2) (s) (kW/m?) (MJ/m?2) Weight (%) (m?2 s/kW) (m2/s) (m?)

Particle Board
MDH/PB
APP + MEL + DPE/PB
ALHP/PB

21+2a
21+2a
24+2a
16+1b

65+5a
50+3b
45+ 3b
35+3c¢

197.36 £ 13.06 a 750 +£31b 151.31 £9.87a 95.48 - 10.46 a 2201 +154b 0.106 =+ 0.007 be 0.016 + 0.001 b 3.89+£026b
177.74 £11.74 ab 665 429 ¢ 14583 £ 9.63 b 86.66 +£9.42 a 2819 +1.84a 0.118 £ 0.007 b 0.012 £ 0.001 ¢ 2.82+0.18¢
159.21 +£10.25b 865+ 35a 132.32 + 8.66 b 67.51 +£7.24b 29.59 £2.07 a 0.151 £ 0.009 a 0.012 £ 0.001 ¢ 3.26 £0.23 ¢
165.74 +£10.85b 585 +24d 152.88 £ 10.09 a 83.98 +9.15 ab 3020 £2.11a 0.097 £ 0.006 ¢ 0.023 £ 0.002 a 7.82+045a

Different letters followed the mean values, which means a significant difference at the 0.05 level (p < 0.05).

Furthermore, Figure 4c,d present the smoke production rate (SPR) and total smoke
production (TSP) curves. From the figure, it is evident that the peak smoke production
rate (pSPR) and TSP values of MDH/PB are the lowest, measuring 0.012 m?/s and 2.82 m?,
respectively, suggesting that magnesium hydroxide is more effective in suppressing smoke
during wood combustion. In contrast, ALHP/PB samples exhibit notably higher pSPR and
TSP values, measuring 0.025 m? /s and 7.82 m?, respectively, which represent approximately
2.08 times and 2.77 times the values observed in the untreated particle board. The variations
in smoke production rate (SPR) and total smoke production (TSP) among flame-retardant
particle board samples can be attributed to the release of CO and CO,, a correlation
supported by the synchronization of peak CO and CO, concentrations with the peak SPR,
as depicted in Figure 4e,f. Simultaneously, it is evident that the ALHP/PB samples display
the highest pSPR and TSP values, which can be attributed to the emission of CO.

3.4. Physical and Mechanical Performance

The physical and mechanical characteristics of untreated particle board and flame-
retardant particle board are detailed in Table 7. It is evident that the incorporation of
flame retardants has led to varying degrees of reduction in the physical and mechanical
properties of the particle boards. The lower internal and surface bonding strengths of
ALHP/PB samples, in comparison to the other two flame-retardant particle boards, may
be attributed to the acidic nature of aluminum hypophosphate (pH 3-5), which affects the
crosslinking degree of the urea-formaldehyde resin dimer and, in turn, impacts bonding
strength. Additionally, ALHP exhibits poor compatibility with the substrate, infiltrating
the bonding interface between the adhesive and the unit shavings, thereby diminishing the
bonding points. In contrast, the APP + MEL + DPE/PB samples show the highest MOR
and MOE due to melamine’s presence in the extended flame-retardant system, promoting
cross-linking reactions and leading to a stronger three-dimensional network structure, thus
enhancing cohesion, rigidity, and resin bonding strength, ultimately boosting the MOR and
MOE of the sheet [34]. Remarkably, the considerably higher absorption thickness expansion
rate in MDH/PB samples, in comparison to the other two flame-retardant particle boards,
may be attributed to the inherent hydrophilic nature of the hydroxyl groups present in
magnesium hydroxide.

Table 7. Physical and mechanical data of untreated and flame-retardant particle boards.

Samples

Thickness (mm)

Internal
Bonding

Absorption
MOR MOE Thickness
Strength (MPa) (MPa) Expansion Rate
(MPa) (%)

Surface Bonding
Strength
(MPa)

Density (kg~m3)

Particle Board
MDH/PB
APP + MEL +
DPE/PB
ALHP/PB

1772+ 195a
17.77 £ 2.00 a

1770 £ 2.12a
1769+ 194 a

669.83 £+ 60.21 a 089 £0.12a 110+ 021a 1511+ 143a 2489.67 £ 290.56 a 13.54 =147 c
657.71 £58.13 a 0.57 £0.02b 0.64 £ 0.08 be 7.39+0.73Db 1757.00 £+ 167.14 b 6222 £5.38a

659.71 £ 58.31 a 0.47 £0.19b 0.67 £0.18b 10.02 £ 3.31b 1978.00 £ 401.40 bc 2224 £3.24b
654.61 +59.86 a 021 £0.02¢ 037 +£0.10c 747 £047b 1342.00 £ 100.44 ¢ 2247 £1.74b

Different letters followed the mean values, which means a significant difference at the 0.05 level (p < 0.05).

3.5. Mechanism Analysis
3.5.1. Morphology of Char Residue

Based on the above analysis, it is interesting to explore the difference in the char
residuals between untreated and flame-retardant particle boards. Figure 5 illustrates the
digital images, SEM images, and EDX spectra of the combustion residues of untreated
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and flame-retardant particle boards. As depicted in Figure 5a, the char layer of untreated
particle board appears gray after complete wood material combustion, signifying weak
char layer strength, with SEM images additionally revealing a loose and collapsed wood
fiber microstructure post-combustion. In contrast, the char layer in the MDH/PB samples
exhibited a noticeably lighter gray shade, primarily attributed to the lingering magnesium
oxide post-combustion and dehydration of MDH. Nonetheless, the char layer structure
of the MDH/PB samples is denser compared to the untreated particle board. Following
ALHP treatment, the residual char color on the flame-retardant particle boards turned
black, with a slight presence of white material on the surface. In contrast to MDH treatment,
there is a notable enhancement in the density of the char layer, and the SEM images
distinctly displayed the presence of granular material. Concerning the IFR-treated samples,
Figure 5c demonstrates a thicker char layer structure, signifying enhanced strength, with
SEM images highlighting a significant improvement in densification. According to EDX
spectrum analysis, particle boards treated with various flame retardants (MDH, IFR, and
ALHP) exhibited varying levels of characteristic elements (Mg, Al, and P/Al elements)
remaining after combustion. It is worth emphasizing that the relative atomic percentages
of Al and P in the ALHP/PB samples are relatively low, primarily due to the release of
P in the form of PHj flue gas, thereby enhancing its flame-retardant properties in the gas
phase [24]. This finding is consistent with the relatively high pSPR values observed in the
ALHP/PB samples (Figure 4c).
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Figure 5. Digital images, SEM images, and EDX spectra of char residues of untreated particle
board (a), MDH/PB (b), APP + MEL + DPE/PB (c), and ALHP/PB (d).
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3.5.2. Raman Spectrum of Char Residue

Raman spectroscopy is a widely employed technique to assess the graphitization
degree of carbon materials. In the spectra, the D band corresponds to the vibration of
disordered graphite’s sp® hybrid carbon atoms, while the G band represents the vibration
of sp? hybrid carbon atoms in a 2D hexagonal lattice [35]. The ID/IG ratio serves as an
indicator for evaluating the quality of carbon materials [36]. A lower ID/IG value indicates
a higher degree of graphitization and fewer defects. Figure 6 displays the Raman spectra of
the combustion residues from untreated and flame-retardant particle boards. The ID/IG
values for untreated particle board, MDH/PB, APP + MEL + DPE/PB, and ALHP/PB
samples are as follows: 1.16, 1.18, 0.91, and 0.95, respectively. Notably, APP + MEL +
DPE/PB exhibit the lowest ID/IG value, signifying a higher degree of graphitization and
improved char residue quality compared to ALHP/PB. Additionally, the ID/IG value
of MDH/PB is similar to that of the untreated sample, indicating that MDH does not
contribute to enhancing the quality of char residue.
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Figure 6. Raman spectra of char residues of untreated particle board (a), MDH/PB (b), APP + MEL +
DPE/PB (c), and ALHP/PB (d).

3.5.3. XPS Analysis of Char Residue

X-ray photoelectron spectroscopy (XPS) tests are conducted to analyze the chemical
structure and composition of the char layer formed by flame-retardant particle boards, and
the related results are exhibited in Figure 7. In the full survey XPS spectra of the char residue
of untreated and flame-retardant particle boards, characteristic peaks attributed to Mg 1s
(1304.9 eV), P 25 (192.25 eV), P 2p (136.31 eV), and Al 2p (76.18 eV) can be clearly observed.
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Figure 7. XPS survey spectra, X-ray photoelectron spectroscopy date, and high-resolution XPS spectra
of the char residues produced by untreated particle board (a,b,e,i;m), MDH/PB (a,b,{,j,n), APP +
MEL + DPE/PB (a—¢,g k,0), and ALHP/PB (a,b,d, h,1,p) after the CONE.

As shown in Figure 7b, compared with the content of various elements of untreated
and flame-retardant particle boards, the content of C and N in the Particle Board sample
decreased and the content of O increased, suggesting that the addition of MDH, IFR, and
ALHP played a role in protecting the matrix during combustion. The C 1s, N 1s, O 1s, and
P 2p fine spectra of the char layer are fitted by peak fitting for Particle Board, MDH/PB,
APP + MEL + DPE/PB, and ALHP/PB samples. The C 1s spectra of untreated and flame-
retardant particle board samples exhibited three fitting peaks: 284.8 eV corresponding to
C-C/C-H groups, 285.9-286.5 eV corresponding to C-O and C-N groups in the crosslinked
structure, and 288.9-289.9 eV corresponding to completely oxidized C=0 groups [37-41].
The peaks of the N 1s high resolution spectrum of untreated and flame-retardant particle
board samples at 398.2-398.7 eV and 400.3-400.9 eV are assigned to C=N and pyrrole
groups [42-44], respectively, and the content of C=N and pyrrole groups has changed, prov-
ing that the addition of flame retardant promotes the char formation of urea-formaldehyde
resin adhesive in particle board during combustion. The peaks of the O 1s high resolution
spectrum of MDH/PB samples at 532.1 eV, 533.4 eV, and 531.0 eV were assigned to C=0,
C-O, and MgO groups, proving the decomposition of Mg(OH), into MgO during combus-
tion [45—47]. C=0/P=0 and C-O/P-O groups can be found in the O 1s high resolution
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spectrum of APP + MEL + DPE/PB (531.4 eV and 533.0 eV) and ALHP/PB (531.8 eV and
533.6 eV) samples [38,45]. The P 2p spectra of APP + MEL + DPE/PB and ALHP/PB
char residue displayed two fitting peaks. The P 2p binding energy at 134.2 eV for APP +
MEL + DPE/PB char residue is attributed to P-O-P/PO?~ in cross-linked polyphosphates
and pyrophosphates [37,42,45], while 137.3 eV is attributed to P-N [48]. The P 2p bind-
ing energy for ALHP/PB char residue is attributed to P-O-P at 134.6 eV and P-N-C at
136.3 eV [49], indicating the formation of a relatively stable P-N-C structure due to the
reaction of aluminum hypophosphate with shavings and adhesives.

By analyzing the chemical composition and microstructure of char residue, the possible
flame-retardant mechanism of three cost-effective particle boards has been elucidated (as
depicted in Figure 8). Flame-retardant particle boards prepared using MDH, IFR, and
ALHP all emit CO, CO,, H;0O, and NH3 during combustion, exerting flame-retardant
effects in the gas phase. Notably, these three flame-retardant particle boards demonstrated
distinct combustion mechanisms. Mg(OH), exhibits limited reactivity with the substrate
during combustion, leading to the formation of MgO, which persists in the ash. In contrast,
the IFR compounds form a linked structure with wood and the urea-formaldehyde resin,
resulting in the production of polyphosphates, pyrophosphates, phosphorus nitrogen
compounds, etc., thereby enhancing flame-retardant performance. ALHP reacts with both
shavings and urea-formaldehyde adhesives, establishing a relatively stable P-N-C structure,
promoting char formation, and generating gaseous PHs.
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Figure 8. Schematic illustration of a flame-retardant mechanism for flame-retardant particle boards.
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4. Conclusions

In this study, we employed infrared imaging devices and other instruments to con-
struct a small-scale temperature distribution experiment platform, enhancing the combus-
tion performance testing methods for artificial board materials. IFR flame-retardant particle
board has excellent ability to inhibit temperature diffusion and extend the time it takes for
the backside temperature to rise, which is of great significance for emergency rescue work
in the event of fire accidents. The self-made temperature distribution experiments revealed
that APP + MEL + DPE/PB and ALHP/PB are more effective in reducing the maximum
Dsppec and extending the back temperature time. Specifically, the maximum temperature
diffusion distance is reduced by 46.23 mm (28.17% decrease) and 45.45 mm (27.71% de-
crease), while the back temperature time is extended by 6.63 min (39.46% extension) and
5.33 min (31.73% extension), respectively. APP + MEL + DPE/PB showed the best perfor-
mance in reducing pHRR and THRggg, with decreases of 19.33% and 29.29%, respectively.
SEM, Raman spectra, and XPS analyses revealed that MDH /PBs flame retardant mainly
depended on the thermal decomposition of Mg(OH), into MgO and H,O without char
formation. In contrast, APP + MEL + DPE/PB expanded into char, forming a cross-linked
structure with polyphosphate and pyrophosphate, while ALHP/PB reacted with particles
and adhesive to form a stable condensed-phase P-N-C structure.

This study sheds light on flame-retardant mechanisms and combustion behaviors
in various flame-resistant particleboards, providing insights for cost-effective production
and practical evaluation as decorative building facade materials, especially in real fire
scenarios. Moreover, this study’s results can guide manufacturers, architects, and builders
in selecting appropriate flame-resistant particleboards for different construction projects,
ensuring adherence to fire safety regulations, and promoting the development of safer and
more fire-resistant structures in real-world scenarios.
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Abstract: Aluminum butylmethylphosphinate AiBMP as a flame retardant and phenolphthalein as a
synergistic agent were applied in a thermoplastic polyester elastomer (TPEE)) in the current study.
The thermal properties, flame retardancy, crystallization and mechanical properties of TPEE/AiMBP
with or without phenolphthalein were investigated using various characterizations, including the
limiting oxygen index (LOI), vertical burning test (UL 94), thermogravimetric analysis TG, differential
scanning calorimetry, microcombustion calorimeter (MCC), scanning electron microscopy (SEM),
and mechanical tests. The results revealed that AiBMP alone is an efficient flame retardant of
TPEE. Adding 15 wt.% AiBMP increases the LOI value of TPEE from 20% to 36%. The formula
TPEE-15 AiBMP passed the UL 94 V-0 rating with no dripping occurring. The MCC test shows
that AiBMP depresses the heat release of TPEE. In comparison with pure TPEE, the heat release
rate at peak temperature and the heat release capacity of TPEE-15AiBMP are reduced by 46.1% and
55.5%, respectively. With the phenolphthalein added, the formula TPEE/13AiBMP/2Ph shows a
higher char yield at high temperatures (>600 °C), and the char layer is stronger and more condensed
than TPEE-15AiBMP.The tensile strength and elongation at break values of TPEE-13AiBMP-2Ph
are increased by 29.63% and 4.8% in comparison with TPEE-15AiBMP. The SEM morphology of
the fracture surface of the sample shows that phenolphthalein acts as a plasticizer to improve the
dispersion of AiBMP within the matrix. The good char charming ability of phenolphthalein itself and
improved dispersion of AiBMP make the TPEE composites achieve both satisfying flame retardancy
and high mechanical properties.

Keywords: thermoplastic polyether-ester; flame retardancy; metal phosphinate; phenolphthalein;
mechanical properties

1. Introduction

Thermoplastic polyether-ester elastomer (TPEE) is produced by combining crystalline
(hard) and amorphous (soft) segments to offer properties of a thermal set elastomer with
the processability and recycling ability of thermoplastics [1]. They exhibit exceptional
toughness, impact resistance, load-bearing capacity, and low-temperature flexibility and
are widely used in electronics and electrical appliances, communications, and automotive
industries [2,3]. TPEE has inherent flammability and serious dripping during combustion
and involves a real hazard to the users of these applications. Therefore, flame retardancy
treatment is a requirement [4,5].

Adding flame retardant additives via physical blending is an easy and economical
approach to improve the fire resistance of TPEE. Many of the commercially available
systems for the flame retardancy of TPEE consist of a halogen-containing additive and a
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synergistic agent [6]. With the strict limitation on hazardous substances released into the
environment during the disposal of electrical and election waste, the industries for these
halogen additive-based TPEEs are under pressure to change to flame retardants that are
more environmentally friendly and harmless to health [7].

Phosphorus-based flame retardants have become a hot research topic due to their
eco-friendly behaviors and efficient flame-retardant properties [8]. In addition, it has been
proved that metal components can efficiently enhance the flame retardancy of polymer com-
posites. Metal components bonded with a flame retardant’s chemical nature can strengthen
the thermal properties and flammability of polymers [9]. Moreover, different composi-
tions of metal components and the chemical nature of flame retardants demonstrated that
self-reinforced composite properties can be modified to achieve better properties [10].

The metal salt of phosphinates, with high phosphorus content, good thermal stability,
and low affinity to moisture, has been developed as an eco-friendly flame retardant in
recent years [11]. Metal phosphinates have advantages such as low water absorption, low
current leakage, and high thermal stability. They have received great attention in flame-
retardant material for the electrical and electronics (E&E) industry [6,7]. The flame-retardant
effectiveness of the metal salt of phosphinates is related to the applied polymer and is also
related to its chemical structure [12,13]. Commercial aluminum or zinc diethylphosphinate
(AlPi or ZnPi) was an effective flame retardant for polyesters [14-18] and polyamide [19]
epoxy resin [20,21]. However, AlIPi or ZnPi alone in TPEE cannot achieve satisfying
performance on fire retardancy at a dosage below 20 wt%. In addition, the mechanical
properties of TPEE are seriously damaged at the loading of the filler to meet the flame
retardancy requirement [22].

Balance among various properties such as thermal stability, mechanical properties, and
flame retardancy is very important for high-performance flame-retardant TPEE. Tuning the
performance of final materials through tailoring the structure of metal salts of the phosphi-
nate has been carried out in recent years. A series of aluminum salts, such as aluminum hy-
pophosphite [23], aluminum isobutylphosphinate [24], aluminum phenylphosphinate [25],
aluminum hydroxymethylphosphinate [26], etc., have been comprehensively investigated.

In our previous investigation, aluminum beta-carboxylethylmethylphosphinate, multi-
arm aluminum phosphinates, and amide-containing phosphinate salts with varying metal
cation and organic groups as flame retardants for epoxy, polybutylene terephthalate and
TPEE have been reported [22,27-29]. It was found that the aluminum phosphinate with a
longer alkyl group showed better compatibility and fewer negative effects on the mechani-
cal properties of EP and polybutylene terephthalate.

To achieve a required flame-retardant rank while maintaining the mechanical prop-
erties at a satisfying stand, adding a synergistic agent to reduce the dosage of the flame
retardant is a practical approach. For instance, Wang prepared an aluminum diethyl hy-
pophosphite intercalation-modified montmorillonite nano-size flame retardant (AIPi-MMT)
for TPEE. It was found that TPEE with 15 wt% AIPi-MMT exhibited better char forma-
tion and flame-retardant properties compared to those incorporating 15 wt% of AlPi or
MMT alone [30]. Compared to inorganic compounds, the organic compounds showed
better compatibility with TPEE. Some benzene or hetero-ring-rich compounds such as
novolac [31], Belta-cyclodextrin [32], and triazine-containing compounds [33] have high-
char-forming ability and good compatibility with TPEE. This is because benzene is a key
component of residual charring, and benzene-rich compounds can effectively improve the
charring performance of composites, thereby enhancing flame retardancy. For instance,
Wang synthesized the triazine-based hyper-branched charring agent (CDS) as a char agent
for TPEE/aluminum diethlyphosphinate flame-resistant composites. The results showed
that the CDS, which could inhibit the melt dropping, improved the fire retardancy and
mechanical properties [34]. Wu's group reported a triazine-boron flame retardant (CPB).
The CPB can improve the overall residual carbon performance of the material. When only
20% CPB is added, the TPEE composite achieves a high LOI value of 30.2% and passes the
UL 94 V-0 rating [35].
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In this work, aluminum butylmethylphosphinate (AiBMP), which has a chemical
structure different from aluminum diethylphosphinate, was applied in the TPEE. AiBMP
is a highly efficient flame retardant for TPEE. With 15 wt% AiBMP added, TPEE passed
the UL 94 V-0 ranking with the LOI, improving from 20% to 36%. Phenolphthalein (Ph),
a benzene-rich compound, was chosen as the additive combing with AiBMP to enhance
the mechanical properties of TPEE. The advantages of phenolphthalein were identified by
comparing the properties of TPEE/AiBMP/Ph and TPEE/AiBMP at the fixed filler loading.

2. Experimental Section
2.1. Materials

Thermoplastic elastomer (TPEE, hardness: 55D, melt flow index: 8.6 g/10 min at
flowing rate of 2.16 kg at 220 °C, density: 1.17 g/cm?®) was provided by Haiso Plastics Co.,
Ltd. (Wuhan, China). Aluminum butylmethylphosphinate (AiBMP) with a purity above
98% was provided by Zhenghao Chemical Ltd. (Wuhan, China). Phenolphthalein (Ph) is
a chemical reagent that was purchased from Guoyao Chemical Ltd. (Tianjin, China) and
used as received.

2.2. Sample Preparation

TPEE pellets were melt-blended with additives using an XK-160 twin-screw internal
mixture (Changzhou, Jiangsu, China) at 220 °C for 20 min with a screw speed of 120 rpm.
The resulting mixture was then hot-pressed at 225 °C for 5 min under 10 MPa for a sheet of
suitable thickness and size for further measurements. The neat TPEE used as a standard
was treated in the same way. The composition of the formulations is shown in Table 1.

Table 1. Formula of the flame-retardant TPEE.

Sample TPEE (wt%) AilBMP (wt%) Ph (wt%) LOI (%) ULY4 Rating Dripping
TPEE 100 0 0 20 - yes
TPEE-10AiBMP 90 10 0 29 V-1 yes
TPEE-15AiBMP 85 15 0 36 V-0 no
TPEE-13AiBMP-2Ph 85 13 2 35 V-0 no
TPEE-11AiBMP-4Ph 85 11 4 33 V-1 yes

2.3. Measurements

FTIR was recorded on a Tensor 27 Bruker spectrometer (Bruker, Karlsruhe, German)
with KBr powder.

Thermogravimetric analysis (TG) was carried out with a TSDT Q600 spectrometer
(TA, New Castle, DE, USA) thermogravimetric analyzer. A sample of about 10 mg was
heated in an alumina pan from 30 °C to 700 °C at a linear heating rate of 20 °C/min in the
nitrogen atmosphere.

Limiting oxygen index (LOI) measurements were taken using an HC-2-type instrum
ent (Jiangning Analytical Instrument Factory, Nanjing, China) in accordance with ASTM
D2863-97. The dimensions of the sample were 100 x 6.5 x 3 mm?3, and five samples were
carried out in the LOI test.

UL 94 vertical burning tests were conducted on a CZF-3 instrument (Jiangning Analyt-
ical Instrument Factory, Nanjing, China). The test was measured according to the vertical
burning test standard ASTM D3801. The dimensions of the sample were 100 x 13 x 3 mm?,
and three samples were carried out in the UL 94 test.

The heat release rate (HRR) and total heat release (THR) were measured in an MCC-2
microcombustion calorimeter (MCC) (Govmark Organization Inc., Farmingdale, NY, USA);
samples of about 5-7 mg were heated in alumina pans from 40 °C to 700 °C at a heating
rate of 1 °C/s. The flow rate of N and O, was 80 mL/min and 20 mL/min, respectively.
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Differential scanning calorimetry (DSC) measurements were carried out on a TA DSC-
Q20 (Waltham, MA, USA) at a heating rate of 10 °C/min in N The flow rate of N, was
50 mL/min.

Scanning electron microscopy (SEM) measurements were conducted using a Philips
XL-40 instrument with a voltage of 15 kV. The sample was adhibitted on the copper plate.

X-ray diffraction (XRD) measurements were performed with an X-ray diffractometer
(X'Pert Powder PANalytical, Almelo, The Netherlands) with CuKa radiation (1.5418 A)ata
scanning rate (20) of 5°/min. An X-ray fluorescent spectroscopy (XRF) measurement was
conducted with a ZSX Primus II (Rigaku, Tokyo, Japan) XRF spectrometer with a 35 kV
Rhanode tube.

The tensile strength and elongation of all specimens were measured by a Reger me-
chanical instrument (SUNS Company, Shenzhen, China) at a speed of 200 mm min~!
according to ASTM D412 standards, and five samples were conducted in the tensile test.

3. Results and Discussion
3.1. Characterization of AiBMP

Figure 1a presents the XRD spectrum of AiBMP. There are peaks at delta 8.1°, 14.0°,
21.5° and 28°, indicating how AiBMP exhibits a crystal structure. The composition of
AiBMP was further analyzed with XRF, as shown in Figure 1b. Al is 21.72 wt%, and P is
72.28 wt%; the atomic ratio of P to Al is 3.13:1 (the calculated value is 3:1).
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Figure 1. (a) XRD spectra, (b)XRF, (c) morphology and (d) FTIR spectra of AiBMP.
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The SEM images of as-obtained AiBMP are shown in Figure 1c. AiBMP particles
have an oval rod-like morphology with a length of about 50 um, and rod-like AiBMP is
composed of layers. The FTIR spectrum of AiBMP is shown in Figure 1d. The absorption
peaks of about 3000-2800 ecm~! and 1462 em™1, 803 cm~!, and 758 cm ™! are attributed to
CHj3 and CH2. The peak at 1288 cm ! is for P-CHj3. Other absorption peaks are 1150 cm ™!
(P=0), 1080 cm~! (P-O), and 882 cm ! (Al-O) [23].

3.2. Combustion Characteristics: LOI, UL94, and MCC

The flame retardant properties of TPEE composites are studied using the LOI and
UL94 vertical burning test, the results are presented in Table 1. TPEE is easily ignited,
releasing smoke and serious flammable dripping The AiBMP is a very efficient flame
retardant for TPEE. Adding 10 wt% AiBMP allows the LOI value of TPEE to increase from
20% to 29%. The sample TPEE-10 AiBMP was extinguished within 10 s after the first and
second ignition. As the AiBMP content increased to 15 wt%, the LOI of TPEE-15AiBMP
reached 36% with the V-0 rating achieved, and no dripping occurred during burning.
Adding phenolphthalein has little influence on the fire-resistant properties of TPEE/AiBMP
at low dosage (2 wt%). The LOI value of TPEE/TPEE-13AiBMP-2Ph is 35%, and the sample
passed the V-0 rating. As the dosage of phenolphthalein increased to 4 wt%, LOI values of
the samples TPEE-11AiBMP-4Ph reduced to 33%. The melt dripping was observed after
the second ignition.

Figure 2 shows the heat release rate variation in samples with temperatures investi-
gated with MCC. Data such as the peak of the heat release rate (PHRR), the temperature of
PHRR (Tpurr), and the total heat release (THR) are presented in Table 2. Adding AiBMP
reduces the PHRR and THR of the TPEE greatly. For instance, the PHRR and THR values
of TPEE-15AiBMP were reduced by 55.5% and 14.57%, respectively, compared to the TPEE.
In addition, the Tpyrr of TPEE containing AiBMP shifted slightly to a lower temperature
due to the catalytic effect of AiBMP. When the total filler loading was kept at 15 wt%,
the AiBMP was partially replaced with phenolphthalein; the PHRR, THR and Tpygrgr of
TPEE-13AiBMP-2Ph was close to that of TPEE-15AiBMP, while the THR and PHRR of
TPEE-11AiBMP-4Ph increased to 23.9 k] /g and 591.9 W/g, respectively. The above results
indicate that phenolphthalein shows a negative effect on the heat release of TPEE at a high
dosage (4 wt%).
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Figure 2. Heat release rate vs. temperature of samples.
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Table 2. MCC data of the samples.
Sample PHRR (W/g) THR (k]J/g) Tpurr (°C)
TPEE 1150.4 24.7 417.7
TPEE-10AiBMP 588.1 22.3 402.7
TPEE-15AiBMP 511.9 21.2 403.4
TPEE-13AiBMP-2Ph 513.6 20.9 390.1
TPEE-11AiBMP-4Ph 591.9 23.8 407.4
3.3. Thermal Decomposition Behaviors
Figure 3 presents the TG-DTG curves of TPEE, phenolphthalein, AiBMP, and TPEE
composites in Ny. Detailed data, including temperature at 5% weight loss (Ts9,), the maxi-
mum rate degradation temperature (Tmax), the maximum decomposition rate (DTGmax),
and char yields at 700 °C are summarized in Table 3. AiBMP is a highly thermal sta-
ble compound with Tse, 418.1 °C, Tmax 486.1 °C, and residues of about 27.6% at 700 °C.
Phenolphthalein decomposes very slowly. The residues of 35.4% are retained at 700 °C,
demonstrating that phenolphthalein is a good char-forming agent. TPEE starts to lose
weight at 373.2 °C with Tmax 407.1 °C. It decomposes very fast and loses almost all of its
weight before 420 °C.
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Figure 3. (a) TG and (b) DTG curves of TPEE, phenolphthalein and AiBMP in Nj. (¢) TG and (d) DTG

curves of TPEE composites in Nj. (¢/) TG curves of TPEE composites between 500-700 °C in Ny, (d’)
DTG curves of TPEE composites between 300-450 °C in Nj.
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Table 3. TG-DTG data of the samples in Nj.

Sample Ts59, (°C) Tmax (°C) DTGmax (%/°C) Residues at 700 °C (%)
TPEE 373.2 407.1 2.58 4.30
AiBMP 418.1 486.1 1.86 26.0
phenolphthalein 323.4 375.8 0.78 35.4
TPEE-10AiBMP 348.7 400.3 1.93 5.91
TPEE-15AiBMP 357.8 402.8 1.90 10.7
TPEE-13AiBMP-2Ph 363.1 407 .4 2.21 11.2
TPEE-11AiBMP-4Ph 361.2 405.5 2.37 11.2

With AiBMP added, the Tsq, shifts to a lower temperature because of the catalytic effect
of aluminum cation. The TPEE contains the ester group. It is well known that the thermal
degradation of the polyester is easier when processed by the acid catalyst. AiBMP is a Lewis
acid; it can accelerate the degradation of the TPEE in the early stage. The catalytic effect
of the metal/organic complex has been reported in the literature [18,19,22,23]. However,
the addition of AiBMP reduces the decomposition rate and improves the char yield of the
TPEE. For instance, the DTGpax of TPEE is 2.58%/°C with a char yield of 4.3% at 700 °C.
The DTGmax of TPEE-10AiBMP is 1.93%/°C, and the char yield is 5.94% at 700 °C. In the
case of TPEE-15AiBMP, the DTGax further reduced to 1.90%, and a char yield as high as
10.65 was achieved. Incorporating phenolphthalein increases the Tse, of the composites.
The reason for this is that the phenol group of phenolphthalein as inhibitors decrease the
activity of the free radical. Subsequently, the decomposition of TPEE/AiBMP /Ph moves
to a higher temperature. In addition, the char residues of TPEE-13AiBMP-2Ph are higher
than TPEE-15AiBMP. However, the DTGax of TPEE-11AiBMP-4Ph increases, and the char
yield is almost unchanged, with the dosage of phenolphthalein increasing to 4 wt%.

3.4. Residue Characterization

Figure 4 presents the digital and SEM photographs of the residues of TPEE (a), TPEE-
15AiBMP (Figure 4b), and TPEE-13AiBMP-2Ph (c) collected by heating samples at 500 °C
for 3 min in a muffle oven under a nitrogen atmosphere. The residues of TPEE are loose
and composed of tiny ashes. The residues of TPEE-15AiBMP are smoother and condense
with cracks and holes on the surface. SEM photo shows holes of about 3-8 um in size. The
holes that arise are volatile during combustion. In addition, lots of micro-spheres are seen
in the residues of TPEE-15AiBMP under SEM. The micro-spheres are formed by molten
TPEE covering AiBMP residues. The micro-spheres are a barrier to hinders TPEE’s flow.
The surface of TPEE-13AiBMP-2Ph residues is very condensed, smooth, and brilliantly
black. A few tiny micro-spheres are found on the surface under SEM. The results from
Figure 4 show that AiBMP acts in both the gas and condensed phases. The phenolphthalein
acts mainly in the condensed phase by constituting a continuous barrier to prevent or slow
down the diffusion of molten TPEE and volatile.

Figure 5 shows the heating and later cooling of the samples recorded using DSC. The
crystallization temperature (Tc) and enthalpy (AHc) during cooling are listed in Table 4.
The Tc of TPEE is 145 °C, and the Tc of TPEE/AiBMP composites moves to around 155 °C.
The reason for this is that the AiBMP particles function as a nucleation agent to inhibit
super-cooling; later, the chain-folding occurs at a higher temperature.

Table 4. Data from DSC curves of the samples.

Sample Tc (°C) AHc (J/g)
TPEE 145.0 82.2
TPEE-10AiBMP 154.0 87.7
TPEE-15AiBMP 155.8 50.2
TPEE-13AiBMP-2Ph 155.6 9.1
TPEE-11AiBMP-4Ph 155.1 10.3
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Figure 4. SEM (upper) and digital photos (bottom) of the residues TPEE (a), TPEE-15AiBMP (b) and
TPEE-13AiBMP-2Ph (c) obtained by heating samples at 500 °C for 5 min.

Exo —»

= TPEE

= TPEE-10AiBMP
=== TPEE-15AIBMP

= TPEE-13AIBMP-2Ph
= TPEE-11AiBMP-4Ph

Heat flow rate(mW/g)

50 100 150 200 250

Temperature (°C)
Figure 5. DSC curves of heating and subsequent cooling for samples.

The AHc value is the degree of crystallinity. The higher AHc value indicates increased
crystallinity. The AHc value of TPEE is 82.8 ] /g. The AHc values of TPEE-10AiBMP and
PEE-15AiBMP are 87.7 J /g and 50.2 ] /g, respectively. The reason for this is that AiBMP
particles act as a nucleation agent at low dosage (10 wt%) and promote the crystallization of
TPEE, while the AiIMBP particles dilute the local concentration of the TPEE at a high dosage
(15 wt%) and retard the chain folding. As phenolphthalein was added, the huge benzene
group of phenolphthalein, as well as hydrogen bonding between the phenolphthalein and
TPEE, constrained the chain movement and results of the degree of decreasing crystallinity.
Subsequently, the AHc values of TPEE-13AiBMP-2Ph and TPEE-11AiBMP-4Ph reduced to

9.6]/gand 10.3]/g.

3.5. Mechanical Properties
The tensile properties of TPEE composites are shown in Figure 6, The tensile strength
and elongation at breaking both decrease with increasing the loading of AiMBP and then
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increase with the addition of phenolphthalein. For instance, the tensile strength and
elongation at break of TPEE-15AiBMP were reduced by 53.0% and 42.8%, respectively,
compared to the TPEE. Similar results were reported in a previous study. The reason
corresponds to the poor compatibility between TPEE and AiBMP, leading to discontinuities
at the particle/matrix interface.
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Figure 6. Tensile properties of samples at a crosshead speed of 25 mm /min.

Adding phenolphthalein improved the mechanical properties of composites. For
instance, the tensile strength and elongation at break TPEE/13AiBMP/2Ph composites
increased by 29.63% and 4.8%, respectively, in comparison to TPEE-15AiBMP. The enhance-
ment in tensile properties resulted from the improved compatibility of phenolphthalein
and the decreased mass fraction of AiBMP.

Figure 7 presents the SEM photos of the fractured cross-section of the samples after the
tensile test. The AiBMP rods are not found in the matrix because they are wrapped by the
matrix. There are lots of white irregular wrinkles on the surface of TPEE-15AiBMP. Many
dimples are seen on the surface of TPEE-13AiBMP-2Ph. Generally, breaking often occurs
at the interface of the hard filler and the polymer matrix. These wrinkles are caused by
the dilute deformation of the polymer near the AiBMP surface. Proportionally, substantial
amounts of energy are needed to induce dilute deformation. The dimples are denser and
smaller on the surface of TPEE-13AiBMP-2Ph than that of TPEE-15AiBMP, showing how
phenolphthalein enhances the interface adhesion between AiBMP and TPEE.
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Figure 7. SEM images of fractured surface for TPEE (a), TPEE-15AiBMP (b) and TPEE-13AiBMP-
2Ph (c).
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4. Conclusions

In this study, a novel aluminum salt of organic phosphinate AiBMP as the main
flame retardant and benzine-rich compound phenolphthalein as the synergistic agent were
applied as the flame retardants of TPEE. The results found that AiBMP alone is an efficient
flame retardant of TPEE. The TPEE containing 15 wt% AiBMP passed the UL 94 V-0 rating
and achieved a high LOI value of 30.2%. TG analysis showed how the addition of AiBMP
reduced the decomposition rate and improved the char yield of the TPEE. Results from the
SEM of residues indicate that AiBMP acts in both gas and condensed phases.

Phenolphthalein exhibits an impressive enhancement in mechanical properties of
TPEE. When the total filler loading is kept at 15 wt%, the tensile strength and elongation of
the sample TPEE-13AiBMP-2Ph increased by 29.63% and 4.8%, respectively, in comparison
to the TPEE-15AiBMP and flame-retardant properties of TPEE. The plasticizing effect
of phenolphthalein and the uniform dispersion of AiBMP are the main reasons for the
improved tensile strength and high retention of the elongation at the breaking of TPEE-
13AiBMP-2Ph.

Moreover, the benzene-rich structure of phenolphthalein endows good char formation
and enhances flame retardancy in the solid phase. TG results showed that the char yield of
TPEE-13AiBMP-2Ph at 700 °C improved by 0.5% compared to that of TPEE-15AiBMP. SEM
morphology indicated that the surface of TPEE-13AiBMP-2Ph residues is more condensed
and smoother than that of TPEE-15AiBMP.

With the development and popularization of electric vehicles, corresponding charging
facilities with high insulation and safety are required. The AiBMP and phenolphthalein-
based flame retardant TPEE have potential applications as a charging cable and pile. In
future work, we aim to evaluate the hydrolysis resistance and electrical properties of
TPEE/AiBMP/Ph composites under a high-voltage environment.
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Abstract: Polycarbonate/acrylonitrile butadiene styrene (PC/ABS) blends are widely used as engi-
neering plastic alloys; however, they have a low fire safety level. To improve the flame-retardant
property of PC/ABS, a zirconium-based metal-organic framework material (UiO-66) was synthesized
with zirconium chloride and terephthalic acid and used as a flame-retardant cooperative agent. Its
flame-retardant performance and mode of action in the PC/ABS blends were carefully investigated.
The results showed that UiO-66 had good thermal stability and delayed the pyrolysis of the materials,
thus significantly enhancing the efficiency of intumescent flame retardants. By compounding 7.0 wt%
hexaphenyloxy-cyclotri-phosphazene (HPCTP) with 3.0 wt% UiO-66, the PC/ABS blends reached a
limiting oxygen index value of 27.0% and V0 rating in the UL-94 test, showing significantly improved
resistance to combustion dripping. In addition, UiO-66 enhanced the smoke and heat suppression
characteristics of the intumescent flame-retardant materials. Finally, the flame-retardant mode of
action in the blends was indicative of UiO-66 having a cooperative effect on the flame-retardant
performance of PC/ABS/HPCTP materials. This work provides good ideas for further development
of the flame-retardant ABS/PC.

Keywords: metal-organic framework; flame retardance; cooperative effect; PC/ABS

1. Introduction

Polycarbonate (PC)/acrylonitrile butadiene styrene (ABS) is a typical polymer blend
made of PC and ABS resin. PC confers strength and a high heat-deflection temperature,
whereas ABS possesses an easy processing ability and is cheap [1,2]. Thus, PC/ABS has
become one of the most widely used plastics in the electrical and electronics industries [3].
However, it is easily ignited in the air. To expand its flame retardancy application in au-
tomotive parts, 5G communication equipment, and household appliances, it is, therefore,
necessary to improve the flame-retardant properties of PC/ABS. Various kinds of flame
retardants have been used in the PC/ABS. For example, phosphazene compounds are
known for releasing less smoke and having a lower toxicity than other phosphorus com-
pounds when burning, making them environmentally friendly flame retardants [4]. Partic-
ularly, hexaphenyloxy-cyclotri-phosphazene (HPCTP) provides flame-retardant properties
through condensed and partial gas-phase mechanisms. For example, the phosphonitrile-
triazine bis-alkyl flame retardant (A3) with an aniline end-group could form a more com-
plete and dense char layer when PC burnt and released PO- to act as a flame retardant in
the gas phase [5]. It was also reported that the aromatic polyimide (API) charging agent
could fill in the toughness gap of HPCTP and then enhance the flame-retardant properties
of PC, acting as a co-efficient flame retardant to improve notched impact properties [6].
During combustion, HPCTP decomposes into phosphoric acid, polyphosphoric acid, and
N, non-flammable gases. This promotes the dehydration of PC/ABS into a carbonaceous
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char that expands to form an intumescent char layer, thus inhibiting heat transfer and oxy-
gen access [7]. However, many previous studies have shown that HPCTP has a relatively
low flame-retardant efficiency, requiring the addition of 15 parts of cooperative agents
to achieve a UL94 VO rating [4,8]. Therefore, there is an urgent need to develop a new
flame-retardant cooperative agent to modify the intumescent flame-retardant properties
of HPCTP.

Metal-organic frameworks (MOFs) are a class of porous crystalline materials formed
via the coordination between metal ions or clusters and organic ligands. Compared to tra-
ditional inorganic porous materials, MOFs have distinct advantages such as high porosity,
tunable pore sizes and topologies, organic-inorganic hybrid properties, and the natural
coexistence of metallic and heteroatoms. Thus, they have a wide range of applications,
such as for smart sensors [9], gas storage [10], CO, fixation [11], and are commonly re-
ferred to as “versatile materials”. For example, carboxyl-substituted porphyrin derivatives
were successfully synthesized via MOFs materials (UiO-66 and UiO-67) [12], and they
contributed to the development of porphyrin-based functional materials. In recent years,
MOFs have gained increasing attention as emerging flame retardants. Owing to their
natural porous structure, tunable and modifiable characteristics, and rich metallic compo-
nents, MOFs are beneficial for enhancing the fire safety performance of polymers. In 2008,
researchers reported the successful and reproducible synthesis of a new zirconium-based
MOF named UiO-66, which comprises zirconium clusters and organic ligands with the
molecular formula [ZrsO4(OH)4Lg]n, where L represents linear dicarboxylic acid ligand [13].
However, scholars have found broad diffraction peaks in XRD patterns, indicating low
crystallinity [14,15]. It implied that the synthesis of UiO-66 could be regulated with acetic
acid to improve its regularity and particle size [16], thereby significantly enhancing the
success rate of synthesis. In 2019, zirconium-based MOFs (Zr-BDC) were used to improve
the fire safety performance of PC, increasing the time to ignition (TTI) and reducing fire
hazards [17]. The addition of 4 wt% Zr-BDC allowed PC to achieve a UL-94 VO rating,
conferring PC with a better char-forming ability (catalytic charring) and smoke suppres-
sion property during pyrolysis, which are necessary for personnel evacuation and rescue
measures. However, there are only a few reports on their application in PC/ABS blends.

In this work, a flame retardant with zirconium-based metal-organic frameworks
(MOFs) was synthesized to enhance the flame-retardant properties of PC/ABS. First, MOFs
(UiO-66) was synthesized by ZrsO4(OH),4 clusters and 1,4-benzenedicarboxylate ligands.
Then, a small amount of UiO-66 combined with HPCTP was melt-blended with PC/ABS
to produce the intumescent flame-retardant material, termed UiO-66@HPCTP@PC/ABS.
Finally, the structures of the UiO-66 samples was characterized, and their flame-retardant
properties and flame-retardant mode of action in the blends were studied carefully. This
work presents a highly efficient flame-retardant cooperative agent for the development of
high-performance flame-retardant plastics.

2. Experimental Section
2.1. Materials

PC (injection grade, QiMei Company, Taiwan), ABS (injection grade, QiMei Company,
Taiwan, China), zirconium chloride (98% ZrCly, Shanghai Aladdin Biochemical Company,
Shanghai, China), terephthalic acid (99% TPA, Shandong Yusuo Chemical Technology
Co., Ltd., Heze, China), hexaphenyloxy-cyclotri-phosphazene (99% HPCTP, Jinan Sino
New Material Technology Co., Ltd., Heze, China), N,N-dimethylformamide (99.5% DMF,
Shanghai Aladdin Biochemical Company, Shanghai, China), ethanol (99% EtOH, Shanghai
Aladdin Biochemical Company, Shanghai, China), and acetic acid (99.8% EtOH, Shanghai
Aladdin Biochemical Company, Shanghai, China) were used without further purification
for the experiments.
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2.2. Synthesis of UiO-66

The synthetic route of UiO-66 is presented in Figure 1, and the 3D /2D structure is
shown in Figure S1. First, 1.98 g ZrCly and 1.76 g TPA were dissolved in 150 mL anhydrous
DME, followed by sonication for 20 min. Then, 4 mL of acetic acid was added, followed by
sonication for 10 min. The solution was transferred to a blue bottle and placed into a 120 °C
electric blast drying chamber. After solvent removal for 36 h, the powder was cooled down
to 25 °C, centrifuged at 6000 rpm for 15 min to filter the white precipitate, and washed
with DMF and ethanol three times. Finally, UiO-66 was obtained after drying in an 85 °C
constant-temperature vacuum drying oven for 36 h.

HO (0]

Acetic Acid, DMF
+ ZrCly S 0oCi36n, ultra sonication \B
, ultra sonication V

(0] OH
Figure 1. Synthetic route of UiO-66.

2.3. Synthesis of UiO-66@HPCTP@PC/ABS

The PC/ABS flame-retardant materials (UiO-66@HPCTP@PC/ABS) were prepared by
melt blending and a twin-screw extrusion. The components and ratios of samples are shown
in Table 1. First, PC and ABS resins were weighed and mixed (70:30) and dried in a 70 °C
electric heating blast drying oven for 4 h. Then, specified amounts of HPCTP and UiO-66
were added to PC and ABS, according to Table 1. After all components were mixed evenly,
the materials were added to a twin-screw extruder. The temperature of each zone in the
twin-screw extruder was set at 210, 220, 230, 240, 250, 250, 250, 245, and 245 °C, and the
screw speed was set to 15~20 rpm. After melt blending, pellets were prepared in the pelleting
machine and further dried in an electric blast drying box at 70 °C for 4 h. The test specimens
were injected according to the GB/T 17037.1-1997 standard or GB/T 9341-2008 [18,19]. The
injection temperature was 230 °C, and the injection pressure was 90 MPa.

Table 1. Composition of flame-retardant PC/ABS blends.

Sample PC/ABS (wt%) HPCTP (wt%) UiO-66 (wt%)

PC/ABS 70:30 0 0
HP-3.5 70:30 3.5 0
HP-7.0 70:30 7.0 0

HP-10.5 70:30 10.5 0
U-1.5 70:30 0 15
U-3.0 70:30 0 3
U-4.5 70:30 0 4.5
HPU-1 70:30 7.0 1
HPU-2 70:30 7.0 2
HPU-3 70:30 7.0 3

2.4. Characterizations

FT-IR spectroscopy was conducted on a Nicolet 6700 infrared spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), with a scanning speed of 4 cm~! and scanning range
of 4000-500 cm~!. The attenuated total reflection (ATR) mode and the KBr pressurization
method was used to measure the samples.

X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos Axis Ultra DLD
XPS instrument from Shimadzu Corporation. The powder was cut into a 5 mm x 4 mm
sample. The chemical states of Cls, Zr 3d, P 2p, and Ols, among others, were determined
by scanning the sample surface.
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SEM was conducted using a scanning electron microscope (NGB 4-DXS-10AC, Nanjing
Grand Technology Co., Ltd., Nanjing, China). The sample was broken in liquid nitrogen
and was adhered to the powder sample.

Differential scanning calorimetry (DSC) curves were recorded using a DSC 25 cell (TA
Instrument, New Castle, DE, USA) with a nitrogen protection of 40 mL/min. Approxi-
mately 5-10 mg was dried in an 85 °C electric thermostatic drying oven for 2 h and pressed
into an aluminum crucible tablet.

The TG and DTG curves were obtained using the TGA 55 (TA Instrument, New Castle,
DE, USA) at a flow rate of 50 mL/min in a nitrogen atmosphere. The heating rate was
10 °C/min, and the temperature range varied from room temperature to 800 °C.

A vertical burning test was performed to measure flame-retardant performance. Each
sample was analyzed three times, and the average of the three readings was used to
determine its corresponding flame-retardant level.

The limiting oxygen index (LOI) was determined using a JF-3 oxygen index instrument
(Shenzhen, China) according to standard GB/T 2406.2-2009 [20], with specimen dimensions
of 150 mm x 4 mm x 10 mm.

The CCT was conducted using a British FIT cone calorimeter, according to ISO5660-1
and ASTM D7309 standards [21,22], with an irradiance power of 50 kW /m? and sample
dimensions of 100 mm x 100 mm X 3 mm.

The fire growth index (FGI) was used to evaluate the fire safety performance of
materials. FGI was calculated as the ratio of PHRR to HRR, with a lower value indicating
that the material takes less time to reach a state of intense combustion, thus presenting a
lower fire hazard.

Raman spectroscopy was performed using a Laser Confocal Microscope Raman Spec-
trometer (INVIA, RENISHAW, London, England). The excitation source was a 514.5 nm
argon ion laser. The experiments were performed at 25 °C and tested at a scanning range
of 500~2500 cm ™.

TG-IR was performed on an FI-IR spectrometer (SPECTRUM TWO, PerkinElmer, MA,
USA) equipped with a TGA analyzer (TGA 4000, PerkinElmer, MA, USA) through a heat
transfer line, allowing for in situ characterization of decomposition products with a spectral
resolution of 4 cm~! and a scanning interval of 2.23 s.

XRD spectroscopy was performed on an X-ray diffractometer (Miniflex600, Rigaku,
Tokyo, Japan), with a scanning speed of 10° /min and a scanning range of 5° to 70°.

3. Results and Discussion
3.1. Preparation of UiO-66

Infrared spectroscopy was used to characterize the synthesized UiO-66 and the selected
flame retardant of HPCTP. As shown in the FI-IR spectra in Figure 2a, the asymmetric
stretching vibration of Zr-(OC) appears at 669 cm ™. The absorption peaks at 1017 cm ! and
1507 cm~! confirm the coordination of terephthalic acid ligands with Zr. The peaks near
1405 cm~! and 1560 cm ! belong to the symmetric and asymmetric vibration peaks of O-C-
O in terephthalic acid ligands, respectively. The absorption at the range of 3200~3600 cm ™
features the characteristic peak of an O-H stretching vibration, indicating the successful
synthesis of UiO-66 [23]. In the FI-IR spectrum of HPCTP, the characteristic peak for the
stretching vibration of unsaturated =C-H in the benzene ring is observed at 3060 cm™!.
The peaks at 1589 cm ™! and 1487 cm ! belong to the characteristic peaks of the benzene
ring’s skeletal vibration, indicating the presence of a benzene ring structure. The peaks at
1270 cm~! and 1181 cm ™! belong to the P=N stretching vibration of cyclic triphosphazene,
and the characteristic absorption peak at 954 cm~! represents P-O-C. These results are
consistent with previous reports [24].

In the XRD spectra, the main diffraction peaks of UiO-66 are essentially consistent with
those of simulated UiO-66. There are distinct sharp peaks at 7.38°, 8.52°, 12.06°, 14.15°, and
14.78°, corresponding to the (111), (200), (220), (311), and (222) crystal planes, respectively.
These results confirm the successful synthesis of UiO-66 [25]. Moreover, HPCTP has a high
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degree of crystallinity and good molecular symmetry, with many sharp diffraction peaks
in its spectrum. The positions of peaks at 7.2°, 9.4°, 10.7°, 17.5°, and 20.4° match those
previously reports [7].
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Figure 2. Structure analysis: (a) FT—IR spectra of UiO-66 and HPCTP, (b) XRD patterns and simula-
tions of UiO-66 and HPCTP, (c) XPS survey spectra of UiO-66, (d) XPS spectra of C 1s, (e) XPS spectra
of O 1s, and (f) XPS spectra of Zr 3d.

XPS was performed to detect the types of elements and bonding in UiO-66. From the
XPS survey spectra, C 1s, O 1s, and Zr 3d XPS bands were detected. The C 1s peaks were
distributed across four groups of peaks at 284.0 eV, 284.8 eV, 285.8 eV, and 288.7 eV. The
signals at 284.0 eV and 284.8 eV corresponded to C-C bonds, while those at 285.8 eV and
288.7 eV corresponded to C-O and C=0 or the connection between the benzene ring and
carboxyl groups. In addition, the O 1s spectra can be fitted to three peaks. The peak near
532.3 eV indicates that C-O-C at 533.7 eV is attributed to H,O, and that at a peak at 531.0 eV
corresponds to Zr-O bonds. The Zr 3d has four peaks: the signals at 184.9 eV and 185.8 eV
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belong to Zr 3d3/2, and those at 183.3 eV and 182.5 eV correspond to Zr 3d5/2. Therefore,
these results confirm the successful synthesis of UiO-66.

SEM images show that the UiO-66 nanocrystals have dispersed octahedral morphology
with a uniform crystal size (Figure 3). The average size of the nanocrystals is approximately
350 nm. EDS shows that the elements zirconium and oxygen are evenly distributed
throughout the materials (Figure S1). TGA is performed to analyze the thermal stability of
HPCTP and UiO-66. UiO-66 has a slight weight loss peak near 144.8 °C, which is attributed
to the desorption of DMF and ethanol. At the temperature range of 200~500 °C, there is a
minor weight loss of UiO-66 that may be attributed to the removal of hydroxyl groups from
the zirconium clusters to form water. Above 500 °C, the MOF structure begins to collapse
and pyrolyze, with the maximum thermal weight loss rate temperature (Typax2) reaching
approximately 548.9 °C, indicating that the obtained UiO-66 has high thermal stability with
a residual mass rate of 33.92 wt% at 800 °C. Additionally, the pure HPCTP has only one
Twmax (392.3 °C), and its mass rapidly decreases as the temperature is increased, with an
approximate residual rate of 0 wt% at 400 °C (Table S1). These findings imply that HPCTP
by itself does not possess good thermal stability and needs to be mixed with UiO-66 to
achieve good flame retardancy.
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Figure 3. Morphology ((a) SEM, (b) particle size distribution) of UiO-66 and thermal-stability ((c) TG
curves, (d) DTG curves) of UiO-66 and HPCTP.

3.2. Preparation of UiO-66@HPCTP@PC/ABS

UiO-66 and HPCTP were both used to modify the flame retardancy of PC/ABS.
FT-IR spectroscopy was performed to characterize the structure of PC/ABS and the flame-
retardant samples, e.g., HP-7, U-3, and HPU-3. The stretching vibration peaks of aromatic
and aliphatic C-H in the PC/ABS were detected at 3200~3000 cm ™! and 3000~2800 cm™?,
respectively. The peaks at 2237 cm™~! and 911 cm ™! correspond to the nitrile C=N of ABS
and the C-H bond connected to PB, respectively. Those peaks at 1772 cm ™!, 1495 cm ™!,
and 1200 cm~! belong to the carbonyl stretching vibration, aromatic ring stretching vibra-
tion, and C-O stretching vibration in PC, respectively, representing the main groups of
PC/ABS. After adding HPCTP, a weak absorption peak near 949 cm~! was detected in
HP-7, corresponding to P-O-C stretching. The U-3 sample showed a new absorption peak
at 1,405 cm~!, which was attributed to the symmetric vibration peak of O-C-O from the
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terephthalic acid ligands of UiO-66. The HPU-3 sample displayed both P-O-C and O-C-O
characteristic peaks. These results indicate that the UiO-66@HPCTP@PC/ABS blends were
successfully prepared.

Figure 4b shows a broad and diffuse PC/ABS diffraction peak. With an increase in the
amount of UiO-66, characteristic sharp peaks at 7.38 ° and 8.52 © appeared, corresponding to
the (111) and (200) planes of UiO-66, respectively. Thus, UiO-66 was successfully introduced
to PC/ABS.
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Figure 4. (a) FT-IR spectra of PC/ABS, HPc7, U-3, and HPU-3 samples. (b) XRD spectra of PC/ABS
and HPU-n series. (c¢) DSC curves of PC/ABS, HP-7, U-3, and HPU-3 samples.

DSC was performed to characterize the phase structure and transition behaviors of
UiO-66 and its blends. As shown in Figure 4c, the incorporation of UiO-66 led to a slight
reduction in the Tg of the PC and SAN phases in ABS, indicating that UiO-66 particles might
be incorporated to the molecular chains of resins to serve as lubricants, which increases
free volume and enhances segmental mobility. Moreover, HPCTP significantly reduces
the Tg of the aforementioned two phases. The benzene ring structure in HPCTP interacts
with the SAN and PC phases through 7-7 stacking to form weak hydrogen bonds [26],
plasticizing the PC/ABS system containing benzene ring structures. Therefore, with the
addition of HPCTP and UiO-66, the flame-retardant material, PC/ABS, is endowed with
better processing performance.

Figure 5 presents the TGA and DTG curves of the HPCTP intumescent, UiO-66, and
the UiO-66 cooperative intumescent flame-retardant series. Pure PC/ABS has a two-step
degradation process—matrix thermal degradation (410~500 °C) and deep cracking, such
as chain cyclization and crosslinking (540~630 °C). However, after introducing UiO-66,
the main degradation process of UiO-66 occurs between the two degradation stages of
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PC/ABS, implying that UiO-66 may play a role throughout the thermal degradation process
of the material.
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Figure 5. TGA and DTG curves of the PC/ABS blends: (a) UiO-66 flame-retardant series sample
(U), (b) intumescent flame-retardant system sample (HP), and (c) UiO-66 cooperative intumescent
flame-retardant system sample (HPU).

Figure 5a shows that the U-3 sample’s DTG shoulder peak was reduced by 57.2% at
490 °C and that char yield was significantly increased at 500 °C and 800 °C (Table S2),
suggesting that UiO-66 had a significant delay effect on the thermal decomposition of PC/ABS.
Additionally, samples U-1, 2, and 3 tended to degrade slightly at a low temperature range,
possibly due to minor PC/ABS chain scission in the early stages of TGA. As shown in
Figure 5b, compared to the pure PC/ABS, sample HP-7 has a maximum weight loss rate of
30.6%. This implies that the intumescent flame-retardant material promotes the dehydration of
combustion products into char to form an expanded char layer, thereby improving the thermal
stability. Figure 5c displays the TGA and DTG curves of UiO-66 cooperative intumescent flame-
retardant materials. The HPU-3 sample shows a 47.6% decrease in the maximum thermal
weight loss rate and a 62.9% reduction in the DTG shoulder peak. The temperature of the
DTG shoulder peak increases from 463.2 °C to 493 °C. The char yield at 800 °C increases from
9.0 wt% to 16.4 wt% (Table S2). These results imply that UiO-66 has a significant cooperative
flame-retardant effect and causes a noticeable delay in the thermal decomposition process.
The increase in char yield suggests that zirconium and organic ligands may participate in the
carbonization process during thermal degradation.

3.3. Performances of Flame Retardant

Vertical burning and LOI tests are two common methods used to characterize the
flame retardancy of polymers. Table 2 summarizes the results of vertical burning tests for
materials containing different amounts of UiO-66 and HPCTP. Samples HP-3.5, HP-7, and
HP-10.5 exhibited dripping phenomena during combustion, but only HP-10.5 containing
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10.5 wt% HPCTP achieved a UL-94 V-2 rating. However, as engineering plastics, they still
did not meet the requirements for fire safety standards.

Table 2. LOI and vertical burning test results of PC/ABS blends.

Sample Name HPCTP (wt%) UiO—66 (wt%) LOI (%) UL-94 tils tals Dripping

PC/ABS 0 0 21.2 NR >60 >60 YES
HP-3.5 3.5 0 22.7 NR >60 >60 YES
HP-7.0 7.0 0 24.0 NR 50.2 >60 YES
HP-10.5 10.5 0 253 V-2 18.4 26.7 YES
U-1.5 0 1.5 23.2 NR >60 >60 YES
U-3.0 0 3 23.7 NR 50.8 >60 YES
U-4.5 0 4.5 24.1 NR 39.6 45.1 NO
HPU-1 7.0 1 23.8 NR 39.2 >60 YES
HPU-2 7.0 2 252 V-2 17.2 28.8 YES
HPU-3 7.0 3 27.0 V-0 94 17.2 NO

The pure PC/ABS has an LOI value of 21.2% and shows noticeable melt dripping that
can ignite cotton during combustion. After adding UiO-66, particularly in sample U-4.5,
this melt dripping phenomenon was effectively suppressed, and its LOI value increased
to 24.1%. Since the preparation of UiO-66 is rather costly and intricate owing to complex
procedures, it is rational to combine it with intumescent flame-retardant systems. From
Table 1, by compounding 7.0 wt% HPCTP with 1, 2, and 3 wt%, UiO-66, HPU-1, HPU-2,
and HPU-3 had increased LOI values of 23.8%, 25.2%, and 27.0%, respectively. Among
them, only HPU-3 reached a V-0 rating, showing significantly improved resistance to
combustion dripping. Therefore, UiO-66 alone cannot significantly enhance the efficiency
of intumescent flame retardants in HPCTP.

At fire scenes, heat radiation or toxic smoke produced during combustion leads to
many casualties [27]. Currently, the CCT is widely used to simulate the fire behavior of
polymeric materials in real fire scenarios [28] and has two main parameters: heat release rate
(HRR) and total heat release (TRR). As shown in Figure 6, compared to those of PC/ABS,
the peak HRR (PHRR) and TRR of sample HP-7 decrease by 15.1% and 6.3%, respectively,
while those of sample HPU-3 decrease by 32.2% and 33.1% after introducing UiO-66 (Table
53). This confirms that UiO-66 enhances the suppression of heat release in the intumescent
flame-retardant system. In the initial stage of combustion, HPU-3 releases heat more slowly,
as the MOF does not decompose in the early stages of pyrolysis, acting as a physical flame
retardant. Furthermore, MOFs can provide smoke suppression effects [29]. As shown in
Figure 6¢,d, compared to that of the pure PC/ABS and sample HP-7, the smoke production
rate (SPR) of HPU-3 significantly decreases as the peak SPR (TSPR) and total smoke
release (TSR) are reduced by 39.3% and 49.4%, respectively (Table S3). From Figure 3d,
the UiO-66 framework structure begins to collapse at approximately 450 °C, requiring
higher temperatures for complete collapse. Although the internal temperature of polymeric
materials can reach 700 °C or even higher during combustion, the framework structure
remains relatively intact in the early stages of pyrolysis. When smoke is produced, most
pyrolysis gases need to overcome the tunneling effect, traveling through the labyrinthine
interior of the crystals, thereby delaying the smoke release in the early stages of pyrolysis.
Additionally, UiO-66, which contains metals, metal oxides, and ligands with benzene
ring structures, participates in the matrix carbonization reaction, making the char more
compact, thus enhancing the smoke and heat suppression characteristics of the intumescent
flame-retardant materials.

Figure 7 illustrates the changes in CO, and O, contents during CCT. Upon the addition
of UiO-66, the O, peak gradually increases, whereas that of CO, decreases. This result
indicates that the flame-retardant system reduces the intensity of PC/ABS combustion by
inhibiting the contact between the matrix and O, thereby diminishing its reaction with O,.
Figure 7c shows that the FGI value of HP-7 containing only HPCTP is 1.24, whereas those of
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HPU-2 and HPU-3 containing both UiO-66 and HPCTP decrease to 1.15 and 0.98, showing
7.3% and 21.0% reductions, respectively. This result confirms that UiO-66 significantly

improves fire safety performance.
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3.4. Flame-Retardant Mode of Action

The flame-retardant mode of action was investigated by analyzing the composition
of pyrolysis gases and residues from vertical burning tests. TG-IR was used to identify
the composition of pyrolysis gases from PC/ABS at different temperatures. As shown
in Figure 8, the absorption peaks at 2349 cm~! and 667 cm ™! represent CO, stretching
and bending vibrations, respectively. The region between 3750~3735 cm~! corresponds to
phenol and its derivatives, while that between 3720~3600 cm~! corresponds to water vapor.
The peak at 1780 cm ™! represents ester oligomers, and that at 1500 cm ™! is associated
with aromatic compounds. Minor ether features are detected between 1285~1120 cm L.
Figure 8b shows the infrared spectrum measured at Tyjax, where 7 wt% HPCTP has
reduced the volatilization concentration of CO; from pure PC/ABS. Characteristic peaks
for phosphorus-containing organics are not found, which may be attributed to their release
in amounts that are too small to be detectable. At Typax, the absorption peaks for phenolic
derivatives, ester compounds, and other hydrocarbons, such as aromatics, in HPU-2 and
HPU-3 are significantly lower than those in HP-7 and pure PC/ABS. This result suggests
that UiO-66 affects the thermal decomposition process of this material as a flame retardant
in the solid phase. This might have resulted from the formation of a new compound with a
more cross-linked and higher-molecular-weight network structure, reducing the release of
organic volatiles.
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Figure 8. TG-IR spectra: (a) PC/ABS at different temperatures; (b) PC/ABS, HP-7, HPU-1, HPU-2
and HPU-3 at maximum weight loss temperature (Tyjax).

The char residue formed during combustion affects the release of heat and smoke.
The carbonization process in burning is often closely related to the amount of residual
char, macro-morphology, and micro-structure. Therefore, it is necessary to observe the
morphology of charred residues. As shown in Figure 9a, pure PC/ABS has the lowest
char formation height, with more products dispersing into the atmosphere as smoke
during combustion. In contrast, HPU-3 has a higher expansion degree, continuity, and
integrity. Figure 9b presents the corresponding SEM images of the char layers for each
sample. The char layer of pure PC/ABS shows many pores and low density owing to the
extensive escape of various aromatic derivatives, CO,, H,O, and phenolic compounds
during pyrolysis. The penetration of O, through the loose and porous char layer further
exacerbates the burning process on the substrate surface. Although the density of the char
layer of HP-7 increases, many pores remains present. Sample HPU-3 has a reduced pore
size and a dense and smooth surface char layer. Hence, it is confirmed that UiO-66 enhances
the char-forming process of the intumescent flame-retardant material during combustion.
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Figure 9. Micromorphology and SEM images of carbon residue after vertical combustion test:
(a1,b1) PC/ABS, (a2,b2) HP-7, (a3,b3) HPU-2, and (a4,b4) HPU-3.

Raman spectroscopy was used to characterize the degree of graphitization of the char
layer. The D peak near 1,350 cm ! and G peak near 1,600 cm ™! correspond to amorphous
and graphitic carbons, respectively. A higher degree of graphitization results in better
barrier effects against heat and oxygen. The integral ratio of the D peak to the G peak
(ID/IG) was used to assess the degree of graphitization. As shown in Figure 10, HPU-3 has
the lowest ID/IG value, whereas pure PC/ABS has the largest ID/IG value. After UiO-66
is added to the sample HPU-2, its ID/IG value becomes higher than that of HP-7. These
results suggest that HPU-3 has the highest degree of graphitization in the char layer, and
the UiO-66 enhances char formation during combustion.

PC/ABS (b)[—mnp7
D Band D Band

——G Band ——GBand

Fitting Fitting

(a)

Intensity (a.u.)
Intensity (a.u.)

Tfle=323 1,/1,=2.87
RGT e

600 800 1000 1200 1400 1600 1800 2000 600 9200 1200 1500 1800

Wavenumber (¢cm™) Wavenumber (cm™')

~
o)
'

HPU-2
——D Band
—— G Band
Fitting

~
(=3
S

—— HPU-3
— D Band
—— G Band
Fitting

Intensity (a.u.)
Intensity (a.u.)

1y/15=2.04
1y/1;=2.38

600 900 1200 1500 1800 600 800 1000 1200 1400 1600 1800 2000
Wavenumber (em™') Wavenumber (cm™)

Figure 10. Raman spectra of PC/ABS (a), HP-7 (b), HPU-2 (c), and HPU-3 (d) carbon residues.

68



Polymers 2024, 16, 2083

XRD was used to analyze the crystalline structure of the pyrolysis products of UiO-66.
The prepared UiO-66 was placed in a muffle furnace at 600 °C for 0.5 h and collected for
testing. As shown in Figure 11, the XRD pattern shows the characteristic peaks of the
thermal barrier material, zirconium oxide. When the material burns, zirconium oxide can
slow down the heat transfer rate and prevent the combustion products from spreading
from the PC/ABS matrix to the burning area, to some extent. Therefore, after the material
underwent intense combustion, although a large amount of the framework structure of
UiO-66 was destroyed, its pyrolysis product—zirconium oxide—could still participate in
smoke suppression.
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Figure 11. XRD patterns of UiO-66 after thermal degradation.

Based on the above analysis, Figure 12 proposes the flame-retardant mode of action
for UiO-66 in the PC/ABS blends. Generally, under constant heating from an external heat
source, thermal degradation occurs at the first stage. Oxygen at the surface of the degrading
polymer greatly promotes the thermo-oxidative process. The degrading polymer thus
continuously produces volatile combustibles, which catch fire when they reach a certain
concentration and temperature. A portion of the heat released by combustion further
feeds the degrading polymer. In this work, by melt blending, UiO-66 and HPCTP can
be dispersed homogenously into the PC/ABS blends. During the burning process, the
incorporation of UiO-66 contributes to the formation of a continuous char layer, which
acts as a protective shield for the underlying materials. One reason for this is that the
metal oxides produced by UiO-66 during combustion expose metal sites that can positively
participate in and catalyze the dehydrogenation or cross-linking reactions of PC/ABS
pyrolysis into char. Additionally, UiO-66 is conducive to form a dense, stable graphitized
char layer since the terephthalic acid ligand can enhance the degree of graphitization of
the char layer!?. As discussed above, this char layer can prevent heat radiation and reduce
the release of volatile combustibles. Moreover, the porosity of UiO-66 remains stable in
the early and middle stages of combustion, and it requires PC/ABS pyrolysis volatiles to
overcome the tunneling effect. In the later stage of pyrolysis, UiO-66 partially decomposes
into zirconium oxide, which can slow down the heat transfer rate as a thermal barrier
material, and it prevents combustion products escaping from the PC/ABS matrix to the
combustion zone. Therefore, in the PC/ABS/HPCTP blends, UiO-66 shows a cooperative
effect on the flame-retardant performance of intumescent flame-retardant materials.
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Figure 12. Illustration for PC/ABS blends’ flame-retardant mode of action.

4. Conclusions

In this work, a zirconium-based metal-organic framework material (UiO-66) was
synthesized to cooperatively enhance the flame retardancy of PC/ABS intumescent materi-
als constructed with HPCTP via melt blending and two-screw extrusion. The successful
preparation of UiO-66 was confirmed using FT-IR, XRD, XPS, and SEM analyses. Results
indicate that UiO-66 has good thermal stability and a delaying effect on the pyrolysis of
the intumescent flame-retardant materials. UiO-66 can significantly enhance the efficiency
of HPCTP’s intumescent flame retardants. The flame-retardant PC/ABS blends with both
UiO-66 and HPCTP show good flame retardancy. By compounding 7.0 wt% HPCTP with
3 wt% UiO-66, the blend shows LOI values of 27.0%, reaches a V-0 rating, and significantly
improves resistance to combustion dripping. The CCT showed that UiO-66 suppresses heat
release and smoke release in these materials. Finally, the flame-retardant mode of action in
the blends is proposed, and UiO-66 has a cooperative effect on the flame-retardant perfor-
mance of PC/ABS/HPCTP intumescent flame-retardant materials. This work provides a
basis for the further development of flame-retardant PC/ABS.
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Abstract: The flame-retardancy of polymeric materials has garnered great interest. Most of the
flame retardants used in copolymers are functionalized additives, which can deteriorate the intrinsic
properties of these materials. As a new type of flame retardant, functionalized metal-organic
frameworks (MOFs) can be used in surface coatings of polymers. To reduce the flammability, a
mixture of phytic acid, multi-wall carbon nanotubes, zirconium-based MOFs, and UiO-66 was coated
on a PC/ABS substrate. The structure of the UiO-66-based flame retardant was established by FT-IR,
XRD, XPS, and SEM. The flammable properties of coated PC/ABS materials were assessed by LOI,
a vertical combustion test, TGA, CCT, and Raman spectroscopy. The presence of a UiO-66-based
coating on the PC/ABS surface resulted in a good flame-retardant performance. Heat release and
smoke generation were significantly reduced. Importantly, the structure and mechanical properties of
PC/ABS were less impacted by the presence of the flame-retardant coating. Hence, this work presents
a new strategy for the development of high-performance PC/ABC materials with both excellent
flame-retardancy and good mechanical properties.

Keywords: MOFs; flame retardant polymer; PC/ABS; coating

1. Introduction

The fire risk posed by polymeric materials has received considerable attention. The
hydrocarbon skeleton and organic composition of these materials make them highly
flammable. Heat and toxic gases generated during combustion are a great threat to human
beings and the environment [1,2]. Many studies have been conducted to prevent the com-
bustion of polymer materials and thereby reduce the harmful effects of combustion [3-7].
The simplest method is to blend specific flame retardants with the polymer matrix. An
intumescent flame-retardant system is commonly used, which obstructs the transfer of heat
and oxygen by forming an expansive carbon layer on the polymer surface during thermal
degradation of the polymer matrix [8-10]. Another flame-retardant system that is used is
based on catalytic principles, wherein specific catalysts promote a reduction in volatile frag-
ments and toxic gases during the degradation of the polymer matrix. Although the use of
these flame-retardant systems and others have been effective in reducing the flammability
of polymer, there is a huge demand for flame retardants having a high efficiency.

A flame-retardant coating on the surface of a substrate represents an important method
for controlling flammability. Compared with the method of adding flame retardants, the
intrinsic properties of the polymer are not compromised in the surface coating method.
This method also has the advantage of easy processing and can be used for a variety of
materials [11]. In recent years, metal organic frameworks (MOFs), which are organic—
inorganic hybrid materials comprising metal ions and organic ligands, have been found to
have flame-retardant properties. At high temperatures, MOFs decompose to form catalytic
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species that promote oxidation and coking [12-14]. In particular, a zirconium organic
framework, UiO-66, has been found to be a promising material for use in retardant systems.
It has a high specific surface area (1000 m?/g) [15] and excellent thermal, water, and
acid stability, which is conducive to the post-synthesis modification of UiO-66. However,
applying MOFs alone cannot provide sufficient flame-retardancy.

A mixture of materials containing UiO-66 can provide excellent flame-retardancy to the
system [16]. As a green biomass material, phytic acid (PA) has a high phosphorus content.
It can readily chelate with MOFs to provide a composition with better flame-retardancy.
In addition, multi-walled carbon nanotubes (MWCNT) have a high carbon content and
excellent thermal properties [17-19]. These materials are commonly used as components
of high-efficiency green flame retardants. Polycarbonate/acrylonitrile-butadiene-styrene
copolymer (PC/ABS) materials are widely used in many products, due to their excellent
impact strength. However, the presence of a flame-retardant additive greatly influences
the mechanical properties of the blend. In an effort to obtain an excellent flame-retardant
PC/ABS material, an aqueous flame-retardant system for coating of a PC/ABS surface
was prepared using UiO-66, PA, and MWCNT. The as-prepared UiO-66@PA@MWCNT
was carefully characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), and scanning electron
microscopy (SEM). The effectiveness of the UiO-66 flame-retardant coating for PC/ABS was
evaluated by the limiting oxygen index (LOI), vertical combustion test, thermogravimetric
analysis (TGA), cone calorimeter test (CCT), and Raman spectroscopy.

2. Experiments
2.1. Materials

Polycarbonate (PC, injection grade, QiMei Company, Taiwan), acrylonitrile-butadiene-
styrene copolymer (ABS, injection grade, QiMei Company, Taiwan), zirconium chloride
(ZrCly, 98%, Shanghai Aladdin Biochemical Company, Shanghai, China), terephthalic
acid (99% TPA, Shandong Yusuo Chemical Technology Co., Ltd., Shandong, China), car-
boxylated multi-walled carbon nanotubes (95% MWCNT-COOH, Suzhou Tianke Trading
Co., Ltd., Suzhou, China), N,N-dimethylformamide (99.5% DMF, Shanghai Aladdin Bio-
chemical Company, Shanghai, China), ethanol (99% EtOH, Shanghai Aladdin Biochemical
Company, Shanghai, China), and SiO; (99.5%, Jiangsu Tianxing New Materials Co., Ltd.,
Changshu, China) were used for the experiments.

2.2. Synthesis of UiO-66

ZrCly (1.98 g) and TPA (1.76 g) were weighed and dissolved in 150 mL of DMF.
After ultrasonication for 20 min, 4 mL acetic acid was added and the solution was stirred
continuously for 10 min. Thereafter, the reaction mixture was transferred to a blue bottle
and placed in a constant-temperature vacuum-drying oven at 120 °C. After 36 h, the bottle
was taken out and cooled to room temperature naturally. After centrifugation at 6000 r/min
for 15 min, the white precipitate was filtered and washed three times with DMF and ethanol.
Finally, the white product was dried in a vacuum oven at 85 °C for 36 h, and UiO-66 was
collected for further use.

2.3. Synthesis of MWCNT@UiO-66

ZrCly (1.98 g) and MWCNT-COOH (0.20 g) were weighed and dissolved in a blue
bottle containing 150 mL of anhydrous DMF. After dispersion by ultrasonication for 20 min,
TPA (1.76 g) and 4 mL of acetic acid was added and ultrasonicated for another 20 min.
After 36 h of reaction, the blue bottle was taken out and cooled to room temperature
naturally. After centrifugation at high speed of 6000 r/min for 15 min, the black precipitate
obtained was filtered out and further centrifuged three times each with DMF and ethanol.
The product was placed in a constant-temperature vacuum-drying oven at 85 °C for 36 h.
Finally, the MWCNT@UiO-66 was collected and stored.
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2.4. Synthesis of PA@GMWCNT@UiO-66

MWCNT@UiO-66 (1.0 g) was weighed and dispersed in a blue bottle containing
150 mL DME Then, PA (10.68 mL) was added to the above MWCNT@UiO-66 suspension,
followed by ultrasonic dispersion for 20 min. Thereafter, the mixture was continuously
stirred for 24 h at room temperature using a magnetic agitator. The black precipitate
obtained was filtered and centrifugally washed with DMF and ethanol 3 times. The final
PA@MWCNT@UiO-66 product was then dried in a vacuum-drying oven at 85 °C for 24 h.
The synthetic route is presented in Figure 1.

12h

Unltra sonication

Room temperature

24h Phytic acid(H,0)

Figure 1. Route for the synthesis of PA@MWCNT@UiO-66.

2.5. Preparation of Aqueous Flame-Retardant Coatings

For comparison, different MOFs-based flame retardants were evenly dispersed in
water-based acrylic emulsion by adding an appropriate amount of water and a small
amount of SiO; according to Table 1. SiO; was added as a filler to improve the hardness of
coatings and reduce the viscosity. The aqueous emulsions were prepared in a centrifugal
tube, by stirring evenly at room temperature using a vortex oscillator, and then dispersed
by ultrasonication for 20 min.

Table 1. Composition of aqueous flame retardants.

Solid Water-Based MWCNT PA@MWCNT
Sample Content Acrylic Ui0-66 (g) @UIO-66 (2) @UiO-66 SiO; (g) H,0 (g)
(Wt%) Adhesive (g) & 8
WA 419 2 0 0 0 0 0.34
WAU 419 2 1 0 0 0.2 2
WAUM 419 2 0 1 0 0.2 2
WAUPM 419 2 0 0 1 0.2 2

2.6. Preparation of Flame Resistant PC/ABS

The dried PC/ABS particles were transferred to a polytetrafluoroethylene (PTFE)
mold in a plate vulcanization machine, with the temperature set at 240 °C. After heating
for 6 min, hot pressing at 18 MPa for 4 min, and cold pressing at room temperature for
2 min, the PC/ABS films were cut into three types of specimens having dimensions of
125 mm X 13 mm x 3 mm, 150 mm X 4 mm X 10 mm, and 100 mm x 100 mm X 3 mm.
Some control specimens were reserved for the vertical combustion test, oxygen index test,
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and cone calorimetry test, whereas the other specimens were sprayed with the aqueous
flame retardants, and were placed in a 60 °C electric blast-drying oven for 4 h. The steps
for spraying and drying were repeated until the coating thickness reached the standard
specification (£10%), as shown in Table 2. The thickness of the coating was determined by
measuring the spline thickness before and after coating, using a Vernier caliper.

Table 2. Thickness of flame-retardant coating on PC/ABS.

Sample * WAU WAUM WAUPM Coating Thickness (um)
Untreated X X X 0
WAU-3 Vv X X 750
WAUM-3 X Vv X 750
WAUPM-1 X X Vv 250
WAUPM-2 X X Vv 500
WAUPM-3 X X Vv 750

* x represents not using this sample for coating and 4/ represents using this sample for coating.

2.7. Characterizations

Fourier transform infrared spectra (FT-IR) were acquired on a Nicolet 6700 infrared
spectrometer in reflectance mode. The spectral range was 4000-500 cm ! at a resolution of
4 cm~!. The powdered samples were generally measured by the KBr pellet method.

An AXIS Ultra XPS instrument (Shimadzu Company of Japan, Kyoto, Japan) was
used for testing the chemical states of elements. Its cathode was made of a lanthanum-
aluminum-molybdenum alloy, and the analysis was conducted with a power input of
400 W. The background was a non-rotating background compensation type, and the peak
function was the Lorentz—Gaussian function. The powder to be tested was adhered to
the tin foil with viscose, folded and pressed, then unfolded and cut into specimen of
5mm x 4 mm. Chemical states, such as Cls, Zr3d, P2p, and Ols, were determined by
scanning the surface of the sample.

The morphologies and elemental distributions of the samples were studied by scan-
ning electron microscopy (NGB4-DXS-10AC, Nanjing Grand Technology Co., Ltd., Nanjing,
China). The section of the block sample to be observed was made brittle in liquid nitrogen,
and the powder sample and block sample were spray coated with gold for 75 s, after which
they were attached to the sample table with conductive adhesive for observation.

TGA and DTG analyses of the samples were conducted using a TGA 55 instrument in
a nitrogen atmosphere at a 50 mL/min flow rate. Except when specified, the heating rate
was 10 °C/min, and the temperature range was from room temperature to 800 °C.

An X-ray diffractometer (SmartLab, Boston, MA, USA) was used to characterize
the material phases in order to analyze their internal structure and morphology. The
wavelength was 1.5406 A and the scanning speed was 10°/min in the scanning range
of 5-70°.

Vertical combustion tests were performed on uncoated and coated samples according
to the GB/T2408-2008 combustion test standard [20]. Each sample was tested thrice
and the average value of three readings was used to determine its corresponding flame-
retardant level.

The limiting oxygen index (LOI) was expressed according to the percentage of oxygen
in the volume. A JF-3 oxygen index instrument was used for the LOI test. The specimen
dimensions were 150 mm X 4 mm x 10 mm, according to the standard GB/T2406.2-2009
test [21].

The British FIT cone calorimeter was used for the cone calorimetry test (CCT), ac-
cording to the ISO5660-1 and ASTM D7309 test standard [22]. The irradiation power was
50 kW/m?2, sample dimensions were 100 mm x 100 mm x 3 mm, and three parallel tests
were carried out for each sample.

The structure, morphology, and graphitization degree of the carbon layer were char-
acterized by FI-IR, SEM, and Raman spectroscopy. The Raman spectra of the residual
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carbon residue after combustion by CCT were acquired using an excitation wavelength
of 514.5 nm. Based on the above results, the mode of action of flame-retardant materials
was clarified.

3. Results and Discussion
3.1. Structural Analysis of Flame-Retardant UiO-66@PA@MWCNT

First, the zirconium organic framework, UiO-66, was synthesized using ZrCl; and
TPA. The obtained UiO-66 was then functionalized with MWCNT and PA to obtain MOFs,
labeled as UiO-66@PA@MWCNT. The structure was carefully characterized by FI-IR,
XRD, XPS, and TG-DTG during the process. FT-IR spectroscopy was used to determine
the molecular structure of UiO-66@PA@MWCNT. In Figure 2a, strong absorption peaks
appeared at 1560 cm ! and 1395 cm ! in the FT-IR spectrum of UiO-66. They corresponded
to the O-C-O asymmetrical and symmetrical stretching vibrations of TPA, which served
as ligands for MOFs. The absorption peaks at 1507 cm ! corresponded to the C=C of the
benzene ring, while the peak at 669 cm~! was consistent with the asymmetric stretching
vibrations of Zr-(OC). In MWCNT-COOH, the peak for C=0 stretching vibrations appeared
at 1720 cm~!. The small peak at 1655 cm~! was due to the O-H bending vibrations.
This confirmed that the carboxyl group was successfully grafted onto MWCNT-COOH,
suggesting a good compatibility with PA and UiO-66. The FT-IR spectrum of PA also
showed some typical peaks of phosphate groups, including P=O (1130 cm™!), p-O-C
(1060 cm~1), and P-O (1012 cm~1). The high phosphorus content can provide a synergistic
flame-retardant effect in UiO-66@PA@MWCNT. After MWCNT-COOH, PA, and UiO-66
were reacted, several absorption peaks of PA shifted to higher wave numbers in UiO-
66@PA@MWCNT. These results indicated that there was a complex formed between the
P-O bond and metal zirconium from UiO-66, verifying the successful synthesis of UiO-
66@PA@MWCNT. The XRD patterns in Figure 2b show that the diffraction peaks of UiO-66
were basically consistent with that of the standard profile. After modification with PA and
MWCNT, the peak pattern of UiO-66 remained almost unchanged. This indicated that
the crystal structure of UiO-66 remained intact during the preparation of functionalized
UiO-66.
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Figure 2. FT-IR spectra (a) and XRD patterns (b) of UiO-66@PA@MWCNT, UiO-66@MWCNT,
MWCNT—-COOH, and UiO-66.

XPS was used to detect the elements and bonding nature in UiO-66@PA@MWCNT.
Firstly, the overall spectrum in Figure 3a showed that the obtained powders were rich in C,
O, Zr, and P. Secondly, the energy spectrum of Cls is presented in Figure 3b. After deconvo-
lution of the peaks, it was found that the peaks at 284.1 eV and 284.6 eV corresponded to the
neutral bond and sp2-hexagonal network structure of UiO-66@PA@MWCNT, respectively.
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The peak at 286.4 eV was due to the carbon atom of the C-O bond from UiO-66 and the
C-P bond from PA. The peak for C=0 at 288.5 eV was consistent with the carboxyl group
of the ligand. Thirdly, the energy spectrum of Ols in Figure 3c can be deconvoluted into
four peaks. Among them, the peak at 530.1 eV corresponded to the P-O bond of PO~ and
HPO,?~ of PA, while the peak at 531.2 eV was consistent with the Zr-O bond. The peaks at
532.1eV and 533.3 eV corresponded to C-O-C and P-O-C and C-OH and P-OH, respectively.
Fourthly, Figure 3d also shows that the Zr3d spectrum consisted of two peaks, which were
further deconvoluted into four peaks. The peaks at 185.1 eV and 185.9 eV corresponded
to Zr3d3/2, while the peaks at 182.7 eV and 183.5 eV corresponded to Zr3d5/2. Finally,
the P2p spectrum in Figure 3e was composed of three peaks at 133.1 eV (P=0), 133.9 eV
(P-OH), and 134.8 eV (P-O-ZR and HPO4?"). Additionally, TGA and DTG curves (see
Supporting Information Figure S1) showed that the carbon residue percentage at 800 °C of
UiO-66@PA@MWCNT was 61.3 wt%, which was much higher than that of pure UiO-66. It
implied that PA and MWCNT promoted carbon formation in UiO-66@PA@MWCNT. The
SEM image of UiO-66 showed a dispersed and smooth octahedral nanocrystal structure (see
Supporting Information Figure 52). The reason is that the carboxyl groups on the surface of
MWCNT provided sites for the growth of UiO-66, which reduced the stacking of carbon
tubes during the in situ growth of UiO-66 along the carbon tubes. The steric hindrance of
the carbon tube limited the crystal size of UiO-66, and the grain refinement guaranteed the
uniformity of film coating on the substrate by water-based flame-retardant coatings. Hence,
these results confirmed the synthesis of functionalized MOFs UiO-66@PA@MWCNT.
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Figure 3. XPS spectra of UiO-66@PA@MWCNT: (a)survey scan; (b) Cls; (c) Ols; (d) Zr3d; (e) Pap.

3.2. Structure Analysis of Flame Resistant PC/ABS Coating

To improve surface adhesivity, UiO-66@PA@MWCNT was dispersed in a water-based
acrylic emulsion. The MOFs-based acrylic emulsion was characterized carefully before
use. For characterization, films of the MOFs-based acrylic resin were prepared by drying
the emulsion in the oven at 85 °C. Figure 4 presents the FT-IR spectra, XRD patterns, and
TG-DTG curves of the films. In the FT-IR spectra, the peaks at 1170 cm~!, 1450 cm ™!,
1730 cm~!, and 2926 cm~! for the WAUPM sample were attributed to C-O-C stretching
vibrations, -OH bending vibrations, C=0 stretching vibrations, and methylene stretching vi-
brations of the acrylic resin, respectively. Additionally, the vibrations for P=O (1160 cm™1),
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P-O-C (1126 cm™1), P-O (1065 cm™1), Si-O-Si (1092 cm~1), and O-C-O symmetric vibra-
tions (1405 cm 1) and asymmetric vibrations (1560 cm ™) of the terylene ligand were also
observed for the WAUPM sample. Comparison with the FT-IR spectra of raw materials,
viz. WA, PA@MWCNT@UiO-66, and SiO,, showed no deviation of peaks for the WAUPM
sample. This implied that the flame retardant did not react with the acrylic resin, which

was added as an adhesive.
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Figure 4. FT-IR spectra (a) and XRD patterns (b) of WAUPM, WA, UiO-66@PA@MWCNT and TGA
(c) and DTG (d) curves of WAUPM, WAUM, WAU, and WA.

Furthermore, the XRD spectra showed diffraction peaks consistent with those of
UiO-66 for the samples WAM, WAUM, and WAUPM [23]. This indicated that the crystal
structure of UiO-66 did not change after functionalization. The TGA curve of WA indicated
a good thermal stability, since the weight remained constant until around 443.1 °C. After
the addition of UiO-66 or MWCNT@UiO-66, the initial degradation temperature decreased,
and a secondary weight loss stage occurred at 550 °C, due to the collapse of the framework
structure. WAU and WAUM showed more than 30.9 wt% carbon residue below 800 °C.
After further modification with PA, the thermal stability decreased in the initial stage,
but the residual carbon rate increased to 38.8 wt% below 800 °C for WAUPM. This result
indicated that PA further promoted the char formation process during pyrolysis and also

provided a rich carbon source to flame retardants.

Different from the additive flame retardants, the PC/ABS flame retardants with dif-
ferent coating thicknesses were prepared by spraying the MOFs-based acrylic emulsions
on the surface of PC/ABS. The steps of spraying and drying were repeated until the coat-
ing thickness reached the required standard (+10%). The micro-structures of the coated
PC/ABS substrates were studied by SEM. As shown in Figure 5, the untreated PC/ABS
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showed a slightly but uniformly fluctuating surface, while the PC/ABS coated with a
MOFs-based flame retardant showed many granular structures on the substrate, presumed
to be UiO-66 crystals. It was also found that the substrate became smoother when the
thickness of the flame-retardant coating was increased. As seen from Figure 5c,d, the
PC/ABS substrates were coated completely above a 750 pm thickness. There were less
prominent granular structures on the WAUM-3 surface. WAUPM-3 showed a choppy
surface morphology, but with fewer bright MOFs and smoother surfaces. In the magnified
SEM images, smaller SiO, nano-particles and larger MOFs were observed, as shown in
Figure 5e. Compared with WAUM-3, WAUPM-3 showed an improved surface smoothness.
It implied that PA improved the compatibility of MWCNT@UiO-66 with acrylic resin. It
also improved the wrapping and maximized the interfacial bonding between the adhesive
layer and the PC/ABS substrate. Thus, PA@MWCNT@UiO-66 can be expected to provide
a good flame-retardancy to PC/ABS.

Figure 5. SEM images of untreated PC/ABS (a), WAU-3 (b), WAUM-3 (c), and WAUPM-3 (d,e).

3.3. Performances of Flame Retardant

Samples with different thicknesses of coating (250 um, 500 pm, and 750 pm) were
dried to test the flame-retardant performance, and the results are presented in Figure 6a
and Supplement Material Table S2. As the coating thickness increased, the LOI values of
WAUPM-1, -2, and -3 samples gradually increased (22.9%, 24.8%, and 27.5%). WAUPM-3
achieved the UL-94 V-0 grade, while WAUM-3 with the same thickness achieved a V-1
grade. The decrease in flame-retardancy was due to the absence of phosphorus source
from PA. The flame-retardancy of the WAU-3 sample was poor and it failed to pass the
V-2 grade. This was because this coating easily fell off during the vertical combustion test,
reflecting weak adhesion, which was consistent with SEM analysis. Overall, WAUPM-3
achieved ideal flame-retardancy through the coordination of phosphate-zirconium-carbon
flame-retardant elements. As shown in Table S2, the total of the two combustion times
(t1 + tp) was about 12.5 s, and the presence of PA was reduced (t; + t) by 26.2 s in the
sample WAUPM-3. Therefore, PA played a significant role in flame-retardancy in the
combustion process of PC/ABS.
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Figure 6. Limiting oxygen index and vertical burning grade (a) and fire growth index (FGI) (b) of
PC/ABS samples coated with a waterborne flame-retardant coating.

In addition, the fire growth index (FGI) was introduced to evaluate the impact of the
functionalized MOF coating system on the fire safety performance of PC/ABS. The smaller
the value, the less time was required for the material to reach the intense burning state,
and the lower the fire risk. As shown in Figure 6b, the FGI value of the untreated PC/ABS
was 1.75, while it dropped to 1.07 after coating with MWCNT@UiO-6. The FGI was only
0.38 after the introduction of PA. Therefore, the fire safety performance of PC/ABS was
significantly improved by coating with PA@MWCNT@UiO-66.

Smoke suppression performance is an important factor for the evaluation of the fire
resistance of materials. CCT was used to simulate the real fire environment and evaluate
the combustion behavior of materials in terms of heat, smoke, CO; release, etc. Figure 7
presents the heat release rate (HPR), total heat release (THR), smoke production rate (SPR),
total smoke production (TSR), and curves for CO; and O, content of the samples. Figure 7a
showed that the HRR value of the WAUM-3 sample was 153.7 kW /m?, which decreased by
26.2% compared with the untreated sample. Figure 7b showed that the TRR value decreased
by 26.9% compared with the untreated sample, which implied that the MWCNT@UiO-66
coating could effectively inhibit the heat release of PC/ABS. After the introduction of PA,
the HRR and TRR values decreased by 57.5% and 33.6%, respectively, compared with
the untreated sample (Figure 7a,b). This result indicated that PA could further inhibit
the heat release of PC/ABS. In addition, as the thickness of the PA@MWCNT@UiO-66
coating increased from 250 pum to 750 um, the peak smoke production rate decreased
significantly and smoke release had a delayed effect. WAUM-3 and WAUPM-3 emitted
similar amounts of smoke (11.44 m? and 12.03 mz), but the WUPM-1, -2, and -3 samples
extended the smoke release time and increased the escape time. This implied that MOFs
played an important role, due to their high specific surface area and highly ordered porous
structure. In the early stage of pyrolysis, the organic flammable volatiles released by
PC/ABS passed through a complicated path. PA, as a phosphate, easily decomposes in a
degraded polymer matrix to generate phosphoric acid. Phosphoric acid promotes surface
cation crosslinking and carbonization, acting as an insulation barrier in the carbonization
layer on the polymer surface to suppress thermal feedback from the combustion zone and
act as a flame retardant [24]. Therefore, the coating with MOFs resulted in delayed smoke
release. As the combustion intensified, PA produced meta-phosphate, polyphosphate,
and other compounds, which could undergo dehydration with the hydroxyl group from
PC/ABS pyrolysis and promote the formation of a carbon layer. Thus, the cross-linking of
PC/ABS with the pyrolysis products of PA@MWCNT@UiO-66 promoted the carbonization
process and improved the flame-retardancy. Figure 7e,f showed the changes in CO; and
O; contents during the cone calorimetry test. Compared with the untreated sample, the
consumption of O, and generation of CO, were reduced and delayed significantly in
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WAUM-3. Particularly, the time was delayed by more than two times upon the addition
of PA in the case of WAUPM. As the coating thickness increased from 250 um to 750 pm,
the overall O, consumption and CO, generation of the material continued to decrease.
This result further showed that the thermal oxygen stability of flame-retardant materials
increased after the coating of an MOFs-based flame retardant onto PC/ABS materials. It
also indicated that the MOFs-based flame-retardant system reduced the reactivity with
oxygen by inhibiting the contact between the matrix and O,. Thus, the MOFs-based
flame-retardant coating inhibited the violent combustion of PC/ABS.
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Figure 7. Curves for heat release rate (HPR) (a), total heat release (THR) (b), smoke production rate
(SPR) (c), total smoke production (TSR) (d), CO; (e), and O, (f) contents of untreated, WAUM-3,
WAUPM-1, WAUPM-2, and WAUPM-3 samples.
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3.4. Mode of Action of Flame Retardant

In order to understand the mode of action of MOFs-based flame-retardant coatings,
the carbon residues were carefully characterized by FI-IR spectroscopy, SEM, and Raman
spectroscopy. Figure 8 presents the FI-IR spectra of carbon slags after the cone calorimetry
test. WAUM-3 showed weak absorption peaks at 806 cm~! and 752 cm™!, ascribed to
the out-of-plane deformation vibrations of the benzene ring =C-H, and para-substituted
and mono-substituted benzene ring, respectively. The peaks at 1622 cm ™! and 471 cm !
corresponded to the aromatic structure and Zr-O stretching vibrations, respectively. This
result indicated that zirconia was produced after the combustion of WAUM-3 and that
the aromatic structures of UiO-66 promoted the formation of carbon layers. Furthermore,
the WAUPM coated samples showed P-O-C stretching vibrations at 980 cm~! and peaks
at 1187 cm~! and 1092 cm~! for P=O absorption and Si-O-Si absorption, respectively.
This suggested that PA was decomposed during the combustion process to phosphoric
acid, meta-phosphate, and other compounds. These compounds were esterified with the
pyrolysis products of PC/ABS containing hydroxyl groups. Moreover, the presence of nano
silica and carbon nanotubes promoted the formation of dense and continuous coke layers.
Hence, as the coating thickness increased, the intensities of both P-O-C and Zr-O peaks in
the carbon slag increased, as shown in Figure 8 for WAUPM-1, WAUPM-2, and WAUPM-3.
Zirconia produced by the decomposition of zirconium organic framework also served as
an efficient thermal barrier when mixed with the carbon layer. Thus, the product improved
the thermal stability and thermal shielding property of the carbon layer.
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Figure 8. FT-IR spectra of carbon residues after the cone calorimetry test.

The residual amounts and the macro- and micro-morphologies of the carbon layers
after polymer combustion also reflected the carbonization process. The morphology of the
carbon slag in the condensation stage was investigated carefully. From a macro perspective,
Figure 9a—d showed that the untreated PC/ABS generated the least amount of carbon,
because most of the elements were released into the atmosphere in the form of smoke
during combustion. In contrast, the amounts of carbon residues were much higher for
WAUM-3 and WAUPM-3. The expanded size of carbon increased as the coating thickness
increased for WAUPM-1, WAUPM-2, and WAUPM-3. The morphology of the carbon
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layer was further studied by SEM. The untreated PC/ABS showed many pores and the
carbon layer was relatively loose (Figure 9f). The quality of the carbon layer improved
in WAUM-3, but still showed a porous structure with traces of incomplete combustion
(Figure 9f). However, the carbon layer of WAUPM-3 showed a smoother surface (Figure 9j).
This implied that the carbon layer acted as a physical barrier against heat and inhibited
the transfer of oxygen and materials between the condensed and gas phases. Thus, the
MOFs-based flame-retardant coating effectively inhibited the thermal degradation of the
underlying PC/ABS.

(a) 4.8mm (b) 11.7mm (©) 5.7mm (d) 10.2mm (e) 14.3mm

=x10.0k

Figure 9. Macroscopic images and SEM images of carbon residues after vertical combustion test:
(a,f) Untreated; (b,g) WAUM-3; (c,h) WAUPM-1; (d,i) WAUPM-2; and (e,j) WAUM-3.

Raman spectroscopy was employed to further characterize the degree of graphitization.
Figure 10 presents the Raman spectra of samples. Peak D and peak G at about 1350 cm !
and 1600 cm~! corresponded to the peaks of amorphous carbon and graphitized carbon,
respectively. The higher the degree of graphitization, the better the effect of heat insulation
and oxygen isolation. As shown in Figure 10, as the thickness of the coating increased in
WAUPM-1, WAUPM-2, and WAUPM-3, the Ip /I value decreased. Finally, the carbon
residue of WAUPM-3 had the lowest Ip/Ig value. Compared with untreated PC/ABS and
WAUM-3, the Ip /I value was also much smaller for WAUPM-3. These results indicated
that WAUPM-3 had the highest degree of graphitization after carbon combustion, which
displayed a good barrier effect and effectively inhibited the thermal degradation of the
underlying PC/ABS. This observation was consistent with the SEM results.

Finally, based on the above analysis, the possible mode of action of the flame-retardant
WAUPM-3 is described in Figure 11. When an external heat source or flame was applied,
the MOFs-based coating acted as a thermal barrier due to the better thermal stability of
PA@MWCNT@UiO-66. This prevented the flame from coming into direct contact with the
PC/ABS substrate. In the second stage, when PC/ABS combustion was caused by cracking
of the coating due to thermal expansion, the porous structure of MOFs delayed the partial
release of smoke. This was because the porous structure of MOFs played a role of catalytic
carbonization, forming dense coke that covered the surface of the material. This layer acted
as an insulation barrier to inhibit heat transfer from the combustion zone and decrease
the rate of formation of volatile fuel fragments. Moreover, MWCNT played another role
of promoting the construction of a carbon cross-linking network. In general, the coatings
comprised of a phosphorus-carbon-zirconium flame-retardant system endowed PC/ABS
with excellent flame-retardancy.
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4. Conclusions

A new kind of MOFs-based flame retardant was prepared by loading phytic acid (PA)
and multi-walled carbon nanotubes (MWCNT) onto UiO-66 by a solvothermal method. It
was further applied as a flame-retardant surface coating onto PC/ABS. The results showed
that PA improved the compatibility between UiO-66 and the acrylic resin and also helped
to maximize the interfacial bonding between the adhesive layer and PC/ABS substrate
and improve the wrapping property. When the thickness of the coating was 750 um, the
thermal barrier effect was significant and the LOI value of the material was 27.5%. The
cone calorimetry test showed that the heat release and smoke release of the material had
significant hysteresis and inhibition effects. Raman spectral analysis showed that a high-
quality carbon layer was constructed during the combustion process, which effectively
shielded the heat and oxygen transfer to the internal matrix. The phosphorus, carbon,
and zirconium elements of PA, MWCNT, and UiO-66 contained in the coating showed
flame-retardancy in the condensed phase. The hexagonal structure and thermal stability of
MWCNT promoted the formation of a cross-linked network in the carbon layer. UiO-66
was involved in char formation and the tunnel effect during the early and middle stages of
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pyrolysis to provide the flame-retardant effect. In addition, the flame-retardant coating did
not affect the mechanical properties of PC/ABS as in the case of physical filling, and the
brushing was easy to repeat.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym16020275/s1, Figure S1: TGA (a) and DTG (b)
curves of UiO-66@PA@MWCNT, UiO-66 and MWCNT-COOH; Figure S2: SEM images of (a) UiO-
66; (b) MWCNT-COOH; (c) UiO-66@PA@MWCNT, and elemental distribution (d1-d4) of UiO-
66@PA@MWCNT; Table S1: TGA data of samples for WAUPM, WAUM, WAU and WA; Table S2:
Results of flame retardant coated PC/ABS for LOI and vertical burning test; Table S3: Results of
flame retardant coated PC/ABS for Cone Calorimetry Test.
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Abstract: Polyurethane (PUR), as an engineering polymer, is widely used in many sectors of industries.
However, the high fire risks associated with PUR, including the smoke density, a high heat release
rate, and the toxicity of combustion products limit its applications in many fields. This paper presents
the influence of silsesquioxane fillers, alone and in a synergistic system with halogen-free flame-
retardant compounds, on reducing the fire hazard of polyurethane foams. The flammability of PUR
composites was determined with the use of a pyrolysis combustion flow calorimeter (PCFC) and a
cone calorimeter. The flammability results were supplemented with smoke emission values obtained
with the use of a smoke density chamber (SDC) and toxicometric indexes. Toxicometric indexes were
determined with the use of an innovative method consisting of a thermo-balance connected to a gas
analyzer with the use of a heated transfer line. The obtained test results clearly indicate that the used
silsesquioxane compounds, especially in combination with organic phosphorus compounds, reduced
the fire risk, as expressed by parameters such as the maximum heat release rate (HRRmax), the total
heat release rate (THR), and the maximum smoke density (SDmax). The flame-retardant non-halogen
system also reduced the amounts of toxic gases emitted during the decomposition of PUR, especially
NOx, HCN, NHj3, CO and CO,. According to the literature review, complex studies on the fire hazard
of a system of POSS-phosphorus compounds in the PUR matrix have not been published yet. This
article presents the complex results of studies, indicating that the POSS—phosphorous compound
system can be treated as an alternative to toxic halogen flame-retardant compounds in order to
decrease the fire hazard of PUR foam.

Keywords: PUR composites; silsesquioxane; fire hazard; smoke emission; toxicometric index

1. Introduction

A fire hazard is a result of multiple aspects, including a high released heat value and
oxygen deprivation, as well as smoke and toxic gas emissions [1,2].

During a fire hazard, people are exposed not only to fire or smoke but also to a mixture
of toxic gases, such as CO, CO,, NOx, HCN, SOx, and HCl [3-7].

In the event of a room fire, the most dangerous products of thermal decomposition and
combustion are created during the combustion of polyurethane-based foams. Polyurethane
foams are used, among others, in the production of upholstered furniture. The research
conducted so far indicates that even in the initial phase of the thermal decomposition of
PUR foam, the concentrations of CO and CO, are so high that they can pose a lethal threat
to people. During the decomposition of PUR foam, high amounts of HCN and NOx, which
have been proven to have asphyxiate properties, are also emitted [8-10].

Polyurethane, as an engineering composite, is widely used in many sectors of industry.
However, the high fire risks associated with PUR, including the smoke density, a high
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heat release rate, and the toxicity of combustion products, limit its applications in many
fields [11,12].

As a consequence, research on how to reduce the flammability and toxicity properties
of PUR is attracting more and more attention.

Nowadays, to reduce the fire hazard of PUR composites, an intumescent flame-
retardant system, first of all, in the form of expandable graphite (EG), is widely used [13].
EG is halogen free and acts mainly in the condensed phase. Exposed to heat, expandable
graphite forms a low-density, thermal insulating layer on the surface of the polymer that
prevents the transfer of both heat and oxygen. Unfortunately, the incorporation of EG into
the PUR matrix decreases the mechanical properties of PUR, mainly due to its poor adhe-
sion to the PUR matrix and large particle size. Furthermore, the expandable graphite clearly
increases smoke emission during the thermal decomposition of PUR composites [14-16].

Currently, in order to develop a new intumescent flame-retardant system, organic
phosphorous compounds, alone and in synergistic action with silsesquioxanes are being
studied. Compounds based on phosphorus have several advantages, such as low toxicity, a
lack of release of poisonous halogen gases, and the production of low amounts of smoke
during combustion. Phosphorus compounds, similar to graphite, can form a char layer that
protects polymers from combustion heat. Unfortunately, the phosphorus compound’s car-
bon layer created during thermal decomposition very often lacks a homogenous structure.
For this reason, the action efficiency of phosphorus compounds in PUR matrices is worse
in comparison with expandable graphite. In order to improve the homogenous as well as
insulative properties of the carbon layer created during the thermal decomposition of PUR,
phosphorus compounds are joined with silsesquioxanes [17].

Silsesquioxanes are polyhedral structures of the general formula (RSiO1.5)n, where
R is virtually any organic substituent or a hydrogen atom, and n is an integer, in most
cases equal to 6, 8, 10, or 12. The silsesquioxane core is regarded as the smallest obtainable
fragment of crystalline silica. The dimension of the silsesquioxane molecule is within 3 nm.
This supposes that crystalline silica may stabilize and increase the amount of homogeneous
carbon residue after the thermal decomposition of polymer composites [18-22].

Therefore, the aim of this work is to examine the effectiveness of a synergic system,
a phosphorus compound with silsesquioxane, in decreasing fire hazards with special
consideration for the emission of toxic gases and smoke from PUR composites.

2. Materials and Methods
2.1. Materials

The subject of this study was polyurethane foam, which was synthesized with the
use of polyol (BASF, Elastoflex W5165/140) and isocyanide (BASF, 1zo 135/158) (diphenyl-
methane diisocyanate-MDI) in a 2:1 proportion.

As a flame retardant, an organic phosphorus compound was used, triphenyl phosphate
(TPP), which was produced by Everkem, Italy. The phosphorus content was equal to 9.5%
(Figure 1).

The silsesquioxanes used were methacrylpropyl POSS MA0735 (POSS MA), amino-
propyl POSS AMO0265 (POSS AM), and OL POSS OL1170 (POSS OL) (Figure 1).

2.2. Preparation of PUR Composites

Flexible polyurethane foams were produced at the laboratory scale using the one-stage
method involving a two-component system, with an equivalent ratio of OH to NCO groups
equal to 2:1. Component A, i.e., Elastoflex W5165/140, was mixed with the appropriate
amount of modifier (5 wt.% POSS and 10 wt.% TPP vs. polyol). Component B was
diphenylmethane diisocyanate (MDI) (Table 1).

Components A and B were mixed and poured into a Teflon open mold, and then
foam was frothed. Flexible polyurethane foams, after having been left to the end of the
growth process for 1 h, were then conditioned to stable mass at a temperature of 23 £ 2 °C
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and under relative humidity less than 50 = 5%, according to the PN-EN ISO 291:2010
standard [23].

Material Chemical structure

2

\51/ e VO™
\s,?/c"-\s',o\.
POSS-AM AR
\’O:SI"“'O":"’;S"‘\R

" Sl—g—SiC

R = Fbutyl
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POSS-OL \j_

TPP 0-P-0
S 0

Figure 1. Chemical structure of used compounds.

Table 1. Composition of PUR composites in mass fraction (phr).

Composite AM MA OL TPP
PUR-AM 5

PUR-MA 5

PUR-OL 5

PUR-TPP 10
PUR-AM-TPP 5 10
PUR-MA-TPP 5 10
PUR-OL-TPP 5 10
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2.3. Methods
2.3.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were assessed by means of a Quanta
250 FEG electron microscope (FEI Company, Hillsboro, OR, USA) with electron gun and
field emission (Schottky’s emitter, Hillsboro, OR, USA).

2.3.2. Fourier-Transform Infrared Spectroscopy Analysis

Fourier-Transform Infrared Spectroscopy with attenuated total reflection (FTIR-ATR)
was recorded on a PerkinElmer Spectrum (Waltham, MA, USA). Two FTIR spectrophotome-
ter equipped with a single-reflection diamond ATR crystal on a ZeSe plate. Measurements
were recorded using a spectrum computer program. The parameters were 4 scans from

400-4000 cm ™! in the transmittance mode with a resolution of 4 cm™~1.

2.3.3. Thermogravimetry Analysis

The thermograms of thermogravimetric analysis (TGA) were recorded using Netzsch
STA 449 F3 Jupiter (Selb, Germany) in a temperature range from 25 to 650 °C, for samples
5 £ 1 mg placed in the open Al,O3 pan. The measurements were performed with a gas
flow of 40/20 pL/min in nitrogen/oxygen and a heating rate of 10 °C/min. The results
obtained were processed using the Proteus Thermal Analysis 8.0.3 computer program.
The parameters considered during thermogravimetric analysis include the temperature at
which the sample loses 5% of weight (T5), the temperature at which the sample loses 50%
of weight (T5p), the temperature at the maximum rate of sample decomposition (TRyax),
the range of the combustion temperature of the residue after thermal decomposition of the
sample (ATs) and the residue at a temperature of 600 °C (Pgg)

2.3.4. Toxicity

The studies on the release of the toxic combustion products of PUR composites were
carried out using a TG-gas analyzer coupled system (Netzsch TG 209 F1 Libra (Selb,
Germany)) coupled with a real-time analyzer Bruker Omega 5 gas analyzer (Billerica, MA,
USA). The measurement of toxic gas evolution analysis were performed at a temperature
range from 30 °C to 650 °C with a gas flow of 40/20 puL/min in nitrogen/oxygen and a
heating rate of 10 °C/min, for the 5 & 1 mg samples. The gases were analyzed using a FTIR
MIR detector (400-4000 cm ') (Billerica, MA, USA). Spectra were registered every 7-8 s
(10 scans). Then, the spectra were converted using the Opus GA computer program, version
8.7.41 to the value of the gas emission concentration [ppm]. The gases recorded were CO,,
CO, HCl, NH3, NO and NO,.

The emission gas rate in ppm was converted to toxic gases release concentrations in
g/m3 using the ideal gas law.

PV =nRT

where
P—air/gas pressure in atm (1 atm = 1013.25 hPa),
V—volume of gas,
n—number of particles moles in a gas,
R—gas constant (0.08206 LXam) and
T—LKelvin temperature scale (T °C + 273).
By transforming the above formula, the number of moles per liter of air in 1 atm. in

25 °C is converted:

n P 1 atm mol

n_ _ — 0.0409 2%
V. RxT 298K x 0.08206 Lxamm L
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Then, the volume concentration (g/m?) of toxic combustion products is converted
into mass per volume of air:

. g _ 0.0409 x Cl[ppm] x M
Concentmtzonm3 = 1000

where
C—emission gas rate in [ppm], and
M-—converted gas molar mass.

2.3.5. Microcalorimetry PCFC

The flammability of the PUR, PUR-AM, PUR-MA, PUR-OL, PUR-TPP, PUR-AM-
TPP, PUR-MA-TPP and PUR-OL-TPP was tested using PCFC (pyrolysis combustion flow
calorimeter) produced by Fire Testing Technology Ltd. (East Grinstead, UK). The procedure
was performed in according to the ASTM D 7309 standard [24]. The pyrolizer’s temperature
was 650 °C, and the combustor’s heat was 900 °C. The composites were heated ata 1 °C/s
rate. The test was performed in conditions of nitrogen/oxygen (80/20 cc/min). During the
test, the following parameters were recorded: the heat release rate, the maximum (peak)
value of PCFC HRR (W/g), the time to HRR peak, total HR (kJ/g), and the heat release

capacity (J/gK).

2.3.6. Flammability

The PUR composites were tested using a cone calorimeter, produced by Fire Testing
Technology Ltd., according to the PN-EN ISO 5660 standard [25]. The samples, all having
the dimensions 100 x 100 x 50 mm, were tested in a horizontal position with a heat radiant
flux density of 35 kW/m?. During the test, the following parameters were recorded: initial
sample weight, sample weight during testing, final sample weight, time to ignition (TTI),
total heat released (THR), effective combustion heat (EHC), the average weight loss rate
(MLR), and the heat release rate (HRR).

2.3.7. The Smoke Density

The smoke density was recorded using a Fire Testing Technology Smoke Density
Chamber (SDC) according to the PN-EN ISO 5659-2 standard [26]. The samples, all having
dimensions 75 x 75 x 15 mm, were tested with a heat radiant flux density of 25 kW / mZ2.
During the test, the following parameters were recorded: initial sample weight, weight
during the test, final sample weight, maximum specific optical density (Dsmax), specific
optical density after 4 min of testing Ds(4), area under the specific optical density curve
(VOF4) and light attenuation coefficient after testing.

3. Result and Discussion
3.1. Surface Morphology of PUR Composites

The test results obtained by SEM clearly indicate that the PUR composites are charac-
terized by a porous structure. Free spaces filled with air during the thermal decomposition
of PUR not only increase the efficiency of exothermic combustion reactions through the
diffusion of oxygen into the reaction environment, but also catalyze degradation reactions
and thermal destruction of PUR chains (Figure 2A,B).

Introducing an organophosphate compound in the form of TPP to the polyurethane
foam matrix significantly reduces the size of free spaces in the PUR structure (Figure 2C,D).
The results obtained by the SEM analysis clearly indicate that TPP is homogeneously
distributed in the polyurethane matrix, and thus limits the degree of porosity of the tested
PUR foam.

92



Polymers 2024, 16, 645

(D)

12/18/202 HV 12/18/2023 HV det |mag H| pressure
41:48 PM{10.00 2:41:11 PM|10.00 kV/ETD| 100 4e-2 Pa

(F)

Figure 2. Cont.

93



Polymers 2024, 16, 645

12/18/2023 HV
2:51:47 PM 10.00 kV

12/18/2023 HV
3:03:26 PM 10.00 kV

det {mag H | pressure HFW 500 ym
ETD| 100 x |1.56e-2 Pa|1.49 mm UJK Kielce

/2023
21 PM

G . (H)

det [mag @ | pressure | HFW [—————500 um HV [ det [mag B pr
ETD| 100x |1.56e-2 Pa|1.49 mm|  UJKKielce | 3:12:33 PM|10.00 kV|ETD| 100x |1.5 UJK Kielce

Figure 2. SEM images of PUR composites: (A,B) reference PUR composite; (C,D) PUR composite con-

taining TPP; (E,F) PUR composite containing an AM-TPP system; (G,H) PUR composite containing
an TPP-MA system; (I,J) PUR composite containing an AM—TPP OL-TPP system.

A significant reduction in the porosity of the tested PUR foam was achieved for the
TPP-POSS system. Regardless of the type of POSS used, both the number and size of free
spaces in the PUR structure were significantly reduced in relation to the pure PUR as well
as in the PUR-TPP composite [27,28].

The analysis of the obtained SEM images clearly indicates that the best effect in terms
of reducing the porosity of the PUR foam was achieved for the TPP-OL system. In the case
of the PUR—TPP-OL (Figure 2L]J), the porous structure of PUR practically disappeared.

The structural studies of the PUR-POSS composites by the IR spectroscopy revealed
the characteristic absorbance bands. The band at 3337 cm ™! corresponded to the stretching
vibrations of N-H (Figure 3) [29]. The peak at 2868 and 2868 cm ! corresponded to the
symmetric and asymmetric stretching vibration of C-H in hydrocarbon chains, respectively.
The peak with a maximum of 1710 cm ™! derived from stretching vibrations was associated
with the occurrence of the carbonyl group. In the IR spectra, the following signals were
also visible: signals at 1538 and 1509 cm ! corresponded to the bending vibrations of the
N-H group, whereas the signal at 1094 cm ! was associated with the stretching vibrations
of C-O-C groups [30,31].
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Figure 3. FTIR spectra of PUR, PUR-AM, PUR-MA and PUR-OL composites.

New signals at 1489, 1186 and 959 cm ™! were registered for the PUR composites
containing TPP. The peak at 1489 cm~! and 959 cm ! corresponded to a vibration aromatic
ring, whereas the peak at 1186 cm ™! corresponded to the valence vibration of the P-O-C
group (Figure 4) [32,33].

Additional signals were not recorded for the FTIR spectrum of the PUR composites
containing TPP with POSS (AM, MA, OL). Also, no loss of signals was observed for the
spectrum of the PUR—TPP composites. Therefore, it was found that TPP does not react
with polyol and isocyanate during the PUR synthesis process, or even POSS compounds
added at this stage.
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Figure 4. FTIR spectra of the PUR, PUR-TPP and PUR-OL-TPP composites.

3.2. Thermal Analysis and Flammability of PUR Composites

The results of the thermal analysis indicate that POSS compounds have an ambiguous
effect on the thermal parameters of PUR composites (Table 2). The POSS-AM as well as
POSS-MA increase the value of the Ts and Tsy parameters, and significantly reduce the
value of the dm/dt parameter, especially in the case of POSS-MA (Figure 5A). Limiting
the rate of thermal decomposition dm/dt is of key importance from the point of view
of reducing the fire hazard of the tested materials. The lower the value of the dm/dt
parameter, the lower the intensity decomposition of a given composite, and thus the less
flammable composite enters the flame zone.

96



Polymers 2024, 16, 645

Table 2. Thermal analysis results of PUR composites.

Composite T5 (°C) Tso (°C) Trmax (°C) (%1/1:!/:11:1) Ptp (%) AT, (°C) Peop (%)
PUR 295 365 365 10.1 20.1 460-600 1.45
PUR-AM 271 345 330 9.3 23.7 475-600 3.60
PUR-MA 305 385 370 8.3 31.6 475-600 10.81
PUR-OL 295 350 340 10.6 27.2 450-600 7.20
PUR-TPP 260 350 345 9.6 25.5 235-600 0.15
PUR-AM-TPP 270 375 360 6.7 26.6 450-600 4.54
PUR-MA-TPP 270 385 395 6.1 25.2 465-600 4.27
PUR-OL-TPP 195 345 345 74 23.6 455-600 4.71

It is worth noting that the value of the dm/dt parameter was reduced by nearly
18% compared to the reference sample in the case of the PUR-MA composite, which
suggests that the intensity of the combustion process (flame feeding) and the emission of
toxic gaseous destructs are significantly lower in the case of the POSS-MA sample when
compared to the PUR reference sample (Table 2).

All tested POSS compounds (AM, MA, OL) cause an increase in both residues after
thermal decomposition, the PTD parameter, as well as residues at a temperature of 600 °C,
the Pggo parameter. A clear increase in the value of the Prp and P4 parameters indicates
that POSS compounds can catalyze the formation of a ceramic boundary layer during the
decomposition of the PUR composite. This layer, due to its insulating properties, primarily
limits the transfer of heat from the flame to the interior of the sample, as well as the transfer
of liquid and gaseous destructs to the flame [34,35].

The application of an organophosphate flame-retardant compound into the PUR
matrix in the form of TPP also had an ambiguous effect on the thermal stability of the
PUR-TPP composite (Figure 5B). In the presence of TPP, thermal stability parameters such
as Ts, T5p and Trmax were not improved, while the dm/dt parameter had a value close to
the reference sample (PUR composite).

However, it should be noted that the residue parameter after thermal decomposition
(Prp parameter) was increased, which indicates that TPP generates a carbon residue of a
potential insulating nature during thermal decomposition. The aromatic rings enrich the
TPP structure with carbon (Figure 1). Nevertheless, the obtained test results clearly indicate
that the carbon residue after thermal decomposition was almost completely burned at
AT = 435-600 °C. The P600 parameter was only 0.15% in the case of the PUR-TPP composite.

In the case of PUR composites containing the synergistic POSS-TPP system, the
amount of residue after thermal decomposition (Ptp parameter) was practically no dif-
ferent in relation to the residue after thermal decomposition of the PUR-TPP composite
(Figure 5C).

Nevertheless, the Pgoy parameter value for the composites containing the POSS-TPP
system was significantly higher when compared to the PUR-TPP composite. These were
4.54,4.27, and 4.71 for the PUR-AM-TPP, PUR-MA-TPP, and PUR-OL-TPP composites,
respectively (Table 2).

The increase in the Pgop parameter for the composites containing the POSS-TPP system
indicates that POSS compounds stabilize the carbon residue through physical interactions,
i.e., the formation of a ceramic coating on the carbon surface and as a result of a chemical
reaction based on the formation of thermally stable Si-C silicon carbide [36].

It is also worth noting that those composites which contained the POSS-TPP system,
especially the PUR-MA-TPP ones, were characterized by higher values of the T5p and
TrMmax parameters, along with a simultaneously reduced value of the dm/dt parameter,
compared to the PUR-TPP reference sample.
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The test results obtained using the PCFC method were corelating positively with
those obtained when using the thermal analysis method [37,38]. Among the tested POSS
compounds, the PUR-MA composite had the highest reduction value for both HRRpjax
and THR parameters. It cannot be excluded that despite the lack of changes in the IR
spectrum, the POSS-MA was applied to the structure of the PUR foam through polar
groups located at the end of the alkyl chains or bound to the PUR through reversible
intermolecular interactions [39,40].

POSS-AM and POSS-OL also have a beneficial effect on reducing the flammability of
PUR composites; however, the reduction in the values of HRRyjax and THR parameters
was observed for a much smaller extent than in the case of the composite containing
POSS-MA (Figure 6).
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Figure 6. HRR curves of PUR composites: PUR, PUR-AM, PUR-MA, and PUR-OL.

The test results presented in Table 3 indicate that triphenyl polyphosphorus (TPP)
is much more effective in reducing the flammability of PUR compared to POSS com-
pounds. In the presence of TPP, the HRRyjax parameter was reduced by 38%. It is also
worth noting that the TPP significantly reduced the value of the heat capacity parameter,
i.e,, HRC. Reducing the HRC parameter value by 37.8% significantly limits the susceptibility
of the modified PUR foam to both maintaining combustion processes and fire development
(Table 3) (Figure 7).

The highest degree of fire hazard reduction in the tested PUR foams, expressed by
means of the HRRyjax, THR, and HRC parameter values, was obtained for the synergistic
effect of POSS compounds and TPP. The results presented in Table 3 indicate that all tested
composites, i.e., PUR-AM-TPP, PUR-MA-TPP and PUR-OL-TPP, are characterized by
similar values of HRRyax, THRRpmax, THR, and HRC (Figure 8).

Considering that the PUR composites containing the synergistic POSS-TPP system are
characterized by the greatest reduction in flammability in comparison to the PUR reference
sample, they were next subjected to flammability tests in real conditions (Table 4).
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Table 3. Flammability test results of PUR composites obtained with the use of the PCFC method.

Composite HRRMAX (W/g) THRRMAX (O C) THR (k]/g) HRC (J/gK)
PUR 629.0 415 26.3 578
PUR-AM 570.5 410 22.8 532
PUR-MA 495.1 420 23.1 461
PUR-OL 610.1 415 26.7 578
PUR-TPP 390.1 415 24.8 354
PUR-AM-TPP 341.1 420 24.3 315
PUR-MA-TPP 375.5 420 23.5 349
PUR-OL-TPP 3544 420 24.0 331
700
600
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= 400
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Figure 7. HRR curves of PUR composites: PUR, PUR-TPP.

The test results obtained using the cone calorimetry method confirmed the effective-
ness of the POSS-TPP system in the flammability reduction processes of the tested PUR
foams. In real conditions, it is worth noting that the POSS-TPP system, especially in the
form of AM-TPP and OL-TPD, significantly reduced the total heat released (THR parame-
ter) of the tested PUR composites. In the case of AM—-TPP, the THR parameter value was
reduced by 70.1%, while it was reduced by 68.7% in the case of OL-TPP compared to the
reference sample (PUR) (Table 4).

It should also be emphasized that the MA-TPP system effectively reduced the MARHE
parameter informing about the intensity of fire. The PUR-MA-TPP composite, similarly
to the PUR-OL-TPP one, is characterized by a significant reduction time to flameout
compared to the PUR-TPP composite. Reducing the extinguishing time of the sample,
without increasing the HRRyj4x value, reduces the fire hazard of the tested PUR composites.
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Figure 8. HRR curves of PUR composites: PUR, PUR-AM-TPP, PUR-MA-TPP, and PUR-OL-TPP.
Table 4. Flammability test results of PUR composites obtained using the cone calorimeter method.

Composite PUR PUR-TPP PUR-AM-TPP PUR-MA-TPP PUR-OL-TPP
ti (s) 30 40 41 79 32
teo (s) 944 1098 1094 205 315
HRR (kW /m?) 62.70 43.46 109.9 47.77 67.4
HRRpmax (KW/m?) 145.92 97.42 162.1 101.3 131.7
tHRRmax (s) 115 85 120 145 100
THR (M]/m?) 60.5 46.1 17.9 49.0 18.9
EHC (M]/kg) 17.25 13.61 14.10 13.81 13.8
EHCmax (MJ/kg) 67.35 72.60 74.31 74.55 65.28
MLR (g/s) 0.032 0.028 0.069 0.031 0.043
MLRmax (g/s) 0.151 0.122 0.204 0.102 0.132
AMLR (g/m?:s) 3.74 3.51 12.27 4.34 9.15
FIGRA (kW /m?:s) 1.27 1.14 1.35 0.69 1.317
MARHE (kW /m?) 81.55 56.89 93.13 51.46 80.15

3.3. Emission of Smoke and Toxic Gases

Smoke is defined as an aerosol of solid or liquid particles generated during the py-
rolysis process or thermo-oxidative decomposition of an organic fuel. The amount of
smoke generated depends on many factors, including the chemical composition of the fuel,
the availability of oxygen, the intensity of the heat flux, as well as the conditions of the
combustion process (flameless or flame combustion) [41].

Reducing the amount of smoke emitted directly translates into increased fire safety.
It is common knowledge that smoke hinders the orientation of people caught in a fire;
and therefore, it is the main factor causing disorientation and panic. It is also a carrier of
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toxic organic destructs, especially those coming from the group of dioxins and polycyclic
aromatic hydrocarbons [42].

The obtained test results clearly indicate that the flame-retardant system used for
the tested PUR-POSS-TPP composites has a beneficial effect on reducing their smoke
production (Dsyax parameter, Table 5).

Table 5. Smoke emission of PUR composites.

Composite Dsmax TDgsmax Ds(4) VOEF,
PUR 300.1 600 109.4 211.3
PUR-TPP 263.5 600 107.2 217.3
PUR-AM-TPP 203.8 600 74.22 153.3
PUR-MA-TPP 203.4 600 96.29 188.7
PUR-OL-TPP 2129 600 89.12 202.9

In the case of composites containing AM-TPP and MA-TPP, the value of the maximum
optical density of smoke was reduced by over 32% in comparison to the PUR reference
(Table 5).

Also, the amount of smoke emitted after 4 min of the test, the Ds(4) parameter, is much
lower for the composites containing POSS-TPP than for the PUR reference sample.

It should also be emphasized that the PUR-TPP composite is also characterized
by lower values of the Dsyiax and Ds(4) parameters compared to the PUR reference
composite. It is probable that the char formed during the thermal decomposition of TPP
of good insulating properties limits the decomposition of the composite and reduces
smoke emissions.

Silsesquioxanes have a beneficial effect on the reduction in toxic gas emissions gener-
ated during PUR decomposition, especially when they occur in a synergistic system with
TPP (Table 5) (Figure 9).

Applying the silsesquioxane compounds to the PUR foam matrix results primarily in
the reduction in carbon monoxide emissions. It is worth noting that the amount of hydrogen
cyanide emitted was also reduced. However, POSS compounds had an ambiguous effect
on the CO; and NO, emission values. In the case of the PUR-OL composite, a significant
increase in the amount of NO, emitted was recorded.

Applying the organophosphate compound TPP to the PUR matrix results in reduced
CO, CO,, and HCN emissions compared to the PUR reference sample (Table 6). Neverthe-
less, TPP, just like POSS-OL, clearly affects the amount of nitrogen dioxide (NO;) emissions.
Considering that both TPP and POSS-OL do not contain nitrogen, it is possible that TPP
and POSS-OL accelerate the oxidative decomposition of the urethane bond.

The synergistic POSS-TPP system clearly reduces the amount and toxicity of gases
emitted during the decomposition of polyurethane composites. The POSS-TPP system not
only reduces the amount of CO and CO,, but also the amount of HCN and NO; emissions
during the decomposition of PUR composites (Figure 10).

The reduction in toxic gas emissions in the POSS-TPP system results primarily from
the formation of a uniform carbon layer during the thermal decomposition of the PUR
composite. The main sources of carbon in the PUR-POSS-TPP composite are the aromatic
structures of TPP, which, during thermal decomposition of the composite, create a three-
dimensional carbon residue with a large specific surface area, also chemically stabilized by
the POSS decomposition products. The reduction in the emission values of the determined
toxic gases results primarily from their impeded diffusion through the boundary layer, as
well as the effect of adsorption processes taking place in the boundary layer.
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Figure 9. TG-gas analyzer—real-time gas emission results for PUR, PUR—AM, PUR—-MA, and
PUR-OL.

Table 6. Concentration of toxic gases emitted during thermal oxidation decomposition of PUR

composites.
Gas Concentration (g/m®)

Composite

co CO, HCN NO; Total
PUR 71.52 182.28 2.22 0.972 256.9
PUR-AM 68.49 175.67 1.89 1.054 247.0
PUR-MA 69.20 199.50 2.04 1.412 272.1
PUR-OL 69.21 192.64 2.15 6.03 269.9
PUR-TPP 66.65 154.86 2.04 14.03 237.5
PUR-AM-TPP 64.90 145.40 1.98 11.24 238.4
PUR-MA-TPP 69.51 154.67 1.94 10.37 236.5
PUR-OL-TPP 64.19 161.18 1.74 14.47 2415
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Figure 10. TG-gas analyzer—real-time gas emission results of PUR, PUR—AM—TPP, PUR-MA—-TPP,
and PUR—OL—-TPP.

4. Summary

This paper presented the influence of silsesquioxane fillers, along with a synergis-
tic system and halogen-free flame-retardant compounds, on reducing the fire hazard of
polyurethane foams.

The test results obtained by the SEM clearly indicate that the PUR composite is
characterized by a porous structure. The best effect in terms of reducing the porosity of the
PUR foam was achieved for the TPP-OL system. In the case of the PUR—TPP-OL system,
the porous structure of PUR practically disappeared.

The thermal analysis results indicated that POSS compounds have an ambiguous
effect on the thermal parameters of PUR composites.

All the tested POSS compounds (AM, MA, and OL) cause an increase in both residues
after the thermal decomposition of the PTD parameter, as well as residues at a temperature
of 600 °C when it comes to the Pgop parameter. A clear increase in the value of the Pyp and
Pgop parameters indicates that POSS compounds can catalyze the formation of a ceramic
boundary layer during the decomposition of the PUR composite.

The Pgpp parameter value for the composites containing the POSS-TPP system is
significantly higher when compared to the PUR-TPP composite. The increase in the
Pgoo parameter for the composites containing the POSS-TPP system indicates that POSS
compounds stabilize the carbon residue through physical interactions, i.e., the formation of
a ceramic coating on the carbon surface and because of a chemical reaction based on the
formation of thermally stable Si-C silicon carbide.

The PUR-MA composite has the highest reduction value for both HRRyjax and THR.
It cannot be excluded that despite the lack of changes in the IR spectrum, the POSS-MA
was applied to the structure of the PUR foam through polar groups located at the end of
the alkyl chains or bound to the PUR through reversible intermolecular interactions.
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The obtained test results clearly indicate that the flame-retardant system used for the
tested PUR-POSS-TPP composites has a beneficial effect on reducing their smoke production.

Silsesquioxanes have a beneficial effect on the reduction in toxic gas emissions generated
during PUR decomposition, especially when they occur in a synergistic system with TPP.

The synergistic POSS-TPP system clearly reduces the amount and toxicity of gases
emitted during the decomposition of polyurethane composites. The POSS-TPP system
reduces not only the amount of CO and CO,, but also the amount of HCN and NO,
emissions during the decomposition of PUR composites.
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Abbreviations

PUR polyurethane

POSS polyhedral oligomeric silsesquioxanes

MA methacrylpropyl POSS

AM aminopropyl POSS

OL vinyl POSS

TPP triphenyl phosphate

SEM scanning electron microscope

FTIR Fourier-Transform Infrared Spectroscopy

ATR attenuated reflection

TGA thermogravimetry analysis

TG thermogravimeter

Ts temperature 5% sample weight loss, °C

Ts temperature 50% sample weight loss, °C

TrMAX temperature at the maximum rate of sample decomposition, °C

dm/dt rate of sample decomposition, wt.%/min

Prp residue after thermal decomposition, %

ATy range of combustion temperature of the residue after thermal decomposition of
sample, °C

Peoo residue at T = 600 °C

MIR mid-infrared

PCFC pyrolysis combustion flow calorimeter

HRR heat release rate, W/g

HR Capacity heat release capacity, J/g-K

Cone cone calorimeter method

t time to ignition, s

teo time to flameout, s

THRR temperature at the maximum heat release rate, °C

EHC effective combustion heat, MJ/kg

AMLR average weight loss rate, g/m?-s

THR total heat release, MJ/m?2

HRRmax maximum heat release rate, kW /m?

tHRRmax time to maximum heat release rate, s

MARHE maximum average heat release rate, kKW /m?

FIGRA fire growth rate index, kW /m?-s

Dsmax maximum specific optical density
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Ds(4) specific optical density after 4 min of testing
VOF4 are under the specific optical density curve
Dc light attenuation coefficient after testing
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Abstract: Intumescent flame retardants (IFRs) are mainly composed of ammonium polyphosphate
(APP), melamine (ME), and some macromolecular char-forming agents. The traditional IFR still
has some defects in practical application, such as poor compatibility with the matrix and low flame-
retardant efficiency. In order to explore the best balance between flame retardancy and mechanical
properties of flame-retardant polyformaldehyde (POM) composite, a biobased calcium magnesium
bi-ionic melamine phytate (DPM) synergist was prepared based on renewable biomass polyphosphate
phytic acid (PA), and its synergistic system with IFRs was applied to an intumescent flame-retardant
POM system. POM/IFR systems can only pass the V-1 grade of the vertical combustion test (UL-94)
if they have a limited oxygen index (LOI) of only 48.5%. When part of an IFR was replaced by DPM,
the flame retardancy of the composite was significantly improved, and the POM/IFR /4 wt%DPM
system reached the V-0 grade of UL-94, and the LOI reached 59.1%. Compared with pure POM, the
PKHRR and THR of the POM/IFR/4 wt%DPM system decreased by 61.5% and 51.2%, respectively.
Compared with the POM/IFR system, the PKHRR and THR of the POM/IFR/4 wt%DPM system
were decreased by 20.8% and 27.5%, respectively, and carbon residue was increased by 37.2%. The
mechanical properties of the composite also showed a continuous upward trend with the increase
in DPM introduction. It is shown that the introduction of DPM not only greatly reduces the heat
release rate and heat release amount of the intumescent flame-retardant POM system, reducing the
fire hazard, but it also effectively improves the compatibility between the filler and the matrix and
improves the mechanical properties of the composite. It provides a new approach for developing a
new single-component multifunctional flame retardant or synergist for intumescent flame-retardant
POM systems.

Keywords: polyformaldehyde; phytate; synergistic effect; flame retardancy

1. Introduction

POM is a milky, opaque, crystalline, linear thermoplastic resin without a side chain
whose structural formula is (CH,O)y,. It has the advantages of good rigidity and hardness,
excellent fatigue resistance, creep resistance, and chemical resistance, self-lubrication, a
high thermal deformation temperature, stable mechanical properties, and good surface
gloss, so it is widely used in electronic and electrical, light industry, machinery, building
materials, and other fields [1]. However, because POM is flammable, there is a great fire
hazard. Owing to its special chain molecular structure and ultra-high oxygen content, once
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ignited, it will continue to release a large amount of heat and toxic smoke, causing great
harm to humans and the environment. Therefore, flame-retardant modification of POM
is one of the difficulties and points of concern for many scientific researchers and related
enterprises [2]. At present, adding flame retardants to polymers by blending is the simplest
and most efficient way to alleviate this problem. Commonly used flame retardants include
halogenated flame retardants, inorganic flame retardants, phosphorus and nitrogen flame
retardants, silicon flame retardants, and intumescent flame retardants [3,4]. Intumescent
flame retardants (IFR) have the advantages of being halogen-free, have low toxicity, are
environmentally friendly, and are considered a class of flame retardants with the greatest
application potential after halogen-based flame retardants [5-7]. However, IFR additives
have poor compatibility with polymer matrices, low flame-retardant efficiency, and the
additive amount is often above 30 wt% to achieve a certain flame-retardant effect, which
makes the mechanical properties of the composite material greatly reduced [8].

According to the literature research, the commonly used strategies to solve the above
problems mainly include the following: (1) search for novel efficient acid/char sources of
IFR [9]; (2) surface modification of common IFR ingredient, such as APP [10]; (3) prepa-
ration of single-component multifunctional flame retardants [11]; (4) add synergistic
agents [12-14], etc. Phytic acid (PA) is a natural organic phosphorus compound acid source
extracted from plant seeds. It has a series of characteristics such as high storage capacity in
nature, ultra-high phosphorus content, and excellent metal ion complexation ability, and
it can react with organic amine compounds. These are great qualities for it to become a
high-efficiency acid source in IFRs and to prepare single-component multifunctional flame
retardants and organometallic salt synergists [15-17]. Cheng et al. used phytic acid as an
acid source and chitosan and biochar as carbon sources to prepare flame-retardant coatings
and applied them to the flame-retardant modification of cotton fabrics. The modified
cotton fabric exhibited good thermal degradation and thermal oxidation stability, which
reduces the fire hazard [9]. Yang et al. synthesized a new one-component intumescent
flame retardant in the form of microporous nanosheets called hexa-(4-aminophenoxy)
cyclotriphosphonitrile-phytic acid (HACP-PA), which assembled the carbon source, acid
source, and gas source into a molecular structure. After adding 5 wt% HACP-PA to poly-
lactic acid (PLA), the V-0 grade of UL-94 was achieved, and the LOI value was increased
to 24.2%. Compared with PLA, the total heat release and peak heat release rate of the
PLA composite with 5 wt% HACP-PA were reduced by 5% and 15.3%, respectively. In
addition, the total smoke volume was also significantly reduced by 31.0%, and combustible
volatiles were significantly reduced by the incorporation of HACP-PA [18]. Gong et al.
added nickel phytate (PA-Ni) as a synergist with an intumescent flame retardant to modify
polylactic acid (PLA). By adding 4 wt% PA-Ni and 11 wt% IFR, the resulting PLA composite
can achieve the V-0 test grade of UL94. Compared with pure PLA, the peak heat release
rate of PLA /11IFR/4PA-Ni is reduced by 62.3%, and the carbon residue is significantly
increased [19]. Zhan et al. used layered melamine phytates (MEL-PA) with intumescent
flame retardants in flame-retardant polypropylene (PP). Studies have shown that the addi-
tion of MEL-PA can effectively improve the limiting oxygen index of PP composites, greatly
reduce the heat and smoke release of PP/IFR, and increase the degree of graphitization
of the carbon layer, which proves that MEL-PA and IFRs have a good synergistic effect on
flame-retardant PP [20].

In this paper, a biobased calcium magnesium bi-ionic melamine phytate (DPM) was
designed and prepared. It was employed to modify POM by compounding with the IFR,
containing ammonium polyphosphate (APP), benzoxazine (BOZ), and melamine (ME)
as the acid source, carbon source, and gas source, respectively; it was fabricated and
optimized in our previous works [19,21]. The flame retardancy and mechanical properties
of the intumescent flame-retardant POM composites with DPM were studied. It was
found that DPM not only has an excellent synergistic flame-retardant effect with IFRs but
also enhances the compatibility between fillers and substrates, improves the mechanical
properties of composite materials, and has good application prospects. It provides a
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new approach for the development of biobased environmentally friendly intumescent
flame retardants.

2. Experimental Section
2.1. Materials

Phytic acid (PA, 70% aqueous solution), magnesium hydroxide (99.5%), and calcium
hydroxide (99.5%) were purchased from Xiya Chemical Co., Ltd, Chengdu, China. 4, 4-
diaminodiphenyl sulfone (DDS, 99.5%) was obtained from Shanghai Meryer Technologies
Co., Ltd., Shanghai, China. POM (POM, MC90), melamine (ME, 99%), and antioxidant
(1010, industrial grade) were provided by Henan Kaifeng Longyu Chemical Co., Ltd,
Kaifeng, China. APP (TF-201, crystal form II, n > 1000) was purchased from Shifang
Taifeng New Flame Retardant Co., Ltd, Shifang, China. Benzoxazine (BOZ) was made in
our laboratory [22].

2.2. Preparation of DPM

Firstly, 1.5 equivalent of calcium hydroxide and 1.5 equivalent of magnesium hy-
droxide were dispersed in deionized water (0.2 mol/L) at room temperature to prepare
a calcium magnesium bimetallic ion suspension solution, and 1 equivalent of phytic acid
and 4 equivalent of melamine were dissolved in deionized water separately to prepare a
phytic acid solution (0.2 mol/L) and melamine suspension (0.2 mol/L). Then, 1 equivalent
of DDS was dissolved in ethanol (0.5 mol/L) for use. The preparation diagram is shown in

Figure 1.
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Figure 1. Preparation route and one of the possible structural schematic diagrams of DPM.

Secondly, the DDS ethanol solution was slowly and uniformly added to the phytic
acid aqueous solution at room temperature. After stirring for 30 min, the calcium and
magnesium bimetallic ion aqueous solution was added slowly and evenly to the above
reaction solution. Then, it was stirred for another 30 min, the temperature was raised to
85 °C, and the melamine suspension was added dropwise. A large amount of precipitation
was quickly generated, and the temperature was kept with stirring for 4 h until the reaction
was completed.

Finally, DPM was obtained by filtering, washing, and drying, with a yield of 92.0%.
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2.3. Preparation of POM Composites

POM pellets, intumescent flame retardant (IFR) (composed of APP/BOZ/ME), and
DPM were dried at 80 °C in an electric blast drying oven for more than 4 h. After pre-
mixing all the ingredients with weighted amounts according to the design formula, the
mixture was melt-blended, extruded, and granulated by a twin-screw extruder at 165 °C to
175 °C. The obtained pellets were further dried at 80 °C for more than 6 h. After thorough
drying, they were injected by an injection molding machine to make standard bars for
further testing. The plasticizing temperature of the injection molding machine was 170 °C
to 180 °C.

2.4. Characterization

Fourier transform infrared spectroscopy (FTIR) analysis was performed by the Nicolet
170sx Fourier Infrared spectrometer (Bruker Spectrometer, Saarbriicken, Germany), using
potassium bromide tablets with an optical test range of 400 cm~! to 4000 cm~! and a
resolution of 4 cm 1.

The vertical combustion performance (UL-94) was tested on the horizontal vertical
combustion tester (Suzhou Testech Testing Instrument Technology Co., Ltd., Suzhou, China)
according to the GB/T 2408-2008 [23] test standard, with a spline size of 125 x 12.5 x 3.2 mm.

The limiting oxygen index (LOI) was tested in accordance with GB/T 2406.2-2009 [24]
standard on the smart oxygen index fume hood integrated machine (Suzhou Testech Testing
Instrument Technology Co., Ltd., Suzhou, China), and the sample size was 80 x 10 x 4 mm.

The cone calorimetry (Fire Testing Technology Ltd., East Grinstead, UK) was measured
using the ISO 5660-1 2015 [25] standard to study the combustion behavior at a thermal
radiant flux of 50 kw/m? and a temperature of 700 °C.

The thermal degradation gas infrared analysis test was carried out in a combination
of a thermogravimetric analyzer (TGA /SDTA 851, Mettler-Toledo, Zurich, Switzerland)
and Fourier infrared tester (INVENIOS, Bruker, Saarbriicken, Germany), heated from room
temperature to 800 °C in a nitrogen atmosphere at a heating rate of 10 °C/min and a gas
flow rate of 50 mL/min.

The surface topography of the coke slag after cone calorimetry was analyzed by
scanning electron microscopy (SEM, JEOL JSM-7610F, UK). The test voltage was 5 kV. The
scanning electronic microscope was equipped with an energy-dispersive X-ray spectrometer
(EDS) for elemental analysis using elemental mapping with a voltage of 8 kV and a detection
limit of 0.01%.

Elemental analysis was performed by X-ray fluorescence spectroscopy (XRE, S2
RANGER, Bruker) with a test range of 11Na-92U and a content range of ppm-100%.

The degree of graphitization of the carbon layer was measured by a laser microscope
Raman spectrometer (Renishaw in Via, Renishaw, London, UK). The excitation wavelength
was 532 nm and the spectral range was 1000-2000 cm .

The mechanical properties of the samples were tested by an electronic universal testing
machine (TCS-2000, GOTECH Testing Machines Inc., Taiwan) at room temperature. The
tensile test was conducted according to the GB/T 1040.1-2006 [26] standard, the tensile
rate was 50 mm/min, and the sample size was 150 x 10 x 4 mm. The bending test was
conducted according to the GB/T 9341-2008 [27] standard, the drop rate was 2 mm /min,
and the sample size was 80 x 10 x 4 mm.

According to the standard GB/T 1043-2008 [28], a sample with a size of 80 x 10 X
4 mm was used to open a V-shaped notch with a depth of 2 mm in the center, and the
notch impact test was carried out with the impact testing machine (ZBC-8400-C, GOTECH
Testing Machines Inc., Taiwan).

3. Results and Discussion
3.1. Characterization of DPM

The FTIR spectra of DPM are shown in Figure 2. According to the spectrum, DPM
retained a -CH vibration absorption peak near 2900 cm !, and O=P and O-P characteristic
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absorption peaks appeared near 1640 cm~! and 1100 cm ™!, respectively. It can be proved
that DPM retains the basic structure of phytic acid [29]. The characteristic peaks of -NHj
and triazine rings in ME appear near 1510 cm~! and 800 cm ™!, and the characteristic
absorption peaks of a benzene ring and -SO,- groups of DDS appear at 3200-3500 cm ! and
1100 cm~! wave numbers [30]. In addition, the characteristic peak of -OH near 3700 cm !
was not clearly reflected in DPM, indicating that the successful grafting of ME and DDS
and the full reaction of Mg(OH), and Ca(OH), as raw materials had been achieved.
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Figure 2. FTIR spectra of DPM.

Further combined with EDS map test analysis (Figure 3), the atomic percentages
of P elements and S, Ca, and Mg elements in DPM are 3.18%, 0.37%, 0.75%, and 0.89%,
respectively, and the ratio between these four major elements is 1:0.12:0.24:0.28, which
is roughly similar to the theoretical value (1:0.17:0.25:0.25), and it can be seen from the
figure that the distribution of elements in DPM is very uniform. Finally, according to the
results of XRF analysis (Table 1), it can be seen that the ratio of major elements P, S, Ca,
and Mg in DPM is 1:0.29:0.41:0.29, which is roughly consistent with the theoretical value
(1:0.17:0.25:0.25). Combined with FITR, EDS maps, and XRF analysis results, it can be
inferred that DPM was successfully prepared.

Figure 3. SEM images and EDS map results of DPM.
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Table 1. Results of XRF analysis of DPM.

Component Weight/%  Element Atomic Ratio (Relative to the P Element) *
P,05 55.09 P 1.00
SO3 17.88 S 0.29
CaO 17.64 Ca 0.41
MgO 9.10 Mg 0.29
Cl 0.17 -- --
Rest 0.16 - -

Note: “*” represents the ratio of the atoms of each element to the P element in DPM.

Figure 4 shows the TG and DTG diagrams of DPM. As can be seen from the figure, the
initial decomposition temperature of DPM (T_s9,) is 229.7 °C, the main maximum weight
loss rate temperature (Tmax) has two intervals, Ty,x1 and Tiaxe, which are 305.2 °C and
537.2 °C, respectively, and the residual amount at 800 °C is 43.6%.
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Figure 4. FTIR spectra of DPM thermal decomposition products at different temperatures (a) and
thermogravimetric curves (b).

Figure 5 shows the real-time infrared spectrum of gas released by DPM under nitro-
gen thermogravimetric conditions. It can be seen from the three-dimensional figure that
under the maximum decomposition rate temperature (305.2 °C) (Figure 5), the asymmet-
ric stretching vibration peak and bending vibration peak of carbon dioxide appear near
2349 cm~! and 667 cm~!. N-H bending vibration absorption peaks emerge near 1630 cm !
and 950 cm~!. There are P-O stretching vibrations and bending vibrations in the vicinity of
1600-1740 cm~!. The characteristic absorption peak of the sulfonic acid group was found
near 1000-1300 cm L. In addition, at 143.7 °C, the peak value near 950 emlis higher, and
the corresponding NHj or other amino volatiles may be generated from the early release
of partially exposed amino groups in the DPM structure. The results showed that CO,, a
small amount of amines, a very small quantity of phosphate—oxygen radicals, and sulfonic
acid groups were released by thermal decomposition of DPM at this temperature.
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Figure 5. FTIR 3D diagram of thermal decomposition products of DPM at real-time temperature.

3.2. Flame-Retardancy Analysis

Vertical combustion (UL-94) and limited oxygen index (LOI) tests are the basic and
intuitive ways to observe the flame-retardant properties of polymeric materials. The UL-94
grade is mainly judged according to the total burning time (Tall) after two ignites. The
shorter the T,);, the more difficult the material is to ignite. The LOI indicates the minimum
oxygen concentration that can support the combustion of the material, and the higher the
LOJ, the better the flame-retardant performance.

Table 2 shows the UL-94 grade and LOI values of the DPM and IFR synergistically
flame-retardant POM composites. Pure POM is extremely flammable, and the combustion
process is accompanied by a large number of droplets; the UL-94 test cannot pass any
grade, and the LOl is only 15%. After the addition of the IFR, the UL-94 test time of the
POM/IFR system has been significantly reduced; its UL-94 reached V-1 grade, and the
LOI has been significantly increased to 48.5%. When the amount of DPM is increased
from 1% to 8%, the combustion performance of each system is further improved. The test
results show that with the introduction of DPM synergism, the UL-94 and LOI of POM
composites show a trend of first increase and then decrease. The UL-94 of the POM/IFR/4
wt%DPM and POM/IFR/5 wt%DPM systems can reach the V-0 grade with an LOI of 59.1%
and 57.6%, respectively. In contrast, the POM/IFR/4 wt%DPM system shows the best
flame retardancy.

Table 2. Flame-retardancy data of POM composites.

UL-94 (3.2 mm)

0,
Sample t1/s to/s Tan/s  Dripping Grade Lot
POM -- - - Yes NR 15
POM/IFR 12.4 221.3 233.7 No V-1 48.5

POM/IFR/1 wt%DPM 5 135.2 140.2 No V-1 53.2
POM/IFR/2 wt%DPM 0 752 75.2 No V-1 54.3
POM/IFR/3 wt%DPM 0 70.5 70.5 No V-1 55.5
POM/IFR/4 wt%DPM 0 36.2 36.2 No V-0 59.1
POM/IFR/5 wt%DPM 0 41.6 41.6 No V-0 57.6
POM/IFR/6 wt%DPM 0 110.2 110.2 No V-1 57.3
POM/IFR/7 wt%DPM 0 120.3 120.3 No V-1 56.9
POM/IFR/8 wt%DPM 0 123.2 123.2 No V-1 56.3

Note: The total additive amount of flame retardants and synergists in all systems was kept at 30 wt%, where the
additive amount of DPM replaced the corresponding amount of IFR. t; and t, represent the total burning time of
the first and second ignition, respectively; Ty is the total time of ten fires after two ignites.
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According to the results in Table 2, we subsequently selected four representative
systems, namely pure POM, POM/IFR, POM/IFR/1 wt%DPM, and POM/IFR/4 wt%DPM,
to further investigate their combustion behavior and mechanism of action.

3.3. Investigation of Combustion Behavior

Cone calorimetry (CONE) simulates real fire conditions, giving us a lot of information
about the combustion process. Due to the comprehensiveness and reliability of the data, it
has been widely used in the flame-retardancy evaluation of various composite materials,
such as various engineering plastics, foam materials, and wood materials. The characteristic
data of ignition time (TTI), heat release rate (HRR), total heat release (THR), effective heat
of combustion (EHC), total smoke release (TSP), and specific extinction area (SEA) can be
obtained [31,32].

Figure 6 shows the curves of HHR, THR, smoke release rate (SPR), and TSP of the
POM composites, respectively, and the specific data are shown in Table 3. From the test
data, pure POM is extremely flammable, the ignition time (TTI) is 43 s, and after ignition, it
burns violently to completion without any residue. The peak heat release rate (PkHRR) is
335.55 kW/m?2, and the average heat release amount (AvHRR) is 233.15 kW/ m2. The THR
was 133.08 MJ/ m?2, the mean effective heat of combustion (MeanEHC) was 14.54 M] /kg,
the mean mass loss rate (AvMLR) was 19.71 g/(m?-s), and the SEA, TSP, and carbon residue
were all zero. All composites with added flame retardants have shorter TTI than pure POM,
which is caused by the premature decomposition of the IFR before the POM matrix at high
temperatures. The PKHRR, AvHRR, and THR of POM/IFR composites with 30%IFR were
reduced to 163.17 kW /m?, 42.49 kW /m?, 89.47 MJ /m?, with a MeanEHC of 10.51 MJ/kg
and an AvMLR of 4.13 g/ (m2 -s). Compared with pure POM, SEA, TSP, and carbon residue
increased to 86.30 m?/kg, 7.57 m? and 11.3%, respectively.

Table 3. The main data of CONE test of composite materials.

POM/IFR/1 POM/IFR/4
Sample POM POM/IFR Wt%DPM Wit%DPM
TTI (S) 43 23 22 23
PKHRR (kW /m?) 335.55 163.17 132.79 129.17
PFI 7.8 7.1 6.0 5.6
AVHRR (kW /m?) 233.15 42.49 41.22 32.71
THR (M]/m?) 133.08 89.47 95.45 64.90
MeanEHC (M] /kg) 14.54 10.51 11.45 8.33
SEA (m?/kg) 0.00 86.30 159.40 109.31
AVMLR (g/(m?-s)) 19.71 413 3.87 3.7
TSP (m?) 0.00 7.57 9.2 6.8
Residue (%) 0.0 11.3 15.0 15.5

When 1% DPM was introduced, the PkHRR, AvHRR, THR, MeanEHC, and AvMLR
of the composite were further reduced, and the SEA, TSP, and carbon residues were
increased to a certain extent. With the increase in DPM introduction, the test results of
the composite materials were improved. The PKHRR, AvHRR, THR, MeanEHC, and
AVMLR of the POM/IFR/4 wt%DPM system were further reduced to 129.17 kW/m?,
32.71 kW/m?, 64.90 MJ/m?, 8.33 M]/kg, and 3.7 g/(mz-s). Compared with pure POM and
POM/IFR systems, the THR of the POM/IFR/4 wt%DPM system was reduced by 51.2%
and 27.5%, respectively, and the SEA and TSP were also decreased to 109.31 m?/kg and
6.8 m?2, respectively; the carbon residue was increased to 15.5%. The above data all show
that the introduction of DPM greatly improves the flame-retardant efficiency of the IFR,
significantly reduces the amount of heat released during combustion, improves the amount
of carbon residue of composite materials, and strengthens the flame-retardant effect of
the condensed phase. At the same time, it also inhibits the combustion of the material in
the gas phase, resulting in the release of a large amount of refractory smoke during the
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combustion process, which plays the role of reducing the amount of oxygen, combustible
gas, and heat released during the combustion process. These results indicate that DPM does
not only have a flame-retardant effect in the gas phase but also promotes the condensed
phase flame-retardant effect of the crosslinked carbon of flame-retardant POM composites
and is a good flame-retardant synergist for the intumescent flame-retardant POM system.
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Figure 6. HRR curve (a), THR curve (b), SPR curve (c), and TSP curve (d) of composite material
obtained by CONE test.

3.4. Carbon Residue Analysis

The digital photos, SEM, and LRS of residual carbon after the combustion of flame-
retardant POM composites are shown in Figure 7. After pure POM is ignited, it burns
violently until complete without any carbon residue generation. From the digital photos,
the carbon residue of the POM/IFR system has increased significantly, reaching 11.3%,
but the surface carbon layer is relatively loose, fragmentary, soft, and without any luster.
After the introduction of DPM, the amount of residual carbon in the system is further
increased; the POM/IFR/1 wt%DPM system reaches 15.0%, the POM/IFR /4 wt%DPM
system reaches 15.5%, and the quality of the carbon layer is obviously improved, is more
compact, and the surface shows a certain metallic luster. In particular, the carbon layer
generated by the POM/IFR/4 wt%DPM system after combustion appears as a whole, and
the external carbon layer basically has no damaged carbon residue, almost completely
covering and protecting the internal carbon layer, and the amount of carbon residue has
further increased. Thus, the carbon layer shows excellent quality and can play an efficient
barrier role.
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Figure 7. Digital photos, SEM images, and LRS maps of carbon residue after combustion of composite
materials.

It can be seen more obviously from the SEM diagram of carbon residue (Figure 7)
that the surface of the carbon layer of the POM/IFR system is broken and there are many
carbon slag and holes on the surface that cannot effectively block the transfer of oxygen,
heat, and combustible gas mixture, so the POM/IFR system does not achieve the ideal
flame-retardant effect. After the introduction of DPM, the carbon layer of the POM/IFR/
1 wt%DPM system is compact and continuous, showing a certain metallic luster, but there
are still a few holes and broken carbon residue. The POM/IFR/4 wt%DPM system has a
good improvement, and the carbon layer is completely and continuously arranged in a
compact and dense manner, basically without broken carbon residue and holes, which can
exert effective heat insulation and oxygen insulation, block the diffusion and transfer of
combustible gas mixture during combustion, and play a good shielding and protecting
role in the interior of the system. Therefore, the POM/IFR/4 wt%DPM system shows
outstanding flame retardancy.

In order to further analyze the carbon layer quality, the carbon layer after the CONE
test was analyzed by Raman spectroscopy (LRS) test, as shown in Figure 7. The LRS of
the carbon layer mainly has two peaks, one near 1350 cm ™! (peak D) and the other near
1580 cm~! (peak G), which represents sp? hybridization of the ordered carbon structure
with in-plane stretching vibrations [33,34]. The graphitization degree of the carbon layer
is usually expressed by the peak area ratio (Ip/Ig) of peak D to peak G; the smaller the
Ip/Ig value, the higher the degree of graphitization and the better the quality of the carbon
layer. The Ip/Ig values of carbon residue in the POM/IFR, POM/IFR/1 wt%DPM, and
POM/IFR/4 wt%DPM systems were 1.35, 0.99, and 0.87, respectively. The graphitization
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degree of the carbon layer in the POM/IFR/4 wt%DPM system was the highest. The results
show that the introduction of DPM in the flame-retardant POM can effectively improve the
degree of graphitization of the carbon layer, obtain a higher quality carbon layer, effectively
provide heat insulation, and protect the interior of the composite material, resulting in
excellent flame retardancy of the composite material. The above analysis shows that the
comprehensive flame-retardant effect of the POM/IFR/4 wt%DPM system is the best,
which is basically consistent with the combustion test data (UL-94 reaches V-0 grade, LOI
up to 59.1%).

3.5. Thermogravimetric Infrared Analysis

Figure 8 shows the thermogravimetric analysis (TG and DTG) curves of POM and
flame-retardant POM composites under a nitrogen atmosphere, and the specific data are
shown in Table 4. The initial decomposition temperature T_s9, of pure POM is 300.7 °C,
the maximum decomposition rate temperature Tmax is 338.8 °C, and no carbon residue was
generated at 600 °C. Compared with POM, the T_s5¢, of the POM/IFR system decreased
significantly to 261.7 °C, which was caused by the advanced decomposition due to the
introduction of the IFR; Tmax was 269.1 °C, which was also significantly advanced, and the
carbon residue increased to 17% at 600 °C. The results show that although the introduction
of the IFR can reduce the thermal stability of the composite, it can effectively improve the
carbon formation property of the composite. After the introduction of DPM, the T_5¢, and
Tmax of the POM/IFR/1 wt%DPM and POM/IFR/4 wt%DPM systems are basically the
same as those of POM/IFR systems, except that their residual carbon content increases
to 21.8% and 23.5%, respectively, at 600°C, both of which are higher than the theoretical
carbon residue content of their respective systems. It can be shown that the introduction of
DPM does not play a single role but has an excellent synergistic effect with the IFR, which
can more efficiently promote the carbon formation of the flame-retardant POM composite.
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Figure 8. TG (a) and DTG (b) curves of composite materials.
Table 4. Thermogravimetric data of composite materials.
Sample T _50,/°C T _100%/°C T _500,/°C Tmax/°C Actual Carbon Residue (600 °C)/%
POM 300.7 310.1 336.8 338.8 0.0
POM/IFR 261.7 263.1 271.5 269.1 17.0
POM/IFR/1 wt%DPM 260.1 261.2 2711 266.8 21.8 (17.3 %)
POM/IFR/4 wt%DPM 262.6 263.9 274.1 268.8 23.5(18.6%)

Note: The data with “*” in brackets are the theoretical carbon residues of the sample, and its calculation formula
is Y = Ypomrr X Wpomrr + Yopm X Wppwm (Where “Y” represents the carbon residue amount and “W”

represents the corresponding mass fraction).
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Figure 9 shows the thermogravimetric infrared (TG-IR) analysis results of pure POM
and flame-retardant POM composites. As can be seen from the three-dimensional figure,
the gas products during the combustion of POM and the flame-retardant POM system are
basically similar. The temperature range of pure POM gas release is about 250~375 °C,
while the temperature range of the POM/IFR and POM/IFR /4 wt%DPM systems is greatly
shortened to around 240~260 °C and 245~265 °C, respectively. According to the FTIR
spectra (Figure 10), the gas products of pure POM at the maximum decomposition rate
are mainly carbonyl, carbonyl compounds (1715 cm~!-1770 cm~!), and hydrocarbon
compounds (2640 cm~1-2940 cm~!). However, with the introduction of the IFR and
DPM, the gas products of the POM/IFR and POM/IFR /4 wt%DPM systems show weak
characteristic absorption peaks near 3500 cm~!; this may be the water released by the
intumescent flame-retardant POM system during the carbonization crosslinking reaction
under high-temperature conditions, which can dilute the combustible volatile matter and
oxygen concentration to a certain extent and improve the flame retardancy of the composite
material. Compared with the POM/IFR system, there is no obvious difference in the gas
generated by the POM/IFR/4 wt%DPM system. Combined with the cone calorimetric
analysis of each system and the carbon residue analysis, it can be seen that mutual reactions
occurred among DPM, IFR, and POM in the combustion process. DPM mainly plays a
catalytic role in the condensed phase, leading to rapid carbonization and more high-quality
char residue [29]. The ME grafted on phytate still retains some -NH, groups, and some
of the amine refractory gas mixture generated during combustion is further oxidized into
nitrogen oxide or nitrogen and water at high temperatures, thus diluting the concentration
of combustible volatiles in the combustion zone and playing a certain flame-retardant role
in the gas phase [30].
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Figure 9. Real-time TG-IR 3D image of composite materials.
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Figure 10. Infrared spectrum of gas released by composite at real maximum thermogravimetric rate.

3.6. Flame-Retardant Mechanism Analysis

The mechanism of the DPM-synergistic IFR to flame-retardant POM is shown in
Figure 11. First, at the initial stage of combustion, the acidic substance released by the
thermal decomposition of APP reacts with the charring agent BOZ for esterification and
promotes the ring-opening and crosslinking of BOZ to interweave with the polymer matrix
to form a three-dimensional network carbon layer [33]. Ca?* and Mg2+ in DPM can not only
catalyze the esterification reaction between the acid and carbon source but also strengthen
the carbon layer, which is consistent with the flame-retardant mechanism of phytic acid
metal salts reported in the literature [29]. Secondly, DPM can also release a certain amount
of amino compounds, -SO, -PO,, and -PO free radicals when heated to capture highly active
free radicals maintaining combustion such as -H and :OH in the gas phase. Finally, when
ME is decomposed by heat, a large amount of water vapor, CO,, and other nonflammable
gases are generated [30]. While diluting the concentration of flammable gas and oxygen,
the molten carbon layer is rapidly intumescent and foamed, forming a dense intumescent
carbon foam layer, which has a shielding effect and thus achieves a good flame-retardant
effect. DPM has an excellent synergistic effect with the IFR. The introduction of it can
strengthen the quality of the carbon layer and improve its shielding effect. In addition,
when heated, DPM will release refractory gas and free radical catchers to strengthen the
dilution effect and quenching effect. Therefore, DPM can be used as a good flame-retardant
synergist for the intumescent flame-retardant POM system.

120



Polymers 2024, 16, 614

Flame-retardant

composite

Refractory gas NH;

et : #’-’" O@HZO

Diluting effect. ¢

U

| &

aine 0 Y 4 D,
-

I
1
1
) - . .
| Combustlo_n» Flame-retardant Carbomzatltal
: composite i
1
| .
i i) R Barrier effect
carbon layer |
! ) )
! T i Attt t--s
[EL 1 .
: == »rsmv—P—0—P—nnv I | I
2+ 2+ ANVP— 0 —CvW\
PO, 1 (|J l_ | Ca-~, Mg
1 i I -+
PO, 1 oH o 1 ! VWP = O =P\
NH, I -~ o I
n : 1 ¥ i ~ I N : AP — O — M
1 1 A | NP ==C —N
T P P 1 ! 0 . aWesans
r Open | i [
: loop : | !
1

i ) Catalysis 1

1
1
: I Crosslinking
el
1 APP BOA - ----—--- W
L .
1

Figure 11. Flame-retarding mechanism diagram of DPM-synergistic IFR flame-retarding POM.

3.7. Mechanical Property Analysis

Table 5 shows the test results of mechanical properties of pure POM and flame-
retardant POM composites. From the test data, pure POM has excellent mechanical proper-
ties. However, after the introduction of the IFR, the mechanical properties of the POM/IFR
system deteriorated sharply. The notch impact strength, bending strength, and tensile
strength decreased to 2.78 k] /m?, 48.04 MPa, and 36.20 MPa, respectively, which decreased
by 50.5%, 31.7%, and 42.9% compared with pure POM. The compatibility between the IFR
and the matrix is not good. When DPM is introduced into the intumescent flame-retardant
POM system, the mechanical properties of the composite are comprehensively improved,
showing a continuous upward trend with the increase in DPM addition. The notch im-
pact strength, bending strength, and tensile strength of POM/IFR/4 wt%DPM reached
3.28 k] /m?, 51.24 MPa, and 38.68 MPa, respectively; of note, the notch impact strength
increased by 18.0% compared with POM/IFR, with excellent flame retardancy and good
mechanical properties.

Table 5. Mechanical data of composite materials.

Sample SNtl?:;};ﬁ g:;})nigt) Bendl?ﬁx ;)dulus Bendl(rﬁsgength Tensile Strength (MPa)
POM 5.62 £ 0.06 2172.29 £ 22.57 70.37 £ 0.13 63.3.15

POM/IFR 2.78 £ 0.56 2707.04 £+ 16.36 48.04 +£0.34 36.20 £ 0.59
POM/IFR/1 wt%DPM 3.13+0.21 2882.26 + 17.23 48.25 £ 0.52 37.25£0.32
POM/IFR/2 wt% DPM 3.25+£0.17 3058.51 + 32.30 50.04 £ 0.63 37.87 £0.41
POM/IFR/3 wt% DPM 3.22 £0.05 2998.92 4+ 42.26 50.32 £0.77 38.13 £0.33
POM/IFR/4 wt% DPM 3.28 £0.10 3067.59 £ 17.22 51.24 £0.11 38.68 £ 0.22
POM/IFR/5 wt% DPM 3.31£0.08 3079.59 + 25.21 52.39 £0.21 39.98 £0.15
POM/IFR/6 wt% DPM 3.32 £0.06 2968.26 + 32.18 53.39 + 0.54 40.03 £0.12
POM/IFR/7 wt% DPM 327 +£0.12 3033.28 £ 32.09 53.44 £0.82 40.55 £ 0.52
POM/IFR/8 wt% DPM 3.28 £0.03 3200.23 £ 24.86 53.84 £1.85 41.00 £0.28
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In order to further explore the reasons why DPM improves the mechanical properties
of composite materials, the impact cross-sections of pure POM and flame-retardant POM
composites were scanned by SEM, as shown in Figure 12. After the sections were enlarged
1000 times, it can be seen that the pure POM impact section is very rough, showing obvious
ductile fracture traces without any longitudinal cracks and holes. After the addition of the
IFR, the impact cross-section of the POM/IFR system presents a large height difference,
which is full of particles with uneven particle size, and there are cracks and holes at the
joints with the matrix, and the interface separation of the two phases is serious, which
indicates the poor compatibility of the IFR and POM matrix, leading to serious deterioration
of the mechanical properties of the POM/IFR composites. Compared with the POM/IFR
system, the height difference of the impact section of the POM/IFR/4 wt%DPM system
has been significantly reduced, and the surface is rougher, but there are still some additive
particles with uneven particle size on the surface, and there are still small cracks and holes
at the two joints. With the increase in DPM addition and the decrease in IFR addition, in
the POM/IFR/8 wt%DPM system, the impact fracture and hole phenomenon improved,
and the two joints are tighter without obvious cracks, which also makes the composite
perform better in terms of mechanical properties. The improvement in the mechanical
properties of flame-retardant POM composites by DPM may be due to the special structure
of DPM as a chain macromolecular organometallic amine salt synergist, which improves
the compatibility between POM and filler, contributes to the dispersion of the intumescent
flame-retardant system during processing, and improves the interface interaction between
the filler and the matrix.

< 10pm

Figure 12. SEM image of composite section.

4. Conclusions

In this paper, DPM was prepared and characterized. The effects of its synergy on the
flame retardancy and mechanical properties of POM were discussed under the condition
that the total additive amount of the IFR and DPM remained at 30 wt%. The results were
as follows:

(1) Through the super-strong metal complexation ability of PA and the reaction with
organic amine compounds, the cationic unsaturated state of calcium and magnesium bi-
ionic melamine phytates were connected with diamine DDS to prepare DPM. The reaction
conditions were simple and mild, and the yield was very high (92%).
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(2) The use of DPM as a synergist in the intumescent flame-retardant POM system
can effectively improve the flame retardancy of POM composite materials, especially the
POM/IFR/4 wt%DPM system. Its UL-94 test passed the V-0 grade and the LOI reached
the highest value, 59.1%, while the THR decreased by 51.2% compared with pure POM.
Compared with the POM/IFR system, its THR decreased by 27.5%, and the carbon residue
increased significantly to 15.5%. Moreover, the synergistic system of DPM and IFR cannot
only improve the carbonization ability of the system, leading to the formation of a dense
carbon layer, but it can also inhibit the combustion of the gas phase. The gas phase and the
condensed phase cooperate to perform an efficient flame-retardant effect so that the flame
retardancy of the DPM synergistic flame-retardant system is significantly improved.

(3) DPM as a synergist in the intumescent flame-retardant POM system can effec-
tively improve the mechanical properties of the composite materials. Compared with the
POM/IFR system, the mechanical properties of the composite materials basically show a
continuously rising trend with the increase in DPM addition, and the SEM analysis of the
section also proves that DPM can improve the interface interaction of POM and filler and
enhance their compatibility.
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Abstract: The effect of plant-based fillers on thermal resistance in highly filled biocomposites based
on ethylene-vinyl acetate copolymer (EVA) was studied. Wood flour and microcrystalline cellulose
were used as fillers. It was shown that the introduction of microcrystalline cellulose into EVA did not
affect the thermal stability of the polymer matrix. In contrast, the introduction of wood flour into EVA
led to a significant increase in the thermal stability of the entire biocomposite. Oxidation induction
time increased from 0 (pure EVA) to 73 min (EVA + wood flour biocomposites). The low-molecular
weight phenolic compounds contained in wood flour are likely able to diffuse into the polymer matrix,
exerting a stabilizing effect. The discovered stabilizing effect is a positive development for expanding
the possibilities of technological processing of biocomposites, including multiple processing.

Keywords: highly filled biocomposite; ethylene-vinyl acetate copolymer (EVA); wood flour;
microcrystalline cellulose; thermal-oxidative stabilization; natural antioxidants

1. Introduction

EVA-based composites, filled with natural dispersed fillers, such as cellulose, starch,
and wood flour were characterized in earlier works [1-3]. These composites are widely
used, including for the creation of biodegradable products. The usage of a natural filler can
reduce the cost of a composite based on synthetic plastics [4]. It is known that recycling
composites based on synthetic polymers leads to thermal oxidation of the matrix polymer.
To prevent thermal-oxidative destruction, antioxidants and heat stabilizers are usually
added to the composition. The role of antioxidants (inhibitors) is to break the active
chain due to interaction with the peroxide radical [5]. The most widely used synthetic
antioxidant is Irganox 1010 (BASF Corporation, Charlotte, NC, USA). However, recent
studies showed that synthetic antioxidants were poorly compatible with polymers; they can
dissolve in water, diffuse onto the surface of the polymer, and evaporate over an elongated
period [6,7]. One of the alternatives is the usage of natural additives as antioxidants
and heat stabilizers. Poletto (2020) [8] examined the influence of natural oil additives
on the physicochemical parameters and thermal stability of mixtures based on recycled
polypropylene with wood flour. It was stated that there is an influence of natural oil
additives on the physicochemical parameters and thermal stability of biocomposites based
on recycled polypropylene with wood flour. The obtained results confirmed that when
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mixing wood flour with 2 wt.% of octane oil, the thermal destruction temperature of
the polypropylene/wood flour biocomposite increased from 300 °C to 312 °C. At the
same time, the strength and flexural modulus of elasticity increased noticeably. That
work concluded that natural oils improve interfacial adhesion between wood flour and
polypropylene matrix. Another work by Vorobyova and Prykhod (2019) [9] displayed the
antioxidant effect of various organic fillers, such as dried and shredded buckwheat husk
sowing (Fagopyrum esculentum), carposome of crab-of-the-woods (Laetiporus sulphureus),
carposome of chaga mushroom (Inonotus obliquus), and thallus of lichen of oakmoss (Evernia
prunastri), in composites with low-density polyethylene. The work studied the antioxidant
effect of both the fillers themselves and their extracts on the polyethylene matrix. The
results showed that the most effective antioxidant was an extract of oakmoss (E. prunastri),
which increased the induction period of polyethylene oxidation by more than 10 times.
Cerruti et al. (2009) [10] described the effect of the extract from tomato peel and seeds
on the stabilization of polypropylene. The authors argued that lycopene, a carotenoid
pigment found in large quantities in tomatoes, is a promising antioxidant for polymers. The
effectiveness of other substances contained in plants, including quercetin, x-tocopherol,
and cyclodextrin, enhanced polyethylene stabilization; the addition of these substances
significantly increased the induction period of the oxidation [11]. The stabilizing effect
of flavonoids (chrysin, quercetin, hesperidin, naringin, silibinin) under the influence of
UV irradiation and temperature on polypropylene was also studied [12]. In general, a
review of the literature data has shown that the use of natural additives as antioxidants
in mixtures with synthetic polymers is an effective method of stabilization. However,
in a majority of these works, it was not the raw plant particles used, but it was their
extracts, where polyphenolic compounds exist in a concentrated form. When a small
amount of plant particles is introduced, the effect of thermal stabilization of the polymer
matrix is negligible. In highly filled biocomposites (over 50 wt.% of vegetable filler), the
effect of thermal stabilization may be more obvious, but this research has not been carried
out yet. In previous works devoted to the preparation and investigation of highly filled
biocomposites, it was found that the content of VA in the EVA macromolecule had an
influence on elongation at the break of the entire biocomposite; the higher the VA content,
the higher the elongation [13-15]. Also, the effect of thermal stabilization of the polymer
matrix due to the introduction of wood flour was accidentally discovered, and our current
research investigates this effect more deeply. The use of natural, biodegradable vegetable
fillers opens additional advantages, such as thermal stability and waste reduction, for the
prospective use of biocomposites. Thus, the main objective of this work was to study the
thermal stability of highly filled biocomposites based on wood flour compared to the ones
with pure cellulose. It was also important to discover the correlations between the VA
content in the EVA macromolecule or molecular mass of the EVA macromolecule and the
effect of thermal stabilization by wood flour. For that reason, five different grades of EVA
were used.

2. Materials and Methods
2.1. Materials

Five different grades of EVA produced by LG Chem (Seoul, Republic of Korea),
differing in vinyl acetate content and melt flow index, were used as polymer matrices
(Table 1).

Wood flour (WF) of deciduous wood provenance, provided by “Novotop” (Moscow,
Russia), and microcrystalline cellulose (MCC) grade 101, produced by “Progress” (Ke-
merovo, Russia), were used as fillers. The chemical composition of the fillers, known
from the literature, is presented in Table 2. The fillers were sifted through a sieve with a
mesh diameter of 100 microns and dried at 105 °C for 24 h in an oven before mixing with
the polymer.
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Table 1. Basic characteristics of EVA grades (provided by LG Chem in technical datasheets).

Content of Vinyl Acetate Groups Melt Flow Index (MFI) at
EVA Grade el (mol.%] 190 °C/2.16 kg [g/10 min]
28005 28 11 5
28025 28 11 25
28150 28 11 150
15006 15 5 6
19150 19 7 150

Table 2. Chemical composition of the fillers.

Filler Cellulose Lignin Pentosanes  Polyuronic Reference
[wt.%] [wt.%] [wt.%] Acid [wt.%]
Wood flour (WF) 46 20 29 5 [16]
Microcrystalline 100 } ) ) )
cellulose (MCC)

Preparation of Biocomposites

Mixing of EVA with natural fillers was performed via heated mixing rolls UBL6175BL
(Dongguan, China) with the temperature of the rolls set at 130 °C and 150 °C, and the
rotation speed was 8 rpm. As a result, biocomposites based on five grades of EVA with two
fillers (MCC and WF) were obtained. The content of the fillers was 50 wt%. The obtained
biocomposites were molded by thermohydraulic press GOTECH GT-7014-H30C (Taichung,
Taiwan) at 140 °C and 40 kgf/cm? over 1 min. The thickness of the resulting flat sheets
varied from 0.4 mm to 0.5 mm.

2.2. Methods
(1) Determination of oxidation induction temperature (dynamic OIT)

Tests were carried out following ISO 11357-6:2018 [17]. The sample was heated at a
constant rate in an oxygen atmosphere until the oxidation reaction was detected on the
thermal curve. The onset of oxidation was indicated by a sharp increase in generated heat,
observed via differential scanning calorimeter (DSC). The test was carried out using DSC
214 Polyma NETZSCH (Selb, Germany), at a heating rate of 10 °C/min. The oxygen flow
rate was 50 mL/min, standard 40 uL aluminum crucibles without a lid were used, the
masses of the samples varied in the range of 10 £ 3 mg, each measurement was carried out
at least 2 times, and the average value was used for calculations.

(2) Determination of oxidation induction time (isothermal OIT)

Tests were carried out following the same ISO standard, using the same calorimeter,
and crucibles as described above. For isothermal analysis, the sample was heated to 200 °C
at 20 °C/min in an inert gas (nitrogen—100 mL/min) until 200 °C, kept for 5 min at
this temperature, and then the gas was switched to oxygen (100 mL/min). The test was
continued at a constant temperature of 200 °C until the oxidation reaction occurred.

(8) Thermogravimetric analysis (TGA)

The thermal degradation was studied using a thermogravimetric analyzer TGA /DSC3+
Mettler Toledo (Greifensee, Switzerland) following ISO 11358-1:2022 [18]. About 25-30 mg
of the crushed sample was placed into a 150 puL crucible made of aluminum oxide. The
measurements were carried out in closed crucibles, and the crucibles’ lids had a hole (made
by the manufacturer). The measurement was carried out in atmospheric air (100.0 mL/min):
15 min at 30 °C, then heated from 30 °C to 850 °C at a rate of 20.00 K/min.

(4) Fourier-transform infrared spectroscopy (FTIR)

To assess the effect of vinyl acetate content on the interaction of natural filler with
EVA, studies were carried out using an FI-803 Simex IR-Fourier spectrometer (Novosibirsk,
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Russia) with diamond crystal, employing the method of attenuated total reflectance (ATR).
The temperature was 23 £ 2 °C, and the wavelength range was 4000 <V < 600 em L
The change in the peaks for EVA + WF biocomposites was recorded in the range of
1600-1650 cm ! (peaks 1590 cm~! and 1650 cm~!). It was seen that 1590 cm ! is sen-
sitive to aromatic compounds and phenols from lignin in wood flour. The value 1650 cm ™!
is the peak of oxidized phenols (benzophenones) and also is the peak of the double bond in
vinyl acetate [19].

3. Results and Discussion

The results of TGA indicated that biocomposites with WF were more stable under
heating than biocomposites with MCC. The TG curves (solid lines) and their first derivatives
(DTG curves, dashed lines) for biocomposites based on EVA 19150 are illustrated in Figure 1.
A similar nature of the curves was discovered for biocomposites based on all studied EVA
grades (presented in Supplementary Materials). There are two peaks in the DTG curve
of pure EVA. The first one (371 °C) corresponds to the degradation of the side vinyl
acetate chain and the release of acetic acid. The second one (484 °C) characterizes the
decomposition of the polymer backbone. Although biocomposites with WF began to
lose weight earlier than the biocomposites with MCC, this decrease was insignificant.
However, the peak of maximum weight loss (DTG curve) for the biocomposite with WF
relative to the biocomposite with MCC was shifted by 16 degrees (from 358 to 374 °C) to
a higher temperature. In addition, the DTG peak intensity of the biocomposite with WF
was significantly lower than that of the biocomposite with MCC. Further analysis of the
19150-MCC biocomposite demonstrates that at the first stage of degradation, indicated by a
peak at 358 °C, the filler was mainly destroyed (the peak for pure MCC was also detected
at 358 °C). The weight loss of the biocomposite at 400 °C was 43% with an MCC content of
50%. Thus, at 400 °C, almost the entire MCC was destroyed. The biocomposite 19150-WF
at 400 °C lost 35% of its weight, which indicated that only 15% of the filler remained.
Although biocomposites with WF began to lose weight earlier than biocomposites with
MCQC, they better resisted thermal destruction at higher temperatures.
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Figure 1. Thermogravimetric analysis (TGA) of biocomposites based on EVA 19150 matrix and pure
EVA 19150 matrix.

Table 3 demonstrates the temperatures of thermal destruction of biocomposites on
polymer matrices with different vinyl acetate contents. For comparison, the values of pure
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fillers and pure polymer matrices are also given. Biocomposites with WF showed higher
thermal stability than biocomposites with MCC with all polymer matrices. All biocom-
posites with MCC had a peak in the temperature region where MCC destruction occurs
(~358 °C), and the peaks of biocomposites with WF were determined by the destruction of
matrices, sometimes even shifting them to the right (toward higher temperatures) along
the abscissa axis. Thus, it can be hypothesized that WF has a thermal stabilization effect on
polymer matrices.

Table 3. Onset, peak, and end temperatures at DTG curves (the first derivatives of TGA).

Composition Tonset, °C Tpeaks °C Tenda, °C
WEF 253 354 756
MCC 311 358 374
EVA 15006 330 374/481 517
EVA 15006 + WF 266 373/492 515
EVA 15006 + MCC 317 359/489 513
EVA 19150 313 372/484 513
EVA 19150 + WF 261 374/492 515
EVA 19150 + MCC 306 358/486 514
EVA 28005 329 367/487 513
EVA 28005 + WF 259 371/488 835
EVA 28005 + MCC 308 356/490 514

For the confirmation of the effect of thermal stabilization of the polymer matrix
uncovered by TGA, additional investigations of biocomposites on thermal oxidation were
carried out. The samples were studied using a differential scanning calorimeter under pure
oxygen, so the onset temperatures of the thermodegradation processes were lower than
in thermogravimetric analysis (which occurred in an air atmosphere). Figure 2 shows the
kinetic dependences of the oxidative induction of EVA-MCC biocomposites depending on
temperature: 100-0, 50-50, and 0-100 wt.%, using EVA with different vinyl acetate content.

MCC had a significantly longer period of thermal stability than EVA. The onset of
thermal oxidation for EVA and the EVA-MCC biocomposite are very close. This result
indicates the absence of chemical interaction between EVA and MCC. Therefore, MCC,
which is more stable to oxidation, does not impact EVA in their biocomposites. This initial
conclusion was confirmed by the study of the molecular structure of EVA-MCC using the
FTIR method. The spectra of EVA-MCC biocomposites (Figure 3) are almost identical to
the pure polymers. Therefore, it can be concluded that MCC in the EVA matrix is an inert
filler. It should be noted that the onset of EVA oxidation shifts to a higher temperature with
increasing concentrations of VA; with a content of 15% VA, the temperature of the onset
of oxidation was about 200 °C, and with an increase in VA above 19%, oxidation began
above 220 °C. These data look contradictory since it was shown [20] that the introduction
of acetate functional groups into the polyolefin chain led to a decrease in thermal stability.
However, in that work, thermal stability was assessed by the TGA method in an inert
atmosphere based on weight loss, and the dynamic OIT method operates with a change
in enthalpy. At the onset of thermal oxidation, the mass of the sample may not decrease;
it decreases already with the formation of volatile products, so the results obtained by
different methods may not converge.

A different effect of the filler on the thermal stability was found in composites based
on EVA with WE. WF begins to oxidize at sufficiently low temperatures, in the region of the
thermal stability of EVA. This can be explained by the chemical composition of WF. Unlike
MCC, in addition to cellulose, WF contains lignin, hemicelluloses, and extractives. Some
of them are more thermostable than cellulose (lignin), and others are less thermostable
(hemicelluloses). Therefore, oxidation does not start for all wood components at the same
time. TGA curves of pure fillers (Figure 4) indicated an earlier onset and later completion
(a wider range) of thermal destruction of WF compared to MCC.
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Figure 2. Oxidation induction temperature (dynamic OIT) of MCC-based biocomposites. Curves:
1—EVA, 2—EVA + MCC, 3—MCC. (A)—EVA with 15% of VA; (B)—EVA with 19% of VA; (C)—EVA
with 28% of VA.
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Figure 3. FTIR spectra of MCC-based biocomposites. FTIR spectra of pure EVA and MCC are also
presented as a reference. (A)—EVA with 15% of VA; (B)—EVA with 19% of VA; (C)—EVA with 28%
of VA.
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Figure 4. TG (solid) and DTG (dotted) curves of the fillers. Wood flour (WF)—red curves, microcrys-
talline cellulose (MCC)—blue curves.

Figure 5 presents the results of oxidation induction temperature determination (dy-
namic OIT) for EVA-WF biocomposites: 100-0, 50-50, and 0-100 wt.% using EVA with a
different content of VA. The EVA-WF biocomposite exhibits a thermal stabilization effect.
It begins to oxidize much later at higher temperatures than the individual components of
the mixture. In terms of the thermal oxidation onset temperature, it significantly exceeded
the performance of both EVA and WFE. Low-molecular weight substances can diffuse into
the EVA matrix from WF at the processing temperature under shear deformation, and
this is the underlying reason why they can increase the stability of EVA against oxidation.
Previous work showed the possibility of such a diffusion [21]. The model medium was
liquid hexadecane (models the Kuhn segment in polyethylene); at 160 °C, polyphenolic
substances (270 nm in the UV spectrum) and chlorophyll (410 nm and 670 nm) diffused into
hexadecane from plant-based fillers. In another work, it was shown that the addition of
plant components containing polyphenolic substances (birch leaves, mixed herbs hay) into
a polyethylene matrix inhibits the oxidation process at a melt temperature of 130 °C [22].
In the paper [23], the effect of thermal stabilization of LDPE with the following agricultural
waste as fillers was shown: grape pomace waste, wood shavings, turmeric waste, coffee
grounds, and orange peel waste. Adding 4 wt.% of grape pomace waste led to an increase
in the thermal oxidation temperature to 60 °C. This corresponds to the addition of 1 wt.% of
synthetic thermal stabilizer Irganox 1010. At the same time, reprocessing of the composites
led to an increased effect of thermal stabilization due to a more complete diffusion of
polyphenols from fillers into the polymer.

Probably, during the process of compounding, phenols (including tannins, dihydro-
quercetin), which are natural antioxidants, diffuse into the polymer melt from wood flour.
Diffusing into the polymer matrix, they stabilize it from oxidative degradation. At the same
time, the polymer matrix protects plant particles of fillers from contact with atmospheric
oxygen. This synergistic effect causes increased thermal stability of biocomposites with
wood flour and other plant fillers containing polyphenolic antioxidants.

It is also possible that physicochemical interactions between polar groups of wood
and EVA occurs, probably resulting in hydrogen bonds, which may explain the higher
thermal stability of the biocomposite.
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Figure 5. Oxidation induction temperature (dynamic OIT) of WF-based biocomposites. Curves:
1—EVA, 2—EVA + WF, 3—WF. (A)—EVA with 15% of VA; (B)—EVA with 19% of VA; (C)—EVA with
28% of VA.
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The slope of the curves for biocomposites (EVA + WF) is less steep than that for
pure WEF (Figure 5). The tangent of the thermal oxidation curve’s slope characterizes the
oxidation rate of pure WF and biocomposites made of EVA with WE. For biocomposites,
the tangent slope of the curves for EVA + WF is three-times less than that for pure WF
(Table 4). It can be concluded that the diffusion of antioxidants from WF into the polymer
matrix of EVA has a significant effect on the inhibition of thermal-oxidative degradation.

Table 4. The slope angle of thermal oxidation curves (dynamic OIT).

Composition Tangent of the Inclination Angle in the Range of 220-240 °C
Wood flour (WF) 0.029 + 0.001
EVA (15 wt.% of VA) + WF 0.010 + 0.001
EVA (19 wt.% of VA) + WF 0.009 + 0.001
EVA (28 wt.% of VA) + WF 0.008 + 0.001

With an increase in the amount of VA in EVA, the oxidation rate decreases. This can
be explained by the fact that with increasing VA content, the chemical affinity of EVA to the
antioxidants contained in WF increases. This leads to better solubility of the antioxidants in
the polymer matrix, and finally, it leads to a slowdown in oxidation processes. The yield of
antioxidants was confirmed by studying the structure of biocomposites using FTIR. Figure 6
shows the IR spectra of EVA + WF biocomposites. In contrast to biocomposites with MCC,
in the IR spectra of biocomposites with WF, a peak appears in the region of 1600-1650 cm ™!
and it increases with increasing VA content in EVA. A more detailed examination of the
spectra shows that this peak has two maxima, one of which is numbered (1) 1590 cm !,
which duplicates the peak of wood flour, and the second (2) 1650 cm~! is a small peak in the
EVA spectrum. The peak at 1590 cm~! indicates aromatic compounds such as phenols from
wood flour lignin, while the peak at 1650 cm ! indicates oxidized phenols (benzophenones)
and at the same time indicates the peak of the double bond remaining in vinyl acetate. With
an increase in the content of VA, low-molecular weight substances that diffused from wood
flour are better distributed in the volume and surface layers of the biocomposite (increase
in the peak of benzene rings by 1590 cm~!), where the oxidation reactions of phenols occur
(increase in the peak of the carbonyl group of benzophenones at 1650 cm™1).

To confirm the discovered patterns, the thermal stability of highly filled biocomposites
was assessed by the OIT method in isothermal mode. Pure EVA begins to oxidize earlier
than the biocomposite with WF (Figure 7). Moreover, the filler itself (WF) is not subject
to oxidation under these experimental conditions. That is, the degradation of WF occurs
at a higher temperature as a result of thermal destruction and not due to oxidation. It is
noticeable that biocomposites based on EVA with a lower content of VA (15%) have a shorter
period of thermal stability (about 60 min). While for EVA biocomposites with 19-28% VA,
this parameter increases to 80 min. This increase in the thermal stability of biocomposites
can also be associated with better diffusion and solubility of natural antioxidants in EVA
with a high VA content. In addition, it is possible that the formation of hydrogen bonds
preferentially occurs at a higher content of polar VA groups.

For EVA-MCC biocomposites, no increase in thermal stability was detected. Figure 8
shows the isothermal OIT curves of biocomposites based on EVA 19150 and MCC. The
course of the curves based on other EVA trademarks is identical, so they are not shown in
the figure. Table 5 contains the oxidation induction time data of all studied biocomposites.
It can be seen that biocomposite EVA + MCC starts to oxidize at the same time as pure EVA.
This confirms the assumption that there is no intermolecular interaction between MCC and
EVA. Consequently, when EVA is filled with MCC, the copolymer is not stabilized, but
when it is filled with WF, thermo-oxidative stabilization of EVA occurs.
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Figure 8. Oxidation induction time (isothermal OIT) of MCC-based biocomposites with EVA 28005
matrix at 200 °C. Curves: (1)—EVA, (2)—EVA + MCC, (3)—MCC.

Table 5. Oxidation induction time (isothermal OIT).

Onset Time of Thermal-Oxidative Degradation

Content of VA . Rk
in EVA, [wt.%] Filler [min]
7 : EVA Filler EVA + Filler
15 0.2 46.2
19 WF 9.8 >120 66.8
28 0.2 73.4
15 0.2 0.2
19 MCC 9.8 >120 9.8
28 0.2 0.2

4. Conclusions

This work examined the influence of two natural fillers, WF and MCC, on the thermal
stability of highly filled biocomposites based on EVA. These masterbatches were developed
for the purpose of being used as an additive to the matrix of synthetic polymers. When
the masterbatch additive is introduced to the main polymer, a biodegradable biocomposite
is formed, which significantly reduces the decomposition period of synthetic polymers
in the natural environment. The results showed that in EVA biocomposites with MCC,
the filler does not have a stabilizing effect on the EVA matrix, and the thermal-oxidative
degradation of EVA/MCC biocomposites occurs at the same time when the matrix (EVA)
starts oxidizing. In biocomposites with WF, a significant effect of thermal-oxidative sta-
bilization was observed, confirmed in both dynamic and isothermal modes. Moreover, it
was found that this effect intensifies with an increase in the content of vinyl acetate in EVA.
After addition of WF to EVA 28005, the oxidation induction time increased from 0 (for pure
EVA) to 73 min (for EVA + WF biocomposite). The discovered effect of thermal stabilization
can be explained by the diffusion of phenolic compounds from wood into the polymer
matrix during compounding. Phenolic compounds, as natural antioxidants, can protect
the polymer from oxidative degradation. Thus, biocomposites filled with WF are more
heat resistant than pure matrix polymer and can withstand more cycles of recycling, while
being more biodegradable and cheaper. In previous papers, it was shown that extracts
from vegetable fillers might be added to the polyolefin polymer matrix and act as efficient
antioxidants. In this work, it was shown that the same effect may be obtained in highly
filled biocomposites without additional treatments like extraction. The discovered effect
of thermal stabilization is most likely characteristic not only of wood flour, but also of
other vegetable fillers that are not chemically purified, which makes such biocomposites
more promising.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym16152103/s1, Figure S1: Thermogravimetric analysis of
biocomposites based on EVA 15006; Figure S2: Thermogravimetric analysis of biocomposites based
on EVA 28005.
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Abstract: Water-based chloroprene latex is a solvent-free, environmentally friendly adhesive. Cur-
rently, its market demand is growing rapidly. However, there are problems such as a lack of heat
resistance and poor mechanical properties, which limit its application. The introduction of vinyl-
POSS (OVS) into the resin structure can effectively improve the thermal stability of chloroprene
adhesives. In this paper, modified waterborne chloroprene latex was prepared by copolymerization
of methyl methacrylate and OVS with chloroprene latex. The results showed that vinyl-POSS was
successfully grafted onto the main chain of the waterborne chloroprene latex, and the modified
waterborne chloroprene latex had good storage stability. With the increase in vinyl-POSS, the tensile
strength of the chloroprene latex firstly increased and then decreased, the tensile property (peel
strength of 20.2 kgf) was maintained well at a high temperature (100 °C), and the thermal stability
of the chloroprene latex was improved. When the addition amount was 4%, the comprehensive
mechanical properties were their best. This study provides a new idea for the construction of a
new and efficient waterborne chloroprene latex system and provides more fields for the practical
application of waterborne chloroprene latex. This newly developed vinyl-POSS modified chloroprene
latex has great application potential for use in home furniture, bags, and seat cushions.

Keywords: vinyl-POSS; chloroprene latexes; tensile strength; thermal stability

1. Introduction

Chloroprene latex, a type of water-based emulsion chloroprene rubber adhesive, is
composed of polychloroprene micelles and various types of emulsifiers [1-4]. This versatile
adhesive is widely utilized in bonding fabrics, leather, wood, plastics, glass, and other
materials, playing a crucial role in various industries worldwide [5-8]. The environmental
friendliness, safety, non-toxicity, non-flammability, and affordability of water-based chloro-
prene latex are notable advantages [9-13]. However, it also possesses certain drawbacks,
such as slow drying, limited substrate compatibility, low initial viscosity, poor resistance to
extreme temperatures, susceptibility to freezing, poor storage stability, and color change
over time. Considering these limitations, the modification of waterborne chloroprene
latex adhesives is often necessary to enhance their overall performance [14,15]. Various
industries rely on the development of chloroprene adhesives to meet their specific bonding
needs. In recent years, significant efforts have been made to improve the formulation of
chloroprene latex adhesives, addressing their inherent limitations, and expanding their
application range. These efforts have resulted in the development of modified chloroprene
latex adhesives with improved drying times, enhanced substrate compatibility, increased
initial viscosity, and better resistance to environmental factors, such as heat and cold.
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Furthermore, advancements in storage stability and color retention have contributed to
the broader use of chloroprene latex adhesives in diverse industrial settings. As a result,
the market for modified chloroprene latex adhesives continues to grow, offering superior
performance and versatility for various bonding applications.

There are several common methods for modifying chloroprene latex, including blend-
ing modification, graft modification, and copolymerization modification [16-21]. Blending
modification is prone to phase separation problems, making it less suitable for certain
applications. Graft modification, on the other hand, is a more useful method of polymer
modification as it is easy to control various reaction parameters [22,23]. In the past, Kai
Zhang et al. grafted methyl methacrylate and styrene onto polychloroprene rubber using
emulsion polymerization. By incorporating the bulking agent made using this method, they
achieved better mechanical properties of the contact rubber compared to simple blends [14].

Polyhedral oligosiloxanes (POSS) are small molecules that have cage-like three-
dimensional structures at the nanoscale. The general formula for POSS is (RSiO1 5)n [24-26].
The core of POSS is made up of inert inorganic materials, such as organosilicon and
oxygen (5iO1 5). When incorporated into a polymer matrix, POSS enhances the mechanical
properties and thermal stability of the polymer [27-30]. The substituents (R) attached to
the silicon atoms situated at the corners of the cage can be classified as hydrogen, reactive,
or inert organic groups [31,32]. These organic groups promote specific interactions and
compatibility between POSS and the polymer or monomer [33,34]. By utilizing traditional
chemical transformations, it is possible to replace one or more of the substituents with
functional groups. These multifunctional groups, such as methacrylates, styrenes, epoxides,
alcohols, and phenols, facilitate the introduction of POSS into a polymer chain or network
through grafting or polymerization [35-38]. The addition of nanosized inorganic particles
is an effective approach to enhance the properties of polymers while maintaining their
low density and high ductility [39]. Moreover, when applied to emulsion polymerization,
POSS does not suffer from the problem of alkoxy hydrolysis polycondensation that general
organosilicon monomers encounter. Furthermore, POSS can form connections with multiple
organic groups due to its high reactivity [40,41]. The vinyl group in OVS (organosilicon
vinyl ether) allows for the conversion of OVS into valuable products through various
reactions [42,43]. The objective of this study was to modify waterborne chloroprene latex
using functional silicone macro-monomers with a nanoscale three-dimensional structure
derived from OVS. The effects of these modifications on the stability, latex particle size,
heat resistance, and T-peel strength were investigated. The modified chloroprene rubber
can be widely used in home furniture, bags, seat cushions for aircraft, cars, high-speed
trains, trains, ships, and other modes of transportation. Additionally, it can be employed in
the bonding of leather, sponge, plastics, and wood [40,44,45].

2. Materials and Methods
2.1. Materials

Industrial-grade chloroprene latex (CRL) was purchased from Shanghai Costron
Polymers Co., Ltd., Shanghai, China. The methyl methacrylate (MMA), sodium dodecyl
biphenyl ether sulfonate (DSB), and vinyl-POSS (95%, OVS) used in this study were all ana-
lytical reagent grade and were purchased from Shanghai Maclin Biochemical Technology
Co., Ltd., Shanghai, China. Tert-butyl hydroperoxide (TBHP) and tetraethylenepentamine
(TEPA) were all analytical grade and were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China. Benzene propylene emulsion was industrial reagent
grade and was purchased from Shandong Haoshun Chemical Co., Ltd. (Jinan, China).
Deionized water is homemade in the laboratory. All the other reagents underwent further
purification before use.

2.2. Preparation of Modified Aqueous Chloroprene Latex

The grafting reaction was conducted using the seed emulsion polymerization method
displayed in Scheme 1. A 250 mL three-necked round bottom flask equipped with a ther-
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mostatically heated magnetic stirrer, peristaltic pump, condenser pipe, and thermometer
was used. In this flask, 25 g of CRL and DSB (1% of the total monomer weight) was added.
The reaction system was then diluted with deionized water to achieve a solid content of
30% while stirring with a thermostatically heated magnetic stirrer at 50 °C. An amount of
8.25 g of mixed monomer (MMA and OVS) was added dropwise at a uniform rate over
100 min. The OVS component accounted for 0-5% of the total weight ratio of monomer
and polymer. During this process, a mixture of TBHP (TBHP/TEPA = 1:1, 0.5% of the dry
weight of CRL) was added, alongside the dropwise addition of aqueous TEPA, maintaining
a constant temperature for 3.5-4 h. Finally, the emulsion was allowed to cool to room
temperature to obtain the OVS-modified aqueous chloroprene latex.
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Scheme 1. OVS modified aqueous chloroprene synthetic approaches.

2.3. Characterization

Fourier transform infrared spectroscopy (FI-IR) analysis of the samples was obtained
in the range of 4004000 cm~! using a Nicolet IS50-Nicolet Contin FT-IR spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The viscosity of the samples was
measured using a DVS+ viscometer according to the standard GB/T 2794-1995 [46]. The TG
and DTG curves were obtained by heating the samples from 40~600 °C at a scanning rate
of 10 °C/min under a nitrogen atmosphere using a TG209F1 thermogravimetric analyzer
(NETZSCH-Gerdtebau GmbH., Selb, Germany). The samples were thermally analyzed to
obtain the glass transition temperature by DSC 214 with a temperature scanning range of
80-120 °C, a heating rate of 10 °C/min and a nitrogen atmosphere. The T-peeling strength
of the sample was measured using a temperature-controlled tensile strength machine
according to the standard of GB/T 2790-1995 [47] displayed in Scheme 2.

To test the stability of the emulsion dilution, 2 mL of emulsion was diluted in 10 mL
of water. Then, after a week, the mixture was observed to see if any phenomena such as
precipitation or delamination occurred. The emulsion samples were placed in 50 mL clear
vials and left at room temperature (25 °C, 50% humidity) for 24 h. To test the stability of
the emulsion at room temperature during the measurement period, a visual method of
observation was used. In an oven set to a constant temperature of 50 °C, the emulsion
samples were put. To ascertain the emulsion’s stability at high temperatures, the emulsion
was visually examined during the measurement period to see if flocculation or emulsion
breakup occurred.
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Scheme 2. Schematic diagram of T-peeling test.

The emulsion samples and phenylpropylene emulsion were mixed together before
being uniformly applied to a piece of sponge. A second piece of sponge was then aligned
and bonded, and after waiting for it to dry at room temperature and being placed into
the oven for an hour at a high temperature, the heat resistance of the latex was assessed
by testing its tensile properties both before and after exposure to high temperature. The
synthesized vinyl-POSS modified neoprene emulsion samples were co-mingled with the
phenylpropylene emulsion and coated uniformly on the paper skins, and the coated paper
skins (15 cm x 3.5 cm) were aligned and glued together with another paper skin, rolled with
a rolling machine and pressed until 48 h. In accordance with the GB/T 2909 standard [48],
the T-peel strength of the sample emulsion was tested using an Al-7000S temperature-
controlled tensile machine (High Speed Rail Testing Instruments Ltd., Taipei City, Taiwan,
China) at a testing temperature of 40 °C and with a cross-head speed of 100 mm /min.

The mechanism of polymerization kinetics was to use a linear regression equation to
find the slope (dx/dt) of the monomer conversion (x)-time (¢) curve in the constant velocity
phase, and then the rate of polymerization R, = ‘%{ X [Mp] was calculated according to the
formula, where the formula [M] = the amount of substance of the monomer (mol)/volume
of water in the formulation (L).

3. Results and Discussion

As shown in the infrared spectra of 0% OVS-CRL and 5% OVS-CRL in Figure 1, the
5% OVS waterborne chloroprene latex, in addition to the typical characteristic peaks, has
a strong and sharp ester group C=O telescoping vibration peak at 1730 cm~! and a C-O
telescoping vibration peak at 1246 cm~!. The peaks at 1083 cm ™! represent the stretching
vibrations of the siloxane network (Si-O-5i). This indicates that methyl methacrylate and
vinyl-POSS have been successfully grafted onto the chain of waterborne chloroprene latex.

The effect of the addition of OVS on the viscosity, solid content and conversion rate
of chloroprene latexes was investigated with the same amount of chloroprene, emulsifier,
initiator and reducing agent added, the content of fixed MMA and other conditions being
the same, and the results are shown in Table S1. As can be seen from Table S1, as the
content of the monomer OVS increases, the viscosity decreases, with the first conversion
increasing and then decreasing. As the conversion decreases, the latex particles decrease,
the water component increases, the total surface area of the system particles decreases,
making the interaction and resistance to movement between the latex particles weaken,
and the Brownian motion of the latex particles becomes easier, so the viscosity decreases.

Table 52 demonstrates the stability of OVS modified chloroprene emulsions. As
the content of monomer OVS increased, the samples with 0% to 3% OVS content had a
good appearance without gelation, and the emulsions reacting at 4% and 5% OVS content
produced a small amount of gelation. The emulsion has good dilution stability, room
temperature and high temperature storage stability. Among them, Figure 2 shows the
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appearance state of OVS-modified waterborne chloroprene emulsion after 90 days of
placement. The modified emulsion was light yellow in color with no obvious delamination
and precipitation.

5%0VS
0%0VS

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1. Infrared spectra of CRL and 5% OVS-CRL.

Figure 2. The appearance state of the OVS modified emulsion after 90 days of placement.

Figure 3 shows the particle size distribution of modified aqueous chloroprene latexes
with 0%, 2% and 5% OVS content, respectively.

The graph reveals that the particle sizes of the modified chloroprene latexes with 0%,
2%, and 5% OVS are all single-peaked. The average particle size of the 0% OVS-modified
waterborne chloroprene latex is 275.9 nm, while that of the 2% OVS-modified latex is
355.6 nm. The particle size of the 5% OVS-modified latex is the largest, at 401.5 nm. As the
OVS content in the monomer increases, the average particle size gradually increases. This
observation suggests that the modified chloroprene latex has been successfully grafted with
MMA and OVS, leading to larger latex particles. Furthermore, there is no phase separation
in the modified latex, indicating successful grafting and a more homogeneous emulsion.
The increase in particle size can be attributed to the presence of OVS, which acts as a
stabilizer and allows for more-controlled particle growth. The larger particle size may also
be attributed to the fact that OVS contains vinyl groups that can undergo polymerization
reactions, resulting in a more cross-linked and stable latex network. The grafting of MMA
and OVS onto the chloroprene rubber backbone not only alters the particle size but also
affects other properties of the latex, such as its mechanical properties and thermal stability.
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Figure 3. Particle size distribution of modified waterborne chloroprene latex.

Figure 4 presents the potential distribution of the modified waterborne chloroprene
latexes containing 0%, 2%, and 5% OVS content, respectively. It can be observed that
the potentials of the modified chloroprene latexes with different OVS contents are single-
peaked. The potential of the 0% OVS-modified latex is —23.3 mV, while that of the 2%
OVS-modified latex is —68.3 mV. The potential of the 5% OVS-modified latex is the lowest,
at —71.7 mV. As the OVS content in the monomer increases, the potential of the modified
waterborne chloroprene latex gradually decreases. This trend suggests that most of the
CRL particles are compatible with OVS and MMA, leading to a more stable colloidal
dispersion system. The potential distribution curve is a useful tool for understanding the
stability and compatibility of the latex particles. A single-peaked curve indicates that the
particles are relatively uniform in size and that the colloidal dispersion system is stable. The
shift in potential as the OVS content increases can be attributed to changes in the surface
charge and interactions between the particles. The compatibility between CRL particles
and OVS/MMA is crucial for the mechanical and physical properties of the final product.
A high degree of compatibility ensures that the particles remain well-dispersed and do not
aggregate, leading to a more uniform final material. This uniformity in turn affects various
properties such as tensile strength, tear resistance, and hardness, among others. Therefore,
understanding the potential distribution and compatibility of the latex particles is essential
for optimizing the final product’s performance.
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Figure 4. Potential distribution of modified waterborne chloroprene latex.
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The concentration of aqueous chloroprene latex was fixed, DSB was added at 1% of
the mass of the mixed monomer, TBHP-TEPA was added at 0.5% of the dry weight of CRL,
the solid content of the system was controlled at 30%, the polymerization temperature
was 50 °C, the concentration of MMA was fixed, and the effect of the variation of vinyl
POSS concentration on the polymerization rate was investigated; the results are shown in
Figure 5.
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Figure 5. Effect of OVS concentration on polymerization kinetics.

As Figure 5 demonstrates, the polymerization rate of the reaction increased as the
concentration of OVS increased. Initially, the polymerization rate gradually increased with
the polymerization time, indicating growth in the number of polymer chains. This was
followed by a period of constant rate polymerization, where the rate remained relatively
constant. However, as the polymerization proceeded further, the polymerization rate grad-
ually decreased. The increase in the polymerization rate with increasing OVS concentration
can be attributed to the enhanced initiation and propagation reactions that occur due to
the presence of vinyl groups on POSS. The vinyl groups act as reactive centers, facilitating
the addition of monomer units to the growing polymer chains. This leads to an increase
in the number of active polymer chains and ultimately a higher polymerization rate. The
observed decrease in polymerization rate towards the end of the reaction can be explained
by factors such as the depletion of monomer, a decrease in the availability of reactive sites
on the growing polymer chains, or chain termination reactions that become more prevalent
as the polymerization progresses. These factors result in a decrease in the number of active
polymer chains and a corresponding reduction in the polymerization rate.

Figure 6 shows a plot of InRp versus In[OVS] with a linear regression with a linear
slope of 1.05 and a correlation coefficient of 0.99912, which yields the equation for the
relationship between the reaction rate and monomer concentration: Rpoc[OVS]l'05 , with
a correlation coefficient of 0.99912, deviating from the classical kinetic model of emul-
sion polymerization (Rp[OVS]') with a monomer reaction order greater than 1. It can
be correlated that at low conversions, the relationship between reaction rate and reac-
tant concentration is Ry, = K[E]*15[1]930[0VS]1% (K is a constant). The rate equation
Rp =kp(2kd/ kt1)*5[M][I,]°° derived from the reaction mechanism is basically correct for
the radical reaction mechanism of graft polymerization, but there are deviations in the
order of reaction because the actual experimental procedure deviates from the assumptions
made during the theoretical derivation.
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Figure 6. Relationship between InRp and In[OVS].

Figure 7 shows a before and after photograph of 0% and 5% OVS modified waterborne
chloroprene latex tested for stretching, with no tearing of the substrate after stretching,
which indicates that all have good peeling properties. When interface failure occurs
between the adhesive and the substrate, the peel strength of the sample modified with 5%
OVS is approximately 0.30 kgf/mm.

Figure 7. The surface of the adhesive sample before and after stretching.

Figure 8 illustrates that the T-peel strength of modified aqueous chloroprene latex
increased and then decreased as the addition of OVS increased, which was due to the
increased concentration of OVS, which increased the vinyl involved in the silicone hydrogen
addition reaction in the system and increased the crosslinking density of the system,
making the crosslinking point dense. The cross-linking reaction makes the molecular
chain of chloroprene latex grow, and the flexible molecular chain can disperse the stress
well under the action of external force; meanwhile, the cross-linking reaction enhances
the force between the monomer and chloroprene latex, which improves the mechanical
properties of chloroprene latex. Meanwhile, the cross-linking reaction enhances the force
between the monomer and chloroprene latex, which improves the mechanical properties of
chloroprene latex; moreover, due to the unique inorganic hollow cage skeleton of OVS, the
chloroprene latex enhances the rigidity. When the content of OVS reaches 5%, the monomer
is not uniformly dispersed in the system due to the excessive addition of OVS, resulting in
agglomeration, which makes the internal bonding of the chloroprene rubber latex poorer,
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reduces the tensile strength, and, consequently, reduces the mechanical properties. Table S3
shows the mechanical properties of OVS-modified neoprene rubber in detail. From the
table, the tensile strength and elongation at break gradually increase with the increase
in OVS content. When the OVS content is 5%, the tensile strength is 1.45 MPa and the
elongation at break is 523.3%. Compared with the reported mechanical properties of
neoprene-montmorillonite nanocomposite, the OVS-modified neoprene rubber improved
significantly [49].
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Figure 8. Effect of OVS concentration on T-peel strength.

Figure 9 reveals that the unmodified neoprene latex samples undergo rupture and
debonding at the bonding site after stretching. In contrast, Figure 10 demonstrates that
the OVS-modified neoprene latex sample strip exhibits breakage upon stretching. Notably,
there is no debonding observed at the bonding site after stretching at room temperature.
However, there is material breakdown present at other locations, indicating that the bond-
ing performance is still satisfactory at 100 °C. These observations suggest that the addition
of OVS enhances the bonding properties of the neoprene latex. The improved bonding
performance can be attributed to the presence of vinyl groups on POSS, which facilitate
stronger interactions between the polymer chains and the substrate. This leads to a more
robust material that is better able to withstand stretching without debonding. Furthermore,
the fact that the bonding performance remains good at elevated temperatures highlights
the potential of OVS-modified neoprene latexes for applications where thermal stability is
essential, such as in high-temperature seals or gaskets.

Figure 9. Tensile fracture cross-sectional morphology of unmodified neoprene latex specimens
(fracture at the sample bond).
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Figure 10. Tensile fracture of modified chloroprene latex samples at high temperatures (modified
samples did not break from the bond before and after 100 °C).

After the tensile property test, the tensile fracture of sponge bonded with 4% OVS
modified chloroprene latex was 16.81 kgf before high temperature treatment and 20.20 kgf
after high temperature treatment. The peel strength of OVS modified chloroprene latex
after high temperature treatment was larger than that before high temperature treatment,
and both of them broke the material, indicating that the addition of OVS improved the heat
resistance of water-based chloroprene latex.

Figure 11 displays the DSC curves of the modified waterborne chloroprene latexes
containing 0%, 1%, and 5% OVS content, respectively. As observed in the figure, the glass
transition temperature (Tg) of the 0% OVS-modified waterborne neoprene latex adhesive
is —43.58 °C. For the 1% OVS-modified adhesive, the Tg is —42.50 °C, and for the 5%
OVS-modified adhesive, the Tg is —41.55 °C. These results indicate that the addition of
OVS increases the Ty of the adhesive. The Ty is influenced by various factors, including
the mobility of both the main chain and side groups of the macromolecules. The observed
increase in Ty suggests that the addition of OVS impairs the movement of chloroprene
rubber macromolecular chain segments. This is likely due to the organosilicone resin
present in OVS, which acts to hinder the flexibility of the molecular chain segments and
increase their rigidity. With increasing OVS content, there is a corresponding increase in
cross-linking within the molecular chain. This cross-linking leads to an increase in chain
rigidity and a corresponding rise in the glass transition temperature. The more OVS that
was added, the more severe the cross-linking becomes, leading to a further increase in
chain rigidity and Tg.

Figures 12 and 13 show the TG curves of the modified waterborne chloroprene latexes
with 0% and 5% OVS content, respectively, while the temperature of maximum mass loss
rate (Tmax) and char yield (Y.) are summarized in Table S4.
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Figure 11. DSC curves of modified waterborne chloroprene latex with 0% OVS, 1% OVS and 5% OVS.

100

80

60

Weight(%)

40

20

T T T T T
0 100 200 300 400 500 600

Temperature(°C)

Figure 12. TGA and DTG curves of 0% OVS modified waterborne chloroprene latex.
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Figure 13. TGA and DTG curves of 5% OVS modified waterborne chloroprene latex.
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The weight loss of all coatings was approximately 1 wt% at approximately 100 °C,
probably due to the small amounts of volatile solvents and water contained in the sys-
tem. The first decomposition stage occurs at 250~420 °C, mainly due to C-C and C-H
degradation of the main chain. The second decomposition stage occurs in the tempera-
ture range of 350~500 °C, which may be related to the ester bonds in the structure and
the C-Cl degradation structure. We found that the lowest Tp,51 was 372.6 °C and the
highest Tiax2 was 450.4 °C when the OVS content was 5%, which was mainly due to the
grafting of vinyl-POSS onto the chloroprene latex backbone, which increased the initial
decomposition temperature of the backbone polymer but decreased the final decomposi-
tion temperature. The increase in initial decomposition temperature was attributed to the
vinyl-POSS branched grafting increasing the interchain interaction force and decreasing
the degree of crystallinity, thus increasing the heat resistance. The addition of vinyl-POSS
improved the thermal stability of the neoprene adhesives. This is due to the formation of a
three-dimensional network of the system when vinyl-POSS is added, which reduces the
flexibility of the polymer chains and delays the final decomposition temperature. This is
also confirmed by Table S4. The residual carbon content based on OVS-0% and OVS-5%
at 600 °C is 18.58 wt% and 21.64 wt%, respectively. This is mainly due to the introduction
of siloxanes with alkoxyl groups into the main chain of the neoprene polymers, resulting
in a three-dimensional network crosslinked structure. Therefore, the addition of OVS im-
proves the thermal stability of the bonding layer. Compared with the chemically modified
neoprene rubber with cashew phenol grafting reported in the literature, the OVS-modified
neoprene studied in this paper has a significantly higher residual carbon rate at 600 °C
because of the structure of the silicone-oxygen network in the OVS, so it has a higher
thermal stability and a higher Tg [50].

4. Conclusions

(1) Waterborne chloroprene latex modified with vinyl-POSS was prepared by emulsion
polymerization using a redox initiator (TBHP/TEPA 0.5% of dry weight), an emul-
sifier (DSB 1% of total monomer) at a polymerization temperature of 50 °C, with a
solid content of 30% controlled using deionized water and dropwise addition of the
monomer methyl methacrylate and vinyl-POSS. The stability of the prepared aqueous
chloroprene latex was good, with a small amount of gel appearing at 4% and 5% con-
tent for polymerization, and the best monomer conversion at 4% vinyl-POSS content.
Infrared spectroscopic analysis demonstrated that MMA and OVS were grafted onto
the chloroprene latex.

(2) The OVS grafting CRL kinetic study showed that the relationship between the monomer
reaction rate and reactant concentration was Ry, = K[E]*1°[1]930[0VS]'% (K is a con-
stant); the reaction mechanism deduced the rate equation Ry, = kp(2kq/ ki) [M][Ip]%°
and the free radical reaction mechanism of grafting polymerization is basically cor-
rect, but there is a deviation in the order of reaction because the actual experimental
procedure deviates from the assumptions made in the theoretical derivation.

(3) As the addition of vinyl-POSS increased, the tensile strength of the chloroprene la-
tex first increased and then decreased, and the thermal stability of the chloroprene
latex increased.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym16040462/s1, Figure S1: The TEM photograph of 5%
OVS modified aqueous chloroprene latexes; Table S1: Physical properties of OVS modified water-
borne neoprene emulsion; Table S2: Stability testing of OVS-modified neoprene emulsions; Table S3:
The corresponding detailed data obtained from tensile measurements; Table S4: Thermal stability of
OVS modified waterborne neoprene.
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Abstract: The incorporation of a naphthyl curing agent (NCA) can enhance the thermal stability of
pressure-sensitive adhesives (PSAs). In this study, a PSA matrix was synthesized using a solution
polymerization process and consisted of butyl acrylate, acrylic acid, and an ethyl acrylate within an
acrylic copolymer. Benzoyl peroxide was used as an initiator during the synthesis. To facilitate the
UV curing of the solvent-borne PSAs, glycidyl methacrylate was added to introduce unsaturated
carbon double bonds. The resulting UV-curable acrylic PSA tapes exhibited longer holding times at
high temperatures (150 °C) compared to uncross-linked PSA tapes, without leaving any residues on
the substrate surface. The thermal stability of the PSA was further enhanced by adding more NCA
and increasing the UV dosage. This may be attributed to the formation of cross-linking networks
within the polymer matrix at higher doses. The researchers successfully balanced the adhesion
performance and thermal stability by modifying the amount of NCA and UV radiation, despite the
peel strength declining and the holding duration shortening. This research also investigated the
effects of cross-linking density on gel content, molecular weight, glass transition temperature, and
other properties of the PSAs.

Keywords: pressure-sensitive adhesives; thermal analysis; glass transition temperature; UV curing

1. Introduction

Pressure-sensitive adhesives (PSAs) are capable of adhering to solid substrates quickly
and with minimal pressure, and they can be easily removed without leaving any visible
residue [1-3]. Due to their viscoelastic nature, PSAs exhibit semi-solid properties that can
be evaluated through measurements of tack, peel resistance, and shear strength [4]. Acrylic
PSAs are commonly employed in various industrial products, including mounting tapes,
packing tapes, labels, and protective films [5]. One specific application of PSAs involves
their use as a protective coating for electronic chemical materials [6-8]. The protective
PSA film serves to safeguard the electronic components from external factors. The rapid
advancement of integrated circuit technology necessitates the incorporation of thermal
stability and enhanced reliability in the protective PSA films for microdevices [9].

The primary constituents employed in the production of PSAs through solution and
emulsion polymerization methods are commonly acrylic ester monomers. Nevertheless, the
inherent linear structures of the polymer constituents in synthetic PSAs impose constraints
on their tensile and thermal properties [10]. In order to enhance the thermal resilience
of PSAs, it becomes imperative to restrict the mobility of polymeric chains. In general,
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modulating the degree of cross-linking in PSAs represents a highly effective approach for
minimizing molecular motion. UV curing is a widely employed cross-linking method for
PSAs due to its numerous advantages, including environmentally friendly emissions, re-
duced power consumption, and accelerated curing speed [11-14]. The UV-curable systems
used to cross-link acrylic PSAs are made up of a photoinitiator and unit with unsaturated
carbon double bonds that help with subsequent cross-linking [9,15,16].

The utilization of the aromatic compound containing naphthyl groups in materials
is facilitated by its thermal resistance and protective packaging capabilities [17]. This com-
pound exhibits a higher glass transition temperature (Tg) and enhanced thermal stability. Previous
studies have demonstrated that the introduction of rigid structures, such as the naphthyl group,
into the molecular chains can effectively enhance thermal stability [9,18-20]. The UV-curable,
acrylic pressure-sensitive adhesives (PSAs) possess a cross-linked network structure com-
prising acrylic polymer links and a curing-agent component [21]. The adhesive properties
of the acrylic component are closely associated with its flexibility. Furthermore, it has been
observed that the molecular structure of UV-curable, acrylic PSA is not affected by the
curing agent [7,22]. Therefore, incorporating the naphthyl group into the polymeric chains
is a viable method for obtaining a thermally stable structure. This modification results in a
higher Tg, better thermal degradation and flame retardancy, and increased carbon residue
compared to acrylate PSAs. Despite the benefits observed, there has been a lack of reports
on the utilization of the naphthyl group for enhancing the thermal stability of PSAs.

Thermal stability is a key property of PSAs in electronic chemical materials such
as packaging and protection. To improve the thermal stability of adhesion, PSAs were
synthesized using an NCA in this study. The UV-curable, acrylic PSAs were then cross-
linked to enhance their mechanical, adhesive, and thermal properties. The impact of the
amount of NCA and UV radiation on these properties were carefully analyzed. These
results demonstrate the potential of an NCA and UV irradiation in enhancing the thermal
stability of PSAs, a crucial factor in electronic applications. This research is highly relevant
to peers and researchers working in related fields.

2. Materials and Methods
2.1. Materials

The monomers of n-butyl acrylate (BA), acrylic acid (AA), and vinyl acetate (vAc) of
chemical purity were procured from Shanghai Aladdin Reagents Co., Ltd. Benzoyl peroxide
(BPO, industrial grade, Shanghai Aladdin Reagents Co., Ltd., Shanghai, China) and ethyl
acetate (EAC, industrial grade, Guangzhou Chemical Reagent Factory, Guangzhou, China)
were utilized as the radical initiator and solvent in radical polymerization. The acrylic
copolymer was modified using glycidyl methacrylate (GMA, industrial grade, Shanghai
Aladdin Reagents Co., Ltd., Shanghai, China), and the reactive vinyl group was retained.
The naphthyl curing agent was synthesized using 1,5-dihydroxynaphthalene (DHNA,
industrial grade), 4-dimethylaminopyridine (DMAP), and acryloyl chloride (chemical
pure), which were all procured from Shanghai Aladdin Reagents Co., Ltd. 1-Hydroxy-
cyclohexyl-phenyl ketone (CP-4, industrial grade, Tianjin Damao Chemical Reagent Co.,
Ltd., Tianjin, China) was employed as a photoinitiator. All the other reagents underwent
further purification before use.

2.2. Preparation of Acrylic Copolymer

A polymerization process was performed to produce an acrylic copolymer containing
butyl acrylate (BA, 80 g), vinyl acetate (Vac, 15 g), and acrylic acid (AA, 5 g). The monomers
were combined with 2 g of benzoyl peroxide (BPO) in 185 mL of ethyl acetate. The solvent-
borne acrylic copolymer was synthesized in a 500 mL flask equipped with a condenser,
mechanical stirrer, and dropping funnel, with the polymerization carried out at 80 °C
for a dosage time of 3 h, followed by post-reaction at 80 °C for an additional 3 h. The
acrylic resin was subsequently reacted with glycidyl methacrylate (GMA) at a temperature
of 50 °C for a period of 12 h, resulting in the synthesis of UV-curable acrylic copolymer.
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The number-average molecular weight of the acrylic copolymer using gel permeation
chromatography was determined to be 1.0 x 10°, with a polydispersity value of 3.23.

2.3. Synthesis of the NCA

In our laboratory, the NCA was synthesized through a one-step process as depicted in
Scheme 1. The procedure involved adding 20 g of DHNA, 40 mL of triethylamine, 0.5 g of
4-dimethylamineopyridine, 0.5 g of hydroquinone, and 100 mL of tetrahydrofuran into a
250 mL single-neck, round-bottomed flask which was equipped with a thermometer, stirrer,
and dropping funnel. Meanwhile, acryloyl chloride (38 mL) dissolved in tetrahydrofuran
(50 mL) was slowly added while stirring, maintaining the temperature at 0-5 °C. The
mixture was then stirred for 4 h at room temperature and subsequently filtered. The
undesired by-products were eliminated by treating the reaction mixture with a 10% dilute
hydrochloric acid solution, followed by 200 mL of distilled water, and a 5% potassium
carbonate solution. The crude product was filtered, washed with ethanol, and dried.
Ultimately, a product with a yield of 53% was obtained after the filtration and removal of
ethanol [23].
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Scheme 1. Synthesis of the NCA.

2.4. Preparation of the UV-Curable, Acrylic PSA Film

The acrylic copolymer solution was supplemented with an NCA of 0-20 phr to PSA
and CP-4 (5 wt% to PSA). The UV-curable, acrylic PSA was prepared by mechanically
stirring the solution at room temperature. The process for creating the UV-curable, acrylic
PSA resin is displayed in Schemes 2 and 3. The resulting mixture was applied onto a
90 um thick poly(ethylene terephthalate) (PET) film using an applicator roll, ensuring a
uniform coating thickness. The coated surface was then dried in an air drying oven at
120 °C for 5 min to eliminate the solvent. As a result, the acrylic PSA layer had a thickness
of approximately 20 &= 3 um using a coating thickness gauge. Finally, the acrylic PSA films
were cross-linked through UV-irradiation, utilizing commercially available UV lamps.
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Scheme 3. Illustration of the UV-curable PSAs.

2.5. Characterization

We utilized an FI-IR analyzer (MAGNA-IR750, Nicolet, Madison, WI, USA) to acquire
the Fourier-transform infrared (FT-IR) spectra of the NCA and the resulting reaction
products within the frequency range of 4000-400 cm~!. Meanwhile, 'H-NMR of the
NCA was captured on a Bruker AVANCE AV400 analyzer (Romanshorn, Switzerland) at
room temperature, utilizing CDCl; as a solvent and TMS as an internal reference. After
undergoing the cross-linking and UV-curing processes, the PSA polymers were synthesized.
Before immersing in ethyl acetate at 60 °C for 72 h, the gel contents of the PSA samples
were estimated. Subsequently, a 200-mesh-wire filtration was performed on the samples,
followed by drying until a consistent weight was attained. The gel concentration of the
UV-curable, acrylic PSA samples was determined utilizing the subsequent algorithm (1):

Gel content (%) = (Wi/Wy) x 100 (1)

where W; is the weight of the dried sample, and W) is the initial weight of the sample.
The molecular weights of the sticky polymer solutions were measured using gel
permeation chromatography (Malvern, UK). To dissolve a small amount of dry adhesive,
tetrahydrofuran (THF) was utilized, and the mixture was shaken for 24 h. The resulting
solution was then purified using a 0.2 pm polytetrafluoroethylene filter. The injection
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volume was 0.1 mL, and the mobile-phase flow rate was 1 mL/min. Glass transition
temperatures (Tg) were measured using a DSC 200 F3 instrument. Desiccated samples
weighing 5 mg were packed into metal sample pans. The samples were cooled to —60 °C
for 3 min before being heated to 120 °C at a rate of 10 °C/min.

Based on ASTM D3121-17 (Standard Test Method for Tack of Pressure-Sensitive Ad-
hesives by Rolling Ball), PSA tapes with a cross-section of 100 mm x 100 mm were tested
for tack using a tester (TSKL-CNS). The adhesive was applied to stainless-steel pans metic-
ulously wiped with tissue and measured 25 mm wide. The maximum number of sizable
spheres adhering to the adhesive during the descent of varied-size spheres over a sloping
surface underneath it was quantified. The 180° peel strength of PSA tape was tested accord-
ing to ASTM D1000-66. The adhesive tapes underwent reciprocation thrice by a traditional
roller. Electronic tensile testing equipment (MIDEL KJ-1065A, Dongguan Kejian Testing
Instrument Co., Ltd., Dongguan, China) operating at a velocity of 300 mm/min gauged
the 180° peel strength post 30 min. The cohesive strength of PSA tapes was tested using
a lasting adhesive tester (MIDELK]-6032, Dongguan Kejian Testing Instrument Co., Ltd.,
Dongguan, China) according to ASTMD 3653. The stainless-steel carriers were bedded with
standardized tapes measuring 25 mm x 70 mm. A customary roller facilitated reciprocation
thrice for enhanced surface interaction between the PSA adhesive and the substratum. The
specimens were subsequently elevated upright within the testing apparatus one hour later
with a mass load of 2 kg. The pace at which the adhesive detached from the steel sheets
was employed to compute the shear anchoring capacity. The temperature holding force
tester (MIDEL KJ-6012, Dongguan Kejian Testing Instrument Co., Ltd., Dongguan, China)
was set to 100 °C and 150 °C, which was the same as the cohesive strength of the PSA tapes,
so as to evaluate the high-temperature shear resistance of the pressure-sensitive adhesive.

A Perkin-Elmer Pyris-1 TG Analyzer (Waltham, WI, USA) was leveraged to assess the
thermal stability of the PSA specimens. Under nitrogen conditions, the samples underwent
heating from 25 °C to 600 °C at a gradient of 10 °C/min. For another 85 min, the samples
were maintained at 300 °C inside a nitrogen environment to check their isothermal dura-
bility. Cotton immersed in ethanol-derived solvent was used to clean the stainless-steel
platform. Three imprints using a 2 kg roller were made on the adhesive tape samples
affixed to the steel pans. After this, the adhesive tape specimens were subjected to four
hours of intense heat at 150 °C in an oven. As soon as the tapes reached room temperature,
the interfaces of the stainless-steel planes and the residue remnants were meticulously
scrutinized. The detachment velocity from the steel sheets was calculated to determine the
shear adhesiveness. The experimental procedure remained consistent with the standard
shear resilience examination, the sole deviation being the increased temperature (150 °C),
accomplished through the oven placement of the test specimens.

3. Results and Discussion

Figure 1 illustrates the FTIR spectra of DHNA and the NCA, where Line a repre-
sents DHNA and Line b represents the curing agent. In Line b, the significant peaks at
1250-1200 cm ! and 1730 cm ™! corresponded to the C-O and C=O groups, respectively.
Additionally, a distinctive absorption band of the C=C group was seen at 1590-1640 cm !,
and the peak of the -OH group around 3000-3500 cm ! disappeared in Line b, indicating
the presence of C=C groups in the monomer of the curing agent. Figure 2 displays the
'H-NMR spectrum of the NCA (with TMS as the standard and CDCl; as the solvent). The
spectrum reveals the expected peaks, including 6.27 (-CH attached to the monomer chains),
6.59-6.71 (=CH; attached to the -C=C side group of the monomer), and 7.46-7.78 (-CH
attached to the naphthyl group of the monomer). The signals at 2.5 and 3.3 ppm potentially
indicate the presence of a hydroxyl structure with a small amount of residual DNHA. Both
the FTIR and 'H-NMR spectra suggest the completion of the reactions and the successful
synthesis of the expected monomer.
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Figure 1. FTIR spectra of DHNA (a) and the NCA (b).
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Figure 2. '"H-NMR spectra of the NCA.

The determination of gel fraction is a useful method for assessing the degree of
cross-linking in cross-linked or network polymers [24,25]. Figure 3 illustrates the gel
content of the modified pressure-sensitive adhesives (PSAs) under UV irradiation with
varying amounts of NCA and at different UV doses. The gel fraction offers insight into the
amount of cross-linking in the system and better explains the impact of UV doses and NCA
contents on the degree of cross-linking. While both chain scission and cross-linking can
occur simultaneously following UV irradiation, we evaluate the outcome of such treatment.
The gel content of PSAs increases gradually with increasing amounts of NCA, which is due
to the high concentration of carbon double bonds in the composites that can form cross-
links with acrylic PSAs [26]. When the NCA amount was 15 phr, the gel content reached
68% at the UV dose of 2400 m]/cm?. The gel content also increased with increasing UV
doses, due to the enhanced potential for cross-linking between the acrylic copolymer and
NCA. This cross-linking density was able to increase with the higher UV dose. Due to the
tight interlocking of the unsaturated linear chain segments, the highly cross-linked network
structure changed numerous PSA characteristics, including its mechanical, thermal, and
adhesive capabilities [27].
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Figure 3. Variations in the gel content of PSA composites depending on NCA content and UV dose.

Figure 4 demonstrates the influence of various UV doses on the weight average molar
mass (My) of composites with 10 phr NCA. The corresponding groups of UV dose were
0 mJ/cm? for UV-0, 320 mJ /cm? for UV-1, 737 mJ /cm? for UV-2, 1116 mJ /cm? for UV-3, and
2400 mJ/cm? for UV-4. The M,, was observed to increase as the UV dose increased. This
phenomenon can be attributed to the initiation of radical polymerization reactions among
the C=C bands in the composites, initiated by the radicals generated by the photoinitiators
through UV irradiation. This ultimately resulted in a highly cross-linked structure, leading
to a higher M,,. Figure 5, on the other side, shows the impact of NCA concentration on Mw
when the UV dose remained constant. My, has been identified to rise with increasing NCA
content. This suggests that during polymerization, there were more cross-linking points
available, allowing longer polymer chains to form. In summary, the concentration of the
NCA and the UV dose played a significant role in the trend of the M,,, which exhibited a
rapid increase as the concentration of the NCA and UV dose increased.
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Figure 4. Effect of UV dose on My, (the amount of addition: 10 phr).

The weight average molar mass (M,,)

The calculation of glass transition temperature (Tg) through the Fox equation (Equation (2))
for uncross-linked, UV-curable, acrylic pressure-sensitive adhesives (PSAs) resulted in a Tg
close to —40 °C. However, the actual measured value was higher than the calculated value.
One plausible explanation for this discrepancy is the formation of hydrogen bonds between
the polar carboxyl groups in the polymer chains, contributing to physical cross-linking [1].
As observed in Figure 6, the Ty value increased as UV dose increased when the cross-linker
content was at 10 phr. This can be attributed to the highly cross-linked networks formed in
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the polymer chains due to the greater extent of UV-induced cross-linking reactions, which
can hinder the movement of molecular chains. Furthermore, Figure 7 shows that the Tg
increased with an increase in the amount of NCA at a UV dose of 2100 mJ/cm?.
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Figure 5. Effect of NCA concentration on M, (UV dose: 737 m]/ cm?).
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Figure 6. Effect of UV dose on Ty (the amount of addition: 10 phr).
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The Tg of a polymer is influenced by various factors, including comonomers present
in the reaction mixture. The Ty plays a critical role in determining the softness of the
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acrylic PSAs, which is necessary for flow and adhesion to surfaces [28]. Typically, the
using comonomers like Vac and AA increase the Ty of the adhesive, enhancing its cohesive
strength. The introduction of an NCA with a high Tg into the monomer mixture is expected
to modify the Ty of the polymer.

—_ = —— 4 —= } ... (2)

where Ty is the glass transition temperature of the copolymer, Tg1 and T2 are the glass
transition temperatures of Component 1 and Component 2 in the copolymer, and w; and
w; are the mass fractions of Component 1 and Component 2, respectively.

In summary, the physical and chemical properties of the polymer, including Ty, are vi-
tal considerations in the design and preparation of PSAs. The information presented in this
paper sheds light on the factors that affect Tg and their implications on the adhesion proper-
ties of PSAs. Understanding these underlying mechanisms can facilitate the development
of PSAs with improved performance in various industrial and biomedical applications.

In order to assess the impact of the naphthyl curing agent on the thermal stability of
acrylic pressure-sensitive adhesives (PSAs), the thermal properties of UV-curable, acrylic
PSAs were analyzed using TGA. The TGA thermograms of the UV-curable, acrylic PSAs
with varying amounts of NCA content in a nitrogen atmosphere, after irradiation with
a UV dose of 2100 mJ/cm?, are presented in Figure 8a. The primary breakdown of the
PSA samples started between 200 °C and 380 °C due to the thermal degradation of the
polymer matrix [29]. The temperatures of 60% weight loss and residue content at 600 °C are
presented in Table 1. The samples exhibited similar degradation trends. In comparison to
the samples cross-linked without the NCA, the residual concentration and decomposition
temperature of the UV-curable PSA samples significantly increased. This suggested that
the enhancement of thermal stability could be attributed to the expanding cross-linking
density of the films [30]. The major thermal dissociation temperature of the UV-curable,
acrylic PSAs increased, primarily due to stronger covalent connections formed between the
copolymer and NCA. These connections introduced the thermally stable aromatic unit to
the main chains of PSAs. This incorporation of rigid structures into the acrylic PSAs was
accomplished through the resonance structures of aromatic groups [31]. The introduction
of aromatics was a simple and effective method for improving thermal stability. Figure 8b
presents the weight loss curves of the UV-curable, acrylic PSA samples, cross-linked and
kept at 300 °C for 85 min, after irradiation with a UV dose of 2100 m]/ cm?. The isothermal
stability of the samples at 300 °C was also significantly improved with increasing NCA
content. This was attributed to the contribution of the thermally stable naphthyl structure
introduced to the acrylic chains of the PSAs, as well as the rigid network structures formed
between the acrylic copolymer and NCA.

Table 1. Thermal resistance of UV-curable PSAs with a UV dose of 2100 mJ/cm?.

Samples Corresponding Temperature for 60% Weight Loss (°C)  Residue Content (wt%)

0 phr 387 3.4
5 phr 399 43
10 phr 398 5.1
15 phr 399 6.6
20 phr 398 6.9

The adhesive attribute known as “initial tack” is measured to assess the effectiveness of
PSAs, with the highest number of the largest balls that remain on the PSA surface recorded.
Figure 9 illustrates the variation in tack for UV-curable, acrylic PSAs with different NCA
contents and UV doses. As the NCA and UV radiation increased, the tack decreased. Given
that tack is a crucial adhesion feature that allows materials to stick to substrate surfaces
quickly and with minimal pressure, it is likely that it heavily relies on the mobility of
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‘Weight loss (%)

molecular chains. The cross-linking parts, which decrease the mobility of molecular chains,
lead to a decrease in the tack of UV-curable, acrylic PSAs. This reduction in tack can prevent
the substrate from becoming wet on the surface and reduces the contact surface of the tapes
with the substrate. Therefore, improving the mobility of polymer chains could enhance the
efficacy of the adhesion properties of UV-curable, acrylic PSAs.
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Figure 9. Variations in the tack of PSAs.

The peel strength was frequently the main consideration while analyzing the properties
of PSAs. The peel strength exhibited a similar behavior to the tack, indicating that the
mobility of the polymeric molecules in acrylic PSAs played a significant role in determining
the peel strength. Several studies investigated the correlation between increasing PSA cross-
linking levels and peel strength [32-35]. During the peel strength test, the critical features
of the PSAs resulted in interfacial failure, influenced by the structure and cross-linking of
the copolymer. Figure 10 shows that when the UV dose and NCA content increased, the
peel strength of the PSAs considerably reduced. When the concentration of the NCA was
0 phr, the peel strength initially increased before declining. By utilizing UV light to cross-
link the copolymer and the NCA, acrylic PSAs formed a complex network structure that
severely limited the mobility of their polymeric chains [9]. The reduced peel strength can
be primarily attributed to the restricted interfacial contact between the substrate and PSA
tapes, as increased cross-linking further limits the mobility of the polymeric chains [9,18].
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Figure 10. Variations in the peel strength of acrylic PSAs.

Figure 11 shows the shear strength of UV-curable, acrylic pressure-sensitive adhesives
(PSAs) containing the NCA as a cross-linker, which was measured at room temperature.
The results indicate that the shear strength of the UV-curable, acrylic PSAs was significantly
affected by the amount of NCA and UV dosage used in the cross-linking process. Specifi-
cally, when the UV dosage was 380 mJ/cm?, the holding period increased from 19 min to
1347 min with an increase in NCA content, after which the holding time rapidly declined to
449 min. Similarly, the holding time initially increased and then decreased with increasing
UV dosage when the NCA content was kept constant [10]. The observed results could be
attributed to the formation of polymeric networks with interconnected macromolecules
and cross-linking of the linear molecular chains of the PSAs with a small quantity of NCA
and UV radiation. With an increase in the cross-linker and UV dosage, the number of
cross-linking sites increased, leading to the enhanced cohesiveness of the adhesives. When
the NCA content reached 5 phr or the UV dose was over 380 m]/cm?, a highly cross-linked
network structure was speculated to form. However, excessive cross-linking points could
have a negative impact on the bonding, adhesive properties of PSAs.
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Figure 11. Variations in the holding time of acrylic PSAs (the unit of time: min; reaction temperature:
25°C).

As demonstrated in Figure 12, the shear strength of UV-curable, acrylic PSAs increased
with a higher concentration of NCA at an elevated temperature (150 °C) after UV irradiation
(UV dose: 2000 mJ/cm?). Conversely, when the NCA content exceeded 5 phr at 100 °C
after irradiation, the shear strength decreased. This decline was attributed to an increased
holding time caused by the creation of a cross-linking network. When the NCA was added
in excess of 5 phr at 100 °C, the abundance of cross-linking points containing unsaturated
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bonds led to cohesion failure during high-temperature tests after a 2000 mJ/cm? dosage of
UV exposure. Notably, when the NCA content was 20 phr, the shear strength remained
constant at 150 °C for approximately 6 min, indicating a significant improvement compared
to when there was no NCA present. Additionally, the average molecular weight may
have an impact on cohesive strength at the cross-linking locations (M.), which could be
determined using Equation (3) as outlined in [36].

Vip|g/3 — /2]
7 —[In(1-9)+ 9+ x¢?

V1: molar volume of toluene, p: density of the polymer, ¢: volume fraction of the polymer
in toluene, x: polymer-solvent interaction parameter, M,: the theoretical average molecular
weight of the network chain.
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Figure 12. Effect of NCA content on the holding time at various temperatures.

A substantial cross-linking network can be created by the linear acrylic PSAs when
M. > M [37]. Increasing the amount of cross-linker enhances the cohesive strength and
cross-linking density of the PSAs while reducing M.. This demonstrates an improvement
in the properties and potential applications of the PSAs.

Figure 13 demonstrates the effect of NCA content on the thermoresistance properties
of cross-linked PSAs after a 2000 mJ /cm? dosage of UV exposure. These PSAs had excellent
peeling properties and left no residues on the surface of tape at room temperature. However,
when the NCA content was 0 phr and the tapes were peeled at 150 °C, some evident residues
were noticeable. This indicates that the degree of cross-linking was inadequate, leading
to a low cohesive strength in the tapes, which resulted in ineffective debonding from the
surface of steel sheets. Moreover, the adhesives were fluid, causing them to leave visible
residues on the surface of the steel sheets when exposed to high temperatures. To overcome
this challenge, we introduced rigid bonds to the polymeric molecules of the acrylic PSAs
using UV irradiation, which subsequently underwent chemical cross-linking. The cohesive
strength of the PSAs would increase during drying and UV irradiation, making them less
likely to leave residues on the surface of the steel sheets. Figure 13f—j reveals that the peel
properties of PSA tapes improved significantly at 150 °C. Compared to other cross-linkers,
the appearance of these tapes left no residue on the surface of steel sheets, while maintaining
excellent mechanical and thermal properties. Table 2 summarizes the results indicating
that the thermoresistance test demonstrated that the UV-curable, acrylic PSAs had high
stability at high temperatures. The incorporation of the NCA contributed to the stable
configurations of the PSAs, thereby achieving superior thermoresistance performance.
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Figure 13. The thermoresistance of the tapes made of PSA cross-linked by 0 phr, 5 phr, 10 phr, 15 phr,
and 20 phr of NCA were tested after UV exposure at 25 °C (a—e) and 150 °C (f-j).

Table 2. The influence of cross-linker content on the appearance of the substrate at 24 h/150 °C
(additive: 20 phr).

Samples Appearance
Polyfunctional aziridine Large residue
2,4-tolylene diisocyanate (TDI) Small residue
GMA Large residue

MQ silicone resin No residue

NCA No residue

4. Conclusions

In this study, vinyl groups added to an acrylic copolymer by GMA modification are
used to create UV-curable PSAs, as well as an NCA which introduces thermally stable
aromatic structures to the main chains. The addition of the NCA and a higher UV dose
was found to increase the gel fraction of the PSAs due to the formation of numerous
cross-links between the components. The concentration of the NCA was identified as the
main contributor to the thermal stability of PSAs, as it effectively added stiff groups and
created cross-linked structures in the polymer matrix. Consequently, the Ty of PSAs was
significantly improved, leading to increased thermal stability. However, the addition of the
NCA also resulted in decreased tack and 180° peel strength due to limitations in polymeric
chain mobility. Nonetheless, the holding duration of the PSAs after UV irradiation was
significantly improved due to the cohesive strength created by the cross-linked network.
Furthermore, the use of the NCA allowed for the creation of PSAs with a range of appli-
cations in electronic chemical products, such as packaging and protection. These PSAs
exhibited excellent adhesive properties at elevated temperatures, thanks to the formation
of cross-linked networks between the acrylic polymer matrix and the NCA. Overall, this
study demonstrates the potential of using a thermally stable NCA to enhance the properties
of UV-curable, acrylic PSAs, enabling their use in a diverse range of applications.
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Abstract: A phosphorylcholine polymer (poly(MPC—co-BMA-co-TSMA), PMBT) was prepared
by free radical polymerization and coated on the surface of the polymethylpentene hollow fiber
membrane (PMP-HFM). ATR-FTIR and SEM analyses showed that the PMBT polymer containing
phosphorylcholine groups was uniformly coated on the surface of the PMP-HFM. Thermogravimetric
analysis showed that the PMBT had the best stability when the molar percentage of MPC monomer
in the polymer was 35%. The swelling test and static contact angle test indicated that the coating had
excellent hydrophilic properties. The fluorescence test results showed that the coating could resist
dissolution with 90% (v/v%) ethanol solution and 1% (w/v%) SDS solution. The PMBT coating was
shown to be able to decrease platelet adherence to the surface of the hollow fiber membrane, and
lower the risk of blood clotting; it had good blood compatibility in tests of whole blood contact and
platelet adhesion. These results show that the PMBT polymer may be coated on the surface of the
PMP-HFM, and is helpful for improving the blood compatibility of membrane oxygenation.

Keywords: phosphorylcholine; polymer; thermal decomposition; hollow fiber membrane;

surface modification

1. Introduction

During COVID-19, membrane oxygenators achieved remarkable success in the life
support of patients with pulmonary failure [1]. The core component of a membrane oxy-
genator is the hollow fiber membrane (HFM) material, the performance of which directly
determines the performance of the oxygenator. Commonly used hollow fiber membrane
materials are polypropylene (PP-HFM), cellulose acetate (CA-HFM), polyvinylidene flu-
oride (PVDF-HFM), and polymethylpentene (PMP-HFM) [2,3]. PP-HFM is the most
widely used membrane material in clinical practice; however, directly prepared PP-HFM
suffers problems such as a short life span and a tendency to fracture. CA-HFM has the
characteristics of low cost and biodegradability, but it is susceptible to microbial corrosion
and chemical attacks during utilization. PVDF-HFM has excellent oxidation resistance
and mechanical strength, but its air permeability is average. PMP-HFM is a new type of
membrane material that has been developed recently and has received a lot of attention
because of its strong thermal stability, high mechanical strength, good air permeability, and
chemical resistance [4]. However, no matter which hollow fiber membrane material is used,
the surface is prone to protein adsorption, platelet adhesion, and thrombus deposition
after prolonged contact with blood, leading to clinical adverse effects such as blood dam-
age and inflammation, which often do not meet the requirements of prolonged medical
treatment [5,6]. Therefore, the modification of membrane material surfaces via physical or
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chemical methods, in order to prepare hollow fiber membrane composites with excellent
hemocompatibility, is currently a hot research topic.

Numerous efforts have been made to improve the blood compatibility on the surface
of hollow fiber membrane materials, among which the construction of blood-compatible
bionic coatings on the surface of fiber membranes is one of the most attractive solutions [7].
Using polymers containing phosphorylcholine (PC) groups to construct coatings on the
surface of fibrous membranes can help to form amphiphilic ionic surfaces that mimic the
cell membrane structure and can significantly improve the blood compatibility on the
surface of fibrous membrane materials; 2-formyloxyethyl phosphorylcholine (MPC) is
considered to be one of the most suitable monomers for the synthesis of phosphorylcholine
polymers [8-10]. Phosphorylcholine polymer coatings have promising applications in extra-
corporeal circulation devices such as membrane oxygenators, stents, and blood purification
devices [11-13].

Ishihara et al. [14-16] reported that the CA-HFM was coated with a copolymer (poly
(MPC-co-BMA), PMB) to improve its performance with respect to solute and water per-
meability. The application of modified fiber membranes in blood purification devices and
liver-assisted bioreactors has also been studied. Myers et al. [17] modified the surface of PP-
HFM with poly(MPC-co-dodecyl methacrylate) and formed a polymer coating that could
significantly reduce the blood circulation process of platelet activation. Teotia et al. [18]
studied the in situ application of a phosphorylcholine polymer coating on PS-HFM to
improve the blood compatibility of the membrane surface. Nishigochi et al. [19] coated the
PMB polymer on PVDF-HFM to form a PMB coating, and found that the modified hollow
fiber membrane could resist the adsorption of bovine serum protein. Wang et al. [20]
used a dip—coating method to coat PMBT polymer on PP-HFM, and showed that the
coating improved the hemocompatibility of the fiber membrane without hindering the gas
exchange performance of the hollow fiber membrane. The authors of the paper coated
polyMMPC-co-LMA—-co-TSMA), PMLT) on PMP-HEFM and found that the PMLT coating
also showed a positive effect, improving the hemocompatibility of the fibrous membrane
surface [21]. In addition, on the basis of earlier research, we found some new interesting
phenomena. When different hydrophobic monomers, such as lauryl methacrylate (LMA) or
N-butyl methacrylate (BMA), are used in the preparation of phosphorylcholine polymers,
the differences in the hydrophobicity, chain length, and rigidity of the different monomers
may lead to different bonding and contact angles between the polymer and the hollow fiber
membrane surface, which in turn can affect the other related properties of the polymer coat-
ing. For this reason, we plan to further investigate the effect of phosphorylcholine polymers
synthesized with different hydrophobic monomers on the modification of PMP-HFM.

Herein, we synthesized a phosphorylcholine polymer (poly(MPC-co-BMA—-co-TSMA),
PMBT) via a free radical polymer reaction, and coated the polymer on the surface of PMP-
HEM to successfully prepare hollow fiber membrane composites with a PMBT coating
on the surface. The morphology, thermal stability, hydrophilic properties, and chemical
stability of the composite surface coating were tested via ATR-FTIR, SEM, TGA, contact
angle, and fluorescence microscopy, respectively. Further, the blood compatibility of the
coatings was analyzed using a platelet adhesion test and whole blood contact test. The
results of the study can be used to prepare PMP-HFM bionic polymer coatings to improve
the hemocompatibility of membrane oxygenators.

2. Experimental
2.1. Materials

2-Methacryloxyethyl phosphorylcholine (MPC, 97%) was purchased from Sigma-
Aldrich, Sigma-Aldrich Trading Co., Ltd., Shanghai, China. N-butyl methacrylate (BMA,
99%), 3—(Trimethoxysilyl)propyl methacrylate (TSMA, 97%) and rhodamine 6G were sup-
plied by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. The 2,
2'-Azoisobutyronitrile (AIBN, 99%) was recrystallized from methanol before being used.
Platelet-rich plasma (PRP) was prepared using whole pig blood provided by Shanghai
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Yudo Biotechnology Co., Ltd., Shanghai, China. A polymethylpentene hollow fiber mem-
brane (PMP-HEFM, inner diameter 200 pm) was purchased from 3M Deutschland Gmbh,
Seefeld, Germany. The sodium dodecyl sulfate (SDS), triethylamine (TEA, 99%), and other
reagents were of analytical grade.

2.2. Synthesis of PMBT Polymer

The PMBT polymer was created via free radical polymerization, and the process of its
making is shown in Figure 1 and Table 1. The necessary quantities of MPC, BMA, TSMA,
and AIBN were weighed and then mixed together in ethanol, before being put into a funnel
under constant pressure. In order to remove oxygen, nitrogen was bubbled into the reaction
flask containing the solvent ethanol for 30 min. The flask was then heated to 83 °C. Drop
by drop, the mixed reaction solution was added. The nitrogen gas flow was stopped once
the dropwise addition was halted. After 24 h, the reaction was allowed to proceed before
the heat source was cut off. The warm product solution was poured into a large amount of
petroleum ether, and the polymer was precipitated while removing unreacted monomers to
obtain a white flocculent precipitate. The precipitate was dissolved in absolute ethanol and
precipitated again with petroleum ether. To produce a pure PMBT polymer, this procedure
was performed three times. Finally, after being vacuum-dried at room temperature for
24 h, the polymer was then dissolved in a methanol solution (9:1 methanol to water volume
ratio) to create a PMBT polymer solution with a specific concentration.

< o o T
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Figure 1. Synthesis route of the PMBT polymer.

Table 1. Monomer feed ratio of PMBT polymer.

Sample MPC (mol%) BMA (mol%) TSMA (mol%)
PMBT25 25 65 10
PMBT35 35 55 10
PMBT45 45 45 10

2.3. Preparation of the PMBT Coating

Coating [18-22], blending [23,24], and self-assembly [25,26] can be used to modify
the surface of hollow fiber membranes with phosphorylcholine polymers. Among them,
the coating method is widely used because of its convenience and simplicity. In this
study, a coating method was used to prepare PMBT polymer coatings on the PMP-HFM of
membrane oxygenators. The specific operation is as follows. The PMP-HFM was cut to a
size of 2 cm X 2 cm, washed with ethanol and deionized water, respectively, and then dried
under a vacuum at room temperature for 24 h. The clean PMP-HFM was immersed into
the PMBT solution at room temperature for a certain time. Then, the coated PMBT film was
crosslinked in an environment of 10% (v/v%) triethylamine aqueous solution for at least
three days after the PMP-HFM was removed from the solution. Finally, the cross-linked
phospholipid polymer surface was then completely washed with deionized water before
being vacuum-—dried at 30 °C.
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2.4. Polymer Coating Analysis

The bare and PMBT35-coated PMP-HFM were characterized using ATR-FTIR via an
IS 50R Fourier transform infrared (FTIR) spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The surface coating morphology of PMP-HFM was observed using an SU 8220
field emission scanning electron microscope (Hitachi, Tokyo, Japan).

2.5. Thermal Stability Test

The PMBT polymer thermal weight loss was tested using a TGA analyzer (Netzsch,
Serb, Germany). The sample weight was about 6 mg, the heating rate was 20 °C/min, and
the nitrogen protection was carried out. The test range was 25~800 °C.

2.6. Swelling Degree Test

The dried PMBT polymer was weighed and placed in distilled water for soaking,
and the water on the surface was quickly blotted out gently with filter paper after being
removed at certain time intervals, and the mass was weighed and recorded. In this way, the
water content (WC) of the polymer was measured with the changing pattern of dissolution
time. Each sample was tested three times, and the WC was calculated as follows.

mi

1t =10+ 100% (1)
my

WC =

In the equation, t is the dissolution time of PMBT polymer in water, m; is the mass of
PMBT polymer at the moment of dissolution ¢, and m is the mass of dry PMBT polymer
before dissolution.

2.7. Static Contact Angle Measurements

The water contact angle of the bare and PMBT35-coated PMP-HFM surfaces was
measured using an OCA 100 optical contact angle-measuring instrument (DataPhysics,
Filderstadt, Germany). To verify reproducibility, a minimum of ten samples were examined
in each instance. In addition, the PMBT-coated PMP-HFM was immersed in 90% (v/v%)
ethanol solution for 12 h or 1% (w/v%) SDS solution for 30 min, removed, and vacuum
dried at 30 °C for 24 h. The static contact angle of the PMP-HFM surface was tested before
and after treatment. The hydrophilic properties and stability of the PMBT coating were
analyzed by comparing the change in the contact angle after ethanol soaking.

2.8. Fluorescence Properties of the Polymer Coating

The bare and PMBT35-coated PMP-HEFM were submerged in a 200 ppm rhodamine
6 G solution in water for 30 s before undergoing two cycles of washing in clear water.
Before examining with a 1X73 inverted fluorescence microscope (Olympus, Tokyo, Japan),
the PMP-HFM was allowed to dry for 4 h in the open. To enable precise positioning,
the PMP-HFM was viewed under normal lighting. After that, the microscope was set to
fluorescence mode. The exposure time was 10 ms. The fluorescence excitation wavelength
was 530~550 nm.

To further investigate the stability of the PMBT polymer coatings in ethanol and SDS
solutions, the coated PMP-HFM was immersed in 90% (v/v%) ethanol solution for 12 h
or 1% (w/v%) SDS solution for 30 min. The PMP-HFM was removed and stained with
rhodamine 6 G solution, and the fluorescence performance of the coating was observed
after treatment with a fluorescence microscope.

2.9. Platelet Adhesion

Pigs’ citrated whole blood was centrifuged at 1000 RPM for 10 min to create platelet—
rich plasma (PRP). The bare and PMBT35 coated PMP-HFM were immersed in 0.01 mol/L
PBS solution at pH 7.4 for 2 h until swelling equilibrium was reached. To get rid of the weak

adhering platelets, the PMP-HFM was rinsed five times with PBS after being submerged in
PRP for 1 h at 37 °C. To immobilize the blood components on the PMP-HEFM, it was then
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submerged in 2.5 wt% glutaraldehyde and maintained at 4 °C for 12 h. The PMP-HFM was
then freeze-dried at —50 °C after being repeatedly washed with deionized water. Using
SEM, the samples’ surface was examined.

2.10. Whole Blood Contact

PBS was used to equilibrate the surfaces of the bare and PMBT35-coated PMP-HFM
for two hours at room temperature. The samples were then submerged in the same porcine
whole blood that had been citrated, and to balance off the anticoagulant effects of the citrate,
a small amount of CaCl, solution (0.2 mol /L) was added to the solution. The PMP-HFM
was extracted, washed with deionized water, and fixed with 2.5 wt% glutaraldehyde at
4 °C for 12 h, after shaking for 2 h at a frequency of 70 cycles/min at 37 °C. SEM was used
to examine the samples’ surface.

3. Results and Discussion
3.1. PMBT Coating Analysis

It can be seen from Figure 2 that compared with the bare PMP-HFM, the PMBT35-
coated PMP-HFM exhibits C=O absorption peaks at 1727 cm ™!, and O-P=0 absorption
peaks at 1240 cm ! and 1080 cm~!. As a result of infrared analysis, the surface of PMP-
HFM has phosphorylcholine groups after being treated with PMBT solution.

Transmittance

—— bare PMP-HFM
—— coated PMP-HFM

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 2. ATR-FTIR spectrum of bare and PMBT35-coated PMP-HFM.

Scanning electron microscope was used to observe the surface morphology changes of
the PMBT35-coated PMP-HFM. The surface of bare PMP-HFM (Figure 3a) is significantly
different from coated PMP-HFM (Figure 3b); the coated PMP-HFM surface is attached
with a uniform PMBT polymer coating. When the polymer PMBT solution comes into
contact with the PMP-HFM surface, the hydrophobic unit BMA in the polymer interacts
with the fibrous membrane, which also has a hydrophobic surface, allowing the polymer
to quickly adhere to the surface of the fibrous membrane via physical action. In addition,
the cross-linkable unit TSMA in the polymer can form a network structure that further
firmly encapsulates the PMBT polymer on the surface of the hollow fiber membrane, thus
forming a stable PMBT coating.

Figure 3. SEM images of bare (a) and PMBT35-coated (b) PMP-HFM.
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3.2. Thermal Stability Analysis of PMBT Polymer

Thermogravimetric analysis was used to test the thermal decomposition stability of
PMBT polymer. T ¢, is the temperature corresponding to the polymer mass loss of 5%,
representing the initial decomposition temperature of the polymer, which can be used to
judge the thermal stability of the polymer with different MPC contents. Combined with
Figure 4 and Table 2, it can be seen that with the increase in the amount of MPC, the thermal
decomposition temperature of the PMBT polymer increases first and then decreases, among
which the initial decomposition temperature of the PMBT35 polymer is the highest (252 °C)
and has the best stability.

—-—-PMBT25
---- PMBT35
——PMBT45

100

80

Weight(%)

0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Temperature(’C)

Figure 4. TGA curves of PMBT polymers.

Table 2. TGA data of different MPC contents of PMBT polymers.

Samples T(5%)/OC T(lo%)/"C T(50%)/OC
PMBT25 191 245 393
PMBT35 252 295 412
PMBT45 123 244 389

The thermal decomposition of the polymer is mainly related to chemical bond energy
and molecular structure. The MPC unit of PMBT polymer contains a bond energy of C-N
(305 kJ/mol), which is lower than that of C—C (332 kJ/mol) and Si-O (460 kJ /mol), and the
fracture decomposition occurs first in the process of thermal decomposition, resulting in
mass loss of the polymer. In addition, the —OH produced by the hydrolysis of the TSMA
unit in the polymer will form an intramolecular hydrogen bond with the O atom in the
MPC unit, thus enhancing the thermal stability of the polymer. Therefore, when the amount
of MPC is initially increased, the intramolecular hydrogen bond in the polymer increases
the thermal decomposition temperature. When the amount of MPC reached a certain
level, a large number of C-N bonds began to break in the process of polymer thermal
decomposition, the mass loss of the polymer accelerated, and the thermal decomposition
temperature decreased.

3.3. Swelling Degree Analysis of PMBT Polymer

The study of the swelling behavior of PMBT polymer in water and the presence
of water in the polymer is important for determining the hydrophilic properties and
hemocompatibility of the polymer. As seen in Figure 5, the PMBT polymer rapidly absorbs
water and reaches saturation within a few minutes. Subsequently, the water content within
the PMBT polymer decreases slightly, and this particular phenomenon of water content
rising and then falling during the swelling process is called over-swelling. The possible
reason for this phenomenon is that the phosphorylcholine group (PC) contained in the
PMBT polymer has a strong hydrophilic ability, which makes the polymer absorb water
too quickly at the beginning of the swelling, meaning the molecular chain segments do
not have time to spring back and a hysteresis effect occurs. In addition, the figure shows
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that the swelling of the PMBT polymer increases as the MPC concentration rises. This is
due to the fact that each PC group can bind 12 water molecules, and the higher the MPC
content, the more water molecules are bound to the PMBT polymer, which leads to a greater
swelling of the polymer.

80

0, % T 3 3
/X ¥ T T x x
60 _‘LI li ’1 ) - ; -~ - {A
“ - {
§ 40 —«— PMBT25
Z 3 —+—PMBT35
. +— PMBT45
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Figure 5. The relationship between WC and soaking time of PMBT polymers.

3.4. Static Contact Angle Analysis

Contact angle is an effective method used to observe the structure of the polymer sur-
face and its changes, and a convenient means to measure the wetting degree of the polymer
surface liquid. As seen from Table 3, the surface of bare PMP-HFM is hydrophobic. After
coating with the PMBT polymer solution, the surface of PMP-HFM became hydrophilic.
The hydrophilic surface was beneficial for improving the compatibility of the hollow fiber
membrane with blood.

Table 3. Static contact angles of the bare and PMBT35-coated PMP-HFM.

PMBT35 Coated Treated with Treated with
Samples  Bare PMP-HFM = "pyyp pieng Ethanol Solution  SDS Solution
0 (deg) 106 + 0.6 * 79 +0.8* 77 £1.3%* 76 +1.1*%

*p <0.001 vs. bare.

Furthermore, the coated PMP-HFM was immersed in 90% (v/v%) ethanol solution for
12 h or 1% (w/v%) SDS solution for 30 min, and the static contact angle on the surface of the
PMP-HEM was tested. It was found that the contact angle was almost unchanged. This
result shows that the PMBT coating can stably adhere to the surface of PMP-HFM. The
stability of the PMBT coating was related to the introduction of the TSMA monomer during
polymer synthesis. When the PMBT-coated PMP-HFM was immersed in the aqueous
solution of triethylamine (TEA), the coating component, TSMA, first hydrolyzed to form a
hydroxyl group attached to silicon. This hydroxyl group was very active and dehydrated
with other hydroxyl groups to form ether bonds and cross-linking. The network structure
allowed the PMBT polymer to tightly coat the surface of the PMP-HEFM to form a stable
polymer coating.

3.5. Analysis of the Fluorescence Properties of the Coatings

Rhodamine 6 G could interact with the PC group in the phosphorylcholine polymer
and emit fluorescence under the action of specific excitation light [27]. Observing the
fluorescence characteristics of the coating could be one of the methods used to evaluate the
continuity and stability of the surface coating of the hollow fiber membranes [28]. Figure 6
shows a microscope image of bare (Figure 6a) and coated (Figure 6b) PMP-HFM under
visible light. Because the PMP-HFM material was white and opaque, it appeared as a black
tube under an inverted fluorescence microscope. After switching to fluorescence mode, the
bare PMP-HFM (Figure 6¢) had no fluorescence emission, showing a dark image, while the
coated PMP-HFM (Figure 6d) emitted bright orange—yellow fluorescence, and the hollow
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fiber membrane could be clearly seen. Through continuous observation of the moving
stage, it was found that the entire hollow fiber membrane surface emits fluorescent light,
indicating that the PMP-HFM was uniformly covered by the PMBT polymer coating.

(a) (b)
400 40(
(©) %) I
4mm ﬂ
| \ |% ID‘ \ |
I DO | \

Figure 6. Microscope spectrum of bare and PMBT35-coated PMP-HFM. Underlit microscope images

of bare (a) and coated (b) PMP-HFM; (c,d) are the same images viewed in fluorescence mode; (e,f)
are fluorescence images of coated PMP-HFM after treatment with 90% (v/v%) ethanol solution or 1%
(w/v%) SDS solution.

To further investigate the stability of the coating, the coated PMP-HFM was either
immersed in 90% (v/v%) ethanol solution (Figure 6e) and left for 12 h, or was immersed
in 1% (w/v%) SDS solution (Figure 6f) with 30 min of ultrasonic treatment. After drying,
the sample underwent a dyeing treatment, and then the fluorescent effect of the coating
on the surface of the hollow fiber membrane was observed. The results show that the
fluorescence characteristics of the PMBT polymer coating on the surface of the PMP-HFM
after treatment are still obvious. This result shows that the PMBT coating is stable in its
adherence to the PMP-HEFM, and can withstand ethanol or SDS solution dissolution.

3.6. Biocompatibility Evaluation

The adhesion and activation of platelets on the surface of medical materials is an
important factor leading to coagulation. Therefore, studying the adhesion behavior of
platelets on the surface of materials is an important method to evaluate the anticoagulant
properties and blood compatibility of materials. It can be seen from Figure 7 that after the
platelet adhesion experiment, there were many platelets adhered to the surface of the bare
PMP-HFM (Figure 7a), and some of the platelets adhered thereon were aggregated and
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deformed. In contrast, the surface platelet adhesion of the PMP-HEM (Figure 7b) with the
PMBT coating was significantly reduced, indicating that the PMBT coating can improve
the blood compatibility of the PMP-HFM surface. The PMBT coating has a structure that
mimics cell membranes. On the one hand, when in contact with blood, the phospholipids in
blood will preferentially adsorb on the coating surface over proteins and platelets, forming
a bionic surface and reducing protein adsorption; on the other hand, the polymer surface
maintains a high free water content, and the contact between proteins and the polymer
surface is reversible, which does not cause protein conformation changes and avoids protein
adsorption. The biocompatibility of the PMBT35-coated PMP-HFM is shown schematically
in Figure 8.

Figure 7. SEM images of platelet adhesion on the bare (a) and PMBT35-coated (b) PMP-HFM.

Platelet
® e ® e

eoe_o ® ®,® Protein

- . .
Weak interaction

PC group + free water

PMBT coating

PMP-HFM

Figure 8. Schematic diagram of platelet and protein interaction on the coated PMP-HFM surfaces.

The whole blood contact test results showed that after the hollow fiber membrane
was immersed in the blood for two hours, the surface of the bare PMP-HFM (Figure 9a)
was adhered to by more thrombi, while the surface of the coated PMP-HFM (Figure 9b)
was very clean, with no visible thrombus adhesion. The PMBT coating has an excellent
antithrombotic effect; as a result of the amphiphilic phospholipid polymer coating’s ability
to mimic the outer membrane of cell, it exhibits significant resistance to platelet attachment
and protein absorption. Therefore, the blood compatibility of the material surface can be
significantly improved by coating the surface of the PMP-HFM with PMBT coating.

Figure 9. SEM images of whole blood contact on the bare (a) and PMBT35-coated (b) PMP-HFM.

177



Polymers 2023, 15, 2881

4. Conclusions

We have successfully synthesized a phosphorylcholine polymer PMBT and applied
it to the surface of PMP-HFM, uniformly, via a dip—coating method, to form a stable
biocompatible coating. ATR-FTIR and SEM results confirmed that a PMBT coating was
formed on the surface of PMP-HFM, and that the coating was uniformly encapsulated
on the surface of the fiber membrane. The thermogravimetric test results showed that
with the increase in the amount of MPC, the thermal decomposition temperature of the
PMBT polymer increases first and then decreases, among which the initial decomposition
temperature of PMBT35 polymer is the highest. The swelling test results indicate that
the coating had excellent hydrophilic properties. Static contact angle and fluorescence
microscopy results showed that the network-like structure formed in the polymer due
to the introduction of the cross-linkable monomer TSMA enables the PMBT coating to
remain stable in extreme environments, exhibiting good chemical stability. The results of
platelet adhesion and whole blood contact experiments showed that the phosphorylcholine
polymer PMBT could significantly improve the blood compatibility of PMP-HEM surface,
thus prolonging the contact time between the hollow fiber membrane and blood, and
providing a new solution idea for the clinical application of PMP-HFM. Encouragingly, the
polymer coating is very simple to prepare, and the coating is uniform and stable; this is
promising for application in the mass production of membrane oxygenators, which will
create more blood—compatible membrane oxygenators with a longer service life.
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