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Preface

Fires are one of the most common disasters threatening public safety and social development.

Preventing the occurrence and spread of fire is of great significance for protecting public property

and life safety. Fire-safe polymeric materials are the key components of fire prevention and

control, mainly including flame-retardant materials, fire-resistant and thermal insulation materials,

low-smoke-emission materials, etc. With the development of science and technology, fire-safe

polymeric materials are increasingly widely used in transportation, construction, aerospace,

electronics and electrical devices, and many other areas of people’s lives. Therefore, the design and

preparation of novel flame retardants for these fire-safe polymeric materials is urgent.

This Special Issue entitled “Advances in Novel Flame Retardants for Fire-Safe Polymeric

Materials” welcomes original research and reviews on experimental or theoretical/computational

studies from all subjects, including but not limited to the following:

• Synthesis of novel flame retardants;

• Preparation of flame-retardant polymer nanocomposites;

• Low heat release and/or low smoke emission;

• Bio-based flame retardants;

• Novel flame-retardant coatings;

• Eco-friendly flame-retardant textiles.

Xin Wang, Weiyi Xing, and Gang Tang

Editors
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Advances in Novel Flame-Retardant Technologies for Fire-Safe
Polymeric Materials
Xin Wang 1,*, Weiyi Xing 1 and Gang Tang 2

1 State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei 230026, China
2 School of Architecture and Civil Engineering, Anhui University of Technology, Ma’anshan 243002, China
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1. Introduction

This Special Issue, titled “Advances in Novel Flame-Retardant Technologies for Fire-
Safe Polymeric Materials”, aims to detail the recent advances in the design and preparation
of novel flame retardants for use in fire-safe polymeric materials. Due to developments
in science and technology, fire-safe polymeric materials are increasingly widely used in
transportation, construction, aerospace, electronics, and electrical devices [1–3].

The developments that have occurred in creating flame-retardant polymeric materials
thus far can be roughly divided into four stages (Figure 1): (1) The early flame-retardant
polymeric materials used halogenated flame retardants such as tetrabromobisphenol A.
Despite their high efficiency as flame retardants, tetrabromobisphenol A generates toxic
and corrosive gases such as hydrogen halide, which are harmful to human health and the
environment [4]. Therefore, halogen-free flame-retardant polymeric materials have become
the principal trend in recent years. (2) Halogen-free (mainly silicon-, nitrogen-, phosphorus-,
and boron-containing) flame-retardant polymeric materials have emerged owing to their
improved flame retardancy and environmental friendliness, but their mechanical strength
and/or thermal stability usually deteriorate due to high loading. (3) Flame-retardant
polymer nanocomposites exhibit the combined advantages of a low heat release rate,
smoke toxicity suppression, and good mechanical and thermal properties. However, their
level of flame retardancy struggles to meet industrial requirements such as a UL-94 V-0
rating. (4) The latest generation of flame-retardant polymers, also known as fire-safe
polymer technology, not only achieves a UL-94 V-0 rating but also possesses a low heat
release rate and low toxic smoke emissions.

Fire-safe polymers are difficult to ignite and have a low heat release rate and low smoke
and toxic gas emissions. The fact that they are difficult to ignite reduces the probability
of materials catching fire; a low heat release rate can suppress the flame spread rate and
increase the amount of time personnel have to escape in the event of fire; and lower
smoke and toxic gas emissions can reduce the number of casualties in fire accidents.
Therefore, the application of fire-safe technology is a pertinent future development trend in
polymeric materials.

This Special Issue contains seven original research contributions and four review
articles related to fire-safe polymeric materials, including epoxy resins, rigid polyurethane
foams, vinyl ester resins, and textiles.
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2. An Overview of the Published Articles

In the Special Issue’s first contribution, Ma et al. synthesized a novel sulfur–phosphorus
reactive flame retardant (SPMS) for use in epoxy resins (EPs). The co-addition of the SPMS
and ammonium polyphosphate (APP) effectively promoted flame retardancy and smoke
suppression in the EPs. Specifically, the peak heat release rate (pHRR), peak smoke produc-
tion rate (pSPR), and total heat release (THR) of the EP containing 6.67% of the SPMS and
13.33% APP were 82.4%, 93.5%, and 61.4% lower than those of the pure EP, respectively.
The results demonstrated that this sulfur–phosphorus flame retardant was highly effective
at alleviating the fire risk in EPs.

Next, in the research paper by Korobeinichev et al. (contribution 2), the effect of a com-
bination of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-4,4′-diamino-diphenyl
methane (DDM-DOPO) and graphene on the flammability of glass-fiber-reinforced epoxy
composites (GFREPs) was investigated. The GFREP samples with flame-retardant additives
showed a lower downward shift in the flame propagation rate than those without additives.
Additionally, the measured thermal structure of the actual flames was compared with the
results of numerical simulations of the flame propagation in the GFREPs.

Furthermore, in the study by Hu et al. (contribution 3), a layered ammonium vana-
dium oxalate-phosphate (AVOPh) was synthesized using a hydrothermal method. With the
incorporation of 8 wt% of the AVOPh into the EP, the pHRR, total smoke production (TSP),
and peak of CO production (PCOP) were 32.7%, 20.4%, and 37.1% lower than those of the
pure EP, respectively. As a result, AVOPh was determined to be a promising high-efficiency
flame retardant for use in EPs.

Chai et al. (contribution 4) synthesized a hybrid flame retardant (CuPPA-DOPO)
by surface-grafting of amino phenyl copper phosphate with 9, 10-dihydro-9-oxygen-10-
phospha-phenanthrene-10-oxide. With the addition of 6 wt% of the CuPPA-DOPO to the
EP, the EP managed to reach the UL-94 V-1 classification and a limiting oxygen index (LOI)
of 32.6%. In addition, compared with those of the pure EP, the pHRR and pSPR of the
EP/6 wt% CuPPA-DOPO combination decreased by 52.5% and 26.1%, respectively. This
favorable inhibition of the fire risk in the EP due to the CuPPA-DOPO was ascribed to the
synergistic effects of the release of phosphorus free radicals during the gaseous phase and
the catalytic charring ability of metal oxides during the condensed phase.

Meanwhile, in the research paper by Zhu et al. (contribution 5), a combination of steel
slag (SS) and dimelamine pyrophosphate (DMPY) was used as a flame retardant for rigid
polyurethane (RPUF). The pHRR and THR values of RPUF-3 when using the DMPY/SS
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system were reduced by 54.5% and 42.7% compared to when using unmodified RPUF,
respectively. This study offers a novel strategy for the preparation of fire-safe RPUFs by
utilizing metallurgical solid waste.

In the research paper by Xu et al. (contribution 6), a new phosphorus-based flame
retardant, 6, 6′-(1-phenylethane-1,2 diyl) bis(dibenzo[c,e][1,2]oxaphosphinine 6-oxide) (PB-
DOO), was synthesized for use in vinyl ester resin (VE). The incorporation of 15 wt% of
the PBDOO into the VE composites supported a UL-94 V-0 rating and a high LOI value
of 31.5%. Additionally, the pHRR and THR of the VE containing 15 wt% of PBDOO were
76.71% and 40.63% lower than those of the unmodified VE, respectively. This study’s
findings can be applied as an efficient approach to improving the fire safety of VE.

Kablov et al. (contribution 7) prepared elastomeric composites based on aluminosili-
cate microspheres, carbon microfibers, and a phosphor–nitrogen–organic modifier as part
of their research, studying the composites’ fire- and heat-protective properties. The results
showed that their linear burning speed was reduced by 6–17% compared to that of their
known counterparts, which was attributed to the improved coke strength and catalyzed
carbonization processes.

As regards literature reviews rather than novel studies on the topic, Yuan et al. (contri-
bution 8) covered the recent progress in the field of flame retardancy and smoke suppression
of RPUFs. Both conventional methods and innovative trends with respect to manufacturing
fire-safe RPUFs, including reactive flame retardants, additive flame retardants, inorganic
nanoparticles, and protective coatings, were analyzed in detail. Additionally, this review
paper also proposed several challenges and future trends in this field.

Furthermore, Jin et al. (contribution 9) summarized the latest advances in multifunc-
tional textiles, with a special focus on their flame-retardant and antibacterial properties.
They describe how various treatment strategies, including the spray method, dip-coating,
and pad-dry-cure methods; layer-by-layer (LBL) deposition; the sol-gel process; and chem-
ical grafting modification, have been applied to endow textiles with multiple functions.
Finally, the merits and drawbacks of these treatment strategies were compared, helping
guiding future research and promoting the translation of the research into industry practice.

A review of the synthesis of supramolecular flame retardants (SFRs) based on non-
covalent interactions was conducted by Xiang et al. (contribution 10). In this paper, first,
different categories of SFRs of various dimensions were defined. Then, the influence of
these SFRs on the fire-safe characteristics of typical polymers was emphasized. Additionally,
the effects of the SFRs on the properties of polymeric materials, including their mechanical
properties, were also evaluated.

In the final review paper, Feng et al. (contribution 11) explained the recent progress
made in utilizing simple ball milling to fabricate flame retardants and flame-retardant
polymer composites. First, they described how high-performance flame retardants were
crushed, exfoliated, modified, and reacted using a ball mill. Then, they emphasized the
incorporation of flame retardants into polymer composites using ball milling, with a special
focus on the formation of multifunctional segregated structures. Their paper paves the way
for simply and feasible developing fire-safe polymer materials.

3. Conclusions

Due to the increasing fire safety demands in the majority of their application contexts,
polymeric materials need to be made flame-retardant. Consequently, a vast body of lit-
erature has become available on fire-safe polymeric materials over the past few decades.
The emerging trend is undoubtedly toward eco-friendly, sustainable, and multi-functional
technologies related to forming fire-safe polymeric materials [5,6]. Although many efficient
flame retardants have been reported in the literature, transferring these newly arising
fire-safe technologies from the research to an industry context will require further progress.

Acknowledgments: The editors would like to express their great appreciation to all the authors,
reviewers, and technical assistants that contributed to the Special Issue.
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Enhancing Flame Retardancy and Smoke Suppression in
Epoxy Resin Composites with Sulfur–Phosphorous Reactive
Flame Retardant
Xulong Ma 1, Ni Kang 1, Yonghang Zhang 1, Yang Min 1, Jianhua Yang 1, Daming Ban 1,* and Wei Zhao 2,*

1 School of Chemistry and Materials Science, Guizhou Normal University, Guiyang 550001, China;
21010080287@gznu.edu.cn (X.M.); kmyo87@126.com (J.Y.)

2 Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences, Beijing 100094, China
* Correspondence: bdaming@gznu.edu.cn (D.B.); zhaowei@csu.ac.cn (W.Z.)

Abstract: The presence of massive amounts of toxic volatiles and smoke during combustion is a very
serious problem facing epoxy resin (EP) composites. Therefore, flame retardants (FRs) can simulta-
neously enhance flame retardancy and reduce the release of smoke and fatal gases. Herein, a novel
sulfur–phosphorous reactive flame retardant (SPMS) was synthesized for epoxy resin. The high
efficiency of smoke suppression and flame retardancy of the EP/SPMS-APP hybrid was investigated
using a cone calorimeter, a vertical burning test, and limited oxygen index measurements. Compared
with those of pure EP, the composite with 20 wt% SPMS-APP reduced the peak heat release rate
(pHRR), the peak smoke production rate (SPR), and total smoke production rate (TSR) by 82%, 94%,
and 84%, respectively. The results showed a remarkable suppressed effect of alleviating the fire
hazard of EP using a sulfur–phosphorus flame retardant.

Keywords: smoke suppression; phosphaphenanthrene; suppressed effect; flame retardant

1. Introduction

Epoxy resin has been widely used in coatings, civil engineering, construction, and
other fields due to its outstanding advantages such as adhesion, good mechanical properties,
and chemical stability [1–3]. However, high flammability and massive smoke are among
the main disadvantages of epoxy resins, which severely restrict their application. Therefore,
fire safety EP with low smoke production urgently needs to be developed [4–6].

In recent decades, halogen-containing compounds have been widely utilized to opti-
mize the inflammability of epoxy resin, but halogen-containing compounds often release
toxic hydrogen halide gases, organic halides, and dioxins during combustion. Recently, in
consideration of environmental aspects, several halogen-containing flame retardants have
been gradually prohibited by many countries [7,8].

Phosphorus-based flame retardants are alternatives to halogen compounds. Several
small-molecule organic-phosphorus-containing flame retardants have been widely used for
EP. However, owing to their gaseous nature, these materials exhibit high flame retardancy
accompanied by decreased smoke suppression, increased smoke density, or the release
of corrosive gases [9,10]. Therefore, improving flame retardancy and smoke suppression
performance attracted increasing attention simultaneously. There are many smoke suppres-
sants, such as molybdenum trioxide, zinc borate, and copper oxide [11]. However, these
smoke suppressants exhibit decreased efficacy because they emit water vapor mixed with
smoke when used in an EP matrix [12].

With an increase in fire retardant requirements and an increase in environmental
protection awareness, the hotspots of flame retardants are trending toward being halogen-
free, environmentally friendly, smoke-suppressive, and having low toxicity [13]. Phos-
phaphenanthrene heterocyclic compounds are characterized by noncoplanarity, interactions
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with intramolecular or intermolecular groups, large-volume structures, and molecular polar-
ity [14,15]. They easily bind to specific groups and retain flame retardant properties, increas-
ing the organic solubility of new molecules [16]. The active hydrogen of phosphaphenan-
threne can react with a variety of electron-deficient groups and then act as a reactive
flame retardant involved in the polymerization of embedded polymer molecules [17–21].
Moreover, because flame retardants have a biphenyl rigid structure, the heat resistance
and mechanical properties of epoxy resin may improve. Ammonium polypophosphate
(APP) can play a vital role in the condensed phase, helping the matrix to form massive char
residue under fire conditions and obtain a higher LOI value. It is worth mentioning that
such compounds are halogen-free flame retardants, unlike halogen-based flame retardants,
which can reduce environmental pollution [22].

In this study, a phosphorous flame retardant 10-(2,5-dicarbonylpropyl) 9,10 dihydro-9-
oxa-10-phosphaphenanthrene-10-sulfide (SPMS) was synthesized via a reaction between
6H-dibenzo[c,e][1,2]oxaphosphinine-6-sulfide (DOPS) and itaconic acid (ITA), as shown
in Scheme 1. By incorporating SPMS-APP into EP, heat and smoke release decreased
dramatically. The high efficiency of SPMS-APP in terms of smoke suppression was revealed
for the first time. The smoke suppression and flame retardant mechanism of EP/SPMS-APP
are discussed in detail.
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2. Results and Discussion
2.1. Characterization of the SPMS

The FT-IR spectra of DOPS and SPMS are shown in Figure 1. The corresponding
characteristic bands were as follows: absorption at approximately 3427 cm−1 corresponded
to --OH; -CH2- stretching vibration absorption appeared at approximately 2970 cm−1;
C=O absorption at approximately 1711 cm−1; and absorption at approximately 1194, 1147,
and 934 cm−1 corresponding to P-O-C(aromatic) stretching vibration. The P-C stretching
vibration absorption band appeared at approximately 1472 and 1427 cm−1. Compared
with the FT-IR spectrum of DOPS, the characteristic absorption band of the P-H bond at
2367 cm−1 disappeared, proving that a reaction occurred between DOPS and ITA. The
1H-NMR spectrum of SPMS is shown in Figure 2. 1H NMR (TMS, 400 MHz) δ: 9.13 (s, 2 H),
8.02 (dd, J = 14.2 Hz, J = 7.7 Hz, 1 H), 7.90 (d, J = 6.4 Hz, 1 H), 7.77 (s, 1 H), 7.74 (t, J = 7.8 Hz,
1 H), 7.59 (s, 1 H), 7.44~7.31 (m, 1 H), 7.29 (s, 1 H), 7.26 (s, 1 H), 3.74 (t, J = 7.2 Hz, 2 H),
2.25 (s, 1 H), 1.25 (s, 2 H). These results confirmed the successful synthesis of SPMS.

2.2. Combustion Properties of the Cured Epoxy Resins

The formulations and flame retardant properties of the EP/SPMS-APP composites are
listed in Table 1.

The neat EP was highly combustible with an LOI value of 19.8% and no UL-94 grade.
Moreover, the specimens were burned with flammable dripping during the test. Table 1
shows that the flame retardancy of the cured EP gradually increased with flame retardant
concentration. All the LOI values of the modified EP were greater than those of the EP.
Considering the same loading, EP2-5 had higher LOI values than EP-5 and EP1-5. This
difference may be ascribed to the concurrent action of SPMS and APP, which acted both in
the condensed and gaseous phases. Moreover, EP2-5 and EP3-10 reached UL-94 V0 ratings
at 5 wt% and 10 wt% loading, respectively. Most importantly, although APP alone raised
the UL-94 rating more slowly than SPMS-APP did, it helped EP achieve a higher LOI value
at the same loading. Unlike EP7-20 and EP8-20, EP9-20 reached an LOI value of 34.5.

6



Molecules 2024, 29, 227

Figure 1. FT−IR spectra of DOPS and SPMS.

Figure 2. 1H−NMR spectrum of SPMS.

Table 1. Formulations and flame retardancy of epoxy resin thermosets.

Sample
Mass Fraction (%)

LOI (%) UL-94
EP + PDA SPMS APP

EP0 100 0.00 0.00 19.8 N.R.
EP-5 95 0.00 5.00 21.4 N.R.
EP1-5 95 5.00 0.00 21.1 V-1
EP2-5 95 1.67 3.33 20.8 V-0

EP3-10 90 10.0 0.00 21.5 V-0
EP4-10 90 3.33 6.67 21.7 V-0
EP5-15 85 15.0 0.00 24.7 V-0
EP6-15 85 5.00 10.0 26.4 V-0
EP7-20 80 20.0 0.00 25.0 V-0
EP8-20 80 6.67 13.33 27.3 V-0
EP9-10 90 0.00 10.0 26.8 V-0

EP10-20 80 0.00 20.0 34.5 V-0
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2.3. Thermal Properties of Cured Epoxy Resins

The thermal stability of the hybrids is shown in Figure 3. Several important parameters,
including the onset degradation temperature (Td) of cured epoxy resins, the temperature
of midpoint degradation (T50%), the temperature at the maximum weight loss rate (Tmax),
and char residue at 700 ◦C, are summarized in Table 2.

Molecules 2024, 29, 227 5 of 12 
 

 

100 200 300 400 500 600 700

-20

-10

0

D
er

iv
. W

ei
gh

t (
%

/m
in

)

Temperature (℃)

 EP-0
 EP3-10
 EP4-10
 EP7-20
 EP8-20
 EP9-10
 EP10-20

(b)

 
Figure 3. TGA (a) and DTG (b) curves of EP composites in an N2 atmosphere. 

Table 2. Related TGA data for EP composites. 

Sample 
Td 

(°C) 
T50% 

(°C) 
Tmax 

(°C) 
Rmax 

(%/min) 
R700  
(%) 

EP0 357 408 398 1.26 15 
EP3-10 324 401 382 0.97 19 
EP4-10 329 379 363 1.20 21 
EP7-20 233 389 387 0.80 18 
EP8-20 306 375 348 1.00 23 
EP9-10 330 385 349 22.37 27 
EP10-20 328 399 344 23.44 36 

The TGA curves in Figure 3 show a one-step degradation trend. With increasing FR, 
the Td and Tmax of EP tended to decrease under a nitrogen atmosphere, especially EP7-
20, which decreased above 100 °C, which was caused by the earlier degradation of S=P-C 
and P-O covalent bonds. Moreover, the steric hindrance effect induced by the bulky and 
rigid phosphaphenanthrene group in SPMS decreased the cross-linking density of the 
thermoset [23]. Moreover, the flame retardant epoxy resin reached T10% and Tmax earlier 
than EP. Figure 3 shows that the maximum weight loss rates (Rmax) of EP0, EP3-10, EP4-
10, EP7-20, EP8-20, EP9-10, and EP10-20 are 1.26, 0.97, 1.20, 0.80, 1.00, 22.37, and 
23.44%/min, respectively. Considering the Rmax values, the SPMS behaved more efficiently 
than the SPMS-APP, and APP alone lost weight more sharply than other samples. There-
fore, the incorporation of flame retardants successfully reduced the thermal degradation 
rate in the low-temperature region. The epoxy resin only retained 15% of the char resi-
dues, as listed in Table 2. The char residues of EP3-10, EP4-10, EP7-20, EP8-20, EP9-10, and 
EP10-20 were 19, 21, 18, 23, 27 and 36%, respectively. The presence of SPMS-APP might 
aid in the formation of char residues, resulting in the suppression of flame spread, a re-
duction in flammable volatiles, and the inhibition of drip melting. APP showed high effi-
ciency in char formation. A thick char residue layer can prevent further thermal degrada-
tion of the matrix and produce fewer inflammable volatiles. 

2.4. Fire Hazard Analysis 
Cone calorimeter (CC) tests were also conducted to investigate the combustion be-

haviors of SPMS and SPMS/APP on epoxy resin thermosets. The time to ignition (TTI), 
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The TGA curves in Figure 3 show a one-step degradation trend. With increasing
FR, the Td and Tmax of EP tended to decrease under a nitrogen atmosphere, especially
EP7-20, which decreased above 100 ◦C, which was caused by the earlier degradation of
S=P-C and P-O covalent bonds. Moreover, the steric hindrance effect induced by the bulky
and rigid phosphaphenanthrene group in SPMS decreased the cross-linking density of
the thermoset [23]. Moreover, the flame retardant epoxy resin reached T10% and Tmax
earlier than EP. Figure 3 shows that the maximum weight loss rates (Rmax) of EP0, EP3-10,
EP4-10, EP7-20, EP8-20, EP9-10, and EP10-20 are 1.26, 0.97, 1.20, 0.80, 1.00, 22.37, and
23.44%/min, respectively. Considering the Rmax values, the SPMS behaved more efficiently
than the SPMS-APP, and APP alone lost weight more sharply than other samples. Therefore,
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the incorporation of flame retardants successfully reduced the thermal degradation rate
in the low-temperature region. The epoxy resin only retained 15% of the char residues, as
listed in Table 2. The char residues of EP3-10, EP4-10, EP7-20, EP8-20, EP9-10, and EP10-20
were 19, 21, 18, 23, 27 and 36%, respectively. The presence of SPMS-APP might aid in the
formation of char residues, resulting in the suppression of flame spread, a reduction in
flammable volatiles, and the inhibition of drip melting. APP showed high efficiency in
char formation. A thick char residue layer can prevent further thermal degradation of the
matrix and produce fewer inflammable volatiles.

Table 2. Related TGA data for EP composites.

Sample Td
(◦C)

T50%
(◦C)

Tmax
(◦C)

Rmax
(%/min)

R700
(%)

EP0 357 408 398 1.26 15
EP3-10 324 401 382 0.97 19
EP4-10 329 379 363 1.20 21
EP7-20 233 389 387 0.80 18
EP8-20 306 375 348 1.00 23
EP9-10 330 385 349 22.37 27
EP10-20 328 399 344 23.44 36

2.4. Fire Hazard Analysis

Cone calorimeter (CC) tests were also conducted to investigate the combustion behav-
iors of SPMS and SPMS/APP on epoxy resin thermosets. The time to ignition (TTI), peak
heat release rate (pHRR), peak smoke production rate (pSPR), total heat release (THR), total
smoke rate (TSR), and fire performance index (FPI) are shown in Table 3 and Figure 4.

Table 3. Cone calorimeter data for the flame-retarded EP composites.

Sample TTI
(s)

pHRR
(kW·m−2)

pSPR
(m2·s−1)

THR at 400 s
(MJ·m−2)

TSR at 400 s
(m2·m−2)

FPI
(s·m2·kW−1)

EP0 70 933 0.77 88 11,640 0.075
EP3-10 59 767 0.58 71 7880 0.076
EP4-10 65 311 0.14 70 2695 0.20
EP7-20 48 567 0.44 61 6529 0.084
EP8-20 60 164 0.05 34 1891 0.36
EP9-20 59 354 0.16 47 2341 0.167

The TTI was used to determine the influence of flame retardants on ignitability. As re-
vealed in Table 3, the TTI of the pure epoxy resin was 70 s, whereas that of the flame-retarded
EP composites decreased to some extent. This difference may be attributed to the early
decomposition of flame retardants, which promoted degradation of the epoxy resin matrix
at lower temperatures. The FPI is a parameter derived from the TTI and pHRR. The higher
the values are, the better the composite behavior during fire hazard. EP8-20 had an FPI
almost five times greater than that of neat EP, so it showed excellent fire performance in all
tests. As shown in Figure 4a, the pHRR of the modified EP decreased over time, especially
for the EP8-20 sample.

As shown in Figure 4a,b, and Table 3, pHRR (933 kW/m2) and THR at 400 s (88 MJ/m2)
were obtained for pure EP. With the addition of 20 wt% SPMS, the pHRR and THR decreased
to 567 kW/m2 and 61 MJ/m2, respectively. APP alone showed in-between data between
SPMS and SPMS/APP. When flame retardant SPMS was replaced by APP in sample EP8-
20 at the same loading of 20 wt% SPMS/APP, the pHRR and THR decreased sharply
to 164 kW/m2 and 34 MJ/m2, respectively. It can be demonstrated that SPMS/APP
decomposes at low temperatures to form a protective char residue layer on the surface of
the sample. These results are consistent with the results of TGA.
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Figure 4. Cone calorimeter curves of the EP and SPMS/APP/EP composites: (a) heat release rate,
(b) total heat release, (c) smoke production release, and (d) total smoke release.

As shown in Figure 4c,d and Table 3, the SPR and TSR at 400 s for the EP composites
decreased quickly after the incorporation of SPMS and APP. The peak SPR energy of EP7-20
was 0.44 m2/s, which was 43% lower than that of EP0 (0.77 m2/s). Moreover, the TSR
at 400 s was reduced by 45%. Moreover, the samples containing both SPMS and APP
had lower peak SPR values and TSR values at 400 s than those of SPMS and APP alone.
The TSR at 400 s for EP4-10 was 2695 m2/m2, which was reduced by 77%. In sample EP8-
20, the peak SPR and TSR at 400 s decreased dramatically, by 94% and 84%, to 0.05 m2/s
and 1891 m2/m2, respectively. And APP alone showed a medium datum of 2341 m2/m2

between that of EP7-20 and EP8-20. The main reason may be that the suppressed effect of
SPMS/APP helps greatly in promoting charring formation, and the formation of a thick
carbon layer causes the number of combustible volatiles and smoke-forming materials
to decrease rapidly in the gas phase during combustion. This finding implies that the
application of SPMS/APP/EP composites could increase the likelihood of safe escape in
cases of fire hazard due to the high FPI and reduced TSR.

2.5. Residual Char Analysis

Digital photographs of char residues for the EP composites after CC are shown in
Figure 5. There is a minimum quantity of char residue left behind in pure EP, which
corresponds to the highest SPR, HRR, and mass loss among all the samples. Compared
with EP0, EP3-10 containing only SPMS had relatively high and continuous char residue.
However, there were some collapses in the char residue layer generated by the volatile
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compounds, and the inner surface was covered by small homogeneous bricks. As APP
was incorporated into EP4-10, the amount of char residue increased significantly, and
the outer surface of the char residue became increasingly compact and tough while the
homogeneous bricks aggregated to form larger bricks. This revealed that APP can help
char residue become more stable. It can be seen from the front view that EP4-10 and EP8-20
generated a more compact carbonaceous layer with less cracking and greater intumescence.
Moreover, after combustion, the amount of residual carbon in the EP composites cured
with both SPMS and APP was significantly greater than that in the EP composites cured
with SPMS. The reason was that there was a suppressed effect between SPMS and APP, and
the degradation of flame retardants produced a phosphorus-based acid, such as phosphoric
acid, hypophosphite, and noncombustible gases, which reacted with the decomposing
matrix by esterification and dehydration to promote the formation of a char layer and the
noncombustible gases filled the char layer. The char layer in the molten state was expanded
and foamed, and when the reaction was close to completion, the system was solidified to
form a porous and foam char layer. The char layer could play a role in heat insulation and
oxygen separation, so the char layer could effectively protect the polymer beneath the burn
so that the amount of carbon residue was obviously increased.

Figure 5. Cont.
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2.6. Mechanical Properties

The influence of flame retardants on the mechanical properties of the cured EP com-
posites was characterized via a vertical drawing test. A portion of the cured epoxy resin
exhibited lower tensile strengths than did pure EP, and the tensile strength of pure EP was
39.16 MPa; however, the corresponding strength values of EP3-10 and EP4-10 decreased to
22.52 MPa and 30.94 MPa, respectively. The reason may be that EP3-10 and EP4-10 have
lower phosphorous contents and rigid structures. This kind of rigid structure causes steric
hindrance, and the material does not easily deform during tensile testing; moreover, a
small amount of flame retardants causes stress concentration. These factors deteriorate the
mechanical properties of cured EP composites.

Another part of the cured epoxy resins exhibited higher tensile strengths than pure EP.
With the addition of 20 wt% SPMS/APP and SPMS to the composites, the tensile strength
increased from 39.16 MPa to 49.78 MPa and 53.69 MPa, respectively. The rigid structure
served as a physical cross-linking point in the cured epoxy resins, which could transfer the
stress from different polymer chains to maintain the structure of the materials when a small
amount of molecular chain breaks. Therefore, the tensile strength of the cured epoxy resins
increased, and the flame retardants may also play a role in strengthening and toughening.

3. Materials and Methods
3.1. Materials

6H-dibenzo[c,e][1,2]oxaphosphinine-6-sulfide (DOPS) was synthesized in our lab-
oratory [24]. Epoxy resin (DGEBA E-44), a commercial product, was purchased from
Blue Star Chemical New Materials Co., Ltd. (Beijing, China). Itaconic acid (ITA) was sup-
plied by Sinopharm Group Chemical reagents, Shanghai, China. Tetrahydrofuran (THF)
and acetone were purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China).
APP was obtained from Shifang Taifeng New Flame Retardant Co., Ltd. (Chengdu, China).
M-phenylenediamine (PDA) was purchased from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China). All chemicals were used as received and without further purification.
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3.2. Synthesis of SPMS

The schematic route of SPMS is illustrated in Scheme 1, and the details are as follows:
3.1 g of DOPS, 1.83 g of ITA, and 60 mL of THF were introduced into a four-neck 250 mL
flask equipped with a nitrogen inlet and a mechanical stirrer. The resulting mixture was
heated to reflux with agitation under a nitrogen gas atmosphere for 5.5 h. After cooling to
room temperature, the precipitate was removed by filtration; the resulting material was
subsequently dried and recrystallized. A white solid of SPMS was obtained with a yield of
75.7% and a m.p. of 178~181 ◦C.

3.3. Preparation of the EP/SPMS-APP Hybrid

The cured EP was prepared via a thermal curing process. Briefly, the epoxy resin
was heated to melt first. Subsequently, flame retardants were added separately according
to the mass ratio in Table 1, and the mixture was sufficiently stirred. The mixture was
subsequently placed in a preheated vacuum oven to degas at 80 ◦C. After that, PDA was
added accurately under vigorous stirring until it was completely dissolved before being
poured into the mold. The mixture was subsequently cured in an air-drying oven at 80 ◦C
for 2 h, followed by 100 ◦C for 2 h, and then postcuring at 120 ◦C for 2 h. Thereafter,
the curd EP was permitted to cool slowly to room temperature. Then, the splines and
trimmed parts were removed so that they could meet the requirements of the corresponding
performance test.

3.4. Characterization

The limiting oxygen index (LOI) was measured on a JF-5 oxygen index instrument
(Jiangning Analytical Instrument Factory, Nanjing, China) according to the ASTM D-2863
testing procedure, with sample dimensions of 80 × 6.5 × 3.2 mm3. The vertical burning test
(UL-94) was performed on a CZF-6 instrument (the same factory used for JF-5) according
to the ASTM D-3801, with sample dimensions of 125 × 13 × 3.2 mm3. A mechanical
performance test was carried out using a universal testing machine (Jinan East Special
Equipment Co., Ltd. Jinan, China) according to the GB T13022-91 testing procedure, with
a stretch rate of 1 mm/min. Thermal gravimetric analysis (TGA) was performed with
a thermal analyzer (NETZSCH STA 409 PC/PG, Bavaria, Germany) at a heating rate of
20 ◦C/min from 20 ◦C to 700 ◦C under a nitrogen flow of 60 mL/min. Cone calorimeter
measurements were performed according to the ISO5660-1 protocol at an incident flux of
35 kW/m2, with sample dimensions of 100 × 100 × 1.2 mm3. Scanning electron microscopy
(SEM) images of the inner and outer surfaces of the char residue after CC were obtained by
using a Hitachi S-4800. Char layers were sputter coated with a thin layer of gold, and SEM
was performed at an accelerating voltage of 10 kV.

4. Conclusions

In this article, a novel phosphorous-containing flame retardant, SPMS, was success-
fully synthesized and characterized. The flame retardants in the epoxy resins exhibited
excellent flame retardancy and intumescent effects. The flame retardancy was obviously
improved, and the cured epoxy resins had higher char yields, which showed that there was
a concurrent action of the SPMS and APP. The CC results showed that the pHRR, av-HRR,
THR, and TSR values of the epoxy resins decreased significantly. This kind of reactive
flame retardant is promising for other polymer matrices that interact with diacid functional
groups or react with other functional group flame retardants.
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Abstract: The amplified employment of rigid polyurethane foam (RPUF) has accentuated the impor-
tance of its flame-retardant properties in stimulating demand. Thus, a compelling research report is
essential to scrutinize the recent progression in the field of the flame retardancy and smoke toxicity
reduction of RPUF. This comprehensive analysis delves into the conventional and innovative trends
in flame-retardant (FR) systems, comprising reactive-type FRs, additive-type FRs, inorganic nanopar-
ticles, and protective coatings for flame resistance, and summarizes their impacts on the thermal
stability, mechanical properties, and smoke toxicity suppression of the resultant foams. Nevertheless,
there are still several challenges that require attention, such as the migration of additives, the insuf-
ficient interfacial compatibility between flame-retardant polyols or flame retardants and the RPUF
matrix, and the complexity of achieving both flame retardancy and mechanical properties simultane-
ously. Moreover, future research should focus on utilizing functionalized precursors and developing
biodegradable RPUF to promote sustainability and to expand the applications of polyurethane foam.

Keywords: rigid polyurethane foam; flame retardancy; smoke toxicity suppression; flame retardants

1. Introduction

Rigid polyurethane foam (RPUF) is a highly adaptable type of polymer foam that
finds utility across a diverse array of industries and everyday household applications, such
as building insulation and the structural portions of roofs, walls, floors, and furniture,
primarily due to its excellent insulation properties, durability, lightweight nature, and
flexibility in customization [1–7]. According to a recent report, the worldwide polyurethane
(PU) market is predicted to attain a value of USD 88 million by the year 2026, exhibiting
a compound annual growth rate (CAGR) of 6.0% [8]. It is evident from the data that the
number of scientific articles related to PU and PU foam has more than doubled during the
period of 2010–2020 compared to 1996–2009, serving as a clear indication. The primary
usage of PU in the market is in PU foam, which accounts for up to 67% of the world’s total
foam consumption [9].

Rigid polyurethane foam is a type of foam insulation made by combining two liquid
components, a polyol (a type of alcohol) and an isocyanate (a type of chemical compound),
which react and expand to form a solid foam material [10–13]. In regard to flammability, the
cellular structure and organic composition of RPUF make it combustible and susceptible to
burning upon exposure to high temperatures or flames [14–17]. Moreover, the combustion
of RPUF may result in the emission of toxic smoke and gases, such as carbon monoxide
(CO), nitrous oxides (NOx), and hydrogen cyanide (HCN), which can be hazardous to
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human health [18]. For this reason, it is crucial to explore flame-retardant RPUF and to
expand its practical applications [5,19–23].

There are three primary approaches being utilized to address the limitations of RPUF,
as depicted in Table 1. The first method is copolymerization, which entails the chemi-
cal modification of the surface and core of the polymer [24,25]. The final two methods
involve adding flame-retardant (FR) additives to the polymer matrix through mixing or
coating [5,21,26–29]. Meanwhile, the first option has been demonstrated to be the durable
and feasible approach for pristine RPUF. These flame retardants are primarily composed
of organic compounds which possess a flame-retardant segment that can create covalent
bonds with RPUF [30]. As a result, the integration of flame retardants into RPUF composites
can lead to a considerable improvement in the compatibility between the polymer and
the flame retardants as well as provide additional benefits such as enhanced mechanical
properties, improved thermal stability, and better compatibility with other additives [31,32].

Numerous reviews have been published regarding the utilization of additive-type
flame retardants to enhance the flame resistance of RPUF, and this has been established as
the most practical and economical approach for untreated RPUF [28,33,34]. Phosphorus-
based and nitrogen-based flame retardants are among the most frequently utilized additives
in the fabrication of RPUF composites [35]. Phosphorus-based and nitrogen-based FRs
are the most used FRs in RPUF composites. Phosphorus-based FRs, such as ammonium
polyphosphate (APP) and melamine polyphosphate (MPP), have excellent flame-retardant
properties and generate char upon exposure to heat, which further protects the polymer
matrix from combustion [33,36]. Nitrogen-based FRs, such as melamine cyanurate (MC)
and guanidine phosphate (GP), generate nonflammable gases and effectively suppress the
flames during combustion. Furthermore, the use of nanocomposites that contain nanofillers,
like layered double hydroxides (LDHs) and graphene oxide (GO), has demonstrated po-
tential as effective flame retardants and smoke suppressants for RPUF composites [37,38].
These nanofillers have a large surface-area-to-volume ratio, improving their ability to
interact with the polymer matrix and impede the spread of flames.

The growing utilization of RPUF has intensified the significance of its flame-retardant
properties in driving demand. Consequently, an imperative research report is warranted to
investigate recent advancements in the field of the flame retardancy and smoke toxicity
suppression of RPUF, given the limited extant literature on this topic. This comprehensive
review centers on conventional and emerging trends in flame-retardant (FR) systems,
including reactive-type and additive-type FRs, inorganic nanoparticles, and protective
coatings, aimed at enhancing the flame retardancy and smoke toxicity suppression of RPUF.
This review also covers an overview of the preparation and properties of RPUF and the
current trends in flame-retardant strategies for RPUF and a discussion on the future outlook
of flame-retardant RPUF.

Table 1. Examples of RPUF composites with various flame retardants.

Flame-Retardant Type Composite Remarks Ref.

Reactive flame
retardants

RPUF/AMPO
(polyol-bis(hydroxymethyl)-N,

N-bis(2-hydroxyethyl)
aminomethylphosphine oxide)

- The incorporation of 10.5 wt.%
AMPO resulted in an increase in the
LOI value from 20.0% in the pure
RPUF to 23.4%.

- However, the inclusion of AMPO in
RPUF resulted in a 21.2% decrease
in compressive strength.

[39] (1982)
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Table 1. Cont.

Flame-Retardant Type Composite Remarks Ref.

Reactive flame
retardants

RPUF/GEP (glycerol/ethanol
phosphate)

- The incorporation of 8.0 wt.%
glycerol/ethanol phosphate (GEP)
resulted in an increase in the LOI of
RPUF to 23.5%

- However, the total heat release
(THR) and peak smoke production
rate (PSPR) were increased by
52.0% and 170.0%.

[40] (2015)

RPUF/PPGE (phenylphosphoryl glycol
ether oligomer)

- By incorporating 10.0 wt.% of the
additive, RPUF demonstrated an
LOI of 24.5%, obtained a UL-94 V-1
rating, and experienced a notable
1.5% enhancement in
compressive strength.

[41] (2019)

Additive flame
retardants

RPUF/pEG-P(MA) (pulverized
expandable graphite
(pEG)-poly(methyl

methacrylate-acrylic acid) copolymer)

- The RPUF containing 10 wt.% of
flame-retardant particles exhibited
excellent flame retardancy, as
evidenced by a high LOI of
26 vol.%.

- The RPUF/pEG-P(MA) composites
demonstrated a compressive
modulus of 48.4 MPa and a
compressive strength of 2.8 MPa.

[42] (2011)

RPUF/MATMP (melamine amino
trimethylene phosphate)

- The incorporation of 15.0 wt.% of
MATMP in RPUF resulted in a
UL-94 V-0 rating accompanied by a
34.0% decrease in PHRR and an
LOI of 25.5%.

- At lower loading levels
(<10.0 wt.%), MATMP
simultaneously improved the
compressive strength and thermal
insulating properties of RPUF.

[43] (2017)

RPUF/MFAPP
(melamine–formaldehyde

resin-microencapsulated ammonium
polyphosphate)

- RPUF/MFAPP30 attained a V-1
rating in the UL-94 test, exhibiting
an LOI of 21.3 vol.% compared to
RPUF/APP30 with an equal load
of APP.

- The RPUF/MFAPP30
demonstrated a compressive
strength of 0.295 MPa, exhibiting a
13.5% increase compared to
RPUF/APP30.

[44] (2020)

Flame-retardant coating RPUF/alginate/clay aerogel

- The RPUF coated with
alginate/clay aerogel exhibited an
impressive LOI of 60.0%, with
32.0% and 37.0% reductions in
PHRR and TSR as compared to the
untreated foam.

- However, the presence of the
aerogel within the porous foam
noticeably compromised its thermal
conductivity.

[45] (2016)
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Table 1. Cont.

Flame-Retardant Type Composite Remarks Ref.

Flame-retardant coating

RPUF/poly(VS-co-HEA)
(copolymerization of hydroxyethyl

acrylate (HEA) and sodium
vinylsulfonate (VS))

- The resulting RPUF obtained a
UL-94 V-0 rating; an LOI of 35.5%;
and significant reductions of 87.0%
and 71.0% in PHRR and TSR,
respectively, compared to the
untreated foam.

- The introduction of HGM to the
coating enabled the coated PU foam
to maintain a low thermal
conductivity.

[2] (2021)

2. Reactive-Type Flame Retardants

The process of forming RPUF involves various reactions, including urethane forma-
tion, crosslinking reactions, and foaming reactions facilitated using a chemical blowing
agent. The formation of the urethane linkage is illustrated in Figure 1a, while Figure 1b
shows how the urethane group reacts with an isocyanate group to create allophanate,
which results in chemical crosslinking. Reactive flame retardants demonstrate favorable
interfacial compatibility with the matrix due to their chemical bonding interactions, result-
ing in minimal impact on the mechanical properties of RPUF. Meanwhile, reactive flame
retardants containing multiple hydroxyl, amino, or epoxy groups can serve as polyols in
the curing process of RPUF, providing flame retardant properties through the presence
of phosphorus, nitrogen, or sulfur elements in their structure [8,41,46–48]. Additionally,
reactive flame retardants with chemical bonding interactions are highly durable in indus-
trial applications, as they prevent migration from the RPUF matrix. This section focuses on
recent advancements in reactive flame retardants.
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2.1. Incorporation of Phosphorus-Containing Groups

Phosphorous-containing flame-retardant polyols are a type of reactive flame retardants,
which can be used as a substitute for conventional polyols in the preparation of RPUF
to enhance its flame-retardant properties [41,49]. The effectiveness of phosphorus-based
flame retardants in minimizing the flammability of polyurethane foam has been well
established, leading to its widespread adoption in industries ranging from construction
and transportation to electronics [32,50]. Polyols containing phosphorus-based flame
retardants possess multiple hydroxyl groups that can actively engage in the curing reaction
of polyurethane foam. The incorporation of phosphorus-containing flame retardants in
polyols enables the formation of chars and reduces the release of flammable gases during
combustion [51].

One of the studies in this area focused on the application of biobased flame-retardant
polyols. In their study, Bhoyate et al. [52] explored the fire safety of a polyol sourced from
limonene, which was chemically modified with phenyl phosphonic acid. According to their
findings, adding 1.5 wt.% of phosphorus through chemical modification could decrease
the self-extinguishing time from 81 s to 11.2 s. Zhang et al. [53] employed the approach
illustrated in Figure 2a to produce castor oil phosphate flame-retardant polyol (COFPL), a
flame-retardant polyol derived by incorporating a phosphate group into the polyol. The
process involves the preparation of glycerolized castor oil (GCO) and the epoxidation of
GCO, which is ultimately converted to COFPL through a reaction with diethyl phosphate.
Wang et al. [54] developed two biobased flame-retardant polyols (CODEOA and CPPA)
from a modified vegetable oil. By incorporating epoxidized polyols (BIO2) and derived
carbon materials into the RPUF matrix, the heat release rate (HRR), total heat release (THR),
and total smoke production (TSP) can be significantly reduced.
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Currently, green materials such as plant oil, tung oil, and lignin have been chosen as the
primary synthetic resources. However, the flame-retardant performance of biobased polyols
is hindered by their long-chain structure, resulting in the low content of flame-retardant
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elements (phosphorus, nitrogen, silicon, etc.). Zhou et al. [55] synthesized tung-oil-based
polyols through the ring-opening reaction of epoxidized tung oil and silane-coupling
agents. Although the limiting oxygen index of the biobased RPUF prepared from these
polyols increased from 19.0 vol.% to 22.6 vol.%, the improvement in the flame retardancy
was not significant. This can be attributed to the low phosphorus content in long-chain
biobased polyols.

In another approach, flame-retardant polyols with short chains are utilized for the
synthesis and application of RPUF due to their elevated phosphorus content. Zou et al. [56]
developed a hard-segment flame retardant (HSFR) to enhance the fire resistance of RPUF.
By incorporating 13.8 wt.% of THPO, the resulting system was able to achieve a UL-94
V-0 rating, with an LOI ranging from 17.0 to 25.5%. During combustion, the HSFR can
produce PO• and PO2• radicals in the vapor phase, which then react with flammable free
radicals and impede segment decomposition. In the study conducted by Hu et al. [40], a
flame-retardant polyol with a substantial phosphorus content was synthesized through
a dehydrochlorination reaction. Hu et al. [57] synthesized a flame-retardant polyol with
a high phosphorus content by performing a dehydrochlorination reaction. The addition
of expandable graphite (EG) to the RPUF/BHPP system significantly enhanced the flame-
retardant characteristics of the RPUF composites, achieving a high LOI value of 30.0%.

To achieve highly flame-retardant RPUF, Wang et al. [58] successfully synthesized
a short-chain flame-retardant polyol. They placed particular emphasis on analyzing its
compatibility with the conventional polyols 4110 and PEG400. The research findings
demonstrated that, when these two mixed polyols were thoroughly ultrasonically blended
to achieve full miscibility, their compatibility was significantly enhanced. This enhancement
can impart RPUF with superior flame-retardant and mechanical properties.

2.2. Incorporation of Nitrogen-Containing Groups

The incorporation of nitrogen-containing groups is another effective approach for
flame retardancy in polyurethane foam [59–61]. These compounds are usually incorpo-
rated into the polyol component during the production process, which then react with
isocyanates to form polyurethane foam with improved flame retardancy [62]. During com-
bustion, these compounds release nonflammable gases, such as nitrogen or ammonia, when
exposed to high temperatures, diluting the flammable gases and reducing the combustibil-
ity of the foam [63–65]. Nevertheless, the flame-retardant effectiveness of nitrogen-based
compounds is typically inferior to that of phosphorus-containing ones due to their single
flame-retardant function.

Melamine-based polyols are a type of reactive flame retardant used in the production of
RPUF due to their high nitrogen content [66,67]. These polyols are synthesized by reacting
melamine with an excess of formaldehyde and an alcohol or polyol, resulting in a highly
crosslinked and thermally stable polymer. Hu et al. [62] developed a melamine-based polyol
(MADP, Figure 2b) and incorporated it into the RPUF matrix, and the interactions between
the PU-NCO groups and DOPO are shown in Figure 3. The findings from their study
demonstrated a notable improvement in the LOI values (increasing from 19.0% to 28.5%)
with the implementation of the flame-retardant system. This enhancement promotes the
development of protective char layers and reduces the concentration of flammable gases in
the gaseous phase. The synthesis of a Mannich base polyol derived from cardanol (MCMP,
Figure 4) was conducted by Zhang et al. [68]. The incorporation of melamine into the
molecular structure of MCMP led to improvements in the mechanical properties, thermal
stability, and flame resistance of the resulting RPUF. Li et al. [69] developed an ecofriendly
melamine-based polyether polyol referred to as GPP. They found that incorporating GPP
in RPUF synthesis greatly enhances the flame retardancy of the resulting foam. The
compressive strength of the RPUF samples increased by 106.0%, and an LOI value of 30.4%
was achieved by fully incorporating GPP during the preparation process.
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2.3. Incorporation of Sulfur-Containing Groups

Sulfur-based flame retardants represent an alternative category of reactive flame
retardants employed in the manufacture of polyurethane foam. These compounds have the
advantages of having a low cost, being effective, and having a low impact on the mechanical
properties of the foam. A sulfur-containing polyol was synthesized by Bhoyate et al. [49] to
create flame-retardant polyurethane foams with improved compressive strength without
affecting the foam morphology or closed cell content. The modified RPUF exhibited a
self-extinguishing time that was decreased from 94.0 s to 1.7 s when the phosphorus content
reached 1.5 wt.% in contrast to the pristine RPUF.

3. Additive-Type Flame Retardants

Additive-type flame retardants for rigid polyurethane foam are typically nonreactive
compounds that are added directly to the foam formulation to enhance its thermal stability
and flame retardancy [27,28,70–72]. They can be either halogenated or nonhalogenated
and can be divided into various subcategories based on their chemical composition, such
as phosphorus-based, nitrogen-based, or metal-based flame retardants [73]. Additive
flame retardants have various benefits compared to reactive flame retardants, such as
their ease of integration into foam formulations and lower costs. Nevertheless, their
constrained interfacial compatibility with the matrix results in a decline in the mechanical
strength and thermal conductivity of the foam [74]. Furthermore, they may present certain
disadvantages, such as potential migration from the matrix, which can influence the
mechanical and thermal characteristics of RPUF, in addition to environmental concerns
linked to their utilization.

3.1. Addition of Phosphorous-Containing Flame Retardants

The addition of phosphorous-containing flame retardants (P-FRs) in rigid polyurethane
foam is a common approach to enhance its fire resistance. Phosphorous-containing com-
pounds are considered effective flame retardants due to their ability to promote char
formation in the condensed phase and to decrease the release of flammable gases in the
condensed phase during combustion [75]. Examples of commonly used P-FRs in rigid
polyurethane foam include ammonium polyphosphate (APP), dimethyl methylphospho-
nate, red phosphorous, and resorcinol bis(diphenyl phosphate) [63,76]. These flame retar-
dants can provide varying degrees of fire resistance depending on their chemical structure,
loading level, and processing conditions. It has been observed that the effectiveness of
flame retardancy can be influenced by the valence state of phosphorus.

DOPO and its derivatives have recently emerged as P-FRs for the RPUF matrix, which
release phosphorus species (PO•) and scavenge H• and OH• radicals in the flame to
prevent the thermal degradation of polymers [77]. In a study by Zhang et al. [78], a new
flame retardant called DOPO-BA was synthesized and added to a rosin-based RPUF matrix.
When 20 wt.% DOPO-BA was incorporated, the LOI value increased from 20.1% to 28.1%.
However, there was a significant reduction in the total smoke release.

Ranaweera et al. [79] addressed the migration issue of liquid flame-retardant dimethyl
methylphosphonate (DMMP) in RPUF by synthesizing a biobased polyol from limonene
and incorporating it with DMMP. They found that the addition of 2 wt.% DMMP can
significantly reduce the burning time of RPUF by 83%. In addition, RPUF with TSPB exhib-
ited improved water resistance. Wu et al. [80] observed that adding 10.6 wt.% toluidine
spirocyclic pentaerythritol bisphosphonate (TSPB) to RPUF resulted in an improved LOI
value and a UL-94 V-0 rating, which was attributed to the char-forming effect.

3.2. Addition of Phosphorus–Nitrogen-Based Flame Retardants

Nitrogen-containing flame retardants (N-FRs) are another class of commonly used
flame retardants in the RPUF matrix that work by releasing nitrogen species in the gas
phase during combustion, which can act as diluents fuels, oxygen, and free radicals in
the flame [59]. The most used N-FRs in RPUF include melamine, melamine cyanurate,
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melamine phosphate, and guanidine derivatives. These N-FRs can provide excellent
an flame retardancy performance in RPUF, especially when used in combination with
phosphorus-containing flame retardants. The addition of N-FRs can also improve other
properties of RPUF, such as its mechanical properties and thermal stability, while minimiz-
ing the smoke and toxic gas released during combustion. Xu et al. [81] investigated the
smoke suppression mechanism of melamine in rigid polyurethane foam using a smoke
density chamber, cone calorimetry, and a Py/GC-MS analysis.

A new phosphorus–nitrogen intumescent flame retardant (DPPM) was synthesized by
Guo et al. [32]. The addition of only 9% DPPM was sufficient to enable RPUF to achieve a
UL-94 V-0 rating and a limit oxygen index of 29%. Hexa(phosphitehydroxylmethylphenoxyl)
cyclotriphosphazene (HPHPCP, depicted in Figure 5) is another flame retardant that has
been successfully synthesized and incorporated into rigid polyurethane foam [32]. HPH-
PCP contains multifunctional groups that introduce crosslinking into the foam structure,
thereby improving its thermal stability and compressive strength. The addition of HPHPCP
to DPPM-RPUF resulted in an LOI of 29.5% and a UL-94 V-0 rating, which can be attributed
to the surface pyrolysis of RPUF.
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3.3. Addition of Expandable Graphite and Derivatives

Expandable graphite (EG) and derivatives have emerged as a promising flame retardant
for rigid polyurethane foam (RPUF) due to their exceptional fire-resistant properties [82–84].
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Expandable graphite (EG) is produced by introducing sulfuric acid, acetic acid, or nitric
acid into the crystalline structure of graphite. This process results in a unique material
with exceptional thermal expansion properties when exposed to heat (Figure 6) [85]. As a
result, EG effectively decreases the flammability and heat release of RPUF. Wang et al. [86]
employed a heterocoagulating method to encapsulate EG using magnesium hydroxide
(MH). The incorporation of 11.5 wt.% core-shell EG@MH increased the limiting oxygen
index (LOI) of the rigid polyurethane foam (RPUF) to 32.6% and improved the storage
modulus by approximately 55.0%.
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When considering the utilization of RPUF in refrigerators, it is essential that the
material exhibits a thermal conductivity falling within the range of 19 to 22 mW/(m K)
and a compressive strength exceeding 110 kPa. Akdogan et al. [87] developed a flame-
retardant RPUF using 15 wt.% EG and 5 wt.% ammonium pentaborate (APB). The outcomes
revealed that this RPUF exhibited a remarkable 42.8% reduction in the THR and a 77.0%
decrease in the TSR compared to the pristine foam. Furthermore, it demonstrated an
LOI of 27.9% coupled with a low thermal conductivity of 20.41 mW/(m K) and a high
compressive strength of approximately 125 kPa, thus displaying promising characteristics
for its potential utilization in refrigeration applications.

3.4. Addition of Nanoclay and Other Nanoparticles

Adding nanoclay and other nanoparticles to both flexible and rigid polyurethane foam
is a promising strategy for decreasing the production of smoke particles and toxic gases
during combustion [88–90]. Clay nanosheets are frequently used as nanoparticle fillers in
polymer nanocomposites because of their low cost, widespread availability, and flexibility.
Incorporating nanoclay (a two-dimensional nanoparticle) into rigid polyurethane foam
can form a physical barrier that obstructs gas diffusion and heat transfer, resulting in
reduced smoke production and increased thermal stability [34,35,91]. Furthermore, the
platelet structure of nanoclay is attributed to the significant enhancement in the mechanical
properties of RPUF, such as its strength, stiffness, and toughness [92]. Adilah Alis et al. [93]
conducted a study on the flame retardancy and thermal stability of clay nanosheets, where
halloysite nanotubes (HNTs) were synthesized and added to biobased RPUF. The study
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showed that increasing the HNT load from 1 wt.% to 5 wt.% led to a corresponding
increase in the thermal stability of the RPUF. Moreover, RPUF blended with 5 wt.% HNTs
exhibited the highest residual char of 18.1% at 600 ◦C compared to pristine RPUF with only
7.6%, indicating that the addition of HNTs significantly improved the char-forming ability
of RPUF.

Similarly, nanoparticles, such as cuprous oxide (Cu2O), titanium dioxide (TiO2), nickel
oxide (NiO), and silica (SiO2), have also been investigated for their potential in reducing
smoke production and toxic gas emissions during rigid polyurethane foam’s combus-
tion [94–96]. These nanoparticles act as flame retardants by catalyzing the formation of
integral and compact chars, reducing the production of volatile compounds, and increasing
the thermal stability of RPUF. A comparative study was conducted by Hu et al. [97] to
investigate highly efficient catalysts for reducing toxic gas generation in RPUF nanocom-
posites at various temperatures. The primary objective of the study was to determine the
most effective catalyst for minimizing the release of harmful gases during the combus-
tion of RPUF. The findings indicated that both NiO and NiMoO4 were efficient catalysts
in reducing toxic gas emissions. Furthermore, a comprehensive quantitative analysis
of the gaseous degradation products, such as HCN, NOx, and CO, was performed for
various polyurethane composite materials, including PU/Cu2O, PU/NiO, PU/MoO3,
PU/CuMoO4, and PU/NiMoO4. This analysis was conducted using a tubular furnace
method at both 650 ◦C and 850 ◦C.

Yuan et al. [98] utilized a straightforward wet chemical method to synthesize cuprous
oxide (Cu2O) crystals of varying sizes and investigated their impact on the combustion
performance of RPUF. According to the study, the addition of 2 wt.% Cu2O to the RPUF
matrix resulted in a notable decrease in the peak rate of carbon monoxide (CO) production
and total smoke production. Furthermore, as illustrated in Figure 7, the reduction of Cu2+-
Cu+-Cu0 by degraded gases and the oxidation of Cu0-Cu+-Cu2+ by oxygen were involved
in the conversion of CO to CO2 and the complete combustion of RPUF.
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of pristine RPUF (a), RPUF/Cu2O-1µm (b), RPUF/Cu2O-100nm (c) and RPUF/Cu2O-100nm (d) [98]
(Copyright 2021). Reproduced with permission from Elsevier Science Ltd.
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3.5. Addition of Phase-Change Materials

The addition of phase-change materials (PCMs) to flame-retardant RPUF has been
studied as a potential approach to enhance the thermal energy storage and fire retardancy
properties of the material [99]. PCMs can absorb and release thermal energy during phase
transition, thereby reducing temperature fluctuations and enhancing the thermal stabil-
ity [100]. Several studies have investigated the effects of different types and concentrations
of PCMs on the thermal and fire performance of RPUF, including the reduction in the peak
heat release rate, total heat release, and smoke toxicity. The incorporation of PCMs in RPUF
has the potential to be used in various applications, such as thermal insulation for build-
ings, refrigeration and thermal energy storage systems, and transportation industries. Niu
et al. [101] focused on embedding a flame-retardant carbon nanotube (d-CNT) modified
by DOPO into MPCMs to enhance their thermal stability and flame retardancy. The small
room model and infrared thermal imager results also demonstrated that RPUF/d-c-MPCM
could make indoor temperature fluctuation gentler, with a maximum indoor temperature
of only 26.6 ◦C. Overall, the addition of PCMs to RPUF shows promise as a way to enhance
both the thermal energy storage and fire-retardancy properties of the material, potentially
leading to improved energy efficiency and safety in various applications.

4. Flame-Retardant Coatings

Flame-retardant coatings are a popular method to enhance the fire resistance of PUF.
These coatings can be applied to the surface of PUF to create a protective layer that slows
down the spread of fire and reduces the amount of heat and smoke released during
combustion [102,103]. The coatings are typically made up of flame-retardant additives,
such as aerogels, alumina trihydrate, metal hydroxides, and other inorganic materials that
have a low flammability and good thermal stability. These additives work by releasing
water vapor when exposed to heat, which helps cool down the surface of the foam and
prevent it from igniting. In addition to enhancing the fire resistance of RPUF, flame-
retardant coatings can also improve other properties, such as mechanical strength, chemical
resistance, and UV stability.

One example of a flame-retardant coating is the intumescent coating, which can form
a char layer when exposed to fire, leading to reduced heat transfer and flame spread.
Wang et al. [104] conducted a study in which they developed an intumescent coating by
combining a silicone resin (poly-DDPM) and expandable graphite (EG). The resulting
poly-DDPM/EG coating tightly adhered to the surface of RPUF and exhibited excellent
flame retardancy. Additionally, the compressive strength of the coated RPUF increased
significantly, up to 10%. As shown in Figure 8, Huang et al. [105] utilized UV-curable
intumescent coatings to treat RPUF. By employing a spray-coating method, they applied a
conformal IFR/MXene coating to the foam, aiming to enhance its fire safety.

In addition to intumescent coatings, other types of flame-retardant coatings have also
been investigated for their effectiveness in enhancing the flame retardancy of RPUF. For
example, a study by Chen et al. [45] reported on the development of a flame-retardant
coating using alginate/clay aerogel. The coating was shown to reduce the flame spread rate,
the HRR, and the THR of the RPUF during combustion as well as inhibit smoke production.
The study showed that the facile and inexpensive posttreatment is a promising approach
to improve the thermal stability and flame retardancy of RPUF. As depicted in Figure 9,
motivated by the interfacial mechanical interlocking and hydrogen-bonding mechanisms
observed in tree frogs and snails, Song et al. [2] successfully produced bioinspired flame-
retardant poly(VS-co-HEA) coatings through a free-radical copolymerization process (refer
to Figure 9). The thoughtfully engineered microphase-separated micro/nanostructure
granted these coatings robust interfacial adhesion to the matrix [106]. The resulting RPUF
exhibited notable fire-retardant properties, including a UL-94 V-0 rating and an LOI of
35.5%. Additionally, the treated foam showcased significant reductions in the peak heat
release rate (PHRR) by 87.0% and total smoke release (TSR) by 71.0% compared to the
untreated foam.
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Figure 9. Preparation of RPUF with poly(VS-co-HEA) coatings [2] (Copyright 2021). Reproduced with
permission from American Chemical Society. (a) Synthesis of bioinspired flame retardantpoly(VS-
co-HEA) coatings and (b) a typical phase-separated micro/nanostructure of poly(VS50-co-HEA50).
(c) Schematic illustration for the preparation process of flame-retardant rigid PU foam (FRPU). (d) The
chart illustrating the adhesion or shear strength tests for PU foam. (e) Digital image of poly(VS-co-
HEA) coatings against PU foam after shear tests, during which bulk PU foam broke before interfaces.
(f) Shear strength of poly(VS-co-HEA) coatings against different substrates in comparison to some
previous and commercial adhesives. (g) The homemade setup for determining the flammability of
PU foam. The top-surface temperature (TST) determined by the IR camera for (h) untreated PU and
(i) FRPU-60/40–600 µm after ignited for 15 min above an alcohol lamp. The sample thickness is
∼3.0 cm. (j) TSTs of PU and FRPU as a function of burning time.
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5. Concluding Remarks and Future Aspects

The primary objective of this review is to investigate the impact of reactive-type and
additive-type flame retardants as well as flame-retardant coatings on the flame retardancy,
mechanical properties, and smoke toxicity reduction of rigid polyurethane foam (RPUF).
While the techniques discussed in this review have demonstrated favorable outcomes
in enhancing the flame retardancy and thermal stability of RPUF, there remain several
obstacles to overcome. These include issues such as additive migration, the inadequate
interfacial compatibility between additive flame retardants and the RPUF matrix, the harm-
fulness of some flame-retardant agents, and the challenge of simultaneously achieving
flame retardancy and mechanical properties. Furthermore, the inadequate interfacial com-
patibility between additive flame retardants and the matrix results in the degradation of the
mechanical properties and thermal conductivity [107]. One potential opportunity for the
future is the development of novel flame-retardant coatings for RPUF. These coatings could
be made using sustainable and ecofriendly materials, such as cellulose-based materials,
and could offer a promising alternative to conventional coatings. In addition, they could
potentially enhance other desirable properties of RPUF, including its mechanical strength
and insulation. Hence, one of the future directions in advancing flame-retardant RPUF
involves utilizing functionalized precursors capable of yielding inherently flame-retardant
foam while preserving the foaming process and physicochemical characteristics. Addi-
tionally, efforts should be made towards the development of biodegradable RPUF with
flame-retardant properties to promote sustainability and wider applications.
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Abstract: It is well known that bacterial infections and fire-hazards are potentially injurious in daily
life. With the increased security awareness of life and properties as well as the improvement of living
standards, there has been an increasing demand for multifunctional textiles with flame retardant
and antibacterial properties, especially in the fields of home furnishing and medical protection.
So far, various treatment methods, including the spray method, the dip-coating method, and the
pad-dry-cure method, have been used to apply functional finishing agents onto fabrics to achieve the
functionalization in the past exploration stage. Moreover, in addition to the traditional finishing tech-
nology, a number of novel technologies have emerged, such as layer-by-layer (LBL) deposition, the
sol-gel process, and chemical grafting modification. In addition, some natural biomasses, including
chitin, chitosan (CS), and several synthetic functional compounds that possess both flame-retardant
and bacteriostatic properties, have also received extensive attention. Hence, this review focuses on
introducing some commonly used finishing technologies and flame retardant/antibacterial agents.
At the same time, the advantages and disadvantages of different methods and materials were sum-
marized, which will contribute to future research and promote the development and progress of
the industry.

Keywords: flame retardant; antibacterial; functional textiles; finishing techniques

1. Introduction

Textiles, as a common product made of fiber materials, have been extensively utilized
in all aspects of our daily lives and industries. However, due to the general tendency of
textile fiber materials to burn and cause fires, it can result in damage to property and
even human life. Therefore, the application expansion of textiles is highly limited. For
decades, tremendous efforts have been made to enhance the flame retardancy of textiles
by incorporating flame retardants into the fiber matrix or directly modifying the surface
of textiles.

Surface modification is the most commonly used technique thanks to its simplicity
and ease of operation for both synthetic and natural fabrics [1]. A wide variety of flame re-
tardants are used to endow textiles with good flame retardancy, mainly involving inorganic
or organic flame retardants. The common inorganic flame retardants, mainly inorganic
phosphorus-containing, boron-containing, zinc-containing, iron-containing, and carbon-
based materials, and the frequently used organic flame-retardants such as halogenated,
phosphorus-containing, nitrogen-containing, and silicone-containing flame retardants [2–4].
As early-stage commercial flame-retardants, halogenated compounds perform outstanding
functions by releasing halogen radicals to eliminate reactive radicals during combustion [2].
Unfortunately, it has been abandoned in its actual application since its severe toxicity to
the environment and human safety [5]. In response to this challenge, halogen-free flame
retardants have emerged, and phosphorus-containing flame retardants stand out. The high
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flame retardancy is due to the promotion of the substrate to form a char layer, which iso-
lates the transfer of heat and combustible gases, thus preventing further combustion of the
substrate [2,3]. In addition, the silicone-containing flame retardants usually form a vitrified
layer on the polymer surface during combustion, which effectively hinders the transfer
of oxygen, heat, and mass and reduces the flammability of the polymer [6,7]. In contrast,
nitrogen-containing flame retardants release noncombustible gases to dilute combustible
gases such as oxygen during combustion, and the flame retardant effect is relatively poor
but friendly to the environment [8]. To effectively improve the flame retardant efficiency, the
combination of different elements with flame retardant properties can provide synergistic
flame retardant effects and impart additional thermal stability and mechanical properties to
the composites. In general, the study of synergistic flame retardancy has gradually become
the emphasis of flame retardancy research in recent years [9].

Since the outbreak of COVID-19 in 2019, its prevalence has had a terribly negative
impact on human health and caused enormous panic in the public. Against this background,
the demand for medical protective equipment and anti-bacterial textiles is on the rise. As we
all know, textiles have been protecting humans from external environmental harm for a long
time. However, some textiles can also serve as breeding grounds or carriers for bacteria and
viruses due to their hygroscopicity [10], which may lead to the risk of inflammation, disease,
and even death in the human body. Therefore, the antibacterial treatment of some fabrics
has become extremely urgent and has received widespread attention from scholars. Notably,
the surface treatment of fabrics with antibacterial agents is the most commonly used
strategy, which is similar to the flame retardant surface treatment of fabrics. In addition,
antibacterial agents are mainly divided into three categories: inorganic antibacterial agents
(metal and oxide nanoparticles (NPs), carbon-based antibacterial materials along with
their composites), organic antibacterial agents (quaternary ammonium salts, guanidine,
halogenated amines, phenols, etc.), and natural antibacterial agents (chitin, CS), and then
the antibacterial or bactericidal effect of the antibacterial substances is mainly exerted by
either directly contacting the bacterial surface or releasing the antibacterial moiety onto
the substrate [11,12]. With the emergence of inorganic and organic antibacterial agents, the
industrial application of antibacterial products continues to deepen, and they are playing
an irreplaceable role in the functional textile industry.

With the improvement of living conditions and the development of science and tech-
nology, the demand for multifunctional textiles in the market has grown in recent years. In
particular, there is a large demand for flame retardant and antibacterial textiles in areas such
as household products and medical protection. In order to develop novel functional fabrics
with both flame-retardant and antibacterial properties, the relevant specific functional
reagents and treatment methods have attracted considerable attention. Flame retardant
and antibacterial dual-functional fabrics are usually achieved via a two-step or one-step
method. The two-step method generally achieves the superposition of dual functions by
introducing flame retardant and bacterial inhibitors in steps, which has the advantages of
simplicity and wide applicability. However, there is a problem that some flame retardants
or antibacterial agents may interact with each other, thus causing functional antagonism
that is not conducive to simultaneously imparting excellent flame retardant or antibac-
terial properties to a fabric when the functional coating is applied in a stack. One-step
methods normally treat fabrics by using synthetic agents with both flame retardant and
antibacterial functions. However, the design of such multifunctional compounds is often
difficult, and the synthesis process is complex. Therefore, it is a tremendous challenge to
find the best processes and functional materials in the current direction of multifunctional
textile research.

It is worth nothing that the specific finishing techniques have a pivotal influence on
the processing efficiency and overall performance of the fabric. Then the traditional after-
finishing technology mainly involves impregnation, padding, spraying, and pad-dry-cure
techniques. These methods often do not require additional physical and chemical reactions
but instead directly use functional solutions to treat the surface of fabrics, which have
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the advantages of being simple, effective, and easy to operate, but have the drawback of
poor durability. In recent years, some promising environmentally friendly strategies have
gradually attracted attention, such as LBL deposition, which usually uses deionized water
as the solvent and positive and negative electrolytes as functional treatment agents [13].
Similarly, the sol-gel process is another environmentally friendly strategy that is favorable
for the construction of functional surfaces for textile fibers by depositing thin organic-
inorganic hybrid sol-gel films. In addition, this method has been selected as a simple
and effective method to form a multifunctional protective coating since two or more
siloxane precursors with different organic functions could be applied simultaneously [14,15].
Compared with the aforementioned techniques, chemical grafting modification exhibits
unprecedented durability due to the stronger chemical bond linkage between functional
agents and substrates [16]. Specifically, flame-retardant and antibacterial coatings are
composed of inorganic nanomaterials, metal ions, or metal oxides. In situ modification
technology has been extensively used for the construction of these coatings.

There is no systematic summary of research on flame-retardant antibacterial fabrics,
especially the accompanying finishing techniques. This paper reviews the latest research
results about the flame-retardant and antibacterial functional finishing of textiles over the
past decade. Furthermore, it explores the nascent finishing agents as well as the adaptable
post-finishing technique. Simultaneously, this review also discusses the advantages, disad-
vantages, and application scope of these techniques and briefly introduces the development
of green environmental technologies.

2. Methods and Standards for Flame Retardant and Antibacterial Tests
2.1. Methods and Standards for Flame Retardant Tests
2.1.1. Cone Calorimetry

According to ASTM Standard E1354, the flame retardancy of the material was eval-
uated by the heat value of combustion released by subjecting a 10 × 10 cm2 sample to
a radiant heat stream (≤100 kWm−2) in the presence of an ignition source [17].

This paper mainly provides information such as the peak heat release rate (HRR), total
heat release (THR), and peak heat release rate (PHRR) [18]. In general, the lower the value,
the better the flame-retardant effect.

2.1.2. Limiting Oxygen Index (LOI)

According to ISO Standard 4589 and GB/T Standard 5454-1997, the lowest oxygen
concentration to support the combustion of the material (limiting oxygen index) was
obtained by igniting the tip of a vertically fixed sample (~7 × 15 cm2), accompanied by
a continuously decreasing oxygen concentration until the flame was extinguished.

A high oxygen index indicates that the material is not easily combustible, while a low
oxygen index indicates that the material is easily combustible. Flammable Materials: <22%;
Combustible Materials: 22~27%; Refractory Materials: >27%.

2.1.3. UL-94/Vertical Burning Test

According to the UL-94V standard, ASTM standard D3801, GB/T standard 17591-2006,
and GB/T standard 5455-2014, the sample size was about 300 × 70 mm, which was exposed
to a vertical flame for 12 s once or twice. Time to ignition, afterflame, afterglow, calculated
residual mass, etc. were obtained.

There are two hierarchies that can be used for assessment: Firstly, V-0 (best grade),
V-1 or V-2, wherein, V-2: after two 10 s combustion tests on the sample, the flame is
extinguished within 60 s and combustibles are allowed to fall off; V-1: after two 10 s
combustion tests on the sample, the flame is extinguished within 60 s and no combustibles
can fall off; V-0: after two 10 s combustion tests on the sample, the flame is extinguished
within 30 s and no combustibles can fall off [19]. Secondly, B1, B2, wherein, B1: time to
ignition ≤ 5 s, time to deflagration ≤ 5 s, length of damage ≤ 150 mm; B2: time to ignition,
time to deflagration ≤ 15 s, length of damage ≤ 200 mm.
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2.2. Methods and Standards forAntibacterial Tests
2.2.1. The Shake Flask Method

According to GB/T standard 20944.3-2008, the rate of bacterial inhibition was obtained
by determining the concentration of surviving bacteria in the specimen and control samples,
respectively, after a period of shaking.

A sample has an antimicrobial effect if it inhibits Staphylococcus aureus and Escherichia coli
by ≥70%.

2.2.2. The Inhibition Zone Method

According to SNV standard 195920–1992, the fabric with a diameter of 2 cm was
placed on the agar medium and incubated at 37 ◦C for 24 h. The clear media around the
disc indicates that the bacterial growth around the samples was inhibited, and the diameter
of the area was measured to assess the antimicrobial activity of the samples.

In general, if the diameter of the suppression ring is less than or equal to 7 mm, it is
judged as having no suppression; if the diameter of the suppression ring is greater than
7 mm, it is judged as having suppression.

2.2.3. AATCC Test Method

According to ASTM standard 147-2004, successive parallel lines were drawn on the
agar medium inoculated with bacterial solution, and the sample was uniformly attached
to the parallel stripes. After incubation for a period of time, clean areas will appear on
the agar surface at the delineated areas due to the interruption of bacterial reproduction.
The antibacterial activity against bacteria was examined by measuring the average clear
inhibition zone using the relevant equation.

The size of the zone of inhibition cannot be used as a quantitative assessment of antimi-
crobial activity. However, antimicrobial-treated materials are comprehensively evaluated
by comparing them to untreated materials and to sample materials with known inhibitory
activity and including observations of the zone of inhibition.

3. Recent Advances in Multifunctional Textiles with Flame Retardant and
Antibacterial Properties

The functional finishing of traditional textiles is mainly divided into two strategies.
One is to mix the functional agents with textile raw materials and prepare functional textiles
after the spinning process. This method has the advantage of good washing durability,
but the cost is relatively high and usually has a significant influence on the mechanical
properties of textile fibers. The other method is to perform surface modification treatments
on textiles. Currently, surface modification technology is commonly used for the fabrication
of functional fabrics such as flame retardant, antibacterial, and hydrophobic fabrics, which
is a simple, convenient, and efficient way to endow traditional fibers/fabrics with specific
functions. In the process of functional finishing, such as flame retardancy and bacteriostasis,
the finishing techniques have a great influence on the final performance of the fabrics.
Generally speaking, the finishing technology for fibers/fabrics mainly includes traditional
finishing methods such as dip-coating [20] and spraying techniques [15] and some novel
finishing strategies, including chemical grafting modification [21,22], layer-by-layer self-
assembly [23,24], sol gel [25,26], and in situ deposition [27].

Ulteriorly, the traditional finishing technology of fabrics mainly includes the tradi-
tional impregnation method, pad-dry-cure method, coating method, and spray method.
These methods have low finishing costs but unsatisfactory washability, and long-term use of
flame-retardant effects will be affected by water, light, and other conditions. Presently, vari-
ous surface-modifying technologies, such as the sol-gel method, nanoparticle adsorption,
layer-by-layer self-assembly method, plasma treatment, and the graft copolymerization
modification method, have been utilized for preparing flame-retardant, anti-bacterial, hy-
drophobic, UV-resistant, self-cleaning, multi-functional textiles on the basis of synergistic
flame-retardant technology.
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3.1. The Traditional Finishing Techniques
3.1.1. The Spray Method

The spraying method is one of the traditional flame-retardant finishing technologies.
The finishing agents were dissolved into a certain solvent and then introduced onto the
surface of fabric by simple spraying, which easily forms a thin functional coating on fabric
surfaces [28]. For instance, Attia et al. developed the novel nanocomposites (DPHM-Ag
NP) based on diphosphate malonate as organic phosphates and silver NPs, and then the
nanocomposites coatings were sprayed on the surface of polyester (PS) and cotton-polyester
(CB) blend fabrics. The treated fabric meets the standards of high-class flame-retardant
textiles with a 0 mm/min rate of burning. Furthermore, the antibacterial properties were
enhanced with the clear bacterial inhibition zone reaching 4.48 mm for Staphylococcus aureus
(S. aureus) [29].

3.1.2. The Dip-Coating Method

Dip-coating is a finishing method that involves immersing fabrics in a functional
agent solution and is accompanied by a drying treatment [30]. This method is simple to
operate; the crosslinking reaction between the fabric and the flame retardant is weak during
the process of finishing, and most of the flame retardant is just attached to the surface of
the fabric, so the durability of the flame-retardant fabric is generally poor. To achieve the
flame-retardant antibacterial properties of textiles, a novel agent (tetramethylcyclosiloxyl-
piperazin) tetra guanidine (GNCTSi) was designed and successfully applied to form a func-
tional coating on the surface of cotton fabrics. The treated cotton fabrics have enhanced
properties, with LOI reaching 30.1% and char length remaining at 6.5 cm after burning.
To a certain extent, the coating improves washing durability and thus has less impact
on the flame retardancy of cotton fabrics. Furthermore, it also exhibits improved an-
tibacterial effects with inhibition zones of 2.5 mm and 2.3 mm against Escherichia coli
(E. coli) and S. aureus, respectively [31]. In addition, Atousa et al. prepared a suspension
with ZrO2 NPs along with cetyltrimethylammonium bromide (CTAB), maleic acid (MA),
sodium hypophosphite (SHP), and urea by using an impregnation bath. MA was used as
a cross-linking agent, while SHP acted as the catalyst to stabilize NPs on the fabric surface
and prevent fabric from creasing. In the end, the test results showed improved flame-
retardant properties, antibacterial activities, and self-cleaning properties of the treated
cotton fabrics [32]. In order to enhance the coating’s durability, some polymeric coatings,
such as polyvinyl alcohol (PVA) and polyurethane (PU), were used as binder for flame retar-
dant components. In the work of Ghada et al., nano chitosan (n CS), melamine phosphate
(MP), and melamine salt of CS phosphate (MCSP) were prepared and then mixed with PVA
to construct PVA/MCSP and PVA/n CS/MP coatings on cotton fabrics by the dip-coating
method (as shown in Figure 1). The PVA/MCSP30 coating displayed the optimum flame
resistance with self-extinguished behavior and a very high LOI of 58.2%, while the LOI for
the original fabric was only 17.2%. In addition, it also exhibited good coating durability as
well as better antibacterial properties for both E. coli (inhibition zone diameter of 27.6 mm)
and S. aureus (inhibition zone diameter of 30.5 mm) [33]. Similarly, the condensed tannin
extract from Dioscorea cirrhosa tubers was also used as the functional agent for silk fabric,
and the treated fabric has good antibacterial properties and flame retardancy [34].
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coatings [33] (Copyright 2022, Elsevier).

3.1.3. The Pad-Dry-Cure Method

The pad-dry-cure method treats the fabric by padding, drying, and curing it after it
has absorbed enough functional solution [35]. In these processes, high-temperature drying
makes flame-retardant or antibacterial functional materials chemically cross-linked with
fabrics to obtain durable flame retardancy. Ahmed et al. first fabricated blended fabrics
with different compositions, weaving structures, grams per square meter, thicknesses,
and thread densities. In the following step, a three-dimensional tetrakis (hydroxymethyl)
phosphonium chloride (THPC)-urea polymer coating was synthesized and deposited onto
the blended fabrics. The finished fabric showed excellent antibacterial properties (99.9%)
and excellent flame retardancy (LOI~36.8%); additionally, it also possessed superior water
repellence properties (151.5◦) [36]. Singh et al. prepared a thyme oil-embedded functional
microcapsule via in situ synthesis of CS phosphate as the shell material, and then the
microcapsules were introduced onto linen fabrics via the pad-dry method. The finished
fabric presented excellent antibacterial properties (>98%), flame retardancy (LOI > 28), an-
tioxidant activity (96%), mosquito repellency (100%), and an excellent fragrance. Moreover,
the functional properties were durable after at least 20 washes [37].

The pad-dry-cure method was also applied to deposit nanocomposite coatings on fab-
rics. The TiO2 NPs were prepared by the sol-gel method using titanium tetraisopropoxide.
The development of nano TiO2 onto cotton fabric was accomplished when nano TiO2 was
coated onto cotton fabric by the traditional pad-dry-cure method in the presence of poly-
carboxylic acid [1,2,3,4-butane tetracarboxylic acid], SHP, and CS phosphate. The results
confirmed that 1,2,3,4-butane tetracarboxylic acid, TiO2, and CS phosphate are helpful in
increasing the flame resistance and antibacterial properties of cotton fabrics [38]. Similarly,
Dhineshbabu et al. prepared colloidal methyl silicate and MgO nanoparticle-embedded
methyl silicate solutions through the sol-gel method. Subsequently, cotton fabrics were sep-
arately modified with silica and MgO/methyl silicate composites via an optimized pad-dry-
cure method. The MgO/methyl silicate composite-coated fabrics showed enhanced burning
performance, significant water-repellent properties, and better antibacterial activity against
S. aureus and E. coli than methyl silicate-coated and uncoated fabrics [39]. In another work,
an equimolar sol mixture of the precursors P, P-diphenyl-N-(3-(trimethoxysilyl)propyl)
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phosphinic amide (SiP) and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (SiF) was em-
ployed to form a two-component sol-gel inorganic–organic hybrid coating on the fabric by
the pad-dry-cure method. It leads to good flame retardancy and antibacterial properties,
with an inhibition rate of 92.9% against E. coli and 80.4% against S. aureus [40].

3.2. LBL Self-Assembly Technology

Whether in textile flame retardant finishing or other fields, LBL self-assembly technol-
ogy has been widely used because of its simple operation, ease of control, and environmen-
tal friendliness [41]. It is a simple and versatile technology for preparing multifunctional
coatings. These coatings are formed by repeatedly depositing alternate layers of oppositely
charged materials, which experience attraction and undergo self-regulation within indi-
vidual layers by electrostatic action. LBL self-assembly can be uniformly coated on the
surface of textiles to achieve flame retardant, antibacterial, and other multifunctional prop-
erties, which have been applied to PS, cotton, polyamide, and silk fabrics [42]. At present,
the commonly used positively charged compounds mainly include CS, polyetherimide
(PEI), DL-arginine (DL), etc. The negatively charged electrolytes mainly include phytic
acid (PA), sodium alginate (SA), ammonium polyphosphate (APP), and so on. Except for
flame retardancy, some of these charged materials can also endow base materials with
antibacterial properties, while others need to be combined with antibacterial materials to
achieve multi-functionalization.

Herein, the bio-based materials PA and CS are often selected to impart flame retardant
as well as antibacterial properties to fabrics through LBL technology. PA and its salts, such
as ammonium phytate (AP), are generally composed of a large number of phosphoric acid
groups and ammonium ions. They can catalyze the degradation of fabric substrate to form
more char residues and release incombustible gases such as NH3 or N2 to dilute combustible
gases during combustion. Therefore, the flame-retardant properties of fabrics in both
condensed and gaseous phases are ultimately improved [1,43]. CS contains NH2 groups
that can generate -NH3+ groups under acidic conditions, so it applies as a positive charge in
LBL self-assembly. Moreover, the -NH3+ group can destroy the cell wall or interfere with the
normal physiological activities of cells, thus exerting both flame retardant and bacteriostatic
effects [44]. Liu et al. deposited CS and AP on cotton fabric to manufacture fully bio-
based flame-retardant and antibacterial cotton fabrics using LBL technology. The modified
textile with a low weight gain (8 wt%) performed perfect self-extinguishing behavior in the
vertical burning test. Moreover, the CS/AP coating has an effective antimicrobial rate of
99.83% against E. coli, which mainly depends on the introduction of CS [44]. In their other
work, a fully bio-based CS/AP coating was also applied to a viscose fabric (as shown in
Figure 2B,C)). The 2BL/Viscose showed sharp improvements in thermal stability in the
higher temperature zone, accompanied by a LOI of 29% and self-extinguishing behavior in
the combustion test. Additionally, 2BL/Viscose possessed a high bacteriostatic function of
99.99% for both E. coli and S. aureus [45]. However, the antibacterial ability of the system
using PA/CS alone is limited and generally requires synergistic use with other antibacterial
agents. In order to enhance the antimicrobial ability and improve the broad-spectrum
antibacterial effect, it is necessary to introduce other antibacterial agents into the CS/AP
coatings. For instance, Eva et al. soaked the LBL-treated samples in a 2% Cu2+ solution
after depositing PA and CS-urea on cotton. The VFT results showed that 12 BL of PA/CS-
urea-Cu2+ could stop the burning flame, and the PHRR and THR were reduced by 61%
and 54%, respectively. Moreover, for the antibacterial test, 100% reduction of S. aureus and
Klebsiella pneumoniae can be achieved (as shown in Figure 2A) [13].
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2020, Elsevier). (B) The preparation process of 1BL/viscose, 2BL/viscose, and AP/viscose. (C) SEM
pictures (×200 and ×4000) of the pure and coated viscose fabrics: (a) viscose, (b) AP/viscose,
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Arginine, a kind of novel renewable material, has an alkaline cationic chemical group
that possesses high antibacterial properties [46]. In addition, non-combustible gases are
released during combustion, acting as a gas-phase flame retardant [47]. Recently, many
researchers have proven that the combination of arginine and CS can have a good in-
hibitory effect on cell growth and hence exert an antibacterial function. Moreover, arginine-
functionalized CS also exhibited good flame retardancy and smoke suppression [48–50].
Except for CS, PA can also chelate with the ammonium ions of DL through hydrogen bonds,
and they were deposited on CB fabric using LBL assembly. The finishing CT fabric with
20 bilayers showed enhanced fire safety and an efficient inhibition diameter of 4.0 mm
against S. aureus compared to the untreated CT fabric (0 mm) [51]. In addition, bio-based
riboflavin sodium phosphate (vitamin B2, VB2) is an anionic phosphorus-containing com-
pound that has been extensively used in disease treatment. The negatively charged VB2
can cooperate with CS to be used as the LBL assembly agents for the modification of silk
fabric, and the prepared colored silk fabric with 10 assembly bilayers exhibited great flame
retardancy and antibacterial performance (>90% inhibition rate against both S. aureus and
E. coli). The employment of LBL technology to prepare fully bio-based flame-retardant and
antibacterial coatings follows the concept of environmentally friendly development and
has been widely used for the functional modification of fabrics [52].

Among numerous antibacterial agents, N-halamines have attracted extensive attention
due to their broad-spectrum antibacterial activity, long-term efficacy, and renewability [53,54].
With the great demand for multifunctional materials, a novel nitrogen/silicon-containing
N-halamine cationic polymer (PCQS) containing both flame-retardant and antibacterial
components has been designed and used as the positive electrolyte, which then interacts
with negatively charged PA molecules to coat cotton fabric. The cotton-PEI/(PCQS/PA)30-
Cl exhibited an increased LOI of 28.5% with a lower char length of 7.9 cm in the vertical
flammability test. In addition, the treated fabric could inactivate 6.01 logs of S. aureus and
6.00 logs of E. coli within 1 min of contact time, demonstrating effective antimicrobial
activity [55].

3.3. Chemical Grafting Modification

Chemical grafting modification is a technique that introduces functional groups to
fibers or fabrics by forming covalent bonds. Flame retardant and antibacterial functional-
ization can be realized via the chemical grafting technique, which generally shows higher
durability than other finishing methods [56]. As a typical scale inhibitor, diethylene tri-
amine penta methylene phosphonic acid (DTPMPA) is rich in N and P elements and has
become a potential flame retardant. In addition, the phosphonic acid groups in the struc-
ture of DTPMPA provide sufficient binding sites that can easily chelate with metal ions,
such as silver ions. The lyocell fabric with flame-retardant properties (FR-lyocell) has been
accomplished by grafting a novel flame-retardant ammonium salt of diethylene triamine
penta methylene phosphonic acid (ADTPMPA). Subsequently, the FR-lyocell was further
treated with Ag nanoparticles (Ag NPs) to develop antibacterial properties. The flame
retardant and antibacterial lyocell fabric (FRAg-lyocell) exhibits unbelievable flame retar-
dancy (LOI of 44.8%) and good washing durability (LOI has still been maintained at 31.3%
after nearly 20 laundering cycles). Moreover, pHRR and THR values were suppressed
effectively. At the same time, it also possesses excellent antimicrobial ability against both
S. aureus and E. coli [56]. Xu et al. synthesized a water-soluble N-halamine precursor based
on s-triazine (TIAPC) by introducing iminodiacetic acid. After grafting modification with
TIAPC, the treated cotton fabric was then chlorinated with NaClO solution and chelated
with metal Al3+ ions. Cotton-TIAPC-Cl-Al presented a high-efficacy and rapid bactericidal
effect against S. aureus and E. coli, with 100% bacterial reduction in 1 min. In addition,
the hydrophobic property of cotton-TIAPC-Cl-Al was greatly improved after chlorination.
However, it cannot self-extinguish in the vertical burning test, implying limited flame
retardancy [57].
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Recently, nanogels, with large specific surface areas and higher functional efficiency,
have been widely exploited as antimicrobial materials [58]. However, to date, there are very
few reports in the literature on the use of nanogels for antimicrobial and flame retardant
applications. In the work of Li et al., novel nanogels (NG3) were synthesized by Michael
addition, which contain both the flame retardant elements of phosphorus, nitrogen, and
silicon and the antibacterial component of N, N’-dimethyl-N-(3-(trimethoxysilyl) propyl)
dodecane-1-chloroamine. By grafting on the cotton fibers and fabrics, the treated cotton
fabric has self-extinguishing behavior, implying improved fire safety. Because NG3 easily
destroys cell membranes and causes cell lysis, the grafted cotton fabrics can eliminate
nearly 99% of bacteria for both S. aureus and E. coli. In addition, the NG3 with good
biocompatibility and antibacterial properties plays a positive role in preventing wound
infections, and anti-infection experiments of healing efficiency reaching 97.7% after 14 days’
treatment have confirmed it. More importantly, functional cotton fabrics modified with
nanogels exhibit relatively low mechanical and comfort properties (Figure 3) [16]. In another
work, a binary mixture of acrylonitrile and 4-vinyl pyridine under the condition of ceric
ammonium nitrate as initiator was copolymerized and grafted on the cotton fabrics by
chemical induction. Taking advantage of the flame-retardant properties of synergistic
nitrogen and phosphorus elements, the modified cotton fabrics have self-extinguishing
abilities with a slow propagation rate. Meanwhile, the treated samples possess excellent
antibacterial properties, with 41~96% antibacterial activity [59].

The guanidyl-based organic compounds can be used as antibacterial agents, which
have the advantages of nontoxicity, high-temperature resistance, outstanding antibacterial
effects, and long action periods. Commonly, the nitrogen-containing guanidyl group in the
guanidyl-based antibacterial agent also exerts a better flame-retardant effect that can be
combined with a phosphorus-containing group to form a phosphorus-nitrogen synergistic
flame-retardant and antibacterial agent. Two novel and efficient antibacterial and flame-
retardant guanidine-based compounds, N, N-di (ethyl phosphate) biguanide (DPG) and
mono chlorotriazine triethyl phosphite guanidine (MCTPG), were successfully synthesized
and then grafted onto cotton fabric by generating covalent bonds. The treated cotton fabric
obtained good flame retardancy and antibacterial properties; the former DPG-treated cotton
fabric obtained an LOI of 31.2%; and the antibacterial ratios of S. aureus and E. coli were
96.4% and 99.2%, respectively. The latter MCTPG-treated cotton fabric gained a LOI value
of 31.2%, and the char length decreased to 8.5 cm. In addition, its inhibition zone base for
E. coli and S. aureus reached 2.9 mm and 2.8 mm, respectively [10,60].

3.4. In Situ Deposition of Inorganic Metal Materials

In recent years, due to its excellent thermal and catalytic properties. Additionally, metal
materials have excellent antibacterial properties with free radical capture abilities that have
a wide application prospect in the functional fields of antibacterial and UV resistance.
These metal materials were deposited on the surface of fabrics by direct reduction or
synthesis [61].
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minimum scale is 1 mm). (d) Assessment of the wound size reduction. (e) Expression level of
WBC, LYM, and N in the blood of mice wounds after 3 d of treatment. Results are presented as
mean ± standard deviation, and * indicates a significant difference (p < 0.05); ** indicates a significant
difference compared with all other conditions (p < 0.01) [16] (Copyright 2021, Elsevier).

3.4.1. In Situ Deposition of Neat Metallic Oxide

The biomedical applications of NPs, especially metal oxides, have attracted great
interest. ZnO NPs are the most famous type of NPs that inhibit the growth of Escherichia
coli. Moreover, ZnO NPs with low cost, non-toxicity, and recyclability also acted as efficient
photocatalysts. However, their easy deactivation and low acid resistance severely limit the
development of ZnO NPs. To solve the problem, Bahare et al. synthesized ZnO@SiO2 NPs
and coated them on the PET fabric by applying zinc acetate and sodium silicate as two
precursors in an aqueous ammonia solution at 90 ◦C. The silica-supported ZnO improved
these problems by limiting the size of the NPs (approximately 28.29 mm) and protecting
them from acid solution corrosion. The treated samples have enhanced anti-dripping
properties because of the inherent thermal resistance of Si. Furthermore, the treated PET
fabrics eradicated almost 100% of E. coli [62]. However, some synthetic fibers, such as PS
fibers, lack chemically active groups and have compact structures, which makes it difficult
to absorb and carry functional reagents. In order to realize compatibility between these
fiber products and functional components, the solvent crazing technique is applied to these
fiber structures [63].

3.4.2. In Situ Deposition Assisted by Polymer Coatings

Unfortunately, metal oxides often have insufficient adhesion to fabrics when used
alone. Polymer coating is helpful to improve the adhesion of metal compounds to the
surface of fabrics. Commonly, pyrrole and aniline are used to prepare polymer coatings on
fabrics that could provide active sites for metallic or other inorganic materials. Mahmoud
et al. produced a polypyrrole-silver composite (Ppy-Ag) coating on the cotton/PS substrate
through vapor phase polymerization (VPP) and redox reactions [64]. Polypyrrole can act
as an effective stabilizer for Ag NP to solve the instability problem of treated fabrics after
washing steps. The coated textile displayed an inhibition zone diameter of 25 mm and
28 mm for E. coli and S. aureus, respectively, verifying a supreme antibacterial property.
It also had superior conductivity features with a low electrical resistance of 0.0218 kΩ.
Furthermore, the treated fabrics show good washing fastness, implying improved stability
of silver-containing coatings for textiles [64]. Polyaniline (PANI), a popular conducting
polymer, has been regarded as a flame retardant for polymers due to its better char-forming
ability. Cai et al. fabricated a PANI @ TS-silk fabric electrode that exhibits good charging
and discharging cycle stability and high area-specific capacitance. Furthermore, the treated
fabric electrode has good flame retardance and excellent antibacterial properties (99%) [65].
In another work, polyaniline was polymerized to form polyaniline chains on the surface of
nanotubes in the presence of dispersed halloysite nanotubes. The polyaniline chains were
decorated onto the fabric successfully due to the nanotubes aligned on the fabric’s surface.
Compared with the untreated fabric, the burning rate of the coated fabric decreased by
72%, and the clear antibacterial inhibition zone was recorded at 6 mm. Furthermore, the
tensile strength of coated textile fabrics was maintained due to the alignment of nanotubes
on the surface of the fabrics [66].

3.4.3. In Situ Deposition Assisted by Complexation Reaction

Many organic compound molecules (ions) containing unsaturated or active groups
such as amino, carboxyl, and hydroxyl groups are prone to interact with metal ions, and
organometallic complexes are usually obtained through certain coordination, complexation,
and redox reactions. At present, this method is widely used in fabric functional finish-
ing. Owing to the abundant nitrogen source, guanidine salts (e.g., guanidine carbonate,
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nitrate, and phosphate) exhibited intriguing flame retardancy. These compounds are able
to improve the flame retardancy of the polymer matrix and promote the formation of the
carbonized layer, which can act as a physical barrier. Guanazole, a low-cost compound with
the chemical structure of 3,5-diamino-1,2,4-triazole, can coordinate with metal centers, so it
has become an excellent flame retardant ligand. Hu and Wang et al. formed guanazole-zinc
and guanazole-silver in aqueous solutions and then deposited them on cotton fabric sur-
faces by a dipping process. As expected, the cotton fabrics modified with guanazole-zinc
and guanazole-silver exhibit outstanding flame retardancy with 29.5% and 27.5% LOI,
respectively. Additionally, the samples possess self-extinguished behavior after removing
the igniter during the vertical burning test and have reached the UL-94 V-0 level of flame
retardant after the vertical burning test. In the micro-scale combustion calorimeter test, the
HRR of guanazole-zinc and guanazole-silver modified cotton fabrics, respectively, reached
64.4% and 59.1%, while the THR of guanazole-zinc and guanazole-silver modified cotton
fabrics reached 26.4% and 14.8%. More than this, the treated cotton fabrics also showed
augmented antibacterial capacity against S. aureus and E. coli. Notably, the guanazole-silver-
coated cotton fabrics also reflect the antifungal effect on Penicillium, Aspergillus niger, and
Fusarium chlamydosporum [67].

As we all know, water and fire are incompatible. However, it is difficult to directly
apply water as a fire-resistant material due to its high mobility. Hydrogel polymers with
water as the main component can be used as fire-retardant materials to form a fire-resistant
layer and reduce water loss, thereby improving the flame-retardancy of the coated fabric.
Therefore, in the work of Yu et al., a novel fire-preventing triple-network (TN) hydrogel
composed of poly (N-isopropylacrylamide) (PNIPAAm)/SA/PVA was prepared and lam-
inated on cotton fabric, which was then put through the ionic coordination crosslinking
process in CaCl2 solution to form a stable structure. During the process, Ag NPs were also
embedded into the hydrogel. Compared to neat fabric, the hydrogel-fabric laminates were
nearly undamaged after being exposed to fire for 12 s, which is attributed to energy absorp-
tion as the water in the hydrogel is heated and evaporates. At the same time, outstanding
antibacterial functions (>96%) against E. coli and S. aureus were achieved. Moreover, the
introduction of a hydrogel layer also improves the mechanical strength of fabrics. Thus,
the results demonstrated that the TN hydrogel, as a fire-resistant polymer, has potential for
life-saving (Figure 4) [68].

Metal phenolic networks (MPNs), which consist of a variety of phenolic compounds
and metals, have been promising candidates for the surface functionalization of substrates.
For decades, naturally occurring compounds and their derivatives as eco-friendly antibacte-
rial and flame-retardant agents for fabrics have attracted extensive attention from scholars.
Researchers [69,70] have applied MPNs on the surface of silk fabrics, wherein Zhang et al.
combined tannic acid (TA) with ferrous ions to form FR and antibacterial materials and
applied them to silk fabrics that possess durable increasing FR with a 27.5% LOI value and
almost no decrease even after 20 washes. In the vertical burning test, the treated sample
shows a damaged length of only 11.2 cm but 30.0 cm of the original. The antibacterial
activity significantly increased from 22% to 95% and maintained over 90% of its properties
even after 20 washes [69]. In another work, Cheng et al. extracted polyphenols under alka-
line conditions to develop flame-retardant macromolecular polyphenols through oxidative
polymerization. The silk was dyed with the aforementioned extracted natural dyes and
post-mordanted with metallic salts. The results not only showed improved flame-retardant
and antibacterial properties but also antioxidant behaviors, washing fastness, perspiration,
and wet rubbing fastness [70]. The MPNs can be applied to wood fibers as well to solve the
problem of limiting application caused by their poor flame retardancy and antibacterial
behavior. In the study of Jiang et al., wood fibers were immersed in a single solution of TA
and ferrous salt successively to form a TA-Fe-wood complex and then further modified with
silver nanoparticles (Ag NPs) to structure an Ag NPs layer. The TA/Fe/Ag NPs@wood
fibers were successfully prepared (as shown in Figure 5). In the test of cone calorimetry,
the TA/Fe/Ag NPs@wood fibers displayed enhanced flame retardancy, with the peak heat
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release rate and the peak smoke production rate reducing by 71.5% and 56.5%, respectively.
Not only that, it also increases antibacterial activity for both E. coli and S. aureus. At the
same time, the problem of the matrix being darkened by MPNs was solved [71].
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Apart from TA (Figure 6a), some other flavonoids, including Catechin (Figure 6b),
Proanthocyandins (Figure 6c), Rutin (Figure 6d)), Quercetins (Figure 6f), Baicalin (Figure 6g),
have attracted great attention in the fields of dyeing and functionalization of textiles
simultaneously. Guo et al. applied grape seed proanthocyanidins (GSPs), which are a kind
of recycled low-value byproduct rich in polyphenolic compounds, to the coloration of silk
with a flame-retardant and antibacterial functionalized treatment. The dyed silk performs
progressive flame retardancy due to the condensed phase flame retardancy mechanism of
GSPs. In addition to enhancing the antibacterial properties effectively, washing, rubbing,
perspiration, and light color fastness have also been improved to a certain extent [72].
Three flavonoids (baicalin, quercetin, and rutin) have been utilized in silk fabrics under
the action of two metal salts (ferrous sulfate and titanium sulfate) mordanting as well. The
results of the vertical burning test indicate improved flame-retardancy (the detailed data
are shown in Table 1) and smoke suppression due to the good char formation ability of the
silk fabrics in the process of combustion [73].
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Figure 5. (a) Synthesis of TA/Fe/Ag NPs @ wood fibers. (b,c) SEM images of wood fibers: before
and after modification. (d) AFM images of the modified fibers. (e) Element maps of C, O, and Ag for
the sample shown. (f) TEM image of the modified fibers; inset: Ag NP size distribution. (g) HRTEM
image of a single Ag NP showing the (111) lattice plane of Ag; inset: corresponding SAED image.
(h) Impacts of TA/Fe/Ag NP modification on the antibacterial activity of wood fibers: Plate count
tests show the effects of wood fibers with and without TA/Fe/ Ag NP modification on the growth
of E. coli and S. aureus, including the appearance of counting plates and (i) antibacterial ratio [71]
(Copyright 2021, Elsevier).
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Table 1. The flame retardancy and antibacterial effect of phenolic compounds with metal mordanting.

MPNs Seif-Extinguish Vertical Combustion Test LOI (%) S. aureus (%) E. coli (%) Reference

TA-Fe2+ B1 27.5 ~98 ~97 [48]
Tea Stem Extract-Fe2+ Yes B1 ~26.7 97 93 [49]
Tea Stem Extract-Fe3+ Yes B1 ~26.7 95 80 [49]
Tea Stem Extract-Ti4+ Yes B1 ~26.3 96 83 [49]

baicalin-Fe2+ No B1 ~27 ~90 ~93 [52]
baicalin-Ti4+ No B1 ~27 ~91 ~91 [52]

quercetin-Fe2+ No B1 ~27 ~87 ~90 [52]
quercetin-Ti4+ No B1 ~27.2 ~86 ~92 [52]

Rutin-Fe2+ No B1 ~26.8 ~85 ~90 [52]
Rutin-Ti4+ No B1 ~27 ~87 ~87.8 [52]
GSPs-Fe2+ B1 ~27.8 99 [51]
GSPs-Fe3+ B1 ~28 91 [51]
GSPs-Ti4+ ~26.8 96 [51]

3.5. Sol-Gel Method

The sol-gel technique involves hydrolysis and condensation reactions using siloxane
or metal alkoxide as precursors. First, a sol system is formed through the hydrolysis process;
subsequently, a micro-nanoscale organic or inorganic coating will be formed on the surface
of the fabric through a condensation reaction [74]. This method has the advantages of a sim-
ple process, mild reaction conditions, high efficiency, and good film-forming properties. It
plays an important role in the functionalization of textiles, such as wrinkle resistance, dye-
ing, UV protection, antistatic, antibacterial, flame retardant, and hydrophobic properties.
The durable antibacterial and flame-retardant cotton fabrics were developed via simul-
taneous hydrolytic condensation of N3P3[NH(CH2)3Si(OC2H5)3]6 and polymerization of
dopamine (PDA) on cotton fabric. Ag NPs were then introduced onto fabrics via in situ re-
actions with PDA. Considerable flame retardancy can be observed for treated cotton fabric
even at a low loading (7.2%) of the hybrid coating. In addition, the antibacterial activity of
the treated fabric reached 99.99% for both S. aureus and E. coli. The modification showed
excellent durability and nearly intact antimicrobial properties, and flame retardancy was
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maintained after 30 washing cycles [75]. In another work, a multifunctional composite
coating (APP @ SiO2-PDA @ Ag) composed of APP, PDA, PDMS-silica (PDMS-SiO2), and
Ag NPs was constructed on the surface of PET fabrics. The APP @ SiO2-PDA @ Ag PET
fabric showed an LOI of 29.0% and could self-extinguish in the VFT, and its PHRR and
THR were 34% and 26% lower than those of the pure PET fabric. Notably, the multifunc-
tional PET fabrics also exhibited excellent antibacterial activity against E. coli and S. aureus
and superhydrophobicity (>150◦). More importantly, the APP@SiO2-PDA@Ag-coated PET
fabrics still maintained good flame retardant and antibacterial performances after multiple
washing cycles [76] (Figure 7).

The introduction of functionalized trialkoxysilane as the sol-gel agent has made sig-
nificant progress in the chemical modification process of textiles, which is beneficial for
producing unique surface properties. A three-component equimolar sol mixture of SiF,
3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride (SiQ), P, and SiP was con-
structed on cotton fabric by the sol-gel method. The treated fabrics simultaneously achieved
flame-retardant, antibacterial (bacterial reduction of 100%), and water-repellent properties
due to the thermal stability of SiP, the antibacterial properties of SiQ, and the hydropho-
bicity of SiF [77]. Following this work, the same group further optimized the structure of
the multifunctional coating to increase the washing speed of treated cotton fabrics. They
applied the prepared Sto¨ber silica particles onto cotton fibers to form a particle-containing
polysiloxane layer, which is based on tetraethyl orthosilicate, in the preparation work before
the process of sol-gel. Eventually, the results showed enhanced washing fastness under the
influence of the deposition of the silica particles. At the same time, it still exhibits excellent
antibacterial activity, with R values of 81.6 and 100% for E. coli and S. aureus [14].
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4. Conclusions and Perspectives

This review summarizes the different treatments and adaptable finishing agents to
obtain flame-retardant, antibacterial, multi-functional fabrics. Through the latest decade of
research, it was found that the treatment methods not only affect processing efficiency but
also have strong ties with the final functional properties and wearability of fabric. At the
same time, the relevant functional materials were further introduced here, including their
source, characteristics, and mechanism. Moreover, the advantages and disadvantages of
these treatment methods and finishing agents were briefly introduced, which can provide
a basic reference for relevant research in this field.

Although finishing methods and agents have been developing rapidly, many short-
comings remain and need to be solved. (1) Improving durability. The functional-coating
textile products inescapably undergo friction and water-washing during daily applications.
It will lead to bad results from a damaged coating and decrease or even eliminate the effect
of the functional fabrics. Therefore, it is proposed that more research focus be laid on the
durability of the coating. (2) Developing environmentally friendly but high-performance
finishing agents. It is an eternal task for the whole of humanity to promote sustainable
development. However, the effect of most green functional treatments is greatly limited.
Therefore, it is integral to spend effort researching innocuous technology and chemicals
while developing high-performance fabrics. (3) Increasing yields and realizing industri-
alization earlier. Plenty of research just stays in the laboratory stage, and it can hardly be
applied in practice. Increasing production could promote the industrialization process,
and realizing industrialization earlier will improve the quality of life and accelerate social
progress. (4) It is well known that dual-functional fabrics can be realized by a two-step
or one-step method. The two-step method may suffer from functional antagonism when
flame retardants and antimicrobial agents are utilized simultaneously, which is detrimental
to the construction of bifunctional coatings. In addition, the one-step method is important
in the design and synthesis of multifunctional compounds. Therefore, to achieve the multi-
functionalization of textiles, the best efforts are needed to find the optimal process and
functional materials.

The above challenges will be gradually overcome with the continuous development of
science and technology as well as the appearance of innovative technologies and materials.
Owing to their powerful functionality and portability, multifunctional fabrics have been
increasing in popularity in markets and will have good development prospects for a long
time in the future.
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Abstract: The development of different efficient flame retardants (FRs) to improve the fire safety of
polymers has been a hot research topic. As the concept of green sustainability has gradually been
raised to the attention of the whole world, it has even dominated the research direction of all walks
of life. Therefore, there is an urgent calling to explore the green and simple preparation methods of
FRs. The development of supramolecular chemistry in the field of flame retardancy is expanding
gradually. It is worth noting that the synthesis of supramolecular flame retardants (SFRs) based
on non-covalent bonds is in line with the current concepts of environmental protection and multi-
functionality. This paper introduces the types of SFRs with different dimensions. SFRs were applied
to typical polymers to improve their flame retardancy. The influence on mechanical properties and
other material properties under the premise of flame retardancy was also summarized.

Keywords: supramolecular flame retardants; sustainability; fire safety; polymers; mechanical properties

1. Introduction

With the development of science and technology, the application of polymer mate-
rials has penetrated all aspects of our life and production, making existence more conve-
nient [1,2]. At the same time, there are potential risks. Because most polymer materials
are rich in carbon, hydrogen, and other elements, their intrinsic molecular structure de-
termines the combustibility or flammability. They may decompose and burn at high
temperatures, causing fires [3,4]. In the new situation of consumption upgrading and the
rapid-development of emerging industries, higher requirements are put forward for the
performance of polymers. Improving the flame retardancy of polymers can improve the re-
liability and application fields of their products (such as new energy vehicles [5], electronics
and electrical products [6,7], and aerospace products [8]). In addition, Figure 1 shows the
number of scientific research publications on flame retardancy of some typical polymers
in the past decade. The increasing trend also reflects that the research of flame-retardant
polymers is challenging and developmental.

Flame retardants (FRs), as additives, are applied to polymer materials. They achieve
flame retardancy mainly in the condensed phase and/or gas phase. In the past, halogenated
FRs were the mainstay. However, in practical application, some halogen FRs will release
harmful substances (such as corrosive hydrogen halide gas and toxic carcinogens dioxins
and furans) during thermal decomposition, which will undoubtedly cause great harm to
human health and the ecological environment [9,10]. Meanwhile, some laws and regula-
tions also put forward explicit requirements for the use of FRs. In 2013, the global ban on
hexabromocyclododecane was proposed by the United Nations Environment Programme
in the Stockholm Convention on Persistent Organic Pollutants [11]. In 2019, the European
Union issued regulations on the prohibition of halogen FRs in electronic displays [12].
In 2022, New York State amended the control content of FRs in upholstered furniture,
mattresses, electronic display housings, supports, etc., in the Bill (S4630B/A5418B) [13].
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Today, with the gradual deepening of environmental awareness, environmental-friendly
halogen-free FRs with no (low) toxicity, low smoke, and low corrosion [9,14–16] are being
developed. Statistically, halogen-free flame-retardant products dominated the market in
2020 (up from 59% share) [17]. Among them, phosphorus FRs [18,19], nitrogen FRs [20,21],
phosphorus–nitrogen FRs [22–25], and metal-compound FRs [26–28] have been widely
studied. In the synthesis and development of FRs, it is found that a particular status
does not conform to the concept of green and sustainable development. Because some
synthesis conditions are relatively harsh (such as high temperature, high pressure, and
inert environment) and the synthesis procedure is relatively complex, some involve toxic
and harmful organic solvents, such as trichloromethane, ether, acetone, tetrahydrofuran,
and acetonitrile [29–32]. This brings lots of trouble to the subsequent processing. It also
burdens the environment greatly. Therefore, preparing the high-efficiency FRs in a simple,
safe, and environmentally friendly manner has become an urgent focus.
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Figure 1. Paper publications of flame-retardant typical polymers from 2012 to 2022. (Data from Web 
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European Union issued regulations on the prohibition of halogen FRs in electronic dis-
plays [12]. In 2022, New York State amended the control content of FRs in upholstered 
furniture, mattresses, electronic display housings, supports, etc., in the Bill 
(S4630B/A5418B) [13]. Today, with the gradual deepening of environmental awareness, 
environmental-friendly halogen-free FRs with no (low) toxicity, low smoke, and low cor-
rosion [9,14–16] are being developed. Statistically, halogen-free flame-retardant products 
dominated the market in 2020 (up from 59% share) [17]. Among them, phosphorus FRs 
[18,19], nitrogen FRs [20,21], phosphorus–nitrogen FRs [22–25], and metal-compound FRs 
[26–28] have been widely studied. In the synthesis and development of FRs, it is found 
that a particular status does not conform to the concept of green and sustainable develop-
ment. Because some synthesis conditions are relatively harsh (such as high temperature, 
high pressure, and inert environment) and the synthesis procedure is relatively complex, 
some involve toxic and harmful organic solvents, such as trichloromethane, ether, acetone, 
tetrahydrofuran, and acetonitrile [29–32]. This brings lots of trouble to the subsequent pro-
cessing. It also burdens the environment greatly. Therefore, preparing the high-efficiency FRs 
in a simple, safe, and environmentally friendly manner has become an urgent focus. 

Figure 1. Paper publications of flame-retardant typical polymers from 2012 to 2022. (Data from Web
of Science, as of December 2022).

Supramolecular chemistry usually refers to the combination of two (or more) molecules
with specific structures and properties by non-covalent intermolecular interactions (such
as ion attraction, ion-dipole interaction, dipole-dipole interaction, hydrogen bonding,
and electrostatic interaction) [33]. Supramolecular chemistry is at the forefront of sci-
entific development, which has been extensively developed in biomedicine [34], photo-
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electric materials [35], self-healing materials [36], and binders [37]. In the field of flame
retardancy, supramolecular chemistry is also gradually expanding. It is noteworthy
that supramolecular-assembly has the characteristics of easy synthesis and greenness.
At present, there is no systematic review on the research progress and application of
supramolecular flame retardants (SFRs) in the field of flame retardancy. This work mainly
introduces the types of SFRs and their applications in the typical polymer materials. Under
the premise of flame retardancy, the improvement of polymer materials in other properties
by SFRs is also concerned.

2. Synthesis of Supramolecular Flame Retardants

According to the morphological structure of FRs, FRs synthesized based on supramolec-
ular self-assembly are classified into one-dimensional supramolecular flame retardants (1D
SFRs), two-dimensional supramolecular flame retardants (2D SFRs) and three-dimensional
supramolecular flame retardants (3D SFRs) (Figure 2).
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2.1. One-Dimensional Supramolecular Flame Retardants

Some inorganic materials with 1D nanostructures, such as halloysite nanotubes
(HNTs) [38,39], multiwalled carbon nanotubes (MWCNTs) [40], various whiskers [41,42],
nanowire materials [43], etc., have certain flame-retardant and smoke-suppressing effects.
But there are problems with agglomeration, which deteriorates the mechanical properties of
the matrix due to excessive addition. How to design and optimize the more advantageous
1D organic-inorganic hybrid FRs has certain research significance for the development
of efficient flame-retardant systems and improving the mechanical properties of the ma-
trix. Currently, some studies have used such 1D inorganic nanomaterials as the building
blocks and selected some classical flame-retardant phosphorus–nitrogen sources for control-
lably encapsulating the blocks by self-assembly to construct 1D organic-inorganic hybrid
SFRs [44–46].

Ting Chen et al. [44] reported a supramolecular nanorod with a core-shell structure.
Covalent polymers (named HP) of flame-retardant phosphorus and nitrogen sources were
firstly assembled by the Kabachnik-Fields reaction. β-FeOOH can play an effective role in
smoke suppression. β-FeOOH has a tetragonal crystal system structure, and Fe3+ is located
in the voids of octahedra. Using this unique structure, it formed an organic-inorganic
hybrid by coordination with HP containing polyphenolic structures (Figure 3a). SEM
showed that HP was encapsulated on the surface of spindle-like β-FeOOH nanorods
(Figure 3b).
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Figure 3. (a) The process of modifying β-FeOOH. (b) SEM images before and after modification of
β-FeOOH [44].

Sheng Shang et al. [45] used HNTs with surface rich in active sites (e.g., Al-OH, Si-O
functional groups) as the building blocks. Firstly, melamine (MEL) was modified on the
surface of HNTs in aqueous solution based on hydrogen bonding. The supramolecular
self-assembly was then performed by means of hydrogen bonding and ionic attraction
between the phosphate group of phytic acid (PA) and the amino group of MEL (Figure 4a).
A flame-retardant functionalized modified nanotube structure was successfully prepared
(Figure 4b). In addition to HNTs as substrates for self-assembly, MWCNTs have also
been chosen as the building blocks [46]. MEL and PA were grafted onto the surface of
MWCNTs using ionic interactions and π-π stacking by successive ultrasonic stirring in
aqueous solution at 80 ◦C (Figure 4c). It was observed that the grafted MWCNTs changed
from smooth to rough (Figure 4d). Moreover, the polarity of MEL-PA makes its water
contact angle smaller, indicating that its wettability improves (Figure 4e).
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MWCNTs. (e) Water contact Angles before and after grafting of MWCNTs [46].
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2.2. Two-Dimensional Supramolecular Flame Retardants

Currently, the construction of 1D SFRs mainly relies on the 1D structure of the selected
building blocks. The diversity and additivity of supramolecular self-assembly interactions
should be fully utilized. More options in assembly materials can be available to expand
supramolecular assemblies from 1D to 2D. 2D SFRs exhibit a 2D lamellar form, which can
affect the transfer of air, combustible volatile substances and heat, thus achieving a barrier
effect. In addition, such structures tend to have a high aspect ratio and can be used to
enhance the mechanical properties of the matrix [47–50].

PA is a biomass-based flame-retardant monomer, mainly extracted from plant seeds.
The structure of PA is that there are six phosphate groups in the inositol ring. In the
process of thermal decomposition, it can trap and burn free radicals and catalyze carbon
formation [51]. MEL is a triazine compound with a nitrogen heterocyclic structure (nitrogen
content up to 68%), which is a kind of typical bulk-additive nitrogen-based FR. During
thermal decomposition, non-flammable gases (e.g., NH3 and N2) are released, which play
the roles of dilution, heat absorption, and cooling [52,53]. MEL and PA are actively studied
because of their modifiable chemical structures. The following summarizes the types of 2D
SFRs designed using MEL and PA as the basic building units (Figure 5). The supramolecular
self-assembly of MEL and PA occurs in the aqueous phase. There is a double synergistic
effect of ion attraction (phosphate anion and -NH3

+) and hydrogen bonding between
PA and MEL. And the special triazine ring structure of MEL leads to π-π stacking, thus
forming a 2D nanolayered structure (Figure 5a) [54,55]. The MEL-PA assembly can be
obtained by simple filtration, washing and drying. Based on MEL-PA, the idea of grafting
metal ions (e.g., Cu2+, Zn2+, Ni2+, Mg2+, and Mn2+, Figure 5b) was developed, which
can improve the synergistic flame-retardant effects of MEL-PA such as cross-linking and
catalytic carbonization and smoke release inhibition [56–58]. The metal ions mainly chelate
strongly with the phosphate group structure of PA. Xiaodong Qian [57] found that Cu2+,
Zn2+, and Ni2+ doping into MEL-PA made the 2D lamellar structure smoother. Wen Xiong
Li [56] found that doping with Mn2+ made MEL-PA nanosheets thicker and the surface
rougher. This is because during the self-assembly process, Mn2+ was added to the MEL-PA
supramolecular structure, which affected the strength of internal interaction forces and
made the assembly skeleton expand outward. In addition, based on MEL and PA raw
materials, other organic or inorganic compounds were selected for multi-component self-
assembly, demonstrating the flexibility of supramolecular self-assembly (Figure 5c) [58–61].
Introduced components, such as sulfanilic acid [60] and amine-functionalized AL2O3 [61],
have multiple active sites and are capable of self-assembly with MEL-PA in the aqueous
phase through multiple synergies such as ion attraction and hydrogen bonding. Some of
the morphology and structure of the multi-component modified MEL-PA will change, and
some will still show 2D sheet structure.
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In addition to MEL-PA, other components containing flame-retardant elements have
been selected for the self-assembly of 2D SFRs [63–66]. Most of them take advantage of
multiple interactions such as electrostatic interaction, hydrogen bonding, π-π interaction,
coordination between metal ions and chelating groups among different assembly units in
the aqueous phase. Peifan Qin [65] selected MEL and sodium trimetaphosphate (STMP)
with hydrogen bond association groups as the assembly units to construct a SFR (named
MAP), based on multiple hydrogen bond interactions. MAP showed a ribbon-shaped
layered structure (Figure 6a). Kuruma Malkappa [64] made full use of MEL and cyanuric
acid for their phenyl-like ring structure of triazine to synthesize a 2D FR (named MCA).
MCA nanosheets were obtained based on the conjugation of large π electron clouds on
a benzoid ring and multiple hydrogen bonds. Dimethyl sulfone (DMSO) with high polarity
was used as the solvent. Using triethylamine (TEA) as the acid-binding agent, PZS was
synthesized by the substitution reaction between cyclotriphosphazene and 4,4′-sulfonyl
diphenol. Then PZS first aggregated into nuclei based on hydrogen bonding and then
attached to the surface of MCA. It was found that the surface of MCA nanosheets became
smooth after hybridization with PZS (Figure 6b).
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2.3. Three-Dimensional Supramolecular Flame Retardants

The design of 3D SFRs is mainly divided into two categories. The first category is
supramolecular self-assembly into sandwich structures or core-shell structures on the basis
of some 2D lamellar inorganic materials. Some 2D materials, such as black phosphorus
(BP) [67], layered double hydroxides (LDH) [68], graphene [69], MoS2 [70], etc., may face
problems of poor stability, compatibility, and uneven dispersion. Therefore, 3D SFRs are
assembled from these materials as templates, using some substances containing flame-
retardant effects to modify them. Liang Cheng [71] used Si3N4 nanosheet as the template
and introduced PA in the aqueous solution. The Si3N4 template is modified by PA based
on intermolecular forces. Then, MEL was introduced, which continued to be assembled
with the PA (as described earlier, the Mel-PA assembly presented a 2D lamellar structure)
to build a sandwich structure. The surface of Si3N4 modified by PA-MEL changed from
smooth and porous to rough, but the crystal structure remained unchanged (Figure 7a).
Metakaolinite also uses this idea [72]. Due to the abundant hydroxyl groups on the surface
and between layers of metakaolinite, PA was introduced based on hydrogen bonding.
And then a layered stacking structure was constructed by electrostatic assembly with
MEL (Figure 7b). Xiaming Feng [73] and Shuilai Qiu [74] utilized melamine cyanurate
as a bridge. Using MoS2 sheets (Figure 7c) and aminated-BP nanosheets (Figure 7d) as
the templates, respectively, the sandwich structure was self-assembled. Besides, there are
core-shell structures. Yanlong Sui [75] took -NH2-modified SiO2 nanoparticles as the core,
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coated PA as the shell by strong electrostatic action in the mixed solution of ethanol and
water, and finally introduced Ni2+ based on coordination. The addition of Ni2+ made the
surface of SiO2@PA microspheres coarser than the smooth surface of SiO2 nanospheres.
The microspheres were all independently dispersed. The thickness of the composite shell
was about 40 nm (Figure 7e).
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Figure 7. (a) Modification diagram of Si3N4 nanosheet; SEM, TEM and element spectra before and
after modification [71]. (b) Multi-dimensional modification diagram of metakaolinite; SEM and TEM
images after modification [72]. (c) The sandwich structure assembly diagram of MoS2 sheet and
melamine cyanurate [73]. (d) The sandwich structure assembly diagram of aminated-BP nanosheets
and melamine cyanurate [74]. (e) The assembling process of SiO2 nanosphere core-shell structure.
SEM and TEM images of SiO2 nanospheres before and after modification [75].

The second category is supramolecular self-assembly among small molecules, showing
a 3D network structure. Most of these small molecules contain flame-retardant elements
with abundant active sites. Shuitao Gao [76] used PA and branched polyethylenimide
(b-PEI) as the basic units. A 3D network was assembled through hydrogen bonding and
electrostatic interaction between the phosphonic acid group of PA and the amino and imino
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groups of b-PEI (Figure 8a). Shuo-ping Chen [77] assembled 1-aminoethyl diphosphonic
acid (AEDPH4) and ethylenediamine (En) by ion attraction in aqueous solution. The
specific assembly mode was: AEDPH4 transferred two hydrogen cations (H+) to En. At this
time, there was a strong hydrogen bond between the AEDPH4 units to form a 1D zigzag
chain. After receiving 2 H+, the En units had multiple N-H ·· O hydrogen bonds with these
1D chains. Finally, a 3D Mosaic network structure was formed (Figure 8b).
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3. Applications of Supramolecular Flame Retardants
3.1. Flame Retardancy

Polymers are now used in all areas of human production and life. Polymers can be
divided into plastics, fibers, and rubber, etc. [78]. Plastics are widely used due to their
strong adhesion, light weight, excellent mechanical properties, and durability [79–81]. The
typical ones are epoxy resins (EP) [74], rigid polyurethane foam (RPUF) [82], polypropylene
(PP) [83], polyvinyl alcohol (PVA) [84], thermoplastic polyurethane (TPU) [85], Polyamide
6 (PA 6) [86], and poly lactic acid (PLA) [87]. In addition, textiles also penetrate all aspects
of human life [88]. However, most polymers are composed of two elements, C and H. They
are highly flammable. It limits the scope of their application and poses a significant fire
risk. Therefore, it is very important to try various methods to make polymers stable at high
temperatures and nonflammable [89–91]. SFRs have shown excellent effects in this regard.
And they are more environmentally friendly and easier to synthesize [46,63].

3.1.1. EP

Peifan Qin et al. [65] used MAP (Figure 5a) to increase the flame retardancy of EP.
MAP was added to EP by mechanical stirring at 140 ◦C and cured at 180 ◦C to produce an
EP-MAP composite. The whole synthesis route and curing process are shown in Figure 9a.
The flame retardancy of the EP-MAP composite was found in the vertical combustion test
(UL-94) and the limiting oxygen index (LOI) test. 4 wt% MAP was added to make EP-MAP-
4% composites reach a V-0 rating and the LOI value reach 30% (Figure 9b). It showed better
flame retardancy than pure EP. In addition, the fire resistance of the material was further
verified by the cone calorimeter test (CCT). With the addition of MAP, the peak heat release
rate (PHRR) value of EP composites decreased from 1076 Kw/m2 to 370 Kw/m2, and the
total heat release (THR) value decreased from 90 MJ/m2 to 72.9 MJ/m2. Figure 9c shows
that the decreasing range is 65.6% and 17.7%, respectively. It proves that EP-MAP has good
flame retardancy. Compared with pure EP, the peak smoke production rate (PSPR) and total
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smoke production (TSP) of EP-MAP composites decreased by 63.7% and 45.4%, respectively,
which also proves that EP-MAP has good smoke suppression performance. The possible
flame-retardant mechanism was speculated (Figure 9d), which is divided into four steps to
flame retardant EP. In the first two steps, water is formed by endothermic condensation
by P-O-H-N hydrogen bonds. And the vaporized MEL ring dilutes the combustible gas
concentration. Inhibit the diffusion of combustible gas in the gas phase. At the same time,
MAP undergoes ring-opening and cracking reactions, generating acid sources for catalytic
dehydrogenation and expanding coke to promote the formation of a dense expanded carbon
layer. In the last two steps, many aromatic crosslinked structures contain heterocycles of
P, N, and O elements, which make the diffusion path of combustible gas tortuous, thus
slowing down the heat and mass transfer rate and achieving the flame-retardant effect.
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The low loading of SFRs into the EP not only greatly improves its flame retardancy but
also its thermal stability. Shuilai Qiu and co-workers [74] applied BP-NH-MCA (Figure 7d)
to EP. The authors used thermogravimetry (TGA) to analyze the activation energy of ther-
mal decomposition of pure EP and EP/BP-NH-MCA composites at different heating rates.
From the data (Figure 10a), it is clear that the addition of 2 wt% BP nanosheets and 2 wt%
BP-NH-MCA hybrid particles can increase the thermal degradation activation energy of EP
by 11.00% and 22.85%, respectively. While the activation energy of EP/BP-NH-MCA 2.0 is
34.81% higher than that of pure EP at the maximum mass loss rate of the composites, indi-
cating a good synergistic flame-retardant effect between BP and MCA. There is also a great
improvement in the thermal stability of the composites. Compared to pure EP, the addition
of 0.5 wt% to 2.0 wt% BP-NH-MCA reduces the PHRR of the composites by 21.9 to 47.2%

66



Molecules 2023, 28, 5518

and the THR values by 26.7 to 42.3% (Figure 10b,c). The catalytic carbonization is facilitated
by the highly efficient phosphorus–nitrogen synergistic flame-retardant system constructed
by BP-NH2 together with MCA supramolecules, resulting in a denser continuous carbon
layer than EP and EP/BP2.0 (Figure 10d). The possible flame-retardant mechanism of
EP/BP-NH-MCA composites can be divided into two stages (Figure 10e). In the first stage,
the BP nanosheet acts as a physical barrier, effectively preventing the escape of combustible
volatiles from the EP matrix. Besides, MCA is broken down and volatilizes non-flammable
gases (HOCN, CO2, and NH3) to dilute the fuel and interrupt the combustion process. In
the second stage, most BP is oxidized into a series of POx and phosphoric acid derivatives
in the air and combined with the nitrogen structure to form a heat-stable carbon layer.
At the same time, the coke network and the cross-linked phosphorus oxynitride form
a physical barrier, which can delay the escape of flammable volatiles from the EP matrix.

Molecules 2023, 28, x FOR PEER REVIEW 11 of 30 
 

 

composites, indicating a good synergistic flame-retardant effect between BP and MCA. 
There is also a great improvement in the thermal stability of the composites. Compared to 
pure EP, the addition of 0.5 wt% to 2.0 wt% BP-NH-MCA reduces the PHRR of the com-
posites by 21.9 to 47.2% and the THR values by 26.7 to 42.3% (Figure 10b,c). The catalytic 
carbonization is facilitated by the highly efficient phosphorus–nitrogen synergistic flame-
retardant system constructed by BP-NH2 together with MCA supramolecules, resulting 
in a denser continuous carbon layer than EP and EP/BP2.0 (Figure 10d). The possible 
flame-retardant mechanism of EP/BP-NH-MCA composites can be divided into two 
stages (Figure 10e). In the first stage, the BP nanosheet acts as a physical barrier, effectively 
preventing the escape of combustible volatiles from the EP matrix. Besides, MCA is bro-
ken down and volatilizes non-flammable gases (HOCN, CO2, and NH3) to dilute the fuel 
and interrupt the combustion process. In the second stage, most BP is oxidized into a se-
ries of POx and phosphoric acid derivatives in the air and combined with the nitrogen 
structure to form a heat-stable carbon layer. At the same time, the coke network and the 
cross-linked phosphorus oxynitride form a physical barrier, which can delay the escape 
of flammable volatiles from the EP matrix. 

 
Figure 10. (a) TGA curves of EP, EPBP2.0 and EPBP-NH-MCA2.0 at different heating rates. (b) HRR 
curve of EP composites. (c) THR. (d) SPR. (e) TSP, Schematic diagram of flame-retardant mechanism 
[74]. 
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3.1.2. Rigid Polyurethane Foam

Engin Burgaz [92] found that compared with the effects of -COOH modified MWCNTs
or nanosilica applied to RPUF alone, their effects were not as good as those of binary
complexes assembled based on multiple hydrogen bonding (Figure 11a). The effects of
modified MWCNTs and nanosilica assemblies of different proportions on the properties
of RPUF were also investigated. The results show that modified MWCNTs (0.4 wt%)
and nanosilica (0.1 wt%) assemblies can improve the thermal decomposition of RPUF
(Figure 11b). The thermal decomposition temperature reached its highest at 5%, 15%
weightlessness and maximum mass loss (Figure 11c).
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Figure 11. (a) Schematic representation of the forces between modified MWCNTs and nanosilica
assemblies and RPUFs. (b) TGA of RPUF under different assembly conditions. (c) Comparison of
decomposition temperature under different weightlessness. (d) Diagram of dual network hydrogel
applied to RPUF [92]. (e) The HRR and THR curves of the RPUF before and after the flame-retardant
coating treatment. (f) Raman spectra of RPUF carbon residues before and after the flame-retardant
coating treatment. (g) Schematic diagram of the flame-retardant mechanism of RPUF treated with the
coating [82].

Yubin Huang [82] proposed a dual network hydrogel based on the combination of
covalent and non-covalent interactions. Use the hydrogel as a flame-retardant coating for
RPUF. Supramolecular-assembly was mainly manifested by multiple hydrogen bonds and
π-π stacking between polyacrylate and polydopamine chains (Figure 11d). In CCT, the
ignition time of pure RPUF is only 6 s. The ignition time of RPUF after the double network
hydrogel coating is increased to 36 s, indicating that the fire resistance is improved. The
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mean HRR of RPUF with a dual network hydrogel coating is reduced by 39.7% (Figure 11e).
According to Raman spectrum analysis, the residual carbon quality of RPUF coated with
dual network hydrogel is the densest (Figure 11f), which can effectively play a flame-
retardant role in the condensed phase. In addition, the aerogel coating evaporates water
when it burns, creating a concentration that dilutes combustible gases and heat in the gas
phase. It also has the function of quenching free radicals (Figure 11g).

3.1.3. PP

Congrui Qi and colleagues [93] used melamine-trimesic acid (MEL-TA) supramolecu-
lar aggregates to modify the surface of ammonium polyphosphate (APP). The modified
APP and carbonated foaming agent (CFA) were then blended into the PP matrix. The
combustion properties of PP composites and the corresponding flame-retardant mecha-
nism were investigated. The cross-sectional SEM images of the PP composites are shown
in Figure 12a. The dispersion effect of modified APP in PP is obviously better than that
of unmodified APP, which improves the compatibility in the matrix. The TGA image
(Figure 12b) also shows that the maximum thermal decomposition rate of the PP composite
is significantly lower than that of pure PP, indicating that the addition of APP@MEL-TA
has improved the thermal stability of PP. The ratio of PP composites and the corresponding
flame-retardant performance data are shown in Figure 12c. When the mixing ratio of
APP@MEL-TA and CFA is 4:1, the LOI value of PP-5 reaches its maximum value of 34.8%.
In addition, PP-5 can reach the V-0 rating in the UL-94 test without dripping, while pure
PP can not reach the rating with dripping. Pure PP releases a lot of heat after ignition, with
a PHRR of 937 kW/m2 and a THR of 87.8 MJ/m2. The PHRR and THR values of PP-5
decreased to 97 kW/m2 and 38.5 MJ/m2, respectively (Figure 12 d,e), which further proves
that the modified FR has an excellent flame-retardant effect.
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3.1.4. PVA

Lei Liu et al. [94] designed and synthesized a polyamine small molecule (named
HCPA) that can be used as a FR for PVA. The flame-retardant effects of different HCPA
concentrations on PVA were investigated (Figure 13a). UL-94 and LOI measurements were
used to evaluate the flame retardancy of the film. Pure PVA film burns rapidly within
12 s of ignition, accompanied by heavy dripping, resulting in failure to reach the rating
(Figure 13b). However, the PVA/5.0HCPA film rapidly self-extinguishes after the first
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ignition and continues to burn for only 3 s after the second ignition, during which no
molten drops are observed, thus achieving the required UL-94 VTM V-0 rating (Figure 13c).
The addition of 5.0 wt% HCPA increases the LOI of the original PVA from 19.0% to 24.3%.
Similarly, with the increase in HCPA content to 10 wt%, the LOI value will increase to 25.6%
(Figure 13c).
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Figure 13. (a) Preparation route of PVA/HCPA composite membrane. (b) Digital images of PVA
and PVA/5.0HCPA film vertical combustion test. (c) LOI test results. (d) HRR of MCC. (e) PHRR
and THR values. (f) Composite film combustion image and SEM-EDS image of residual carbon after
PVA/5.0HCPA film combustion. [94].

Figure 13d,e shows the test data from the Micro Cone Calorimetry (MCC) method. The
first PHRR value of PVA/5.0HCPA film decreases by 63% compared with the original PVA.
The THR value decreases from 25.3 kJ/g to 18.9 kJ/g. Furthermore, adding PVA/10HCPA
can reduce the THR value by 38.5%. The decrease in these flame-retardant parameters
confirms that HCPA improves the flame retardancy of PVA. After the PVA/5.0HCPA
composite film is ignited by an alcohol lamp, it leaves a complete and dense carbon residue,
which is in sharp contrast with the original PVA with no residue (Figure 13f), reflecting
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the good carbonization ability of HCPA. Therefore, PVA/HCPA can achieve a synergistic
flame-retardant effect in the gas phase and condensed phase.

3.1.5. TPU

Liang Cheng et al. [71] proposed SW-Si3N4 (Figure 7a), which can effectively reduce the
fire risk of TPU materials. The TGA analysis curves are shown in Figure 14a. The addition
of 5 wt% SW-Si3N4 generates 4.97 wt% of residual carbon at 800 ◦C in SW-Si3N4/TPU,
which is higher than the 0.30 wt% of residual carbon in pure TPU. In addition, the SW-Si3N4
hybrid nanosheets in the TPU matrix are able to suppress heat transfer more effectively
compared to the Si3N4 nanomaterials. The combustion behavior of the TPU composites
was investigated by CCT. Figure 14b,c shows the HRR and THR curves. Figure 14d,e
shows the data curves of SPR and TSP. It is obvious that the smoke release is inhibited by
each doping amount of TPU composites, which also confirms the good smoke suppression
property of SW-Si3N4.
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The thermal conductivity of SW-Si3N4/TPU (Figure 14f) shows that the thermal
conductivity increases with increasing filler content and reaches approximately a fourfold
increase in 10% SW-Si3N4/TPU. The TPU composite has an internal heat transfer path. It is
conducive to heat diffusion and can reduce the risk of fire due to heat buildup locally in
the matrix.

3.1.6. PA6

Xiaodong Qian et al. [57] studied the effect of PA-MEL with metal ions grafted
(Figure 5b) on the properties of PA6. The LOI value of the composite increases from
21.5% to 30.0% after the addition of PA-MEL-phosphate/transition metal (Figure 15a),
demonstrating the good flame-retardant effect. The flame-retardant properties of the com-
posites were further evaluated by CCT. Pure glass fiber reinforced PA6 (GFPA) burns
rapidly after ignition and has a PHRR value of up to 739.97 kW/m2. The addition of
PA-MEL reduces the PHRR of the composite to 612.38 kW/m2. In particular, the addition of
PA-MEL-Cu leads to a reduction of up to 32.37% in the PHRR value (Figure 15b). Moreover,
the THR value of the PA-MEL-Cu composite decreases by 28.04% compared with GFPA
(Figure 15c). All SPR peaks for the composites are lower than GFPA after the addition of
the PA-MEL-phosphate or transition metal (Figure 15d). The TSP of the GFPA/PA-MEL-Cu

71



Molecules 2023, 28, 5518

composites is reduced by up to 36.7% (Figure 15e). Compared with unmodified PA-MEL,
the addition of PA-MEL-Zn will increase the number of carbon layers (Figure 15f) and
the degree of graphitization of the residual char (Figure 15g). A possible flame-retardant
mechanism was proposed. PA promotes the formation of pyrophosphate or polyphosphate
and catalyzes the formation of a stable carbon layer. MEL releases non-combustible gases
such as NH3 and H2O to achieve dilution. In addition, the incorporation of transition
metals has a synergistic flame-retardant effect, which can promote the formation of dense
carbon layers.
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3.1.7. PLA

Qinyong Liu et al. [58] self-assembled MEL, paminobenzene sulfonic acid (ASA), and
PA into a new SFR (named MAP) by a simple green method. The product after chelation
with Fe3+ or Zn2+ was named MAP-Fe and MAP-Zn (Figure 5c) and was applied to PLA.
The LOI value of pure PLA is only 20.4%, which not only fails to achieve a rating in the UL-
94 test but is accompanied by severe dripping. In contrast, the PLA composite achieves a V-2
rating for PLA-2% MAP while also shortening the burning time after two ignitions. PLA-3%
MAP-Zn even achieves a V-0 rating, minimizing the burning time and increasing the LOI
value to 29.2% (Figure 16a). Interestingly, the authors used two thermocouples (T1 and
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T2) to record the temperature changes at two locations during the UL-94 test (Figure 16b).
The internal temperature of the PLA composite significantly reduces. Figure 16c shows
the temperature profiles for each of the two ignitions. At the end of the first ignition for
10 s, T1 and T2 are reduced to 139 ◦C and 113 ◦C for 3.0% MAP-Zn, respectively (483 ◦C
for pure PLA). The values for pure PLA are 490.1 kW/m2 and 73.3 MJ/m2, respectively,
while PLA-3.0% MAP-Zn shows the lowest PHRR and THR values of 398.5 kW/m2 and
65.6 MJ/m2 (Figure 16d,e). The possible flame-retardant mechanism of PLA composites
was summarized. Firstly, MAP releases NH3 and phosphorus-containing radicals in the
gas phase to dilute oxygen with combustible volatiles while trapping H· and OH· during
combustion, interrupting the chain reaction of combustion. In the condensed phase, further
cross-linking of MEL and ASA will form a stable carbon layer, while Fe3+ and Zn2+ will
optimize the existence of the carbon layer.
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3.1.8. Cotton Fabrics

Cotton fabrics are considered to be one of the most popular natural fibers due to their
perspiration absorption, renewable nature, and comfortable feel [95,96]. However, cotton
fabric is flammable. And the flame will spread rapidly after being ignited, thus causing
a fire [97,98]. In the method of flame-retardant treatment of textiles, the most typical method
is to assemble the coating layer by layer (LBL). The self-assembly of LBL makes the layers
have attractive forces such as electrostatic attraction, hydrogen bonding and coordination
bonds, forming supramolecular coatings, thus giving textiles flame retardancy [99,100].

Wen An et al. [101] constructed flame-retardant and antistatic fabrics by LBL assembly,
using pure cotton fabric as the backbone and dipping the cotton fabric alternately into
cationic casein (CA) and anionic graphene oxide (GO) solutions (Figure 17a). The LBL-
assembled coated cotton fabrics form the carbon layer earlier in the process of combustion.
A comparison of the carbon residues at 600◦C shows that the thermal stability of the cotton
fabric increases with the number of assembled layers on the surface of the fabric (Figure 17b).
The progressively higher LOI values (Figure 17c) also indicate that the flame resistance of
the coated cotton fabric increases with the assembled layer number of rGO/CA.
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Figure 17. (a) Diagram of LBL assembly coating cotton fabric. (b) TGA and DTG curves of pure cotton
fabrics and coated cotton fabrics with different cycles. (c) LOI test values [101]. (d) Digital images of
vertical flammability test. (e) HRR and THR curves of cotton and cotton/(SiO2-PEI/PA)7 [102].

Shanshan Li et al. [102] designed a novel organic-inorganic hybrid intumescent flame-
retardant coating by using nanosilica (SiO2) covered with polyethyleneimine (PEI) and
PA. It was applied to the surface of cotton fabric by LBL assembly. It achieved a good
flame-retardant effect with only 7 bilayers. The UL-94 test shows that compared with pure
cotton fabric, the combustion of coated cotton fabric is relatively slow. The spread of flame
from the bottom of the coated cotton fabric is gradually weakened (Figure 17d). The PHRR
of Cotton/(SiO2-PEI/PA)7 is 58 kW/m2. It is 75% lower than that of untreated cotton fabric.
The coating assembled by LBL within 150 s reduced the THR value of cotton fabric from
5.94 MJ/m2 to 2.83 MJ/m2 (Figure 17e).

3.2. Mechanical Properties

As we all know, in order to achieve efficient flame retardancy, the loss of mechani-
cal properties is inevitable [103,104]. The successful preparation of SFRs has made great
contributions to achieving flame retardancy and minimizing the loss of mechanical proper-
ties [46,105].

A new green FR, Ni@SiO2-PA (Figure 7e), has been applied to flame retardant EP. The
strength of EP nanocomposites has been significantly improved. This core-shell FR was
made by Yanlong Sui et al. [75] The tensile modulus of EP and its composites is shown
in Figure 18a. Due to the strong hydrogen bonding, there is a strong interface interaction
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between Ni@SiO2PA and the EP matrix, which makes the tensile modulus of EP/Ni@SiO2-
PA3.0 higher than that of pure EP by 22.2%. Compared with the smooth surface of pure
EP, large pores form in the EP/SiO21.0 composite with the obvious agglomeration of SiO2
particles. EP/Ni@SiO2-PA1.0 and EP/Ni@SiO2-PA5.0 composites show a rough and inho-
mogeneous fracture surface (Figure 18b), demonstrating the extremely high supramolecular
shell-matrix compatibility.
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Melamine cyanorate/α-ZRP nanosheets (MCA @α-ZRP) [106], also made by supramolec-
ular assembly technology, were applied to TPU (Figure 19a). And H·was used to strengthen
the interface with the TPU matrix and limit the fluidity of the polymer chain, thus suc-
cessfully avoiding the decrease of mechanical properties with the addition of FRs. As
shown in Figure 19b, TPU composites all show better mechanical properties than pure TPU.
TPU/MCA@α-ZrP increases the tensile strength by 43.1% at the maximum (Figure 19c).
There is a synergistic effect in the MCA@α-ZrP blend, which reduces the influence of
MCA alone on the flexibility of TPU (Figure 19d) and increases the fracture strain of TPU
composites from 629% to 664%. Besides, this study calculates the fracture energy of the
TPU composites in order to indirectly estimate their toughness (Figure 19e). The hydrogen
bond breakage between the MCA@α-ZrP blend and TPU, leads to the reconstruction of
the H-bond, inducing stress transfer and ductility, which consume more fracture energy.
Therefore, TPU/MCA@α-ZrP shows the highest fracture energy of 162 MJ/m3.
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Kuang Li et al. [107] prepared soy protein (SP)-based films (PVP@LS) with supramolec-
ular network structures including dynamic H, π-π interactions and interconnected water
transport interactions, which can effectively dissipate energy when the films are stretched.
These non-covalent interactions are beneficial to improve the adhesion and cohesion of
the films so that they can have high tenacity and tensile strength along with high flame
retardancy. As shown in Figure 20a,b, the tensile strength and toughness of SP/PVP@LS-2
film are 111.39% and 386.54% higher than those of pure SP film, respectively. The peak val-
ues are as high as 16.15 MPa and 23.50 MJ/m3. In order to further prove the enhancement
of the mechanical properties of the SP composite film, the author compared the strength
and elongation at break of the SP composite film with other reports. SP/PVP@LS shows
better tensile strength (Figure 20c). Figure 20d shows a possible toughening mechanism
for SP/PVP@LS films, showing the microscopic and macroscopic mechanisms of the SP
composite film under external loading stress, respectively. This in turn demonstrates the
toughening effect of a strong and stable supramolecular crosslinking network on the SP
composite film.
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3.3. Other Properties

In fact, all kinds of electronic equipment, furniture, clothing, etc. used in our lives are
easy to burn after encountering high temperatures or an open flame [108]. As a guarantee
of fire safety, FRs can solve the burning problem. But it will greatly reduce the excellent
performance of the original material [109]. The advantage of supramolecular structures
formed by various non-covalent interactions is their high compatibility with the material.
SFRs can play a flame-retardant role without destroying other special properties of the
material. And they can even play a role in gaining. Therefore, researchers focus on
the effects of supramolecular structure on the thermal insulation, self-healing, and UV-
blocking of flame-retardant materials. In addition, there are also studies on improving
the electrochemical properties of batteries [110–112], the viscoelasticity of thermoplastic
materials [113] and the flame-retardant durability of fibrous materials [114].
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3.3.1. Thermal Insulation Performance

Comfortable indoor temperatures have always been a concern for people. A lot of
energy is needed to achieve this goal. So heat insulation materials with high heat insulation
performance are very important [115]. However, most insulation materials are flammable,
and the addition of FRs will destroy the insulation performance. But the addition of
SFRs can reduce the reduction in insulation performance of many combustible insulation
materials while achieving a high level of flame retardancy [60,105].

Xueyong Ren et al. [105] modified the gas coagulation of cellulose nanofibril (CNF) by
in-situ supramolecular assembly of MEL-PA. A simple simulation experiment was designed
to test the thermal insulation ability of the MEL-PA/CNF composite aerogel. As shown
in Figure 21a, when the match head was placed on the top of the modified MEL-PA/CNF
composite aerogel, neither the composite aerogel nor the match head ignited, but the match
head on the top of the unmodified CNF aerogel ignited. When the aerogel burns for 28 s,
which not only shows the flame-retardant effect of the MEL-PA/CNF composite aerogel
but also shows the thermal insulation effect. To further demonstrate the thermal insulation
properties of the composite aerogels, the authors tested their thermal conductivity and
observed their heat transfer using an infrared camera. The thermal conductivity of the MEL-
PA CNF aerogel is relatively higher due to the enhanced interfacial interaction between the
MEL-PA and CNF aerogels (Figure 21b). But the thermal propagation curve (Figure 21c)
shows that the heat transfer could reach a relatively stable state after 60 min. And the
infrared thermography (Figure 21d) similarly shows that the heat transfer can be effectively
blocked before and after the modification. From the above analysis, this work concluded
that the supramolecularly-assembled MEL-PA does not significantly deteriorate the thermal
insulation of CNF aerogels.
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of CPSHPEs. The authors cut the CPSHPE into two pieces and found the presence of dy-
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Figure 21. (a) Screenshot of insulation inspection test: (a1) match end, (a2) Place the match head
in the unmodified CNF aerogel and (a3) Match heads placed in 1.0%MEL-PA/CNF composite
aerogel. (b) Thermal conductivity of MEL-PA/CNF composite aerogels. (c) Thermal penetration
depth of aerogel before and after modification. (d) Thermal infrared image of CNF and 1.74%MEL-
PA/CNF [105].
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3.3.2. Self-Healing Property

Self-healing behavior contributes to the recycling of materials, helping to achieve
sustainability and the rapid development of recycled polymers [116,117]. The presence of
reversible non-covalent bonds imparts dynamic structural properties to the material, hence
the self-healing properties of supramolecular materials [63,118].

The cyclic phosphonitrile-based polymer electrolyte (CPSHPE) prepared by Binghua
Zhou et al. [118] has self-healing properties. Figure 22a shows the self-healing mechanism
of CPSHPEs. The authors cut the CPSHPE into two pieces and found the presence of
dynamic hydrogen bonds at the cuts, which gave the material self-healing properties due to
the tendency of such non-conjugated hydrogen bonds to combine to form supramolecular
networks. In addition to hydrogen bonding, there is an abundance of dynamic bonds such
as dynamic disulfide bonds and ionic coordination bonds (Figure 22b) [63]. It can cause
damage to generate free dynamic groups that can reassemble into a stable cross-linked
network when the damaged area comes into contact again, thus restoring the material to
its original properties.
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3.3.3. UV-Blocking Performance

Ultraviolet (UV) radiation has attracted extensive attention because of its negative
effects on mechanical properties, discoloration, and decomposition of materials [119,120].
Compared with the flame-retardant polymer with intumescent flame retardant (IFR), SFRs
can avoid accelerating the aging of the substrate under ultraviolet radiation or heating,
thus reducing the flame-retardant performance of the polymer. At the same time, the
degradation of mechanical properties is reduced, with excellent ultraviolet resistancy [107].

MEL has a special triazine ring structure, so it can absorb ultraviolet rays and show
anti-aging performance. Yuchun Li et al. [46] developed MEL-PA-MWCNTs (Figure 3c),
which were applied to flame retardant PA6 and PA6 composites, showing good ultraviolet
resistance. The LOI value of PA6/7% MEL-PA-MWCNTs does not decrease but increased
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after photoaging (Figure 23a). Mainly because MEL-PA-MWCNTs protect the substrate
and migrated to the surface of the substrate under the irradiation of ultraviolet light, thus
avoiding the aging and burning of PA6. The tensile strength and elongation at break of PA6
composites are much lower than those of pure PA6 (Figure 23b,c), due to the absorption
of ultraviolet radiation by triazine ring groups in MEL and the capture of free radicals
produced by PA in the aging process of the matrix.
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In addition, on the basis of the improvement in fire safety performance, the perfor-
mance of SFRs on other aspects of the matrix has been improved synchronously, such as 
ultraviolet protection, self-healing, electrochemical performance, and other properties. 
This is a good research idea for the high-performance requirements of materials now. At 
present, there are few such studies, and continuous research work is needed. In particular, 
the self-healing performance of SFRs is worth studying. SFRs, based on the dynamic re-
versible non-covalent bond synthesis of structural characteristics, should be made full use 
of. Under the current ecological background, the recyclability, repairability, degradability 
and recycling of polymers will be vital topics. 
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Figure 23. (a) Comparison of LOI values of PA6 and PA6/7% MEL-PA-MWCNTs after UV aging.
(b) Comparison of tensile strength and (c) elongation at break after UV aging 150h [46].

4. Conclusions and Prospect

SFRs of different dimensions (including 1D, 2D, and 3D SFRs) show excellent flame-
retardant efficiency in improving the fire safety of typical polymers. Similar to the flame-
retardant mechanism of traditional FRs, SFRs also mainly plays a role in the gas phase and
condensed phase. On the one hand, SFRs containing typical flame-retardant elements such
as phosphorus and nitrogen can interfere with the free radical reaction during combustion
and slow down the combustion rate. On the other hand, they can help to char yield, which
acts as a heat transfer barrier. Meanwhile, the 2D and 3D structural characteristics of SFRs
are conducive to blocking the transfer of O2, flammable volatile substances, and heat.

SFRs have a good effect on improving the properties of polymers. In contrast to
traditional FRs synthesis methods, SFRs are mostly self-assembled by using different
primitives in non-toxic and pollution-free solvents (water or ethanol). It mainly utilizes
the multiple synergies of hydrogen bonding, ion attraction, π-π stacking, and other non-
covalent bonds among the units. These units usually contain groups rich in active sites, such
as amino, phosphate, and hydroxyl groups. However, the selection of units is relatively
limited, such as PA and MEL, which have been widely studied. More units containing flame-
retardant elements with multiple active sites should be dug out for design and assembly.
The application prospects of novel SFRs should be explored. At the same time, compared
with some other FRs applied to the matrix in the form of simple physical dispersion, SFRs
have rich active groups, can produce some crosslinking (such as multiple hydrogen bonds).
They have interface interactions with the matrix and have good compatibility. Therefore,
the mechanical properties of the polymer are improved.

In addition, on the basis of the improvement in fire safety performance, the perfor-
mance of SFRs on other aspects of the matrix has been improved synchronously, such as
ultraviolet protection, self-healing, electrochemical performance, and other properties. This
is a good research idea for the high-performance requirements of materials now. At present,
there are few such studies, and continuous research work is needed. In particular, the
self-healing performance of SFRs is worth studying. SFRs, based on the dynamic reversible
non-covalent bond synthesis of structural characteristics, should be made full use of. Un-
der the current ecological background, the recyclability, repairability, degradability and
recycling of polymers will be vital topics.
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Abstract: Elastomeric materials are utilized for the short-term protection of products and structures
operating under extreme conditions in the aerospace, marine, and oil and gas industries. This
research aims to study the influence of functionally active structures on the physical, mechanical,
thermophysical, and fire- and heat-protective characteristics of elastomer compositions. The physical
and mechanical properties of elastomer samples were determined using Shimazu AG-Xplus, while
morphological research into microheterogeneous systems and coke structures was carried out on
a scanning electronic microscope, Versa 3D. Differential thermal and thermogravimetric analyses
of the samples were conducted on derivatograph Q-1500D. The presence of aluminosilicate micro-
spheres, carbon microfibers, and a phosphor–nitrogen–organic modifier as part of the aforementioned
structures contributes to the appearance of a synergetic effect, which results in an increase in the
heat-protective properties of a material due to the enhancement in coke strength and intensification
of material carbonization processes. The results indicate an 8–17% increase in the heating time of
the unheated surface of a sample and a decrease in its linear burning speed by 6–17% compared to
known analogues. In conclusion, microspheres compensate for the negative impact of microfibers on
the density and thermal conductivity of a composition.

Keywords: microspheres; microfibers; elastomers; fire- and heat-protective material; organoelement
modifiers

1. Introduction

The development of elastomer materials based on ethylene–propylene–diene rubber
that can withstand high-temperature heat flows in a short amount of time is crucial for
protecting structures in industries such as aerospace, rocket, and oil and gas [1,2]. These
materials can be used as coatings for fire and heat protection in combustion chambers,
nozzles of solid-propellant rocket engines, gas generator covers, and other applications.

Advancements in creating fire-resistant polymer materials have been explored by
Walter, Bhuvaneswari, and Ahmed [3–5]. The effectiveness of elastomeric fire- and heat-
protective materials (FHPMs) largely depends on a complex set of endothermic physical
and chemical transformations of components and their thermal destruction, as well as
changes in the material’s chemical structure, such as intumescence, pore formation, and
carbonization [6,7].

Intensive thermal impact on FHPMs initiates structurization and carbonization pro-
cesses that lead to the formation of a protective layer with low thermal conductivity [6,7].
In most heat-protective compositions, non-organic fillers act as elements on which primary
carbon appears and then coke deposits as a result of thermal decomposition. Introducing
phosphorus-, boron-, or nitrogen-containing components can intensify carbonization pro-
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cesses. Microspheres can also be introduced to create a uniform, fine porous structure of
the coke layer [7–9].

One challenge faced in FHPMs is the thinning of the material due to high-speed gas
flow, which leads to a decrease in efficiency under operational conditions. This challenge
can be solved by using microfiber fillers such as kaolin, basalt, carbon, and other fibers.
However, introducing such fillers is associated with technical difficulties such as agglom-
eration and an increase in density and thermal conductivity. Various coupling agents
can be used to improve the distribution of microfibers and enhance the interaction at the
polymer–microfiber interface. A phosphorus-nitrogen-containing modifier (DDF) has been
shown to have a positive impact on physical and mechanical, fire- and heat-protective, and
thermophysical properties of a composition [10].

Research has shown that phosphorus-containing additives can inhibit flames by in-
creasing the recombination speed of H+ and OH− and reactions with phosphorus oxides
and oxyacids [11–13]. In the condensed phase, residues of phosphoric acid are formed,
which act as a dehydrating agent, enabling the formation of carbonized structures. Phos-
phorus compounds and their degradation products can also act as cross-linking agents,
causing dehydration, cyclization, ligation, aromatization, and graphitization [14–16].

Microcapsulated phosphorus can also be used as a modifying agent, increasing fire
resistance in epoxipolymers without affecting physical and mechanical or dielectric param-
eters [16].

Under operating conditions, fire- and heat-resistant materials are exposed not only
to elevated temperatures and pressure but also to high-speed gas flow. This leads to the
removal of the upper layer of the material, thinning the material itself and decreasing its ef-
ficiency. This issue can be resolved by incorporating microfiber fillers that form a “network”
to increase the erosion resistance of the material. Examples of such fillers include kaolin,
basalt, carbon, and other fibers. The introduction of these fillers into polymers involves var-
ious interactions at the polymer–filler interface that affect the mechanical, physicochemical
properties, and thermooxidative stability of the composite material [17–21].

However, the introduction of such fillers comes with a number of technological diffi-
culties. Fibers, especially asbestos, tend to agglomerate, which reduces the homogeneity of
the material. Additionally, there is an increase in the density and thermal conductivity of
the material, which is unacceptable in some cases.

To improve the distribution of microfibers and enhance the interaction at the polymer–
microfiber interface, various finishes can be used. One criterion for selecting a sizing system
is its positive effect on not only the physical and mechanical properties but also on the fire
and heat protection and thermophysical properties of the composition. As our study has
shown, the DDP modifier (dimethylcarbamyl(diaminomethyl)phosphoramide) synthesized
by us can be such a system.

To compensate for the negative effect of microfibers on density and thermal conduc-
tivity, their combination with microspheres is possible [22–26]. By selecting sizing systems
and varying the ratio of microspheres and microfibers, it is possible to obtain in situ or-
ganizing structures that combine the advantages of both components. The efficiency of
fire- and heat-resistant elastomeric materials is primarily determined by a complex set of
endothermic physical and chemical transformations of the components, as well as their
thermal degradation. Additionally, the material’s chemical structure undergoes changes
such as swelling, pore formation, and coking. Under high-temperature conditions, these
processes are initiated, leading to the formation of a protective layer with low thermal
conductivity through coke formation and structuring [25–29].

2. Results

Depending on the proportions of microspheres and microfibers used, we anticipated
the formation of various functionally active structures. Table 1 outlines the proportions of
microspheres, microfibers, and DDF that were studied (Supplementary Materials). Scan-
ning electronic microscopy revealed the formation of three distinct types of structures (as
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depicted in Figure 1), indicating the modification of the surface of the microdispersed
components through the appearance of phosphorus atom peaks in the elementograms.

Table 1. Proportions studied of microspheres, microfibers, and DDF.

Ingredient
Sample Number

5MUV:10MSF 10MUV:5MSF 15MUV:5MSF
Content, wt. pts. per 100 wt. pts. Rubber

Aluminosilicate microspheres 10 5 5
Carbon microfibers 5 10 15

DDF 1 1 1
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Figure 1. Diagram of the assembly of functionally active structures and SEM microphotos thereof
(magnification ×10,000).

As illustrated in the microphotograph (Figure 2), the introduced functionally active
structures (FASs) retain their integrity. The existing intermediate variants in the form of
treated microspheres or microfibers also positively influence the fire and heat protection
characteristics of the material: the heating time of the unheated surface of a sample up to
100 ◦C increases to 5.5–7.5%; the linear burning speed decreases to 4.3–6.7%.
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Table 2 presents the properties of vulcanized samples of the elastomeric compositions
under study.

Table 2. Vulcanized Rubber Properties.

Parameter
Sample Number

Ref. Control
Sample 5MUV:10MSF 10MUV:5MSF 15MUV:5MSF

Tensile strength ft, MPa Not less than 6.0 16.5 8.5 11.8 12.4
Breaking elongation εrel, % Not less than 300 450 400 350 380

Permanent elongation θperm, % Not more than 30 20 25 18 18

Density ρ, kg m−3 Not more than
1100 1080 1065 1082 1105

Heating time of unheated surface of a
sample up to 100 ◦C, s – 62 70 87 83

Coke number CCV, % – 2.4 14.8 15.9 16.7
Linear burning speed Vl.b.,

mm min−1 – 32.1 30.4 26.7 25.4

Coke layer tear propagation strength
σ, mPa – 37.3 40.1 41.4 41.6

3. Discussion

The introduction of functionally active components, which form relatively large mi-
crostructures, results in a certain decrease in the strength characteristics. However, their
values still remain higher than the standard ones (Table 2). More importantly, the density of
the compositions decreases with an increase in the content of microspheres and approaches
the control variant. A decrease in this parameter is crucial for creating protective materials
for aircraft and rocketry.

Previous studies [10,30] have demonstrated that the optimal balance between fire and
heat protection and the physical and mechanical properties of the material can be achieved
by incorporating 5–15 mass parts of microfibers and 3–7 mass parts of microspheres.

Samples containing FASs with a ratio of microspheres/microfibers = 5:10 exhibit the
most efficient fire and heat protection characteristics. When heat flow passes through the
thickness of a fire- and heat-protective material, a number of adaptive processes occur:
the destruction of the polymer matrix occurs in the upper layers of the material, and
the pre-introduced functionally active components enable the formation of a denser fine
porous coke layer (Figure 3), which is reinforced with microfibers. In the deeper levels of
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the material, carbonization processes are initiated owing to the presence of a phosphorus–
boron–organic modifier on the surface of the microspheres. These processes enable a
decrease in the heating-up speed.
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The efficiency of the additives researched is confirmed with the DTA and TG analysis
methods (Supplementary Materials). The value of the energy consumed for the structuriza-
tion processes, carbonization of the material, degradation, and chemical transformation
of the modifier under the impact of a heat flow can be evaluated by the square of the
endothermic peak on the DTA curve. When FASs are introduced, an increase in the carbon
residue occurs at 4–30% and a growth in the square of the endothermic peak takes place
at 24%.

The studied samples are shown in Figure 4 after being tested for erosion strength
under conditions of high-speed heat flow. The control sample (Figure 4b) is characterized
by greater weight loss and little start time of combustion. The presence of FASs intensifies
the carbonization processes and the microfibers enable the creation of strong coke with low
thermal conductivity (Figure 4e).
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The experimental data obtained have allowed us to propose a mechanism for the
fire- and heat-protective action of materials containing functionally active structures (as
depicted in Figure 5). The introduced functionally active components are transformed into
a reinforced coke layer with increased strength against erosion carry-over and decreased
thermal conductivity under the impact of high-temperature heat flow. In this case, the
microspheres act as carbonization centers, while a layer of DDF on their surface initiates
this process and retains the microfibers necessary to enhance the coke strength under the
conditions of material erosion carry-over.
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When subjected to high-temperature impact in the carbonization area, fusion and
destruction of the microspheres occur. However, microfibers remain even on the surface of
the shards (Figure 6), continuing to perform their function of reinforcing the coke.
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4. Materials and Methods
Materials

The materials under investigation were rubbers based on triple ethylene–propylene–
diene rubber (EPDM-40), manufactured by the Nizhnekamsk Synthetic Rubber Factory.
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This particular rubber was selected for its relatively low density and unsaturation degree,
as well as its high heat resistance [31].

The compositions being studied are listed in Table 3, with previous works [7,10]
determining the optimal weight content of microspheres, microfibers, and an organic
element modifier at 5, 10, and 1 wt pts., respectively, per 100 wt pts of rubber.

Table 3. Rubber Formulas.

Ingredient
Sample Number

Control Sample 5MUV:10MSF 10MUV:5MSF 15MUV:5MSF
Content, wt. pts. per 100 wt. pts. Rubber

EPDM-40 100 100 100 100
BS-120 30 30 30 30

Zinc oxide 5 5 5 5
Stearine 1 1 1 1
Captax 2 2 2 2
Sulphur 2 2 2 2

FAS 0 16 16 16
Total 140 156 156 156

Elastomer compositions without functionally active additives were used as control
samples. The properties of compositions containing single components of functionally
active structures were previously studied by our team [30,32].

The rubber mixes were prepared in two stages, using a high-speed laboratory mi-
cromixer of the “Brabender” type (Polimermash, Saint Petersburg, Russia) for the first stage.
A calculated amount of the functionally active modifier was added to the compounded
masterbatch at a temperature of 105–110 ◦C and homogenized. In the second stage, sulfur,
vulcanization accelerators, and activators were added on laboratory rollers (Polimermash,
Saint Petersburg, Russia) at a temperature of 45–50 ◦C after a 24 h rest. Vulcanization of
the samples was then performed in a PHG-2 212/4 vulcanizing press (Carver, Aldridge,
Hungary) under the optimum mode determined using a flow meter MDR 3000 Professional
(MonTech, Columbia City, IN, USA) (165 ◦C, 40 min.).

The physical and mechanical properties of standard elastomer samples were deter-
mined using a tearing machine Shimazu AG-Xplus 1.0 kN (Shimadzu, Kyoto, Japan) in
accordance with ISO 37-2017 [33]. To evaluate the fire and heat resistance of the samples,
the temperature dependence on the unheated surface of the sample from the time of open
plasma torch fire impact, the loss of sample weight, and the linear burning speed were
determined according to a developed procedure. The sample used was a disc with a diame-
ter of 100 mm and thickness of 10 mm. High-temperature heating created a temperature
around 2000 ◦C on the surface of the sample.

To evaluate the erosion strength of the material under high-temperature conditions, a
sample was placed on a rotating shaft and tangentially heated by a plasma torch. The start
time of combustion and coke detachment were recorded during the test, followed by the
determination of the sample diameter after the test. The disrupted layer was removed, and
the thickness of the non-disrupted layer was determined.

The strength characteristics of the coke were determined by considering the tear-off
forces realized on the interface between the coke layer and non-degraded material during
the tear-off of the coke layer under the impact of centrifugal forces when a cylindrical
sample was rotated at a constant speed during high-temperature heating in a plasma
torch flame. The tear propagation strength of the carbonized layer was determined using
Formula (1):

σ =
2·(π·ω)2·

(
R2

0 − R2)·ρK(
R0 − R

)2 (1)

where ω—angular velocity, rps; R0—initial radius, mm; R—radius before the boundary of
the pyrolysis layer, along which the tear-off occurs, and mm; ρk—coke density, kg·m−3.
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The preassembly of a functionally active structure was carried out by treating the
surface of the microspheres and microfibers with a 5% aqueous solution of DDF (Figure 7),
followed by drying until constant weight.

Molecules 2023, 28, x FOR PEER REVIEW 8 of 10 
 

 

The physical and mechanical properties of standard elastomer samples were deter-
mined using a tearing machine Shimazu AG-Xplus 1.0 kN (Shimadzu, Kyoto, Japan) in 
accordance with ISO 37-2017 [33]. To evaluate the fire and heat resistance of the samples, 
the temperature dependence on the unheated surface of the sample from the time of open 
plasma torch fire impact, the loss of sample weight, and the linear burning speed were 
determined according to a developed procedure. The sample used was a disc with a di-
ameter of 100 mm and thickness of 10 mm. High-temperature heating created a tempera-
ture around 2000 °C on the surface of the sample. 

To evaluate the erosion strength of the material under high-temperature conditions, 
a sample was placed on a rotating shaft and tangentially heated by a plasma torch. The 
start time of combustion and coke detachment were recorded during the test, followed by 
the determination of the sample diameter after the test. The disrupted layer was removed, 
and the thickness of the non-disrupted layer was determined. 

The strength characteristics of the coke were determined by considering the tear-off 
forces realized on the interface between the coke layer and non-degraded material during 
the tear-off of the coke layer under the impact of centrifugal forces when a cylindrical 
sample was rotated at a constant speed during high-temperature heating in a plasma torch 
flame. The tear propagation strength of the carbonized layer was determined using For-
mula (1): 

( ) ( )
( )

2 2 2
0

2

0

2 R R

R R

π ω ρ
σ Κ⋅ ⋅ ⋅ − ⋅

=
−

 
(1) 

where ω—angular velocity, rps; R0—initial radius, mm; R—radius before the boundary of 
the pyrolysis layer, along which the tear-off occurs, and mm; ρk—coke density, kg·m−3. 

The preassembly of a functionally active structure was carried out by treating the 
surface of the microspheres and microfibers with a 5% aqueous solution of DDF (Figure 
7), followed by drying until constant weight. 

N

O

NH2

P

O

O O
CH3CH3

NH2

NH2

 
Figure 7. Structural formula of dimethylcarbamyl(diaminomethyl)phosphoramide [34]. 

Morphological research of the FAS, vulcanized stocks, and coke structures was car-
ried out on the scanning electronic microscope Versa 3D (FEI Company, Hillsboro, Ore-
gon, USA). Differential thermal and thermogravimetric analyses of the samples were car-
ried out on a derivatograph Q-1500D (MOM Szerviz Kft, Budapest, Hungary). 

Figure 7. Structural formula of dimethylcarbamyl(diaminomethyl)phosphoramide [34].

Morphological research of the FAS, vulcanized stocks, and coke structures was carried
out on the scanning electronic microscope Versa 3D (FEI Company, Hillsboro, OR, USA).
Differential thermal and thermogravimetric analyses of the samples were carried out on a
derivatograph Q-1500D (MOM Szerviz Kft, Budapest, Hungary).

5. Conclusions

The results indicate that incorporating pre-assembled functionally active systems
into the composition of elastomeric fire- and heat-protective materials enhances their
interaction with the elastomeric matrix, resulting in better distribution. This targeted
delivery of the modifier into the interphase layer enhances the coke formation processes at
the interface. The combined introduction of microspheres and microfibers during initiated
coke formation creates structures where microfibers are grouped around the microspheres,
reinforcing the coke layer and increasing its erosion resistance. Morphological analysis
of the FAS, vulcanized stocks, and coke structures was conducted using the scanning
electronic microscope Versa 3D. Differential thermal and thermogravimetric analyses of the
samples were carried out using a derivatograph Q-1500D.
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Abstract: The flammability of various materials used in industry is an important issue in the modern
world. This work is devoted to the study of the effect of flame retardants, graphene and DDM-DOPO
(9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-4,4′-diamino-diphenyl methane), on the
flammability of glass-fiber-reinforced epoxy resin (GFRER). Samples were made without additives
and with additives of fire retardants: graphene and DDM-DOPO in various proportions. To study the
flammability of the samples, standard flammability tests were carried out, such as thermogravimetric
analysis, the limiting oxygen index (LOI) test, and cone calorimetry. In addition, in order to test the
effectiveness of fire retardants under real fire conditions, for the first time, the thermal structure of
downward flame propagation over GFRER composites was measured using thin thermocouples.
For the first time, the measured thermal structure of the flame was compared with the results of
numerical simulations of flame propagation over GFRER.

Keywords: glass-fiber-reinforced epoxy resin; flammability; fire retardancy; phosphorus-containing
flame retardant; graphene; limiting oxygen index; cone calorimetry; numerical simulation

1. Introduction

Composite materials based on epoxy resin are promising materials for various in-
dustries, such as aviation, mechanical engineering, shipbuilding, etc. [1]. These materials
have gained great popularity due to their high strength, flexibility, chemical resistance and
thermal-insulation properties, together with their low specific weight. However, epoxy
resin is a flammable material [2,3]; therefore, increased fire-resistance requirements are ap-
plied to composites based on it. When exposed to an external heat source, the combustibility
of these materials can increase even more, which makes the issue especially important for
products installed near a heat source (aircraft nacelles, car radiator mounts, etc.).

A prevalent way to improve the fire resistance of epoxy resin is to add fire retardants.
Previously, halogen compounds have been used as epoxy-polymer flame-retardant ad-
ditives for a long time. However, halogen-containing compounds, when burned, emit
ac-rid and toxic smoke, which is harmful to humans and the environment [4,5]. Numerous
studies have been carried out to find an alternative to halogen-containing flame retardants,
and as a result, a switch to phosphorus-containing flame retardants has been proposed.
Phosphorus-based additives such as 9,10-dihydro-9-oxa-10-phosphafenentren-10-oxide
(DOPO) and its derivatives [6,7] can serve as an example. Moreover, some studies show
that polymer composites containing both phosphorus and nitrogen compounds show a
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significant improvement in flame-retardant performance [8–12]. Therefore, due to their
special structure, DOPO-based phosphonamidates can be effective flame retardants [13–15].
So, a fire retardant such as DDM-DOPO [16] can be used in a smaller amount as part
of an epoxy binder, which favorably affects the physical and mechanical properties of
fiberglass-reinforced plastics made from such materials.

Nano-material additive, such as graphene, has recently become another popular
halogen-free flame retardant due to its ability to increase the formation of char on the surface
of the polymer and to strengthen it due to graphitization [17,18]. Graphene nanoparticles
can effectively reduce the melt flow and inhibit the flammable drips of epoxy resin during
combustion, which generally prevents the spread of flames [19]. In [20] it was shown that
graphene has adsorbing properties, so it can capture volatile combustible compounds on
the sample surface, which also increases the fire resistance of the material.

To assess the combustibility of polymeric materials, usually thermogravimetric anal-
ysis (TGA), a UL-94 test, limiting oxygen index (LOI), and cone calorimetry are used.
Often, the fire resistance of materials is evaluated only on the basis of these methods [7,21].
However, these tests do not always provide reliable information about the behavior of the
material under fire conditions [22]. In this case, more accurate information can be obtained
from experimental studies of flame propagation over the surface of the material. However,
hardly flammable materials such as reinforced composites do not support combustion
under standard atmospheric conditions [23,24]. Such composites can be studied under con-
ditions of high oxygen concentration [25], in the presence of external thermal radiation [26]
or in the presence of an external flame source [22].

In 1970–1980, Williams [27], Fernandez-Pello [28,29], and Hirano [30] et al. performed
experimental studies of flame propagation over a solid surface under the action of an
external heat flux. Work [31] studied the horizontal flame propagation over thermoplastic
polymers: polymethyl methacrylate (PMMA), polypropylene (PP) and polystyrene (PS)
plates, under the action of one-sided heating, and it was shown that the effect of sample
thickness on the nature of flame propagation is less pronounced than the effect heat flux
of external radiation. The same effect is also shown in [32]. Moreover, the application of
additional heat flux caused the flame to propagate more quickly over PMMA slabs. The
qualitative influence of the heat flow was observed during the combustion of wood-based
materials, which do not allow the flame to spread to the upper part of the sample, but
allow it to spread in the presence of an external heat flow. In addition, preheating the
particle board samples (with a 2.2 kW/m2 radiant flux) increased the surface temperature
by more than 100 ◦C, and therefore required less time and energy to reach the pyrolysis
temperature. The preheated sample showed significantly faster flame propagation than the
sample that was shielded prior to ignition. It was shown in [33] that under the influence of
an increasing external heat flux, the rate of flame propagation of polyurethane foam and
expanded polystyrene demonstrate different trends. The rate of flame propagation over
polyurethane foam increases all the time, and fluctuates over expanded polystyrene. In [34],
the thermomechanical analysis of PMMA slabs was carried out under the action of a pow-
erful heater installed on one side of the sample. Most investigations on flame propagation
under external thermal radiation source conditions are devoted to such polymers as PMMA,
PP, etc. However, a relatively small number of works are devoted to flame propagation over
the surface of composites based on epoxy resin (ER). For example, in work [25], the authors
studied downward flame propagation over the surface of carbon-fiber-reinforced epoxy
resin at various oxygen concentrations. In addition, there are no data on flame propagation
over reinforced composites with the addition of fire retardants, with the exception of a
small number of works [22]. To predict the behavior of polymeric materials in different fire
scenarios, a number of numerical models were developed and tested for the purpose of
comparison with the experimental data [35,36]. Meanwhile, little attention has been paid
to development of models of flame propagation over reinforced polymers and polymers
with the addition of flame retardants, and there are no widely accepted approaches to the
theoretical description of the pyrolysis and combustion of inhibited polymers.
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Thus, the purpose of this work was to study the effect of flame retardants DDM-
DOPO and graphene on flammability and downward flame propagation over glass-
fiber-reinforced epoxy resin (GFRER) under the action of external thermal radiation and
to develop an effective model that would predict the flame propagation behavior for
GFRER composites.

2. Results and Discussion
2.1. TGA, DTG, UL-94 HB, LOI Results

Figure 1 shows the data of thermogravimetric analysis in inert atmosphere (Ar) for
GFRER composites. It can be seen in Figure 1a that the addition of flame retardants reduces
the amount of residue at the temperature of 580 ◦C, indicating an increase in the yield of
pyrolysis products into the gas phase in the case of samples inhibited by flame retardants.
Addition of 1.5% DDM-DOPO leads to a decrease in the residue mass by ~3% relative to
the sample without the additives, while the addition of 3% DDM-DOPO leads to a decrease
in the residue mass by ~7%. A partially registered decrease in the residue mass during the
decomposition of mixtures with DDM-DOPO can also be associated with decomposition
of the additive itself in the mixture. However, the individual substance DDM-DOPO
is degraded up to 90% [16]; therefore, the maximum contribution to the residue mass
reduction for the ER + DDM-DOPO mixture from DDM-DOPO can be 1.3% in 3% and 2.7%
in 7% for samples with 1.5% and 3% DDM-DOPO (Table 1), respectively. The addition of
1.5% graphene has practically no effect on the amount of the residue; however, 3% graphene
leads to a decrease in the weight of the residue in TGA by ~7%.
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Table 1. UL-94, LOI, mass loss (ML) and soot mass (SM) in downward flame-spread experiment, max
T and residue mass in TGA.

Sample
UL-94 HB,
with ROS
mm/min

LOI, %
Thin Samples

ML in % of the
Initial Mass

SM in % of the
Initial Mass

Tmax DTG in
Inert, ◦C

Residue
Mass in
TGA, %

GFRER 84 ± 2 1 21.0 18 12 442 ± 2 59.1 ± 1.5
1.5% DDM-DOPO 66 ± 2 2 21.9 14 17 438 ± 2 56.5 ± 1.5
3% DDM-DOPO 64 ± 2 2 21.9 13 20 444 ± 2 55.0 ± 1.5
1.5% graphene 65 ± 2 2 21.7 13 18 442 ± 2 59.1 ± 1.5
3% graphene 58 ± 2 2 21.6 11 23 448 ± 2 53.7 ± 0.5

6.5% DDM-DOPO 23 ± 1 2 26.1 - - - -
9.8% DDM-DOPO 26 ± 1 2 26.4 - - - -

1 no rating; 2 HB rating.

Assuming that the pyrolysis reaction occurs in one stage and is of the first order,
from the data in Figure 1, the kinetic parameters of pyrolysis were obtained using the
established method [37]. The obtained kinetic parameters for GFRER are presented in
Table 2. The accuracy of determining the pyrolysis rate constant by this method is factor 5.
Despite small differences in the temperature of the maximum thermal decomposition rate
of the samples (Table 1), the pyrolysis kinetics barely changes with the addition of flame
retardants (Figure 2) for high temperatures.

Table 2. The measured flame spread rate depending on the magnitude of the heat flux and the
concentration of flame retardants.

Heat Flux, kW/m2
Samples

GFRER 1.5% DDM-DOPO 3% DDM-DOPO 1.5% Graphene 3% Graphene

4.2 1.17 ± 0.08 0.87 ± 0.05 0.85 ± 0.1 1.07 ± 0.14 0.88 ± 0.05
3 0.75 ± 0.03 0.61 ± 0.03 0.51 ± 0.03 0.67 ± 0.04 0.58 ± 0.02

2.5 0.63 ± 0.07 0.53 ± 0.05 0.45 ± 0.04 0.54 ± 0.04 0.49 ± 0.02
2 0.57 ± 0.03 0.43 ± 0.03 Self-extinguished 0.45 ± 0.03 0.40 ± 0.02

1.5 0.52 ± 0.02 Self-extinguished Self-extinguished Self-extinguished Self-extinguished
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Table 1 shows UL-94 HB data with the measured average rate of spread (ROS) and the
LOI test. The 50% binder GFRER failed the UL-94 test and had a burn rate of 84 mm/min
(Table 1). It is to be noted that in the UL-94HB test, the speed incombustibility criterion for
the HB rating for specimens up to 3 mm thick was 75 mm/min.

Table 1 also shows that both flame retardants improve the fire resistance of GFRER
in the UL-94 and LOI tests. At the same time, the additions of 3% DDM-DOPO and
3% graphene result in a decrease in the pyrolysis rate constant. In the UL-94 horizontal
flame spread test, all flame-retardant-inhibited samples were rated as “HB” (at 1.5% and
3% additive concentrations). The addition of 1.5% DDM-DOPO to the sample reduced the
flame propagation rate in the UL-94 HB test by ~27% relative to pure GFRER, while the
addition of 3% DDM-DOPO reduced the rate by ~31%. Thus, a twofold increase in the
additive concentration does not lead to a significant increase in the inhibition effect (the
saturation effect). In the case of 1.5% graphene, the difference in the rate relative to pure
GFRER was ~29%, while for 3% graphene, the difference increased to ~45%. In fact, an
increase in graphene concentration leads to a noticeable increase in the inhibition effect
in this test. Figure 3 shows the dependence of the UL-94HB rate of flame spread (ROS)
on the concentration of flame retardant in the composition of GFRER. For graphene, a
close to linear dependence of ROS on concentration is observed, and for DDM-DOPO, a
decrease in efficiency occurs as the flame retardant concentration rises in the UL94 test. At
the same time, at 1.5% of the additive, the effectiveness of both fire retardants is practically
the same. In order to show the effectiveness of the flame retardants used, the LOI of 2 mm
thick samples with a higher mass fraction of flame retardants in the composition was
additionally measured. Increasing the thickness of the samples and the mass fraction of
flame retardants leads to an increase in LOI, which indicates the high fire resistance of
GFRER under standard atmospheric conditions. Further experiments with these samples
were not carried out in this work, since it turned out to be impossible to support their
combustion with an external heat flux.
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2.2. The Flame Spread Rate over the Samples Surface

The dependence of the rate of flame spread (ROS) from a flame front position under
incident heat flux (IHF) 3 kW/m2 is shown in Figure 4. The flame spreads over the sample
surface uniformly, without acceleration. ROS fluctuations in a particular part of the sample
may be connected with the inhomogeneity of the manufactured samples. The addition of
the flame retardant led to a decrease in ROS over GFRER surface. It can also be noted that
an increase in the flame-retardant concentration to 3% led to a greater decrease in ROS of
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1.5%. The sample incorporated with 3% DDM-DOPO showed the lowest flame spread rate,
although the sample incorporated with 3% graphene showed the lowest flame spread rate
in the UL-94 HB test.
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The dependence of the flame spread rate on different heat fluxes and flame-retardant
concentrations is shown in Table 2 and Figure 5. The slope of the curves shows that the
linear increase in the heat flux magnitude leads to the linear growth in ROS. The samples
incorporated with 3% additive have a lower ROS compared to the samples with 1.5%
additive under the heat fluxes lower than 3 kW/m2. The same tendency is shown in Figure 5.
The sample without the additives does not demonstrate self-sustaining combustion at the
external heat flux 1 kW/m2, the samples with 1.5% DDM-DOPO and 1.5% and 3% graphene
extinguish at the external heat flux 1.5 kW/m2, and the sample with 3% DDM-DOPO
extinguishes at the heat flux 2 kW/m2. When the heat flux was increased to 4.3 kW/m2, the
ROS for GFRER sample began to deviate from the linear dependence. It can be connected
with the early pyrolysis of the sample surface ahead of the flame front. Whereas the
efficiency of the 1.5% graphene additive does not depend on the heat flux, the efficiency of
the other additives increases when the heat flux increases. However, at the external heat
flux 4.3 kW/m2, the efficiency of 1.5% DDM-DOPO, 3% DDM-DOPO, and 3% graphene
are almost the same. In the case of DDM-DOPO, this is probably due to H and OH
radicals’ equilibrium concentration in the flame. In the case of graphene, an increase in the
concentration of the additive from 1.5% to 3% leads to a further decrease in ROS. The same
results were obtained in UL-94 HB (Table 1), where the flame spread rate of UL-94HB for
DDM-DOPO was not strongly affected by the increasing concentration, while an increase
in the graphene concentration continued to reduce ROS.

The calculated ROS for GFRER and GFRER with flame retardant additives are satisfac-
torily predicted by the model (Figure 5b,c) described in Section 3.6. However, the flame
extinguishes at a low heat flux that is not predicted by the model. Additionally, in the case
of 1.5% DDM-DOPO, the model overpredicts ROS, while with 3% DDM-DOPO it slightly
underpredicts ROS. This is due to the simplicity of the flame retardant action assumption in
the model in the gas phase, based on the decrease in the reaction rate constant of a one-stage
global reaction. The DDM-DOPO effectiveness coefficient Ψ in the model depends on the
additive concentration, while in the experiments (Table 1, Figure 5), a decrease in the
additive effectiveness with increasing concentration was observed. The results of elemental
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analysis obtained by scanning electron microscopy (Quantitative Energy-dispersive X-ray
spectroscopy microanalysis) after the flame propagation experiments under IHF 3 kW/m2

for the samples incorporated with DDM-DOPO, showed that from 30 to 50% of the ini-
tial phosphorus went into the gas phase. The SEM microphotographs (Figures S1 and S2)
are presented in the Supplementary Materials. All things considered, the results of ele-
mental analysis confirm the assumption about the gas-phase mechanism inhibition of the
DDM-DOPO additive. The influence of flame retardants containing phosphorus in the com-
position of polymeric materials was previously studied [38–41]. The main mechanism of
action of these additives is believed to be participation of this species and its decomposition
products in chain-termination reactions.
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Mass loss (ML) and soot mass (SM) dependence versus flame retardant concentration
and the incident heat flux obtained after the downward flame propagation experiments
are shown in Figure 6. Figure 6a shows the total mass loss in % of the initial sample
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mass. Figure 6b shows soot mass formed during flame propagation in % of the initial
sample mass.
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The samples incorporated with 1.5% DDM-DOPO showed an increase in ML by
~10% compared to the sample without the additives under all the tested heat flux values.
However, increasing the DDM-DOPO concentration to 3% did not affect ML within the
experimental accuracy, since almost all of the binder left the sample in this case. The
samples incorporated with graphene showed a linear increase in ML (5% for 1.5% graphene
and 10% for 3% graphene) with increasing additive concentration for all the tested heat
flux values. This is due to an increase in the gas yield for samples with additives, which
was observed in the TGA (Figure 1c). It can also be seen that the heat flux magnitude has
little effect on ML in the experiment.

Figure 6b shows that SM decreases for all samples with increasing heat flux. This
is probably due to the more intense combustion of the sample under a higher heat flux,
which leads to soot oxidation on the sample surface. An increase in the concentration of
DDM-DOPO and graphene additives led to the same SM for all the cases. The addition of
graphene probably leads to an increase in the proportion of non-combustible volatile pyrol-
ysis products, which dilutes combustible gases and extinguishes the flame. DDM-DOPO
decomposes under the action of temperature and its phosphorus-containing decompo-
sition products act in the gas phase. In this case, the effect of reducing the efficiency of
DDM-DOPO with an increase in its initial concentration in the polymer was observed. An
increase in the soot yield for the samples incorporated with graphene compared to the
samples without the additives and samples incorporated with DDM-DOPO under elevated
oxygen concentration conditions was observed in work [22].

102



Molecules 2023, 28, 5162

2.3. Thermal Flame Structure

The temperature profiles in the gas and condensed phases obtained in the experiment
and the model are compared in Figure 7. The flame structures obtained by scanning with
a thermocouple and the flame structure obtained from the model are shown in Figure 8.
The temperature profile gradients for the condensed phase in the preheating zone show
good agreement between the experiment and the model. Yet, the major contribution to the
rate of flame front shifting (ROS) is made by the temperature gradient from the flame to
the sample surface near the flame front, where, as the observations have shown, there is
no soot accumulation; therefore, the ROS is well predicted by the model. The maximum
surface temperature in the model has a lower value regarding the experiment due to
the underestimation of soot formation on the surface. In the region after the maximum,
the model better predicts the temperature profile for samples with 3% DDM-DOPO and
3% graphene additives, while for the GFRER sample, the temperature in the model is
overestimated. Thus, the model satisfactorily predicts the width of the combustion zone
for samples with additives.
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Figure 7 shows the comparison of the temperature profiles in the gas phase at a distance
of 1 mm from the sample surface obtained in the model and in the experiment. In the gas
phase, the model also predicts the temperature profile gradient well, but underestimates
the maximum temperature. The maximum temperature in the gas phase for all the samples
was approximately 1600–1650 ◦C (Figure 8) within the thermocouple measurement error
(±50 ◦C). However, for GFRER without the additives, the flame was pressed against the
sample surface strongly; therefore, the maximum temperature recorded for GFRER at 1 mm
distance from the surface (Figure 7) was higher than for the samples with 3% DDM-DOPO
and 3% graphene. In the model, the maximum temperature in the gas phase at a distance
of 1 mm from the surface was underestimated. Figure 8 shows that this is due to the fact
that in the model the flame is not so strongly pressed against the surface and the zone
of the maximum temperature is located slightly higher. This deviation is connected with
a single-stage global macro reaction of combustion, because in the experiment near the
combustion surface, many thermal decomposition reactions and the combustion of the
volatile pyrolysis products of epoxy resin take place [42], which are not considered in the
model. At the same time, volatile combustible products only appear on the sample surface
in the model.
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The flame height was determined as its projection onto the sample plane from the
beginning of the flame front to the region of 800 ◦C. The flame height for GFRER without
the additives was 12 mm. The addition of the flame retardants reduced the length of the
luminous flame zone by 4 mm in the case of DDM-DOPO and had almost no effect in
the case of graphene. In the case of 3% graphene, the model reduced the length of the
luminous flame zone and made it comparable in length with the experiment; however, the
model incorrectly reproduced the trend that was observed in the experiment, where the
addition of 3% graphene had almost no effect on the length of the luminous flame zone.
It is to be emphasized that in the DDM-DOPO case, the model also reduced the length
of the luminous flame zone and made it closer to the experiment, and, more importantly,
the model decreased the luminous flame zone compared to pure GFRER observed in
the experiment. This can explain the underprediction of the temperature values by the
model in the gaseous and condensed phases (Figure 7) after passing the maximum on
the temperature profiles GFRER without the additives and GFRER incorporated with 3%
graphene and, consequently, it can explain the good temperature value agreement for 3%
DDM-DOPO. Finally, it can be concluded that the use of a one-step inhibition mechanism for
DDM-DOPO in the gas phase, connected with a decrease in the pre-exponential coefficient
for the burning rate in the gas phase kg, allows one to predict the DDM-DOPO fire-retardant
effect on the flame behavior for GFRER with satisfactory accuracy. On the other hand,
the mechanism of the graphene action, which is considered to force some of the volatile
pyrolysis products to become non-combustible and not to participate in the combustion,
requires more detailed study and the refinement of the model.

3. Materials and Methods
3.1. Sample Preparation
3.1.1. Epoxy Matrix

For glass fiber-reinforced epoxy-resin preparation, a polymer matrix was prepared
with the composition presented in Table 3. ED-22 is a commercially available epoxy resin.
Graphene and DDM-DOPO were used as flame retardants (9,10-dihydro-9-hydroxy-10-
phosphaphenantrene-10-oxide-diaminodiphenylmethane).

Table 3. Epoxy matrix composition.

Component
Composition, Mass Fraction

1 2 3 4 5 6 7

Epoxy resin ED-22 100 100 100 100 100 100 100
Curing agent #9 [24] 5 5 5 5 5 13 13

DDM-DOPO - 1.5 3 - - 6.5 9.8
Graphene - - - 1.5 3 - -

Before being introduced, graphene was dispersed in an ultrasonic bath in acetone in
the ratio of 1 g graphene to 100 mL acetone for 1 h at room temperature. After that, epoxy
resin was added to the graphene dispersion in acetone and was stirred for 2 h. Then, the
mixture was heated in an oil bath at the temperature of 130 ◦C during 0.5 h to remove
acetone [43]. After that, the mixture was cooled to 50 ◦C, finely ground DDM powder was
added to it, and the mixture was stirred for 2 h. Before DDM-DOPO and the curing agent
(DDM) were introduced into epoxy resin, they were ground to fine powder and then mixed
with the resin during 2 h at 50 ◦C. The obtained mixtures of resin, graphene and DDM, as
well as of resin, DDM-DOPO and DDM, were used for making prepregs. The glass-fiber
matrix was oriented in one direction for all the layers of the prepreg based on T-15(P)-76(92)
glass fabric, indicating the one-directional structure of the fiber reinforcement. The curing
mode was as follows: 100 ◦C for 2 h, 150 ◦C for 2 h. There were 2 layers in the glass fiber
fabric. The binder content in the prepreg was 50%mass. Densities of the samples with
compositions 1–5 were 1.44–1.55 g/cm3 and with compositions 6–7 were ~1.1 g/cm3.

105



Molecules 2023, 28, 5162

For samples 6 and 7 (thickness ~2 mm), flame-propagation experiments were not
carried out due to the low combustibility of these materials (they do not support flame
spread under the action of a heat flux created by the radiation panels used in the work).

3.1.2. Additives

DDM-DOPO was provided for the tests by Prof. Yuan Hu from the USTC China. The
method of synthesizing DDM-DOPO was previously described in [16].

Graphene was produced by the RUSGRAPHENE company (https://rusgraphene.
com/, accessed on 1 June 2023).

3.2. Thermal Degradation Analysis

The thermal decomposition of the samples was studied using TGA. Pieces of GFRER
slabs weighing 3–4 mg were placed into an aluminum or platinum crucible using a syn-
chronous TG/DSC analyzer STA 409 PC (Netzsch, Selb, Germany) in a 100 v% argon and
79 v% He + 21 v% O2 flow with a volumetric velocity of 27 cm3/min (NTP). The samples
were heated from 30 to 580 ◦C at the heating rate of 30 K/min. All the experiments were
repeated at least 3 times. The accuracy of determining the decomposition residue was ~3%.

3.3. Elemental Analysis

Elemental analysis of the samples with the addition of DDM-DOPO to test the presence
of phosphorus on the surface before and after combustion in the experiment, under the
action of external radiation, was carried out using a JSM-6460LV SEM (JEOL, Tokyo, Japan)
microscope (using Quantitative Energy-dispersive X-ray spectroscopy microanalysis).

3.4. Flammability Tests

The accuracy of determining the burning velocity in UL-94HB test was ±3–5%. The
limiting oxygen index test was carried out in accordance with ISO 4589-2. The accuracy of
the LOI was ±0.1%.

3.5. Description of the Experimental Setup for Downward Flame Propagation under the Action of
Bilateral External Heating

The experiment on downward flame propagation under the action of two heaters was
carried out on the setup shown in Figure 9.

The sample dimensions were 75 × 25 × 0.4 mm3. The sample was installed in an
aluminum frame 1 mm thick to prevent the flame spread along the side surfaces and to
limit the width of the combustion zone to 20 mm. Using a tripod, the sample was fixed
between two heaters (Almac IK5 Infrared Electric Heater, 500 Watt) powered by 220 V AC.
The value of the incident heat flux (IHF) to the sample surface, depending on the distance
from the heater from 25 to 100 mm, varied from 1 to 3 kW/m2. The heat flux of 4.2 kW/m2

was obtained by increasing the power supply voltage to 260 V. The sample was placed
between two heaters at an equal distance from its surface. Calibration of the heating panels
was previously carried out using the heat flux sensor described in [44]. The heat flux setting
accuracy was ±0.3 kW/m2. After installing the sample, the heating panels were switched
on and heated for 15 min until a constant heat flux was established. To form a uniform
flame front, the sample was ignited using a torch soaked in alcohol, which covered the
entire length of the upper face of the sample. The sample was marked by horizontal lines
(every 10 mm). The rate of flame spread over the surface of the sample was determined by
the position of the luminous flame front, determined by video recording with a FujiFilm
x-A20 (Fujifilm Holdings Corporation, Tokyo, Japan) camcorder (the shooting frequency
was 30 frames per second). The temperature on the sample surface and in the gas phase was
measured with a Pt-Pt + 10% Rh thermocouple (S-type thermocouple, wire diameter was
50 µm thick) [24]. The radiation correction was taken into account using the formula [45].
To determine the thermal flame structure, a Pt-Pt + 10% Rh thermocouple was used, coated
with a layer of SiO2 to prevent catalytic reactions on the surface of the thermocouple. The
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thermocouple was mounted on a biaxial positioning system with two stepper motors. In
the initial position, the thermocouple junction was placed at the center of the sample with
respect to the X axis at a distance of 6 mm from the sample plane. The thermocouple
moved to the surface of the sample to the surface with a horizontal speed of 1 mm/s and
a vertical speed equal to the speed of the flame. Flame scanning was carried out with a
step of 1 mm along the Y axis. All the thermocouples were connected to a multi-channel
14 bit analog to digital converter (ADC) E14-140M, which was connected to a PC. To
determine the weight loss of the samples, as well as the amount of soot on the surface of the
burnt sample, additional experiments were carried out without connecting thermocouples.
After the burning of the sample, soot was collected from its surface, and its weight was
measured. The complete yield of the combustion products into the gas phase, including
gaseous volatile products and soot deposits, was determined as the difference in mass
between the original sample and the burnt sample, which was normalized to the mass of
the original sample.
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3.6. Numerical Approach

The following mathematical model was proposed to predict a behavior of flame
spread over polymers combined with flame retardants. The mathematical model takes
into account coupled heat and mass transfer between gas phase flame and solid fuel,
multicomponent reacting gas flow, gas phase combustion, heat transfer and pyrolysis in a
solid material [22,24,36]:

∂ρ

∂t
+
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ρ = p/RT. (5)

Here xi = {x, y}, ui = {u, v}, k = {F, O, P}, νk = {−1,−νO, 1 + νO}, gi = {g, 0}.
A single-step mechanism is employed here for a gas phase combustion reaction

as follows
F + νOO + I → (1 + νO)P + I, (6)

in which reaction rate is expressed in an Arrhenius form as

W = kYFYO exp(−E/R0T). (7)

The model of a solid material is extended to resolve the thermal degradation of the
composite material. Such a composite consists of a combustible part (binder) reinforced
with a noncombustible (e.g., glass fibers). The model was formulated to take into account
these two components. Also, the model takes into account the anisotropy of thermal
conductivity of a solid material. The energy conservation equation of solid material was
expressed as:

ρsCs
∂Ts

∂t
=

∂

∂xj
λ

j
s
∂Ts

∂xj
+ η0

bρbQbWb, (8)

The reaction rate of the pyrolysis reaction is given by

Wb = (1− α)nkb exp(−Eb/R0Ts), (9)

where the conversion degree varies from 0 to 1 and is defined as

dα
dt

= Wb. (10)

The density of the solid material was defined taking into account binder burnout
as follows:

ρs = η0
b(1− α)ρb +

(
1− η0

b

)
ρ f , (11)

The local mass burning rate (combustible volatiles gasification rate) at a burning
surface was defined as

.
mb = η0

bρb

0∫

−Ls

Wbdy. (12)

According to the previous studies [22,36], a DOPO-based flame retardant was consid-
ered to have an effect in the gas phase. Thus, the pre-exponential factor of the gas phase
combustion reaction is reduced in the following way:

kg,DOPO = (1−ψDOPOYDOPO)kg, (13)

where YDOPO is the initial mass fraction of DDM-DOPO in the solid material, and ψDOPO
is the DOPO inhibition effect coefficient.

A graphene-based flame retardant was proposed [22] to have an effect by a reduction
in the amount of gaseous pyrolysates available for combustion in the following way. Only
the ψgrYgr

.
mb part of the local mass burning rate given by Equation (12) was set to go to the

gaseous fuel (F), while
(

1−ψgrYgr

) .
mb part supplied a non-combustible gas, which was

108



Molecules 2023, 28, 5162

set to be the products (P). Here, ψgr represents the inhibition effect coefficient of graphene,
and Ygr is the graphene mass fraction.

The boundary conditions were set according to the computational domain scheme
(Figure 10) as follows:
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x = 0: T = Ta, YO = YO,a, YF = 0, YP = 0, ∂u/∂x = 0, v = 0;
x = Lx: ∂φ/∂x = 0, φ = {u, v, T, Yk}, k = {F, O, P};
y = Ly: T = Ta, YO = YO,a, YF = 0, YP = 0, u = 0, ∂v/∂y = 0;

y = 0, Hs < x < Lx: v = 0, ∂φ/∂y = 0, φ = {u, T, Yk}, k = {F, O, P};
y = −Ls, 0 < x < Hs
x = 0, −Ls < y < 0:

x = Hs, −Ls < y < 0
∂Ts/∂n = 0;

y = 0, 0 < x < Hs: u = 0, ρv = ρsus, Ts = T,
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Table 4 presents the inhibition effect values in the gas phase used in the model and
the kinetic parameters of sample pyrolysis determined from TGA data. In the model
for samples with flame retardants, the pyrolysis kinetics determined for the maximum
concentration of the additive (3%) was used, since the effect of the additives on the thermal
decomposition rate constant was relatively small.

Table 4. Inhibitor efficiency parameters in the gas phase (determined in the model) and kinetic
parameters of the pyrolysis rate constant in a one-stage approximation (determined experimentally).

Ψ kb, 1/s Eb, kJ/mole

GFRER 0 109.93 157.3

GFRER + DDM-DOPO 29 108.49 140.4

GFRER + graphene 2/3 1011.68 183.5

4. Conclusions

An experimental and numerical study of the DDM-DOPO-and-graphene flame retar-
dant’s impact on the flammability of the epoxy resin-based composites was carried out
using both traditional flammability tests (UL-94, LOI), thermogravimetry and a downward
flame propagation study under the action of bilateral external heating. For the 2 mm thick
samples incorporated with 9.8% DDM-DOPO, the LOI was 26.4%; therefore, this composi-
tion can be applied in practice. For the first time, using thin thermocouples, the thermal
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structure of the downward spreading flame of fiberglass-reinforced (~50 wt.%) epoxy resin
thin samples (~0.4 mm) with and without the flame retardants DDM-DOPO and graphene
(1.5 and 3 wt.%) were measured in a quiescent air atmosphere under the action of an
additional heat flux (up to 4.2 kW/m2). For the first time, the measured thermal flame
structure was compared with the numerical simulation results of the flame propagation
over the GFRER surface. The flame retardants were shown to be effective (a decrease in the
flame spread rate) in improving the fire resistance of the epoxy resin composites. The flame
spread over the surface of the sample almost uniformly, without acceleration. The flame
spread rate had an almost linear dependence on the heat flux, which was well predicted by
the model (up to 3 kW/m2). As the external heat flux increased, an increase in the flame
spread rate was observed, which was associated with the approach of the sample surface
temperature to the epoxy resin pyrolysis temperature. Under the heat flux 4.2 kW/m2,
an increase in the additive concentration from 1.5% to 3% for DDM-DOPO had almost no
effect on the flame spread rate. A similar result was observed in UL-94 HB, where the flame
propagation rate did not change with increasing DDM-DOPO concentration. Also, an
increase in the DDM-DOPO concentration had almost no effect on the mass consumption
during downward flame propagation.

The numerical model of the downward flame propagation under the action of bilateral
external heating over the fiberglass-reinforced epoxy resins with and without the flame
retardants DDM-DOPO and graphene was developed. The numerical model well predicted
the temperature gradient in the condensed and gaseous phases, whereby the model well
predicted the flame spread rate over the samples surface. It should be emphasized, the
effectiveness of DDM-DOPO in the experiment decreases with increasing flame-retardant
concentration, while in the model, the effectiveness of DDM-DOPO was linear. This
is due to the linear dependence of the burning rate in the gas phase from the flame-
retardant concentration in the model. The comparison of the flame structure from the
model and from the experiment showed that the model for DDM-DOPO predicted the
trend towards a decrease in the length of the luminous flame zone well. In the case of
graphene, the model incorrectly predicted the trend, reducing the length of the luminous
zone; however, it correctly described the decrease in the flame spread rate and the surface
temperature. In the model, the DDM-DOPO inhibition mechanism was limited by a one-
step reaction, and graphene worked only at the solid material boundary, reducing the
proportion of combustible pyrolysis products. Such simplicity of the mechanism inevitably
entails limitations and certain disagreements with the experiment, and, of course, using a
more detailed inhibition mechanism for DDM-DOPO or graphene will result in a better
agreement with the experiment. The obtained data may be used for designing effective
reinforced non-combustible composites applied in the aircraft industry and for determining
a detailed mechanism of the effect of flame-retardant additives.
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https://www.mdpi.com/article/10.3390/molecules28135162/s1, Figure S1: SEM micrographs and
X-ray energy dispersive spectra for glass fiber reinforced epoxy resin samples with 1.5% DOPO-DDM
additives, Figure S2: SEM micrographs and X-ray energy dispersive spectra for glass fiber reinforced
epoxy resin samples with 3% DOPO-DDM additives.
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Abstract: To meet the growing needs of public safety and sustainable development, it is highly
desirable to develop flame-retardant polymer materials using a facile and low-cost method. Although
conventional solution chemical synthesis has proven to be an efficient way of developing flame
retardants, it often requires organic solvents and a complicated separation process. In this review, we
summarize the progress made in utilizing simple ball milling (an important type of mechanochemical
approach) to fabricate flame retardants and flame-retardant polymer composites. To elaborate, we
first present a basic introduction to ball milling, and its crushing, exfoliating, modifying, and reacting
actions, as used in the development of high-performance flame retardants. Then, we report the
mixing action of ball milling, as used in the preparation of flame-retardant polymer composites,
especially in the formation of multifunctional segregated structures. Hopefully, this review will
provide a reference for the study of developing flame-retardant polymer materials in a facile and
feasible way.

Keywords: ball milling; flame retardants; polymer composites; exfoliation; fire retardancy

1. Introduction

Polymer materials have contributed significantly to the development of modern so-
ciety, due to their excellent properties, including high workability, low price, and good
chemical resistance [1–6]. However, the flammability of most polymer materials greatly
limits their wide range of applications [7–10]. One proposed solution to this problem is
the development of flame retardants [11–14], which could restrain the ignition and fire-
spreading of polymer materials, specifically decreasing heat release and smoke production.
To date, various flame retardants have been developed to achieve satisfactory fire resistance
in different polymer materials, such as halogenated flame retardants [15–19], inorganic lay-
ered compounds [20–23], and phosphorous–nitrogen intumescent flame retardants [24–27].
Flame-retardant polymers and their composites have been used widely in construction, elec-
tronics, transportation, and so on [28–30]. Regarding the preparation of flame retardants,
the conventional method is liquid-phase synthesis [31,32], in which organic solvents and
complicated purification are always required. Moreover, the environmental toxicity and
environmental accumulation of various flame retardants have become increasingly impor-
tant [33–35]. Therefore, for high efficiency and environmental protection, a more efficient
and greener approach toward the facile preparation of flame retardants is highly desirable.

As a typical sub-factor in mechanochemistry [36], ball milling has been developed
for crushing, mixing, and reacting, due to the impact and shear forces generated by high-
speed rotation and high-temperature surroundings [37–40]. It is widely used in fabricating
flame retardants, for its superior properties of easy processing, low cost, and large-scale
production [39]. The most conventional application of ball milling in the field of flame
retardants is grinding to reduce particle size [41,42]. Notably, ball milling is effective
in preparing inorganic compounds on the nanoscale [43–45], including flame-retardant
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synergists. As is well known, the size of additives for polymer composites is closely
related to the dispersion state and the final performance. Recently, with the rise of two-
dimensional nanomaterials (e.g., graphene), the shear force generated by ball milling is
utilized to achieve the facile exfoliation of layered compounds, such as graphite [46–48],
boron nitride [49–52], and black phosphorus [53,54]. Another important usage of ball
milling is to conduct chemical reactions, including the simple surface modification of
particles, and complicated chemical synthesis [14,55]. As for flame retardants, surface
modification by ball milling is prominent in improving properties, such as hydrolysis
resistance [56,57], interfacial compatibility [56,57], and flame-retardant efficiency [58,59].
Moreover, ball milling plays an important role in fabricating flame-retardant polymer
composites, including simple mixing, and customizing specific structures (e.g., a segregated
structure for electromagnetic wave shielding) [60,61].

This review aims to summarize the technological progress made in utilizing ball
milling for facilely preparing flame retardants, followed by a study and discussion of
the fabrication of flame-retardant polymer composites. Firstly, the basic concept and the
category of ball milling are briefly discussed. Next, the crushing, exfoliating, modifying,
and reacting actions of ball milling in developing flame retardants are primarily examined.
Then, ball milling for the mixing of flame retardants and the polymer matrix, which
concern segregated structures and flame retardancy, is overviewed. Finally, conclusions are
proposed, and insights are given.

2. Ball Milling Methods

Ball milling is a technique that is widely utilized to crush powders into small particles.
According to the operational mode, the types of ball milling primarily include planetary
ball milling, tumbler ball milling, vibration ball milling, and attrition ball milling. Each
type of mill is developed to achieve a specific purpose, and each undoubtedly has relative
weaknesses. For example, attrition ball milling generates higher surface contact, while
vibration ball milling could produce higher milling force [62,63]. Comparatively, planetary
ball milling is widely used owing to its compact size and low cost. According to the
generated energy, ball milling can be mainly classified as low-energy ball milling and
high-energy ball milling. The rotation speed of most planetary ball mills is 0~500 rpm,
while high-energy ball mills can reach up to 1800 rpm. During ball milling, shear force,
impact force, and friction force can be generated. Shear force is in favor of exfoliating
layered compounds, and impact force can efficiently grind the powders into fine particles.
As for high-energy ball milling, the heat generated by friction can be used to induce
the chemical reaction and phase transition, such as the conversion of red phosphorus to
black phosphorus. Regarding the materials of the ball milling tank and bead, the most
commonly used is made from steel, due to the high hardness and processability. Other
widely used materials include agate, zirconia, and nylon, which are appropriate for those
raw materials that can react with steel. That is to say, the ball milling method satisfies almost
all requirements when developing flame retardants, including crushing, exfoliating, surface
modifying, and reacting, as well as mixing flame-retardant additives and the polymer
matrix without the limitation of containers.

3. Ball Milling-Assisted Fabrication of Flame Retardants
3.1. Ball Milling for Crushing

The basic application of ball milling is crushing powders, including flame-retardant ad-
ditives. As is known, the particle size plays an important role in influencing the properties.
For example, the specific surface area increases with the reduction in particle size, which is
crucial for flame retardants with catalytic effects. As for mechanical properties, large flame-
retardant particles lead to a stress concentration within polymer composites. As a result,
the mechanical strength is always decreased. Therefore, crushing flame retardants into fine
powders is necessary. Bocz and coworkers studied the influence of flame retardant size on
the fire retardancy and mechanical properties of polypropylene (PP) composites [64]. The
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flame-retardant system consists of pentaerythritol (PER) and ammonium polyphosphate
(APP) in a weight ratio of 1 to 2. Ball milling was utilized to reduce the particle size of the
APP/PER mixture to a large extent, as shown in Figure 1. Upon undergoing the ball milling
process, the average particle size of APP was decreased from 15 µm to 8 µm, while the PER
was crushed from microparticles (~200 µm) to submicronic particles. An outperformed
flame retardancy was observed in the PP composite with smaller APP/PER particles. It is
believed that the better distribution of additives and the modified degradation mechanism
contribute significantly to the formation of a protective char layer. Moreover, the smaller
APP/PER particles are in favor of enhancing the mechanical performance (10% higher
tensile strength) of flame-retarded PP composites.
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In Bao’s research, the attapulgite clay (ATP) was treated by ball milling to reduce the
particle size. It was then grafted onto cotton fabric to improve flame retardancy [65]. To
comprehensively evaluate the effect of the milling process, the ball milling was conducted
for 4, 5, 6, and 8 h, under rotational speeds of 200, 300, and 400 r/min, in the mass ratio
of zirconia ball to ATP of 3:1, 4:1, 5:1, and 6:1, respectively. It was observed that the ball
milling parameters (speed, time, and mass ratio) strongly influenced the particle size of the
milled ATP, as well as the final fire retardancy of the resultant cotton fabrics. The uniformly
distributed stable oxide layer decomposed by the ATP was believed to be the key contribu-
tor. Following the same idea, Üreyen and partners crushed zinc borate (ZnB) from 9 µm to
a submicron scale by wet milling, and subsequent high-shear-fluid processing, to reduce
the flammability of polyethylene terephthalate (PET) woven fabrics [66]. The crushed ZnB
was dispersed in alkyl phosphonate and organophosphorus flame retardants, to obtain a
homogenous dispersion, which was then applied to the fabrics by the pad-dry-cure method.
A synergistic effect between ZnB and organophosphorus flame retardants was proposed,
specifically decreasing the mean CO, total smoke release, and total smoke production.

In recent years, the concept of sustainable development has been defined as essential
to combating climate change. The combination of facile preparation and biomass raw
materials attracts much attention in developing flame retardants. Among these, the ball
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milling of various biomass materials is of great importance. For example, Jawaid and
coworkers reported the preparation of nano flame retardants from date palm biomass [67].
They performed the agricultural waste, date palm trunk fiber as biobased raw material
upon the chemical process, and high-energy ball milling to fabricate new flame retardants
on the nanoscale. The particle size analysis results indicated that the as-prepared products
were in the mean size range of 274.5–289.7 nm. The multielement composition (carbon,
oxygen, silicon, sulfur, calcium, and potassium) and high decomposition temperature of
nano-sized fillers suggest their potential application in the field of flame retardants [68,69].
Besides the biomass raw materials, another important issue in consideration of critical
environmental pollution is how to reuse the existing petroleum-based material [70–72].
Wang and coauthors proposed a novel recycling strategy for fabricating fire retardants
from polyphenylene sulfide waste textiles [73]. A sequence of thermal aging, ball milling,
and screening was conducted to upcycle waste polyphenylene sulfide (PPS) filter bags into
PPS powders (75–100 µm), which were first used to decrease the flammability of epoxy
resin (EP). The high thermal stability and good charring ability of PPS are believed to
constitute the main reason for the decreased heat and smoke/toxic gases released from EP
composites. This work presented a promising pattern in the upcycling of solid wastes into
flame retardants.

3.2. Ball Milling for Exfoliation

As a typical type of inorganic flame-retardant additive with a physical barrier effect,
nano-sized layered compounds have been a hotspot for flame-retardant research in recent
years, from clay to graphene to MXene. The preparation of nano-sized layered flame retar-
dants generally includes the bottom-up approach and top-down processing. Comparatively,
the top-down approach features the superiority of easy processing, large-scale production,
and low cost. Owing to the shear forces, among other aspects, ball milling is considered
one of the most promising techniques for exfoliating layered compounds and producing
two-dimensional flame retardants.

3.2.1. Graphene-Based Flame Retardants

The discovery of graphene has opened up a whole new field of material research.
Graphene has been regarded as a promising material in various fields, including electron-
ics [74,75], catalysts [76,77], and semiconductors [78,79], as well as flame retardants [80,81].
However, the high cost of preparing graphene is always a critical problem, especially in
the flame-retardant field, which sees such high consumption. Researchers have developed
various methods for fabricating graphene on an acceptable production scale. Ball milling is
always a good choice. Kim and coworkers initially reported the fabrication of graphene
phosphonic acid (GPA) flame retardants via the ball milling of graphite and red phospho-
rus [46]. As shown in Figure 2, the graphite is firstly crushed and exfoliated into thin layer
graphene. Upon exposure to the high energy generated by ball milling, the graphitic C-C
bonds cleave, and react with phosphorus to form C-P bonds. Subsequently, the unstable
P converts into a phospho-oxygen compound, and then phosphate compounds (highest
oxidation state), in the presence of oxygen and moisture. The obtained GPA can be easily
dispersed in various solvents to form a stable solution, which could be used to treat papers
and fabrics, to allow fire retardancy.

Inspired by Kim’s work, Jeon and coworkers prepared a heavily aluminated graphene
(AlGnP) flame retardant through the ball milling of graphite and solid aluminum (Al)
beads. Approximately 30.9 wt% of element Al in AlGnP was detected [47]. Subsequently,
the poly(vinyl alcohol)/AlGnP composite films were fabricated via a simple solution
blending and casting method, thanks to the excellent dispersibility of AlGnP. As expected,
an improved flame retardancy was observed. Additionally, Chen and coworkers prepared
Sn-doped graphene (GnPSn) as an efficient flame retardant, via ball milling expandable
graphite and Sn powder in a wet condition [48]. The synergistic flame-retardant effect of
GnPSn and hexaphenoxy cyclotriphosphazene (HPCTP) for EP resin was proposed. An
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LOI value of 33.6%, and UL-94 of V0 grade, were observed for the EP composite with 6.3
wt% HPCTP and 2.7 wt% GnPSn. The compactness of the residual char in the condensed
phase was highlighted in discussing the specific flame-retardant mechanism.
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from the American Chemical Society.

For the efficient exfoliation of graphite, a combination of ball milling and other tech-
niques has been proposed, such as ball milling coupled with ultrasonication, reported by
Wang et al. [82], thermal shock combined with the ball milling method [83], and a combina-
tion of the ball milling and microwave-assisted methods [84]. Moreover, to meet the goal of
sustainable development, various green and biobased materials have been applied to assist
the ball milling-induced exfoliation of graphite, such as waste fish deoxyribonucleic acid
and Acacia mangium tannin (AMT) [80,85]. As expected, the green exfoliating agent can not
only enhance the exfoliation efficiency of graphite, but can also improve the dispersibility
and flame-retardant capability.

3.2.2. Boron-Nitride-Based Flame Retardants

Boron nitride is another important layered compound, which is highly thermally con-
ductive, but electrically insulated [51]. Different from graphene, boron nitride nanosheets
are widely used to fabricate polymer nanocomposites with high thermal conductivity,
while maintaining electric insulation properties, which are promising in the field of thermal
management with high fire risk [50,52]. Certainly, boron nitride nanosheets can be an
efficient type of flame retardant, due to their high thermal stability and specific nano-size
effect. Based on the same exfoliation mechanism, ball milling is often used to achieve the
exfoliation of bulk boron nitride. Qiu and coworkers realized the scalable production of
hydroxyl-functionalized BN (OBN) by simple ball milling and annealing under air condi-
tions, in the presence of sodium hydroxide [49]. The shear-force-induced exfoliating and
chemical peeling were believed to be the key points. The resultant OBN could be a platform
to load and graft various flame-retardant units, to improve the fire safety of EP resin. As a
result, the EP composites exhibited not only enhanced fire retardancy, but also an improved
friction performance.

Inspiringly, Han et al. included the conventional flame-retardant ammonium phos-
phate in the above-mentioned ball milling exfoliation process, as an assistant agent [51].
A synergetic action between the shear and chemical peeling of ammonium phosphate
and sodium hydroxide was observed. Density functional theory (DFT) calculations were
performed, to reveal the possible mechanochemical reaction mechanisms. As expected,
the resultant BN nanosheets endowed EP resin with exceptional fire retardancy, including
60.9%, 35.7%, 44.3%, and 38.8% reductions in PHRR, THR, SPR, and TSP, respectively. The
catalytic charring effect and physical barrier action of BN were highlighted in the improve-
ment of flame retardancy. Subsequently, the same group reported the fabrication of ionic
liquid-wrapped boron nitride nanosheets (BNNS@IL) using the ball milling process [52].
The exfoliation and functionalization were achieved via a similar mechanochemical action.
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Based on the BNNS@IL, a fire resistant EP-based thermally conductive layered film with
aligned BN nanoflakes was developed, which showed high anisotropic thermal conduc-
tivity (K‖ of 8.3 and K⊥ of 0.8 W m−1 K−1) and excellent flame retardancy, suggesting
new possibilities in electrical device and thermal management. Additionally, the nitrogen-
phosphorus-doped boron nitride (BN@APP) was prepared by Xu and coworkers via the
ball milling method [86]. The effect of BN@APP on the flame retardancy and thermal con-
ductivity of polybutylene succinate (PBS) was comprehensively studied. A 62.8% increase
in thermal conductivity, and a 44.8% decrease in TSP, were reported.

To improve the exfoliation efficiency of boron nitride, a sugar-assisted mechanochem-
ical exfoliation (SAMCE) method was developed by Chen’s group [50]. As shown in
Figure 3, the sugar (sucrose) molecules can be covalently grafted to BN nanosheets during
ball milling, which efficiently prevents restacking, and leads to the high exfoliation yield of
87.3%. The obtained BN can be uniformly dispersed in water and organic solvents, due to
the grafted sucrose molecules. As a result, the exfoliated BN can greatly reinforce the flexi-
ble and transparent poly(vinyl alcohol) (PVA) film, in terms of improved tensile strength,
thermal dissipation capability, and fire retardancy. It is believed that this SAMCE method
can be extended to the exfoliation of other layered materials, such as black phosphorus.
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3.2.3. Black-Phosphorus-Based Flame Retardants

Elementary phosphorus is an efficient flame retardant, including red phosphorus [87,88]
and black phosphorus [89,90]. Compared to amorphous red phosphorus, layered black phos-
phorus integrates not only the gas phase and condensed phase flame-retardant mechanism,
but also the physical barrier effect, similar to graphene, which has drawn much attention
in recent decades. Similarly, ball milling can be used to exfoliate black phosphorus into
few-layer nanosheets called phosphorene [53]. The difference is that black phosphorus
nanosheets are not stable in open air, and can rapidly degrade into phosphate compounds
upon oxidation and hydrolysis. Therefore, for black phosphorus, exfoliation and subse-
quent protection are of equal importance. Qu and coworkers reported the preparation
of aminated black phosphorene (BP-NH2) via the ball milling method [91], as shown in
Figure 4. The graphene oxide (GO) was covalently bonded to black phosphorus through
the reaction of -NH2 and -COOH in the presence of a catalyst. The obtained product was
assembled into a flexible film (RPNG) with ultrahigh thermal conductivity and remarkable
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flame retardancy, which exhibited a fantastic application in fire alarm sensors. Along the
same lines, they bonded the multi-walled carbon nanotubes (MWCNTs) to black phos-
phorus nanosheets via the -NH-CO- linkage [92]. The resultant nanofiller (BP-MWCNTs)
could endow cellulose nanofiber (CNF) with satisfactory thermal conductivity and fire
retardancy, specifically an in-plane thermal conductivity of 22.38 ± 0.39 W m−1 K−1, and a
cross-plane thermal conductivity of 0.36 ± 0.03 W m−1 K−1, UL-94 V-0 grade, and a LOI
value of 29.9%.
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Guo and coworkers reported the simultaneous exfoliation and functionalization of
black phosphorus via sucrose-assisted ball milling, with N-methyl pyrrolidone (NMP) inter-
calating for high efficiency [53]. They found that the sucrose molecules could protect black
phosphorus from oxidating, and promote the dispersion of black phosphorus nanosheets
in solvents. The sucrose-grafted BP dramatically enhanced the mechanical performance
and flame-retardant property of PVA, in terms of a 131.2% increase in tensile strength, and
a 52.5% reduction in PHRR. The encapsulation effect of sucrose was highlighted in the
exceptional air stability of PVA nanocomposite films. In Duan’s work, ball milling, liquid
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exfoliation, and electrochemical exfoliation were applied to prepare black phosphorus
nanosheets with different sizes, to clarify the size-dependent flame retardancy of black
phosphorus nanosheets [54]. EP resin was selected as the polymer matrix. They found that
the liquid ball milled BP (lb-BP) was the best at dispersing in the EP matrix, and endowed
the EP with the highest flame retardancy. The barrier and carbonization catalyst action of
lb-BP was believed to be the primary cause of the delayed combustion.

3.2.4. MoS2-Based Flame Retardants

Molybdenum disulfide (MoS2) consists of the elements Mo and S. Mo is a transition
metal and demonstrates catalytic ability and smoke suppression performance [93,94]; S is
also a flame-retardant element. MoS2 has a layered structure, and can be exfoliated into
nanosheets, the high specific area of which is in favor of improving catalytic performance.
Therefore, the exfoliation of MoS2 for developing high-performance flame retardant is
highly desirable. Qiu and coworkers exfoliated MoS2 into nanolayers via a ball milling
method. Subsequently, a high-temperature polymerization was conducted to obtain the
polyphosphazene nanoparticle (PPN) functionalized MoS2 nanosheets (MoS2@PPN) [95].
It was revealed that the loaded PPN could prevent the restacking of MoS2 nanolayers, and
improve the flame-retardant capability. Upon the incorporation of MoS2@PPN, the flame
retardancy and friction properties of the EP composite were improved. Based on the ball
milling-exfoliated MoS2 nanosheets, Zou’s group constructed a phosphorus/nitrogen-co-
doped MoS2/cobalt borate nanostructure as a flame-retardant and anti-wear additive [93],
as displayed in Figure 5. The GNDC and HCCP were used to assist in the exfoliation
and modification of the MoS2. After annealing, a two-dimensional cobalt borate (Co−Bi)
nanosheet could be generated onto the MoS2 nanosheets, resulting in a novel MoS2-based
flame retardant (PNMoS2@Co−Bi). With only 2 wt% addition of PNMoS2@Co−Bi, the
EP composite exhibited a much-decreased flammability, and the detailed mechanism
was clarified.
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3.2.5. Covalent-Organic-Framework-Based Flame Retardants

Covalent organic frameworks (COFs) have a layered structure and flame-retardant
action, due to their unique elementary composition [96,97]. Mu and coworkers explored
the exfoliation of COFs by ball milling, and demonstrated their flame-retardant perfor-
mance on thermoplastic polyurethanes (TPU) and polypropylene (PP) [98]. Firstly, they
proposed the preparation of novel melamine/o-phthalaldehyde COF nanolayers. De-
tails of the preparation, exfoliation, dispersion state, and flame-retardant performance
of melamine/o-phthalaldehyde COFs were discussed. Then, to improve flame-retardant
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ability and smoke suppression, the Co3O4/COF nanohybrids were prepared based on the
ball milling-induced exfoliation of the COFs [99]. The fire retardancy, smoke and carbon
monoxide (CO) suppression, and thermal stability of the PP composites were characterized.
A synergistic effect between Co3O4 and COFs was concluded.

3.2.6. Layered Oyster Waste

Most recently, Chen and his group have focused their attention to recycling layered
oyster wastes as flame retardants. The layered oyster consisted of 95% layered CaCO3,
and 5% organic adhesives. However, the flame-retardant action of the bare oyster waste
powders was unsatisfactory. Therefore, proper processing was highly desired in order to
achieve the deconstruction and modification of layered oyster waste [100]. Firstly, they
applied a simple ball milling of oyster powders, to obtain a phosphorus-free hybrid flame-
retardant (TOSP), as shown in Figure 6. The successful exfoliation of layered oyster waste
was confirmed. Moreover, the flame retardancy of the EP composite with the addition of
milled layered oysters was investigated. This work opened a concept-new way to upcycle
oyster waste, as high-value flame retardant, with the assistance of ball milling. To improve
the flame-retardant ability of oyster wastes, the same group successively used ammonia
phytate (PAA) [101] and chitosan-modified ammonium polyphosphate (CS@APP) [102]
in assisting the ball milling-induced exfoliation of layered oyster wastes. This revealed
that the resultant TOSP@PAA and TOSP@CS@APP were of a specific layer-crosslinking
structure, by the –NH3+–O–P– bonds. As a result, the flame-retardant actions of TOSP@PAA
for EP, and TOSP@CS@APP for cotton fabric, were higher than the common TOSP.
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3.2.7. Others

Besides the above-mentioned layered materials, some other layered flame-retardant
compounds can be exfoliated by the ball milling method, such as layered double hydroxide
(LDH) [103], Mxene [55], flake-NiNH4PO4·H2O (IL-ANP) [104], and kaolin [105]. The
primary thinking is the same for the processing of these compounds via the ball milling
method, including shearing for exfoliation, and in situ modification for improving dis-
persibility and flame-retardant performance. For example, Huang’s group ball-milled the
LDH and red phosphorus to prepare P-LDH flame retardants for TPU [103]. It is believed
that the anion substitution and high exfoliation of the LDH nanosheets greatly contributed
to the high performance of the TPU composites. He and his coauthors conducted the exfoli-
ation and functionalization of MXenes in the presence of poly(diallyldimethylammonium
chloride) (PDDA) by ball milling, to improve the flame retardancy of polyurethane [55].
Notably, the 3 wt% PDDA-modified MXene could efficiently reduce heat release and
smoke production.
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3.3. Ball Milling for Modification

Another important application of ball milling is achieving the surface modification
and functionalization of flame retardants for various purposes. For example, to enhance
the hydrophobic property of aluminum hypophosphite, a rare earth-based coupling agent
(REA) was utilized to modify the aluminum hypophosphite (AHP) through one-step ball
milling [106], as shown in Figure 7. This revealed that the AHP modified by 4 wt% REA
(RaAHP-4) had an outstanding hydrophobic performance, with a water contact angle of
94.6. Additionally, the EP/6RaAHP-4 composites behaved the best at reducing fire risk,
including a decreased heat release and CO production. Guo and coworkers applied the
titanate coupling agent NDZ-201, to modify the conventional IFRs composed of melamine
(MEL), APP, and pentaerythritol (PER), via ball milling, to enhance thermal stability and
dispersity. A cooperative effect on the fire retardancy of the PP composites was clarified. To
address the same problem, Yan and coworkers conducted the surface modification using
the silane coupling agent KH-550, via wet ball milling [38]. The resultant modified IFRs
were used as flame retardants for polyphenylene oxide (PPO). A synergistic effect was
observed between PPO and IFR in improving thermal stability and fire retardancy.
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Filler additives have drawn much attention in the development of polymer compos-
ites, due to the high length-diameter ratio. However, the interfacial compatibility always
limits the properties and applications of fiber-reinforced polymer composites. Członka and
coworkers modified the walnut shell filler with selected mineral compounds: perlite, mont-
morillonite, and halloysite, via ball milling [107]. The rheological properties, mechanical
properties, thermal properties, and fire retardancy of the fiber-reinforced polyurethane
(PUR) composites were comprehensively investigated. A considerable reduction in heat re-
lease and smoke production was observed. Similarly, the vermiculite fillers were modified
with casein, chitosan, and potato protein, with the assistance of ball milling, to reinforce
the flame retardancy of polyurethane foams [108]. Approximately 2 wt% of vermiculite
fillers were added. The rheological, thermal, and mechanical properties, and fire resistance,
were explored in detail. Additionally, to the same ball milling method, Członka et al.
reported the surface modification of lavender fillers with kaolinite and hydroxyapatite,
for developing flame-retardant PU composites [109]. Notably, the ball milling-assisted
surface modification could be extended to metal oxide flame retardants, such as Sb2O3 [110]
and ZnO [111].
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3.4. Ball Milling for Reaction

The heat and force generated by ball milling are sufficient for achieving some chemical
reactions, including the solvent-free solid–solid reaction. Although it is not a dominant
trend, there are indeed some reports on ball milling in the synthesis of novel flame re-
tardants. Chen and coworkers reported a solvent-free ball milling method of fabricating
phosphorus-containing hyper-crosslinked aromatic polymer (HCAP) from triphenylphos-
phine [112], as shown in Figure 8. Subsequently, nitrogen-rich graphitized carbon nitride
was added, to synthesize a series of phosphorus and nitrogen-containing heterojunction
flame retardants known as HCN. The molecular structures of HCAP and HCN were well
characterized through experimental and computational approaches. The flame-retardant
effect of HCN on EP resin was systematically investigated. It was found that the addition
of 5 wt% HCN could endow EP resin with a UL-94 V0 rating, and dramatically reduce heat
release and smoke production. Moreover, the machine learning method was performed, to
evaluate the combined scores of multiple flame-retardant properties. It was believed that
charring ability dominated the exceptional flame-retardant effect. This report displayed a
brand-new pathway for developing high-performance flame retardants.
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How to endow biobased materials (e.g., cellulose crystals) with a flame-retardant
effect is a critical problem when considering their high-value application. Apart from
the conventional solution method based on corrosive concentrated phosphoric acid, Fiss
and coworkers reported a phosphorylation process in cellulose nanocrystals, as well as
some polymers, via ball milling [113]. It provided a feasible method to develop various
flame retardants based on natural products, such as chitin nanofibril [39] and cellulose
nanofibril [114]. Zhang and coworkers successively prepared chitin nanofibril-based flame
retardants and cellulose nanofibril-based flame retardants, to improve the fire resistance
of papers [39]. The ball milling was conducted in the presence of chitin/cellulose and
P2O5. The degree of phosphorylation was examined in detail using X-ray photoelectron
spectroscopy (XPS). As for chitin nanofibril-based flame-retardant-treated papers, an LOI
of 30%, and a 62% reduction in PHRR, were obtained, compared to the control paper.
Therefore, ball milling has been proven to be an efficient technique in developing novel
flame retardants, which is likely to generate further interest.
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4. Ball Milling for Mixing Flame Retardants and Polymer Matrices

As well as the preparation of flame-retardant additives, ball milling is often used to
uniformly mix flame retardants and the polymer matrix, which is, namely, simply blending
different particles in solid form. For example, Xu and coworkers conducted the mechanical
ball mixing of montmorillonite (MMT), nano-Sb2O3, BEO, and PP by a high-energy ball
milling machine, to fabricate flame-retardant PP composites [115]. To achieve the process-
ing and improve compatibility, Liu and coworkers performed solid-state shear milling for
magnesium hydroxide (MH) flame-retardant PP [116]. Upon milling, the pulverization of
the PP, high-degree blending, uniform dispersion of MH, and chemical interaction between
PP and MH could be obtained at the same time. Compared to conventional melt mixing,
the milled sample exhibited better melt flowability, flame retardancy, and mechanical
strength. Following the same idea, Prabhakar and coworkers reported the fabrication of
flame-retardant thermoplastic starch/flax fabric green composites [117]. In this work, the
starch was first plasticized into thermoplastic starch, via a ball milling process. The starch,
flax fabric (FF), and APP were then mixed, to develop the flame-retardant composites. Pi
and coworkers studied the effect of high-energy ball milling on the poly(vinyl chloride)
(PVC)/zinc borate (ZB)/aluminum trihydrate (ATH) systems [118]. The first sample was
PVC with ZB, and the second was PVC with ZN-ATH. The third sample was PVC with a
mixture of ZB and ATH. It was found that high-energy ball milling induced the chemical
bonding between PVC and ZB or ZB–ATH. As a result, an enhancement in the LOI and me-
chanical properties was observed. Moreover, the PVC/ZB and PVC/ZB–ATH composites
exhibited better fire retardancy in terms of the suppressed release of aromatic compounds.

In addition to the ball milling-induced mixing, a subsequent hot pressing is always
performed to construct a flame-retardant polymer composite with a segregated struc-
ture, which is favorable for achieving high electrical conductivity and electromagnetic-
wave-shielding performance. Gao and coworkers developed segregated polystyrene (PS)
composites with exceptional flame retardancy and electromagnetic wave shielding (EMI)
properties, with the assistance of ball milling [119]. As shown in Figure 9, the PS particles,
silicon-wrapped ammonium polyphosphate (SiAPP), and MWCNT were ball milled first,
to obtain PS/SiAPP/MWCNT granules. It demonstrated that the SiAPP and MWCNT
were uniformly distributed onto PS spheres. After hot pressing, a segregated structure
s-PAC composite could be obtained, as displayed in the SEM image in Figure 9. Only 7 wt%
MWCNT endowed the composites with promising thermal stability and fire retardancy.
Specifically, a 60.5% and 33.9% reduction in PHRR and THR, respectively, was reported.
Additionally, the EMI shielding property could reach 11 dB. The synergistic effect between
MWCNT and SiAPP was believed to be the main contributor to exceptional fire safety, by
forming a compact protective char layer on the bottom PS materials. The detailed EMI
shielding mechanism was also clarified. Luo and coworkers followed the same strategy, in
developing electrically conductive and flame-retardant low-density polyethylene compos-
ites with phosphorus-nitrogen-based flame retardant and MWCNTs, using a ball milling
and hot-pressing method [120]. Notably, a dramatic decrease in PHRR (49.8%) and THR
(51.9%) was observed. Therefore, the combination of ball milling and hot pressing is feasible
to construct polymer composites with segregated structures, to achieve multifunctionality,
including fire retardancy, thermal and electrical conductivity, and EMI performance. It
is an up-and-coming technique for achieving the facile preparation of flame-retardant
polymer materials.
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5. Challenges and Prospects

Although progress has been made in the ball milling-promoted facile preparation
of flame-retardant polymer materials, some key points need to be addressed when con-
sidering its extensive application. Firstly, limited by the basic operation principle, the
products obtained by ball milling are not always homogeneous. Compared to conventional
wet-chemistry synthesis, the scalability and consistency of ball milling are always lim-
ited [121,122]. To avoid this problem, the ball milling procedures can be varied, including
changing the rotation direction appropriately. Sometimes, the impurities from the ball mill
tank and beads are nonnegligible, due to the violent collision. Selecting the milling con-
tainers and balls with higher hardness is preferable, to reduce the chance of contamination.
Furthermore, the ball milling process always lasts for a long time, which is time-consuming,
and produces flame retardants in batch mode [123]. To improve efficiency, a processing
additive is highly recommended. For example, the intercalators are efficient in assisting the
exfoliation of layered compounds using the ball milling method. The configuration of the
ball milling machine to achieve the preparation of flame retardants in flow mode is chal-
lenging, and of high importance. In addition, ball milling for the solid-state synthesizing of
new flame retardants is in its infancy at present, and requires extensive research work to
achieve its full potential and industrial value. Moreover, the mixing action of ball milling
for a flame-retardant additive and a polymer matrix can be multipurpose, rather than the
simple blending of various particles. Using the proper design, some promising polymer
composites could be fabricated, such as composites with segregated structures. More
customized and specific structures are highly desirable, with the assistance of ball milling.

6. Conclusions

In this paper, we review the progress in the development of flame retardants and
flame-retardant polymer composites using the ball milling method. Starting from the basic
concept and category of ball milling, two types of ball milling machine—planetary ball
milling, and high-energy ball milling—are introduced. Due to the generated impact and
shear forces, and the high-temperature surroundings, ball milling can achieve the crushing,
exfoliating, modification, and chemical reaction required in the preparation of flame retar-
dants. The simultaneous exfoliation and functionalization of layer-compound-based flame
retardants are clearly introduced. In addition, the mixing action of the flame retardants
and the polymer matrix using the ball milling approach is described, especially the part in
which segregated structures are constructed for multifunctional purposes. Flame-retardant
polymer composites with segregated structure have exhibited a promising application
in electric products, which always require electrical conductivity and an electromagnetic
shielding function, while facing high fire risk. Despite the rapid development of ball-milled
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flame retardants, some challenges and prospective developments are proposed, to promote
their practical applications, including heterogeneity issues, impurity problems, and the
process being time-consuming. Nevertheless, the authors believe that in the next 10 years,
many more flame retardants and flame-retardant polymer composite products prepared by
the ball milling method will be coming out of research labs, and will be commercialized
across industries.
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Abstract: To alleviate the fire hazard of epoxy resin (EP), layered ammonium vanadium oxalate-
phosphate (AVOPh) with the structural formula of (NH4)2[VO(HPO4)]2(C2O4)·5H2O is synthesized
using the hydrothermal method and mixed into an EP matrix to prepare EP/AVOPh composites. The
thermogravimetric analysis (TGA) results show that AVOPh exhibits a similar thermal decomposition
temperature to EP, which is suitable for flame retardancy for EP. The incorporation of AVOPh
nanosheets greatly improves the thermal stability and residual yield of EP/AVOPh composites
at high temperatures. The residue of pure EP is 15.3% at 700 ◦C. In comparison, the residue of
EP/AVOPh composites is increased to 23.0% with 8 wt% AVOPh loading. Simultaneously, EP/6 wt%
AVOPh composites reach UL-94 V1 rating (t1 + t2 =16 s) and LOI value of 32.8%. The improved flame
retardancy of EP/ AVOPh composites is also proven by the cone calorimeter test (CCT). The results
of CCT of EP/8 wt% AVOPh composites show that the peak heat release rate (PHHR), total smoke
production (TSP), peak of CO production (PCOP), and peak of CO2 production (PCO2P) decrease by
32.7%, 20.4%, 37.1%, and 33.3% compared with those of EP, respectively. This can be attributed to the
lamellar barrier, gas phase quenching effect of phosphorus-containing volatiles, the catalytic charring
effect of transition metal vanadium, and the synergistic decomposition of oxalic acid structure and
charring effect of phosphorus phase, which can insulate heat and inhibit smoke release. Based on the
experimental data, AVOPh is expected to serve as a new high-efficiency flame retardant for EP.

Keywords: hydrothermal method; layered structure; phosphate; flame retardancy; vanadium;
epoxy resin

1. Introduction

Epoxy resin (EP) is a class of polymer composed of large chains of hydrocarbons [1]. It
has received much attention because of its excellent performance and convenient produc-
tion. With the progress of technology, EP has been widely used in all aspects of production
and life, such as coatings, architectural decoration, structural elements, and adhesives [2–4].
In the past decade, the global production of epoxy resin increased from 2.96 million tons in
2017 to 3.73 million tons in 2021, with a compound annual growth rate of 5.95%. As of 2021,
the global total production capacity of epoxy resin was 5.37 million tons. However, EP also
has disadvantages that limit its engineering applications. Due to the hydrocarbon structure
of EP, it is flammable, resulting in instability at high temperatures, and easily cracks and
burns [5,6]. At the same time, it releases a lot of heat and toxic gases, which could threaten
life and property during a fire. To improve the safety of EP used in high-temperature
environments and reduce its fire hazard, it is necessary to improve the flame retardancy of
EP [7].

According to previous studies, two-dimensional (2D) layered phosphates have proven
to be effective phosphate-containing flame retardants for EP [8–10]. Phosphate-based flame
retardants are considered the most promising candidate to replace halogen-based flame
retardants. Phosphate compounds have excellent flame retardancy in both gaseous and
condensed phases. In the condensed phases, phosphorus is initially decomposed into
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phosphoric acid or dehydrated to form metaphosphate, which is polymerized to form poly-
metaphosphate. It has a catalytic effect on the dehydration of oxygen-containing polymers
into char. In the gaseous phases, it acts as a free radical trapping agent that forms PO
during combustion, which can combine with H· in the flame region to inhibit flame [11,12].
Materials with a 2D layered structure can provide a physical barrier effect, which can delay
decomposition when they are added to the EP matrix. Phosphates containing transition
metals, such as aluminum diethyl phosphate (ADP), copper phenylphosphate, and phos-
phor metal complex (CePn), are oxidized to form metal oxides at high temperatures [13–16].
Salen-diphenyl chloro-phosphate (Salen-DPCPs) metal compounds with phosphate struc-
ture and nickel components can reduce the flame hazards of EP. The results showed that
Salen-DPCPs exhibited a good flame retardant effect for EP. The limiting oxygen index (LOI)
value was up to 31.5%, and EP composites achieved a UL-94 V0 rating when 5 wt% Salen-
DPCP-1 was incorporated [17]. It led to excellent catalytic properties, which accelerated
cross-linking of EP to improve the charring properties [18,19]. Therefore, the combination
of phosphorus and 2D metal compounds can reach a good synergistic effect, enhancing the
compactness of the char layer.

The synergistic effect of nitrogen and phosphorus has a phosphorus-nitrogen structure-
activity relationship, diluting the concentration of combustibles and oxygen around the
combustion substrate and promoting flame extinction [20,21]. The results indicated that
adding 7 wt% nitrogen/phosphorus modified lignin to epoxy resin achieved UL-94 V0
grade and limiting oxygen index of 31.4%, respectively. In addition, the residual char be-
came denser [22]. NiNH4PO4·H2O nanoflakes have good flame retardancy in EP. When the
addition amount was 5%, the peak heat release rate and peak smoke production of the com-
posites were 69.1% and 36.5% lower than those of pure EP, respectively. NiNH4PO4·H2O
promoted the formation of a stable carbon layer and released noncombustible gases. It
prevented heat and oxygen transfer and diluted the concentration of combustible gases [21].

Inspired by the above work, 2D metal phosphonate with a layered structure and
optimal thermal stability can effectively ameliorate the fire retardation and smoke inhibi-
tion performances of polymer composites. Additionally, the excellent synergistic flame
retardant capability of gaseous phase flame retardancy, catalytic carbonation, and physical
barrier can be achieved. In this work, ammonium vanadium oxalate-phosphate (AVOPh,
(NH4)2[VO(HPO4)]2(C2O4)5H2O) was successfully designed and synthesized, which was
incorporated into an EP matrix as flame retardant filler for preparing EP/AVOPh compos-
ites. To better understand the effect of various components of AVOPh on the flame retar-
dancy of EP composites, ammonium vanadium phosphates (AVPh, (NH4)VOPO4·1.5H2O)
and vanadium phosphates (VPh, VOPO4·2H2O) were selected as comparative samples.
The results indicated that EP/AVOPh composites exhibited excellent thermal stability and
flame retardancy, which were mainly attributed to the lamellar barrier, gas phase quenching
of volatiles containing phosphorus, the catalytic charring of transition metal vanadium, and
the synergistic decomposition of oxalic acid structure and phosphorus phase to participate
in charring to form a stable char layer.

2. Results and Discussion
2.1. Structural Analysis of AVOPh

To characterize the structure of AVOPh, XRD, FTIR, TGA, and FESEM tests were carried
out. As shown in Figure 1a, XRD results showed that AVOPh showed good crystallinity, and
characteristic diffraction peaks appeared at 2θ = 13.2◦, 26.4◦, and 40.5◦, corresponding to
(100), (200), and (300) diffraction planes, respectively, indicating that AVOPh had a layered
structure [23,24]. The characteristic peaks of VPh at 2θ = 11.9◦ and 24.0◦ correspond to
(001) and (002) diffraction planes, respectively [24]. In the FTIR spectrum of Figure 1b, the
absorption peaks near 3521 cm−1 and 3166 cm−1 are attributed to the vibration of N-H. The
tensile vibration of V = O and V-O appears at 647 cm−1 and 523 cm−1. The characteristic
absorption bands of P-O appear at 1152 cm−1 and 952 cm−1 [25,26]. In addition, C-O bands
at 1651 cm−1 and 900 cm−1 are assigned to the oxalate structure, and the peak at 1445 cm−1
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corresponds to the O-H bond [26]. The TGA was used to investigate the thermal stability
of AVOPh, AVPh, VPh, and pure EP. From Figure 1c, the first stage of mass loss of AVOPh
decreased by 8.2 wt% before 250 ◦C, mainly due to the desorption of absorbed water and
the decomposition of a small amount of amine. The second significant weight loss occurs at
280 ◦C, mainly due to the thermal decomposition of the AVOPh structure. The mass loss is
21.5 wt% in the range of 280~500 ◦C. The initial decomposition temperature (T5%) of pure
EP is 360 ◦C. From the results, the main decomposition temperature of AVOPh and EP is
similar. After thermal decomposition, the final residual of AVOPh is 69.4 wt% at 700 ◦C.
AVPh with a final residual of 62.5 wt% was less stable compared with AVOPh. The mass
loss of VPh decreases by 17 wt% occurred before 150 ◦C, presumably due to the loss of
adsorbed water, and the final residual was 82.5 wt% at 700 ◦C. The main decomposition
temperatures of AVOPh and AVPh are lower than that of EP. According to the results of
thermal analysis, the decomposition temperature of AVOPh is slightly lower than that of EP.
AVOPh is suitable as a flame retardant for EP. Figure 1d–f are the SEM images of AVOPh,
AVPh, and VPh, respectively. It can be seen that AVOPh, AVPh, and VPh are all layered
structures, which is beneficial for the EP/AVOPh composites to play a lamellar barrier role
in the flame retardant process.
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Figure 1. (a) XRD pattern of AVOPh, AVPh, and VPh; (b) FTIR spectrum of AVOPh; (c) TGA curves
of AVOPh, AVPh, VPh, and EP; (d–f) SEM images of AVOPh, AVPh, and VPh.

2.2. Thermal Stability of EP Composites

To analyze the thermal stability of EP composites, a TGA measurement was carried
out. The TGA curves of samples in an N2 atmosphere are shown in Figure 2. The specific
values are listed in Table 1. From the results, the initial decomposition temperature (T5%)
of EP is 360 ◦C, and the initial decomposition temperature of EP/AVOPh composites is
decreased. The T5% of EP/8 wt% AVOPh composites are reduced to 339 ◦C, indicating
that the vanadium group has a catalytic effect on EP. In addition, the temperature of
50% weight loss (T50%) and maximum decomposition temperature (Tmax) of EP/AVOPh
composites also decrease. After 280 ◦C, the decomposition of AVOPh makes the transition
metal vanadium, oxalic acid structure, and phosphorus participate in the reactions of the
condensation phase in the combustion, promoting the further char formation of the EP
matrix. At 700 ◦C, the residue of EP is 15.3%. When the contents of AVOPh are 2, 4, 6, and
8 wt%, the residual yield of EP/AVOPh composites increases to 19.8%, 21.2%, 21.7%, and
23.0%, respectively. The results indicate that the addition of AVOPh improves the high-
temperature thermal stability and residual yield of EP/AVOPh composites, mainly due to
the catalytic capacity of the transition metal vanadium and the phosphorus compounds,
which promote EP decomposition and cross-linking of decomposition products into a char
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layer [27]. Notably, the residue (22.6%) of EP/4 wt% VPh composites at 700 ◦C is higher
than that of EP/4 wt% AVOPh composites, which is mainly due to the higher content of
vanadium and phosphorus in VPh, exhibiting better catalytic ability [28]. The residual
content of EP/4 wt% AVPh composites is only 17.8%, indicating that the existence of an
oxalic acid structure can be beneficial to improve the residual char content and high thermal
stability of EP composites.
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Figure 2. TGA curves of pure EP and its composites.

Table 1. TGA data of pure EP and its composites.

Samples T5% (◦C) T50% (◦C) Tmax (◦C) Residues
(wt%, 700 ◦C)

EP 360 394 380 15.3
EP/2 wt% AVOPh 349 391 374 19.8
EP/4 wt% AVOPh 343 390 369 21.2
EP/6 wt% AVOPh 340 389 368 21.8
EP/8 wt% AVOPh 339 391 369 23.0
EP/4 wt% AVPh 355 389 370 17.8
EP/4 wt% VPh 334 388 366 22.6

2.3. Flame Retardancy of EP Composites

Promoting the self-extinguishing of combustible materials after ignition has potential
value for reducing the fire hazard of polymers [29]. To explore the influence of AVOPh on
the flame retardant performance of EP composites, vertical combustion and limiting oxygen
index (LOI) tests were carried out. The results are listed in Table 2 and Figure 3. The UL-94
vertical combustion test shows that EP is no rating (NR). When 4, 6, and 8 wt% AVOPh are
added, EP/AVOPh composites can reach the UL-94 V1 level. Specifically, the (t1 + t2) value
of EP/6 wt% AVOPh composites is only 16 s, which is close to the UL-94 V0 level. As the
content of AVOPh continues to increase, the (t1 + t2) value of EP/8 wt% AVOPh composites
increases again, mainly due to the uneven dispersion of AVOPh in the EP matrix [30]. From
the LOI results in Figure 4 and Table 2, the flame retardancy of EP composites was improved
when the AVOPh was added to EP. When 2 wt% AVOPh is added to the EP matrix, the
LOI value increases from 25.9% to 30.1%. After the addition of 4, 6, and 8 wt% AVOPh, the
LOI values of EP/AVOPh composites increase to 31.7%, 32.8%, and 34.2%, respectively.
The above results have positive significance for improving the fire safety of EP/AVOPh
composites. This is the effect of AVOPh combined with gas phase and condensed phase
flame retardancy during EP composite combustion. In comparison, although the EP/4 wt%
AVPh composites can reach the V1 level, the (t1 + t2) value is as high as 41 s; EP/4 wt% VPh
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composites still do not have a rating of UL-94. Additionally, the LOI values of EP/4 wt%
AVPh and EP/4 wt% VPh composites are 30.2% and 29.8%, respectively, which are inferior
to that of EP/4 wt% AVOPh composite. It can be concluded that the presence of amino
groups plays a positive role in promoting flame extinction. The improved flame retardancy
of EP/AVOPh composites is mainly attributed to the release of phosphorus free radicals,
NH3, and water vapor in the gas phase during the decomposition process of AVOPh. They
dilute the concentration of combustible and oxygen around the combustion matrix and
promote flame extinction. In addition, the dense and strong char layer can isolate the
external heat source and accelerate EP/AVOPh composite self-quenching [31,32].

Table 2. UL-94 and LOI results of EP and its composites.

Samples LOI (vol%)
UL-94

t1 + t2 (s) Rating

EP 25.9 >50 NR *
EP/2 wt% AVOPh 30.1 >50 NR
EP/4 wt% AVOPh 31.7 21 V1 **
EP/6 wt% AVOPh 32.8 16 V1
EP/8 wt% AVOPh 34.2 27 V1
EP/4 wt% AVPh 30.2 41 V1
EP/4 wt% VPh 29.8 >50 NR

* NR: no rating of UL-94 (t1 + t2 > 50 s). ** V1: UL-94 V1 (10 s < t1 + t2 < 50 s, no dripping or dripping does not
ignite cotton).
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combustion. a: the LOI of EP/4 wt% AVOPh. b: the LOI of EP/4 wt% AVPh. c: the LOI of EP/4
wt% VPh. d: additive ratio. e: V1: UL-94 V1 (10 s < t1 + t2 < 50 s, no dripping or dripping does not
ignite cotton).

To further analyze the flame retardancy of EP/AVOPh composites, a cone calorimeter
test (CCT) was carried out. Heat release rate (HRR), total smoke production (TSP), CO
production (COP), and CO2 production (CO2P) are shown in Figure 4, and the specific
values are listed in Table 3. The peak heat release rate (PHRR) of pure EP is 1004 kW·m−2,
indicating EP has great thermal hazard. The addition of AVOPh significantly reduces the
PHRR values of EP composites. When 2, 4, 6, and 8 wt% AVOPh are added, the PHRR
values of EP/AVOPh composites decrease to 931, 796, 795, and 675 kW·m−2, respectively.
The PHRR value of EP/8 wt% AVOPh composites decreases by 32.7% compared with
that of pure EP. The PHRR values of EP/4 wt% AVPh and EP/4 wt% VPh composites are
877 kW·m−2 and 840 kW·m−2, which are higher than that of EP/4 wt% AVOPh composites.
Smoke production and toxicity are important indicators of fire hazard. The TSP value, peak
CO production (PCOP), and peak CO2 production (PCO2P) of EP are 21.2 m2, 0.035 g·s−1,
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and 0.54 g·s−1, respectively, indicating EP has a large production of smoke and toxic gas.
When EP/AVOPh composites with 2, 4, 6, and 8 wt% AVOPh, TSP values decrease to 17.6,
17.4, 16.8, and 16.4 m2, PCOP values decrease to 0.031, 0.026, 0.024, and 0.022 g·s−1, and
PCO2P values decrease to 0.52, 0.44, 0.42, and 0.36 g·s−1, respectively. Compared with EP,
the TSP, PCOP, and PCO2P values of EP/8 wt% AVOPh are decreased by 20.4%, 37.1%,
and 33.3%, respectively. The results indicate that AVOPh can suppress smoke production
and toxic gas release in EP composites, which provides more favorable conditions for
rescue and escape in the fire. This can be attributed to the lamellar barrier and excellent
charring of layered AVOPh, which act as heat insulation and gas isolation. Secondly, the
phosphorus free radicals in the gas phase also play a key role in reducing the emission of
smoke and toxic gases. In addition, the synergistic participation of oxalic acid structure
and ammonium in the carbonization process forms a high-quality expanded char layer,
thereby providing thermal insulation and smoke suppression [33,34].
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Figure 4. CCT curves of pure EP and its composites: (a) HRR curves; (b) TSP curves; (c) COP curves;
(d) CO2P curves.

Table 3. CCT data of pure EP and EP composites.

Samples PHRR
(kW/m2)

TSP
(m2) PCOP (g/s) PCO2P

(g/s)
Mass

Residue (%)

EP 1004 22.4 0.035 0.54 18.7
EP/2 wt% AVOPh 931 17.6 0.031 0.52 25.2
EP/4 wt% AVOPh 796 17.4 0.026 0.44 30.3
EP/6 wt% AVOPh 795 16.8 0.024 0.42 29.9
EP/8 wt% AVOPh 675 16.4 0.022 0.36 37.3
EP/4 wt% AVPh 877 17.8 0.028 0.47 25.0
EP/4 wt% VPh 840 19.7 0.025 0.45 24.3

To further confirm the positive influence of AVOPh on the char-forming performance
of EP, the mass loss during the CCT is shown in Figure 5. The specific values are listed
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in Table 3. The mass residual of pure EP after the CCT is 18.7%. When the contents
of AVOPh are 2, 4, 6, and 8 wt%, the residual amounts of EP/AVOPh composites are
increased to 25.2%, 30.3%, 29.9%, and 37.3%. In addition, the residual amounts of EP/4 wt%
AVPh composites and EP/4 wt% VPh composites are only 25.0% and 24.3%, indicating
that the oxalic acid structure is involved in char formation during the decomposition of
EP. The possible reason is that AVOPh promotes the formation of more expansive char
on the surface of EP at the beginning of combustion, thereby isolating oxygen and heat
from entering the EP interior. It provides a sufficient time of contact for small molecules
decomposed from EP and vanadium, phosphides, and oxalic acid. In a word, AVOPh
promotes the char formation of EP composites and improves the quality of the char layer
after combustion, which further effectively isolates the internal and external mass exchange,
improving the flame retardant performance of EP/AVOPh composites [35,36].
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To observe the charring effect of AVOPh in EP composites, the SEM images of the inner
and outer residue of pure EP and EP/AVOPh composites are shown in Figure 6. The outer
and inner char of pure EP is shown in Figure 6a,b. The outer char has obvious collapse,
with large and dense cracks. During the combustion process of the EP, it cannot act as a
barrier during the combustion. There are large pores and cracks in the internal char. This is
mainly caused by the intense combustion of EP and the rapid escape of a large amount of
heat and smoke within a short time. The residue of EP/2 wt% AVOPh composites is shown
in Figure 6c,d. The quality of the external char is obviously improved. Cracks of external
char disappear, and the char is dense. This indicates that AVOPh plays a certain barrier
role. At high temperatures, the transition metal vanadium and phosphorus compounds
catalyze the dehydration and charring of the EP matrix, accelerating the formation of the
char layer [37]. The large pores and cracks in the internal char are reduced, indicating that
the intensity of combustion is reduced compared to pure EP. The residue of the EP/6 wt%
AVOPh composites is shown in Figure 6e,f. The outer char is very dense and compact with
a smooth surface. Although the outer char of the EP/6 wt% AVOPh composites becomes
dense, the surface is relatively loose, which is crucial for improving the barrier property of
the char. The inner char becomes thicker compared to that of EP/2 wt% AVOPh composites.
The results indicate that AVOPh plays a significant catalytic role in forming compact char,
improving the flame retardancy of EP/AVOPh composites [38].
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2.4. Flame Retardant Mechanism of AVOPh in EP

According to the above analysis, the flame retardant mechanism of EP/AVOPh com-
posites is discussed in Figure 7. AVOPh can promote flame extinguishment and inhibit heat
release and smoke production, which improves the flame retardancy of EP/AVOPh com-
posites. This can be attributed to the two-dimensional layered structure of AVOPh acting
as a physical barrier effect during combustion and limiting energy transfer and gas es-
cape [39–41]. Secondly, in the process of gas-phase flame retarding, AVOPh releases crystal
water and NH3, which dilute the concentration of combustible volatiles and oxygen around
the combustion matrix. After the decomposition of the phosphorus compound, AVOPh
releases HPO· and PO· free radicals to further capture and dilute high-energy free radicals,
interfering with the combustion reaction and promoting flame self-extinguishing [42–44].
In addition, the transition metal vanadium oxidizes to form V2O5 and catalyzes the matrix
to form char in the condensed phase. Meanwhile, oxalic acid structure decomposition
participates in the char formation in this process. The quality of the char layer can be
enhanced by the condensation of vanadium-based phosphate compounds to form H3PO4,
(VO)2P2O7, and H4P2O7, leading to forming a dense and strong char layer to protect the
internal unburned matrix and prevent further mass exchange [45,46].
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3. Experimental Section
3.1. Materials

Phosphoric acid (H3PO4, 85% solution in H2O), vanadium pentoxide (V2O5), ammonia
solution (NH4OH 30 wt% aqueous solution), and oxalic acid dihydrate (C2H2O4·2H2O)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Epoxy
resin (NPEL 128) was purchased from NanYa Electronic Materials Co., Ltd. (Kunshan,
China). 4, 4′-diaminodiphenyl methane (DDM) was purchased from Jiacheng Materials Co.,
Ltd (Dongguan, China).

3.2. Synthesis of AVOPh, AVPh, and VPh

Synthesis of AVOPh((NH4)2[VO(HPO4)]2(C2O4)·5H2O): First, 6 mL deionized wa-
ter and 0.6 mL H3PO4 were added to a 50 mL beaker. Then, 0.18 g V2O5 and 0.26 g
C2H2O4·2H2O were added to the beaker. Then, 2.3 mL NH4OH was dropped into the
beaker and stirred continuously for 10 min. Finally, the above substances were transferred
into a 50 mL Teflon reactor at 140 ◦C for three days. After the reaction, the green products
were collected by vacuum extraction and filtrated, washed with deionized water three
times, then dried in an oven at 80 ◦C. The product was labeled as AVOPh.

Synthesis of AVPh((NH4)VOPO4·1.5H2O): First, 0.90 g V2O5, 1.29 g C2H2O4·2H2O,
2.1 mL H3PO4, 2.6 mL NH4OH and 3 mL deionized water were added to a 100 mL beaker
and stirred continuously for 10 min to make the various substances fully and evenly mixed.
Then, the mixture was poured into a Teflon reactor with a capacity of 50 mL and placed in
the oven at 140 ◦C for three days. After the reaction was completed, the green product was
obtained. The product was dried and washed in the same way and labeled as AVPh.

Synthesis of VPh(VOPO4·2H2O): First, 115.4 mL deionized water was added into the
250 mL round-bottomed flask. Then 26.6 mL H3PO4 was slowly added into the round-
bottomed flask and stirred at the speed of 500 rpm. Finally, 4.8 g V2O5 was added to the
above solution. The round-bottomed flask was placed in an oil bath and refluxed at 110 ◦C
for 16 h. The product was dried and washed in the same way and labeled as VPh.

3.3. Preparation of EP/AVOPh Composites

Firstly, AVOPh was uniformly dispersed in acetone through ultrasonicated dispersion.
A total of 20 mL acetone is required per gram of AVOPh. Then, epoxy resin was added to the
above dispersion liquid and the EP/AVOPh composites were prepared via ultrasonicated
dispersion. The addition of AVOPh was controlled in 2, 4, 6, and 8 wt% in EP composites.
Then the beaker was placed in the oil bath at 90 ◦C and stirred at 300 rpm for 4 h to remove
the acetone. Curing agent DDM (EP:DDM = 4:1) was added and stirred continuously until
DDM at the speed of 300 rpm. The mixture was put in a vacuum oven to remove bubbles
at 80 ◦C for 5 min. Then the above-mentioned mixture was poured into preheated molds as
quickly as possible. The samples were cured at 110 ◦C/2 h, 130 ◦C/2 h, and 150 ◦C/2 h,
respectively. To further clarify the flame retardant effect of each component of AVOPh in
epoxy resin, EP/4 wt% AVPh composites and EP/4 wt% VPh composites were prepared via
the same method as comparative samples of EP/AVOPh. The formula of the EP/AVOPh
composite is listed in Table 4.

Table 4. Ingredients of EP composites.

Samples
Components

EP (wt%) AVOPh
(wt%)

AVPh
(wt%)

VPh
(wt%)

EP 100 0 0 0
EP/2 wt% AVOPh 98 2 0 0
EP/4 wt% AVOPh 96 4 0 0
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Table 4. Cont.

Samples
Components

EP (wt%) AVOPh
(wt%)

AVPh
(wt%)

VPh
(wt%)

EP/6 wt% AVOPh 94 6 0 0
EP/8 wt% AVOPh 92 8 0 0
EP/4 wt% AVPh 96 0 4 0
EP/4 wt% VPh 96 0 0 4

3.4. Characterization

X-ray diffraction (XRD) analysis was performed using Rigaku’s MAX-RB diffrac-
tometer with a range of 5◦ to 80◦ at an operating voltage of 40 kV. Infrared spectroscopic
characterization was conducted using 6700 spectrometers from Nicolet, USA, with the
KBr tablet method in the range of 400 to 4000 cm−1. The field emission scanning electron
microscope (SEM) was characterized with an EVO MA15 scanning electron microscope
from Zeiss Company, Aalen, Germany. The thermogravimetric analysis of materials was
performed using a TG50 thermal analyzer (the same sample was tested two times, and
the repeatability was good). The linear heating rate was 10 ◦C·min−1 under N2. The limit
oxygen index test (LOI) was performed using a JF-3 oxygen index meter from Jiangning
Analytical Instrument Co., Ltd. (Nanjing, China) with a spline size of 130 × 6.5 × 3.2 mm3

according to ASTM D 2863. The vertical combustion test (UL-94) was also carried out
using a vertical combustion apparatus from Jiangning Analytical Instrument Co., Ltd. The
spline size was 130 × 12.7 × 3.2 mm3, and the test standard was carried out according to
ASTM D 3801. The same sample was tested 15 times by LOI and vertical combustion. The
cone calorimeter is an instrument from Stanton Redcroft, London, UK, with a continuous
heat flux of 50 kW·m−2, and the sample was wrapped in aluminum foil with a size of
100 × 100 × 3 mm3. The same sample was tested three times with CCT.

4. Conclusions

In this work, layered AVOPh was synthesized using the hydrothermal method, which
was used to prepare EP/AVOPh composites. The structure–activity relationship of phos-
phorus and nitrogen and the role of an oxalic acid structure in the flame retardancy of
EP/AVOPh composites were investigated with TGA, LOI, vertical combustion, and CCT.
Compared with pure EP, the residue of EP/8 wt% AVOPh composites increased from 15.3%
to 23.0% at 700 ◦C in an N2 atmosphere. The combustion results showed that the EP/4 wt%
AVOPh composites passed a V1 rating, and the LOI value of EP/8 wt% AVOPh composites
increased from 25.9% to 34.2% compared with pure EP. The PHRR, TSP, PCOP, and PCO2P
values of EP/8 wt% AVOPh composites decreased by 32.7%, 26.8%, 37.1%, and 33.3%,
respectively. After the CCT, the residue of EP/4 wt% AVOPh composites was high at
30.3%, compared with 25.0% and 24.3% of EP/4 wt% AVPh and EP/4 wt% VPh composites,
indicating that the oxalic acid structure was involved in the char formation during the
combustion. The improved flame retardancy was mainly due to the synergistic effect of
different components in AVOPh. In the condensed phase, the two-dimensional layered
structure of AVOPh acted as a physical barrier effect during combustion and limited energy
transfer and gas escape. Phosphoric acid and oxalic acid promoted the dehydration and
carbonization of EP. The transition metal vanadium oxidized the catalyzed decomposition
product of EP to form char. In the gas phase, water and NH3 diluted combustible gas are
released by AVOPh. The decomposition of AVOPh released HPO· and PO· free radicals
to further capture and dilute high-energy free radicals, interfering with the combustion
reaction and promoting flame self-extinguishing.
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Abstract: To improve the compatibility between flame retardant and epoxy resin (EP) matrix, amino
phenyl copper phosphate-9, 10-dihydro-9-oxygen-10-phospha-phenanthrene-10-oxide (CuPPA-DOPO)
is synthesized through surface grafting, which is blended with EP matrix to prepare EP/CuPPA-
DOPO composites. The amorphous structure of CuPPA-DOPO is characterized by X-ray diffraction
and Fourier-transform infrared spectroscopy. Scanning electron microscope (SEM) images indicate
that the agglomeration of hybrids is improved, resisting the intense intermolecular attractions on
account of the acting force between CuPPA and DOPO. The results of thermal analysis show that
CuPPA-DOPO can promote the premature decomposition of EP and increase the residual amount
of EP composites. It is worth mentioning that EP/6 wt% CuPPA-DOPO composites reach UL-94
V-1 level and limiting oxygen index (LOI) of 32.6%. Meanwhile, their peak heat release rate (PHRR),
peak smoke production release (PSPR) and CO2 production (CO2P) are decreased by 52.5%, 26.1%
and 41.4%, respectively, compared with those of EP. The inhibition effect of CuPPA-DOPO on the
combustion of EP may be due to the release of phosphorus and ammonia free radicals, as well as the
catalytic charring ability of metal oxides and phosphorus phases.

Keywords: amino phenyl metal phosphate; organic–inorganic hybrid; reactive flame retardant;
epoxy resin

1. Introduction

Epoxy resin (EP) has been widely used in many fields because of its excellent perfor-
mance [1,2]. Nevertheless, its highly flammable and asphyxiating fumes cannot meet the
needs of sophisticated fields [3,4]. Therefore, improving the fire resistance of epoxy resin is
an important goal in the field of intrinsic safety [5,6].

In recent years, two-dimensional layered metallic phosphates have attracted extensive
attention owing to their regular layered structures and excellent flame-retardant proper-
ties [7,8]. Phenyl metal phosphonates, as a class of layered metallic phosphates, have been
a research focus in the field of flame-retardant materials because of their stable chemical
properties, suitable thermal stability and good compatibility with matrix [9,10]. For exam-
ple, UL-94 of V-0 grade was observed with 1 wt% layered lanthanum phenyl phosphate
(LaHPP) and 7 wt% decabromodiphenyl oxide (DBDPO) in a polycarbonate formulation,
which was attributed to the lamellar structure and condensation phase reinforcement of
lanthanum phenyl phosphate [11]. It was reported that the flue gas and toxic gas release
of EP composites with the addition of copper phenyl phosphate (CuPP) was reduced [12].
However, phenyl metal phosphonates are difficult to uniformly disperse in polymer matrix
due to their unique laminated structure, which has a great influence on the flame retar-
dancy of polymer composites [13,14]. Therefore, it is necessary to improve the dispersion
of phenyl metal phosphonate in polymer matrices.
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Reactive flame retardants can effectively solve the problem of poor dispersion in poly-
mer composites [15]. DOPO, as a reactive flame retardant, has good oxidation resistance
and easily modifiable property [16]. The inherent P-H bond in the structure of DOPO
has high reactivity, and so it can be reacted with unsaturated bonds and epoxy groups
to form various derivatives, which can be cross-linked with EP matrix [17]. Furthermore,
nitrogenous DOPO compounds synthesized by the addition reaction of DOPO and imine
compounds are the most common solidified DOPO flame retardants [18]. The advantages
of DOPO-imine flame retardants lie in their simple synthesis conditions, adjustable reaction
process, high product yield and molecular structure containing both phosphorus and nitro-
gen flame-retardant elements [19,20]. The application of DOPO combined with inorganic
nanomaterials through the amino group in flame-retardant EP has been reported. The
PHRR and total heat release (THR) of EP/7 wt% zirconium hybrid polyhedron oligomeric
polysiloxane derivative composites decreased by 37.1% and 16.7%, respectively, compared
with those of EP [21]. A piperazinyl DOPO derivative was developed with the aim of
functionalizing graphene oxide to form a hybrid, which reduced the mechanical crack-
ing of epoxy resins and improved their biphasic compatibility [22]. Therefore, reactive
DOPO-imine derivatives as flame retardants for EP are worthy of further investigation.

Given this context, it can be said that reactive DOPO-imine derivatives can effectively
alleviate the compatibility disadvantage of phenyl metal phosphonate, and can further
improve the flame-retardance efficiency. Hence, in this work, an amino phenyl copper
phosphate (CuPPA) was successfully synthesized. Then, CuPPA was further grafted
with DOPO to form complex compounds. Inorganic nanoparticles were combined with
an organic high-efficiency phosphorus flame retardant through this molecular structural
design. Meanwhile, reactive flame-retardant technology was introduced to promote the
formation of uniform and stable EP composites due to the presence of imines. The results
indicated that the uniform EP composites exhibited remarkable flame retardancy when
CuPPA-DOPO was introduced into the epoxy resin combustion system.

2. Results and Discussion
2.1. Structural Analysis of CuPPA-DOPO

Figure 1a shows the XRD patterns of CuPPA and CuPPA-DOPO. The diffuse scattering
peak of CuPPA occurs at about 26◦, indicating that its degree of crystallinity is not high
and revealing its amorphous structure [23]. The diffuse scattering peak decreased slightly
and the crystallinity did not change significantly after grafting DOPO onto CuPPA. FTIR
spectra (Figure 1b) reveal the structures of CuPPA and CuPPA-DOPO. The absorption
peaks at 1148 cm−1 and 1054 cm−1 are the stretching vibrations of P=O and P-O bonds,
and the peaks at 615 cm−1 and 533 cm−1 are the characteristic peaks of C-P bonds [12].
The absorption peak at 1092 cm−1 corresponds to the stretching vibrations of Cu-O-P
bonds [24]. The absorption peaks at 1501 cm−1 and 834 cm−1 correspond to the stretching
vibrations of C=C and C-N-C bonds. The absorption peaks at 3330 cm−1 and 3445 cm−1

belong to the stretching vibrations of -NH2 bonds, which are consistent with the molecular
formula of CuPPA [25,26]. The vibrational band occurring at 758 cm−1 is attributable to the
absorption of P-O-Ph, and the vibrational band of P-H in DOPO disappears. The double
peaks of -NH2 in CuPPA shift to a single peak (3335 cm−1) of -NH in CuPPA-DOPO [27].
The above analyses prove that DOPO was successfully introduced into the molecular chain
of CuPPA. The microstructures of CuPPA and CuPPA-DOPO can be directly observed in
the SEM images shown in Figure 1c,d. A rod-like nanostructure with tiny nanoparticles
was clearly visible after grafting DOPO onto CuPPA, which was different from the stacked
lamellar structure of CuPPA. The nanorods had a diameter of about 500 nm and a length of
a few microns.
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Figure 1. (a) XRD patterns of CuPPA and CuPPA-DOPO; (b) FTIR spectra of CuPPA and CuPPA-
DOPO; (c) SEM image of CuPPA; (d) SEM image of CuPPA-DOPO.

The thermal decomposition behavior of CuPPA, DOPO and CuPPA-DOPO was ob-
tained by TGA, as plotted in Figure 2. The decomposition of CuPPA-DOPO has three
stages of weightlessness. The first weight loss (5.8 wt%) occurred at 30–105 ◦C, and was
mainly the desorption of adsorbed water and a small amount of organic solvents [28].
The next weight loss was 14.2 wt% after 105–306 ◦C, accompanied by the decomposition
of phosphaphenanthrene into small molecules [29]. The most intense weight loss was
52.0 wt% after 306 ◦C, attributable to the decomposition of metal compounds and the
oxidation of organic molecules such as phosphonates, the phase of which coincided with
the decomposition temperature of EP [30].
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Figure 2. TGA curves of CuPPA, DOPO and CuPPA-DOPO.
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2.2. Thermal Properties of EP Composites

The thermal stability of EP nanocomposites is an important evaluation index of fire
safety. TGA and DTG curves and relevant data of EP nanocomposites are shown in
Figure 3a,b and Table 1. The initial decomposition temperature (T5%) of EP was 360 ◦C,
while EP/CuPPA-DOPO composites displayed lower T5%. Among EP composites, T5% and
Tmax (the temperature at maximum pyrolysis rate) of EP/6 wt% CuPPA-DOPO composites
were decreased to 333 ◦C and 368 ◦C, respectively, demonstrating that CuPPA-DOPO
promoted the earlier decomposition of EP composites [31]. However, the promoting effect
of CuPPA was not obvious, with T5% and Tmax of 350 ◦C and 376 ◦C. The decrease of
the maximum decomposition rate of EP/6 wt% CuPPA-DOPO composites also indicates
that the presence of CuPPA-DOPO delayed the degradation of the EP at a higher tem-
perature [32]. Moreover, the incorporation of CuPPA-DOPO improved the char-forming
ability of the EP composites. The residues of EP composites were increased to 17.4%, 23.0%,
24.9% and 26.1%, respectively, when the amounts of CuPPA-DOPO were 2, 4, 6 and 8 wt%.
The residue of EP/4 wt% CuPPA composites at 700 ◦C was 19.8%, which is higher than
that (14.9%) of pure EP, but lower than that of EP/4 wt% CuPPA-DOPO. The outstanding
char-forming ability of EP is attributed to the polyphosphoric substances and metallic oxide
produced in the early decomposition of CuPPA-DOPO [33,34].
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Table 1. TGA data of pure EP and EP composites.

Samples T5% (◦C) Tmax (◦C) Residues (wt%, 700 ◦C)

EP 360 382 14.9
EP/2 wt% CuPPA-DOPO 343 376 17.4
EP/4 wt% CuPPA-DOPO 333 373 23.0
EP/6 wt% CuPPA-DOPO 333 368 24.9
EP/8 wt% CuPPA-DOPO 342 372 26.1

EP/4 wt% CuPPA 350 376 19.8

2.3. Flame Retardancy of EP Composites

The results of UL-94 vertical burning and LOI test of EP/CuPPA-DOPO composites
are shown in Table 2. EP composites all reached a UL-94 V-1 rating, and the LOI values
increased to 28.8%, 30.8%, 32.6% and 31.4% when adding 2, 4, 6 and 8 wt% CuPPA-DOPO,
respectively, while EP was evaluated as no grade and the LOI value increased only to
25.9%. EP/6 wt% CuPPA-DOPO composites had the best flame-retardant effect. The
flame retardancy of EP/8 wt% CuPPA-DOPO composites was slightly poor, which may
have been due to the poor dispersibility caused by the excessive dosage, degrading the
fluidity of EP/CuPPA-DOPO composites and greatly promoting the combustion of EP
composites [35,36]. However, UL-94 reached grade V-1 with 45.2 s, and the LOI value was
only 28.2% when 4 wt% CuPPA was added, indicating that the flame retardancy of CuPPA
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was not as good as that of CuPPA-DOPO. In addition, some of the following features can
be seen from the LOI char image in Figure 4. The residue of EP/4 wt% CuPPA-DOPO
composites was dense and not easily broken, and more than that of EP/4 wt% CuPPA
composites, while EP had less residue. In the system of EP/CuPPA-DOPO composites,
the phosphoric acid and metal oxides generated by decomposition could also promote the
formation of char layer, insulate the heat transfer, limit oxygen exchange, and thus inhibit
the further combustion of EP [37,38].

Table 2. LOI data and UL-94 results of EP composites.

Samples LOI
(vol%)

UL-94

t1 (s) t2 (s) t1 + t2 (s) Rating

EP 25.9 ± 0.2 - - >50 NR
EP/2 wt% CuPPA-DOPO 28.8 ± 0.2 37.0 6.3 43.3 V-1
EP/4 wt% CuPPA-DOPO 30.8 ± 0.3 20.5 7.0 27.5 V-1
EP/6 wt% CuPPA-DOPO 32.6 ± 0.3 13.6 5.0 18.6 V-1
EP/8 wt% CuPPA-DOPO 31.4 ± 0.3 14.5 9.0 23.5 V-1

EP/4 wt% CuPPA 28.2 ± 0.2 36.0 9.3 45.3 V-1
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In order to more intuitively and accurately reflect the combustion behavior of EP com-
posites, CCT was conducted to obtain the heat release rate (HRR), smoke production rate
(SPR), total smoke release (TSR) and CO2 production (CO2P), as displayed in Figure 5a–d
and Table 3. The PHRRs of EP composites declined to 739, 617, 390 and 597 kW/m2 with
the addition of 2, 4, 6 and 8 wt% CuPPA-DOPO, respectively, representing decreases of
10.1%, 24.9%, 52.5% and 27.4% compared with that (822 kW/m2) of pure EP. The PHRR
of EP/4 wt% CuPPA composites was 784 kW/m2, 4.6% lower than that of pure EP, which
indicates that CuPPA-DOPO had a better inhibitory effect on the combustion of EP than
CuPPA. The decrease of PHRR can be interpreted as being a result of H2O, CO2 and NH2
released by the decomposition of CuPPA-DOPO diluting the concentration of combustible
volatile matter in the gas phase and absorbing part of the combustion heat [39,40].

Notably, the PSPR of pure EP was 0.23 m2/s, and that of EP/4 wt% CuPPA composites
was 0.21 m2/s. The PSPR of EP composites reduced to 0.21, 0.20, 0.17 and 0.20 m2/s when
adding 2, 4, 6 and 8 wt% CuPPA-DOPO, respectively, representing decreases of 8.7%, 13.0%,
26.1% and 13.0% compared with pure EP. Meanwhile, the TSR of EP composites decreased
by 28.3%, 20.3%, 13.4% and 14.5% with the addition of 2, 4, 6 and 8 wt% CuPPA-DOPO,
respectively, compared with that (2438 m2/m2) of pure EP. The TSR of EP/4 wt% CuPPA
composites was 1585 m2/m2, 35% lower than pure EP and 18.4% lower than EP/4 wt%
CuPPA-DOPO, which is because small phospho-oxygen molecules released after CuPPA-
DOPO combustion became parts of the flue gas and entered the flame, thus increasing the
TSR value and degenerating the smoke suppression performance [41–43].
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Figure 5. (a) HRR, (b) SPR, (c) TSR and (d) CO2P curves of pure EP and EP composites.

Table 3. CCT data of pure EP and EP composites.

Samples PHRR
(kW/m2)

PSPR
(m2/s)

TSR
(m2/m2)

CO2P
(g/s)

EP 822 0.23 2438 0.87
EP/2 wt% CuPPA-DOPO 739 0.21 1746 0.79
EP/4 wt% CuPPA-DOPO 617 0.20 1942 0.70
EP/6 wt% CuPPA-DOPO 390 0.17 2112 0.51
EP/8 wt% CuPPA-DOPO 597 0.20 2085 0.75

EP/4 wt% CuPPA 784 0.21 1585 0.85

High levels of carbon dioxide in fires are a major cause of asphyxia and poisoning.
The CO2 production (CO2P) curves of EP composites show that upon adding 2, 4, 6 and
8 wt% CuPPA-DOPO, the CO2P of EP composites decreases to 0.79, 0.70, 0.51 and 0.75 g/s,
respectively, representing decreases of 9.2%, 19.5%, 41.4% and 13.8% compared with that
(0.87 g/s) of pure EP. However, the CO2P of EP/4 wt% CuPPA composites was 0.85 g/s,
slightly lower than that of pure EP and higher than that of EP/4 wt% CuPPA-DOPO. The
main reason for the reduction of CO2P is that the combustion of CuPPA-DOPO can produce
CuO and phosphorous flame retardant, catalyzing the formation of a dense carbon layer
to protect the surface of the composite materials. The PO• produced by CuPPA-DOPO
combustion exerts flame retardancy in the gas phase and inhibits the complete combustion
of the gas-phase products [44,45].

2.4. Flame-Retardance Mechanism

The microstructures of the outer (Figure 6a–c) and inner (Figure 6d–f) char layers
of EP composites were characterized by SEM to obtain more detailed information on the
flame-retardance mechanism. The outer surface of the char layer of pure EP was obviously
lumpy, with large and dense cracks, which could not play a barrier role in combustion. In
addition, there were many large pores and a large number of cracks on the inner surface
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of the char layer of pure EP, which were caused by intense burning, with a large amount
of heat and smoke escaping. More dense and hard expanded char appeared on the outer
surface of EP/4 wt% CuPPA-DOPO composites’ char layer. Its inner surface char layer was
thicker and rougher, with bonded particles compared with EP/4 wt% CuPPA composites.
On the one hand, phosphorous groups contributed to the formation of char. On the other
hand, the cured cross-linked network structure enhanced the strength of the residual coke,
which could play the role of insulation barrier, reducing the transfer of heat, mass and
oxygen between internal and external of EP composites [46,47].
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The flame-retardance mechanism of EP/CuPPA-DOPO composites was inferred by
analyzing the above SEM results of the EP composites, as shown in Figure 7. In the
condensed phase, the exposed copper-metal centers can catalyze organic reactions such
as dehydrogenation and esterification [48,49]. In addition, phosphoric acid derivatives
also promote the formation of skeleton-stable polycyclic aromatic hydrocarbons, thereby
reducing heat and mass transfer and further inhibiting combustion [50–52]. In the gas phase,
the HPO• and PO• radicals generated during the decomposition of CuPPA-DOPO interrupt
the chain reaction [53]. Meanwhile, the non-flammable gases dilute the combustible gases
on the surface of EP composites, which is conducive to retarding flame spread [54,55].
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3. Materials and Methods
3.1. Materials

Para-phenylene diamine (C6H8N2), potassium iodide (KI) and 2-chloroethyl phos-
phate (C2H6ClO3P) were supplied by Macklin Co., Ltd. (Shanghai, China). Addition-
ally, 9,10-dihydro-9-oxygen-10-phospha-phenanthrene-10-oxide (DOPO) (phosphorus con-
tent, ≥14% by weight), copper chloride dihydrate (CuCl2·2H2O), paraformaldehyde
(HCHO), tetrahydrofuran (C4H8O), sodium hydroxide (NaOH) and diaminodiphenyl-
methane (DDM) (viscosity at 25 ◦C, 2.5–4.0 Pa·s, amine value, 480 mg KOH g−1) were
acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). EP (NFEL128)
(viscosity, 12–15 Pa·s, epoxy equivalent, 184–190 g/mol) was bought from Nanya Electronic
Materials (Kunshan) Co., Ltd. (Kunshan, China).

3.2. Preparation of Amino Phenyl Copper Phosphate

The schematic diagram of CuPPA synthesis is shown in Figure 8a. First, 400 mL
deionized water, 7.3 g 2-chloroethyl phosphoric acid, 5.4 g p-phenylenediamine and 0.8 g
KI were added into a 500 mL beaker and stirred until the mixture was completely dissolved.
Next, 40 mL cold NaOH (1 mol/L) solution was dropped into a beaker and stirred for
30 min. After reacting at 18 ◦C for 48 h, 6.8 g CuCl2·2H2O was added into the mixture and
the mixed system was continuously stirred for 4 h at 70 ◦C under magnetic agitation. Finally,
the flask was aged for 24 h. The precipitates were filtered and washed with deionized
water, then followed by vacuum drying at 80 ◦C for 24 h.
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3.3. Preparation of DOPO-Amino Phenyl Copper Phosphate

The reaction process of CuPPA-DOPO is illustrated in Figure 8b. First, 100 mL tetrahy-
drofuran and 5 g CuPPA were added into a 250 mL three-necked flask and stirred for 0.5 h.
Next, 2.5 g DOPO and 0.5 g paraformaldehyde were added into the mixture and stirred
vigorously at 50 ◦C for 10 h, keeping the condensation reflux under nitrogen atmosphere.
The products were washed three times and dried under vacuum at 80 ◦C for 24 h.

3.4. Preparation of EP/CuPPA-DOPO Composites

Firstly, CuPPA-DOPO was dispersed in acetone and sonicated for 30 min. The pre-
heated EP matrix was added in the mixture for 30 min of ultrasonic. Next, the mixture was
stirred at 90 ◦C for 4 h until the acetone was completely removed. Then, DDM (mass ratio
of EP matrix to DDM was 4:1) was added to the dispersion and stirred until DDM was
completely dissolved. Then, the mixture was quickly poured into the preheated silicone
rubber mold and cured at 100 ◦C for 2 h. Finally, the splines were transferred to the drying
oven and cured at 110 ◦C/2 h, 130 ◦C/2 h, 150 ◦C/2 h. The specific contents and curing
reaction of EP composites are shown in Table 4 and Figure 9.

Table 4. Ingredients of EP composites.

Samples
Components

EP (wt%) DDM (wt%) CuPPA-DOPO
(wt%) CuPPA (wt%)

EP 80.0 20.0 0 0
EP/2 wt% CuPPA-DOPO 78.4 19.1 2 0
EP/4 wt% CuPPA-DOPO 76.8 17.1 4 0
EP/6 wt% CuPPA-DOPO 75.2 15.7 6 0
EP/8 wt% CuPPA-DOPO 73.6 14.2 8 0

EP/4 wt% CuPPA 76.8 19.2 0 4
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3.5. Measurements

X-ray diffraction (XRD) patterns of CuPPA-DOPO and CuPPA were measured with
a MAX-Rb instrument produced by Rigaku Co., Ltd. (Matsumoto, Japan), which had a
scanning range of 5◦ to 80◦, a scanning speed of 5◦/min and a step length of 0.02◦. Fourier-
transform infrared (FTIR) spectra were obtained with a 6700 spectrometer produced by
Nicolet Instruments Co., Ltd. (Madison, WI, USA). The scanning electron microscopy
(SEM) instrument was a JSM-7001F microscope produced by JEOL (Tokyo, Japan), and gold
spraying was carried out before testing. Vertical burning (UL-94) tests were performed with
a CZF-1 vertical combustion instrument produced by Jiang Ning Analytical Instrument
Co., Ltd. (Nanjing, China). The spline size was 130 × 13 × 3.2 mm3, and the test standard
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was in accordance with ASTM D 3801. Limiting oxygen index (LOI) was tested by a
JF-3 oxygen index instrument produced by Jiang Ning Analytical Instrument Co., Ltd.
(Nanjing, China). The spline size was 130 × 6.5 × 3.2 mm3 and the test standard was
in accordance with ASTM D 2863. Thermogravimetric analysis (TGA) was conducted
using a thermogravimetric analyzer produced by Mettler Toledo, with a sample quantity
of about 10 mg at a ramp rate of 10 ◦C/min in nitrogen environment. Burning data of
samples were obtained using the cone calorimeter test (CCT) with sheet dimensions of
100 × 100 × 3.0 mm3 according to ISO 5660-1. The spline was wrapped in aluminum foil
and placed at a horizontal heat flux of 35 kW/m2.

4. Conclusions

In summary, DOPO-amino phenyl copper phosphate was successfully synthesized,
which was incorporated into EP matrix for preparing uniformly dispersed EP/CuPPA-
DOPO composites. FTIR and SEM characterizations showed that CuPPA-DOPO was an
amorphous rod-like nanoparticle. TGA results showed that the residue of EP/8 wt%
CuPPA-DOPO composites was increased to 26.1%, about 11.2% higher than that of pure
EP. Moreover, the obtained EP nanocomposites exhibited noteworthy flame-retardant
properties with low additives. EP composites reached a UL-94 V-1 rating with a dosage of
CuPPA-DOPO as low as 2 wt%. The PHRR, PSPR, TSR and CO2P of EP/CuPPA-DOPO
were all decreased compared with those of EP. The inhibition of CuPPA-DOPO on EP
combustion was attributed to a char barrier in the condensed phase, quenching by releasing
some phosphorus molecular debris in the gas phase as well as the synergy of phosphorous
and nitrogen to dilute combustible gases. Therefore, the multi-synergistic flame-retardance
mechanism of CuPPA-DOPO is of great significance in the preparation of organic and
inorganic hybrid flame retardants.
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Abstract: Rigid polyurethane (RPUF) was widely used in external wall insulation materials due to
its good thermal insulation performance. In this study, a series of RPUF and RPUF-R composites
were prepared using steel slag (SS) and dimelamine pyrophosphate (DMPY) as flame retardants. The
RPUF composites were characterized by thermogravimetric (TG), limiting oxygen index (LOI), cone
calorimetry (CCT), and thermogravimetric infrared coupling (TG-FTIR). The results showed that the
LOI of the RPUF-R composites with DMPY/SS loading all reached the combustible material level
(22.0 vol%~27.0 vol%) and passed UL-94 V0. RPUF-3 with DMPY/SS system loading exhibited the
lowest pHRR and THR values of 134.9 kW/m2 and 16.16 MJ/m2, which were 54.5% and 42.7% lower
than those of unmodified RPUF, respectively. Additionally, PO· and PO2· free radicals produced by
pyrolysis of DMPY could capture high energy free radicals, such as H·, O·, and OH·, produced by
degradation of RPUF matrix, effectively blocking the free radical chain reaction of composite materials.
The metal oxides in SS reacted with the polymetaphosphoric acid produced by the pyrolysis of DMPY
in combustion. It covered the surface of the carbon layer, significantly insulating heat and mass
transport in the combustion area, endowing RPUF composites with excellent fire performance. This
work not only provides a novel strategy for the fabrication of high-performance RPUF composites,
but also elucidates a method of utilizing metallurgical solid waste.

Keywords: rigid polyurethane; steel slag; dimelamine pyrophosphate; solid waste utilization;
flame retardant

1. Introduction

Rigid polyurethane (RPUF) is widely used in thermal insulation, refrigeration, archi-
tectural decoration, amongst others, due to its excellent thermal insulation, mechanical
properties, and environmental resistance [1–5]. However, due to the porous structure and
organic skeleton of RPUF, it is also easily ignited and releases toxic gases, such as HCN, CO,
etc. The limiting oxygen index (LOI) of RPUF is only approximately 19.0 vol%, with intense
dripping in fire [6]. The above disadvantages significantly limit the further application of
RPUF. Thus, how to reduce the toxic gases generated during the combustion process of
RPUF and enhance its fire performance has attracted much scholarly attention [7].

Steelmaking as a basic industry and steel products have penetrated all areas of life.
According to statistics, the global crude steel production in 2020 was as high as 1.878 billion
tons [8]. Steel slag (SS), as an unavoidable solid waste in the steelmaking process, is
partially stored in piles, causing excessive resource waste and environmental pollution.
Thus, exploring the potential value of SS and improving its comprehensive utilization rate
is the current focus of researchers in the solid waste industry. Additionally, exploring the
high value-added utilization pathway of steel slag is an important step to accelerating the
improvement of the green low-carbon circular economy system. In recent years, many
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studies on the utilization of SS have been conducted, for example, in cement fields, mine
backfilling, and soil remediation, amongst others [9–12].

Steel slag (SS) is rich in metal oxides such as CaO, SiO2, and Al2O3. These compounds
exhibit excellent catalytic carbonization and smoke suppression effects in combustion and
thus have potential applications in fire-retarding fields [13,14]. Xu et al. [15] prepared
melamine-cyanuric acid fumed silica (MCA-SiO2) by reacting melamine (ME) and cyanuric
acid (CA) in aqueous suspension and deposited it on fumed silica. Subsequently, GF-PP and
IFR containing MCA-SiO2 were introduced to prepare GF-PP/IFR-(MCA-SiO2) composites
via a melt blending technology. The results showed that the heat release rate (HRR) of
GF-PP/IFR-MCA composites decreased, and the flame-retardant property increased with
the addition of SiO2. When the content of SiO2 was 20 wt%, the flame-retardant property of
the composites reached a UL-94 V-0 rating, and the limiting oxygen index (LOI) increased
to 32.4 vol%. Tang et al. [16] modified steel slag (SS) by DOPO-derived silanes through a
sol–gel reaction, synergizing the modified steel slag (mSS) with expanded graphite (EG) in
rigid polyurethane foam. The results showed that when the mSS/EG additions reached
20 wt%, the RPUF composite exhibited the best overall performance. The peak heat release
rate (pHRR) and total heat release (THR) of the composite were decreased by 55% and
47%, respectively, and ultimate oxygen index increased to 24.0 vol% and UL-94 V0 rating
in flame-retardant tests.

Dimelamine pyrophosphate (DMPY) is an environmentally friendly non-halogen
phosphorus–nitrogen flame retardant commonly used in polyolefins, coatings, and fibers [17].
DMPY molecules contain triazine rings, which have excellent charring ability [18–20]. Thus,
DMPY has attracted much scholarly attention and use alone or as a compound with other
flame retardants. Liu et al. [21] synthesized DMPY using sodium pyrophosphate and
melamine as raw materials, which was further introduced into thermoplastic epoxy resin
(EP) composites to enhance its fire performance. It was observed that the flame retardancy
and mechanical properties of EP/DMPY composites were significantly improved compared
to pure EP, and the ultimate oxygen index of the composites was increased to 28.7 vol%
when 9 wt% DMPY was incorporated. Liu et al. [22] combined DMPY and aluminum
diethylphosphinate (ADP) as a synergistic system (FRs), which was further used in UPR
thermoset composites. The results showed that the decomposition of FRs produced py-
rophosphate, polyphosphate, and metaphosphate, which catalyzed the degradation of the
UPR matrix to form coherent, partially graphitized, dense carbon layers.

Currently, the direct addition of flame retardants is the simplest strategy to improve
the flame-retardant properties of polyurethane [23,24]. However, there are no reports on
the applications of DMPY in RPUF. Thus, in this study, a series of RPUF and RPUF-R
composites were prepared with DMPY and SS as flame retardants, and the flame-retardant
properties, combustion properties, and morphological changes of the composites were
investigated using limiting oxygen index (LOI), vertical combustion (UL-94), cone calorime-
try (CCT), and scanning electron microscopy (SEM) test methods. This work provides a
novel strategy for the high value-added utilization of SS and fabricating high-performance
RPUF composites.

2. Results and Discussion
2.1. Bubble Structure of RPUF and RPUF-R Composites

SEM was a useful tool for investigation particle size and micromorphology of mate-
rials [25,26]. The morphology of RPUF and RPUF-R composites were analyzed by SEM.
As observed from Figure 1a, the pure RPUF had a bubble structure with uniform pores
structure, which was consistent with a previous report [27]. Additionally, as shown in
red circles in Figure 1a, some big bubble structures were observed, which may come from
the uneven distribution of water (blowing agent) in the foaming process. As presented in
Figure 1a1, pure RPUF was endowed with a thin wall for bubble structure. As can been
found in Figure 1b, the big bubble structures were also observed when 20 wt% DMPY was
added. Figure 1b1 confirmed that the wall of blister in RPUF-1 thickened and the density
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increased significantly. Meanwhile, it also could be found that DMPY particles remained
on the surface of the composite and some of the blister holes were broken (as the yellows
arrow point), which may be due to the excessive amount of DMPY increasing viscosity and
promoting the agglomeration of flame-retardant particles. When SS replaced part of DMPY,
it could be observed that the agglomeration of the RPUF-3 composite was reduced, but the
hole wall was still partially damaged (points by red circle), indicating that the addition of
inorganic SS was conducive to improving the compatibility of DMPY and RPUF matrix.
When SS was added to the RPUF matrix completely instead of DMPY, it could be observed
from Figure 1d1 that the fracture surface of the vesicle pore wall of the RPUF-1 composite
was smooth and the wall layer was thickened (points by red circle), which indicated that
the inorganic SS particles possessed excellent compatibility with the RPUF matrix. It can be
found from Figure 1b–d that when SS, DMPY, and their combination were introduced into
RPUF, the pore size of the composites were smaller than that of unmodified RPUF, which
was mainly due to the nucleation effect of powdery flame retardant.
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2.2. Physical Properties of RPUF and RPUF-R Composites

Apparent density was a very important physical property index for composites [28,29].
As shown in Table 1, pure RPUF exhibited density of 45.28 kg/m3, with thermal conduc-
tivity of 0.0373 W/m·k, and compressive strength of 0.325 KPa. When 20 wt% DMPY
was added, the apparent density of RPUF-1 was increased to 71.84 kg/m3, which was
significantly higher than that of unmodified RPUF. This may be due to the fact that the den-
sity of DMPY was much higher than that of the RPUF matrix. Additionally, the apparent
density of RPUF-1 was increased, which may come from the enhancement of nucleation
ability and the decrease in cell size after DMPY loading [30]. With the increase in the SS
and decrease in DMPY, the apparent density of the RPUF-R composites were gradually
decreased. This may come from the fact that SS contained free f-CaO and f-MgO com-
ponents. When SS met water, it underwent hydration reaction and generated Ca(OH)2
and Mg(OH)2, resulting in volume expansion. The total mass of the composite was a
constant, with the increase of SS addition, the expansion rate of the composites gradually
increased, thus resulting in decrease in the apparent density for the composites [31]. It
was observed that the thermal conductivity of RPUF-R composites was higher than that
of unmodified RPUF. This was mainly ascribed to the damage of part of the cell structure
caused by the addition of powdery flame-retardant particles. Compression strength was
another important index to characterize performance of rigid polyurethane foam [32]. In
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general, the compressive strength of polyurethane rigid foam increased with the increase
in density. RPUF-R composites exhibited lower compressive strength than that of pure
RPUF, which was related to the excessive addition of powdery flame retardants and the
destruction of hydrogen bonds in RPUF composites.

Table 1. Apparent density, thermal conductivity, and compressive strength of RPUF and
RPUF-R composites.

Sample Thermal
Conductivity/(W/m·k)

Compressive
Strength/(MPa)

Apparent
Density/(kg/m3)

RPUF 0.0373 0.325 45.28
RPUF-1 0.0392 0.315 71.84
RPUF-2 0.0380 0.289 63.80
RPUF-3 0.0389 0.273 61.44
RPUF-4 0.0381 0.257 61.20
RPUF-5 0.0369 0.240 59.25

2.3. Flame Retardant Properties of RPUF and RPUF-R Composites

LOI and UL-94 were important methods for evaluating the flame retardancy of poly-
mer materials [33]. As shown in Table 2, the LOI value of pure RPUF was only 19.0 vol%,
which was a flammable material and exhibited molten dripping in combustion. When
20 wt% DMPY was added, the LOI value of RPUF-1 increased to 24.8 vol% with UL-94
V-0 rating, and the dripping phenomenon disappeared. This was due to the existence of
DMPY, which produced polymetaphosphate in the decomposition process, and promoted
the carbonization of the RPUF matrix. At the same time, polymetaphosphate was a viscous
glass material. After dehydration and carbonization, the glass material could attach to
the surface of the carbon layer to form a liquid film and achieve the purpose of flame
retardancy [34]. With the replacement of DMPY by SS, the LOI values of the composites
were in the range of 22.0 vol%~25 vol%, which reached the combustible material rating
(22.0 vol%~27.0 vol%) compared with flammable material (<22.0 vol%) of pure RPUF.
Additionally, the RPUF composites with DMPY and SS loading all could pass UL-94 V0
flame retardant rating [35]. This may be due to the fact that SS contained Al2O3, MgO,
and CaO, which combined with DMPY to form a protective layer and prevent the further
combustion of the underlying composites. When 20 wt% of SS was added to completely
replace DMPY, the LOI value of RPUF-5 composite was 20.4 vol%, which was 1.4 vol%
higher compared to unmodified RPUF and failed to pass UL-94 V-0 flame retardant rating.
It was also found that the melt dripping phenomenon disappeared. The above results
indicated that the addition of SS alone has some effect on RPUF flame retardancy, but
the combination of SS with DMPY can be effective for flame retardancy enhancement of
RPUF-R composites.

Table 2. LOI, UL-94 data for RPUF and RPUF-R composites.

Sample LOI/vol%
UL-94. 3.2 mm Bar

t1/t2
a (s) Dripping Rating

RPUF 19.0 BCb Y NRc

RPUF-1 24.8 4.37/0 N V-0
RPUF-2 23.7 6.42/0 N V-0
RPUF-3 23.4 6.84/0 N V-0
RPUF-4 22.4 8.72/0 N V-0
RPUF-5 20.4 BC N NR

Note: a t1, t2—the first, second ignition after the burning time; b BC—burn to fixture; c NR—no rating.

2.4. Thermal Stability of RPUF and RPUF-R Composites

Thermogravimetry was a useful tool for investigating the thermal stability of polymer
composites [36]. Herein, the thermal stability of RPUF and RPUF-R composites was
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characterized by thermogravimetry (TGA). Figure 2 showed the thermogravimetric (TG)
and thermal weight loss (DTG) curves of RPUF and RPUF-R composites, and the related
data were listed in Table 3. As shown in the table, the initial degradation temperature
(T-5wt%) of unmodified RPUF was 271 ◦C. The T-5wt% of RPUF-1, RPUF-3, and RPUF-5
composites were higher than that of pure RPUF, indicating that the addition of DMPY
and SS inhibited the initial decomposition of RPUF composites. The whole pyrolysis
process of the composites was divided into two stages. The first stage in the interval of
300–350 ◦C corresponded to the degradation of the hard segments of the polyurethane
molecular chain, and the second stage in the interval of 450–500 ◦C could be ascribed to the
degradation of the soft segments in the polyurethane molecular chain, accompanied by the
generation of CO [37,38]. It can also be noted from Table 4 that the maximum degradation
temperature (Tmax2) of RPUF-1, RPUF-3, and RPUF-5 in the second stage were higher than
that of pure RPUF, which may be due to the fact that the polymetaphosphate generated
by pyrolysis of DMPY promoted the dehydration and carbonization of RPUF composites,
and free PO· radicals captured high-energy radicals such as H·, O·, and OH·, which could
effectively block the free radical chain reaction in combustion [39]. At the same time, the
metal oxides in SS chelated with the polyphosphoric acid generated by DMPY pyrolysis
to form metal salts. It could be retained on the surface of the carbon layer, which was a
benefit for isolating oxygen and heat, preventing the further combustion of the composites
and improving the thermal stability of the composites [40]. The residual carbon of RPUF-1,
RPUF-3, and RPUF-5 composites at 700 ◦C were higher than those of pure RPUF. All these
results indicated that the addition of DMPY and SS could improve the high temperature
thermal stability of RPUF-R composites.
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Figure 2. (a) thermogravimetric (TG) and (b) thermal weight loss (DTG) curves of RPUF and
RPUF-R composites.

Table 3. Thermogravimetric data of RPUF and RPUF-R composites (nitrogen atmosphere).

Sample T−5wt%/◦C Tmax1/◦C Tmax2/◦C 700 ◦C Carbon
Residue/wt%

RPUF 271 330 460 14.0
RPUF-1 283 328 490 24.4
RPUF-3 277 333 470 28.8
RPUF-5 272 350 463 29.3
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Table 4. Cone calorimetric data of RPUF, RPUF-R composites.

Sample RPUF RPUF-1 RPUF-3 RPUF-5

TTI (s) 5 3 4 3
Tp (s) 72 68 72 64
Td (s) 390 415 516 441

pHRR (kW/m2) 296.5 145.1 134.9 188.6
THR (MJ/m2) 28.18 18.95 16.16 21.52
FPI (m2·s/kW) 0.0169 0.0207 0.0297 0.0159
FGI (kW/m2·s) 4.12 2.13 1.87 2.95

CY (wt%) 17.27 25.22 24.77 23.29
Note: TTI, time to ignition; Tp, time to pHRR; Td, continuous combustion time; pHRR, peak of release rate; THR,
total heat release; FPI, fire performance index; FGI, fire growth rate index; CY, char yield.

2.5. Combustion Properties of RPUF and RPUF-R Composites

Cone calorimeter was widely used in evaluating the combustion performance of mate-
rials [41]. Figures 3 and 4 showed the conical calorimetric data plots of RPUF and RPUF-R
composites, and the related data were listed in Table 4. The pure RPUF reached the maxi-
mum heat release rate (pHRR) at 72 s, with the highest value of 296.5 kW/m2. The pHRR
values of RPUF-1, RPUF-3, and RPUF-5 composites were 145.1 kW/m2, 134.9 kW/m2, and
188.6 kW/m2, respectively, which were 51.1%, 54.5%, and 36.4% lower than those of pure
RPUF. The HRR values of RPUF-R composites decreased rapidly after reaching pHRR, which
were lower than that of RPUF. RPUF-3 was endowed with the lowest pHRR value, suggesting
the synergistic effect between SS and DMPY in RPUF composites. It can be seen from Figure 3b
that the THR value of pure RPUF was 28.18 MJ/m2, and THR values of RPUF-R were lower
than that of pure RPUF. Among them, the decrease in the RPUF-3 composite was the most
obvious, with THR value of 16.16 MJ/m2, which was 42.7% lower than that of pure RPUF,
implying that DMPY/SS could synergistically reduce the heat release of RPUF composite in
combustion. This result was highly consistent with the flame retardant test.

Furthermore, typical gaseous products and mass vs. time curves were given in Figure 4.
CO was a deadly toxic gas produced in a fire accident [42]. As observed in Figure 4, the CO
production of RPUF-R composites showed a decreasing trend, which was mainly due to the
possible adsorption of CO by the metal ions contained in SS. Additionally, part of the CO
could be oxidized into CO2 by oxidation reaction under high temperature conditions [43].
Fire Performance Index (FPI) and Fire Spread Index (FGI) were often used to evaluate the
fire safety of flame-retardant polymer composites, where FPI was the ratio of PHRR to peak
burning time of the composite materials (TP), and FGI was the ratio of TTI to PHRR. The
higher the FPI value, the smaller the FGI value, and the smaller the fire hazard [44,45]. As
shown in Table 5, the FPI values of RPUF, RPUF-1, RPUF-3, and RPUF-5 composites were
0.0169 m2·s/kW, 0.0207 m2·s/kW, 0.0297 m2·s/kW, and 0.0159 m2·s/kW, respectively, and
the FGI values were 4.12 kW/m2·s, 2.13 kW/m2·s, and 1.87 kW/m2·s, and 2.95 kW/m2·s,
respectively. Compared with pure RPUF, the fire hazards of RPUF-R composites were all
significantly reduced, in which RPUF-3 exhibited the most significant effect, indicating that
the addition of DMPY/SS synergistically reduced the fire safety of RPUF composites.

Table 5. Composition of RPUF and RPUF-R composites.

Sample LY-4110
/g

PM-200
/g

LC
/g

AK-8805
/g

A33
/g

TEOA
/g

Water
/g

SS
/g

DMPY
/g

RPUF 100 135 0.5 2 1 3 2 0 0
RPUF-1 100 135 0.5 2 1 3 2 60.9 0
RPUF-2 100 135 0.5 2 1 3 2 40.6 20.3
RPUF-3 100 135 0.5 2 1 3 2 30.45 30.45
RPUF-4 100 135 0.5 2 1 3 2 20.3 40.6
RPUF-5 100 135 0.5 2 1 3 2 0 60.9

Note: LY-4110, polyether polyol; PM-200, polyaryl polymethylene isocyanate; LC, dibutyltin dilaurate, AK-8805,
silicone surfactant; A33, triethylenediamine; TEOA, triethanolamine, Water, blowing agent; SS, steel slag; DMPY,
dimelamine pyrophosphate.
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2.6. Analysis of Gas Phase Products of RPUF and RPUF-R Composites

Thermogravimetric infrared coupling (TG-FTIR) was a common method to analyze
the gas phase products and work mechanism of flame-retarding composites [46]. Figure 5
provided TG-FTIR 3D Spectra of RPUF and RPUF-R Composites. It can be observed
from the figure that the gas phase products of RPUF and RPUF-R composites were
mainly distributed in the bands of 3500–4000 cm−1, 2500–3400 cm−1, 2100–2400 cm−1,
1500–2000 cm−1, 700–1300 cm−1. Figure 6 showed the FTIR spectra of the gas products

163



Molecules 2022, 27, 8892

of RPUF and RPUF-R composites at different times. The characteristic peaks at around
3818 cm−1 and 2930 cm−1 corresponded to the stretching vibration of the N–H bond and
the stretching vibration of the C–H bond in hydrocarbons, respectively [47]. The characteris-
tic peaks of CO2 and -NCO were 2384 cm−1 and 2306 cm−1, respectively. The characteristic
peaks at around 1604 cm−1 and 1517 cm−1 were attributed to aromatic compounds and
esters [48]. The characteristic peak of HCN was found at 721 cm−1, which was consistent
with a previous report. From Figure 6a, it could be found that the release intensity of CO2
and -NCO from the RPUF-3 composite was significantly reduced compared to the other
three composites. Additionally, the release intensity of HCN was reduced compared to
pure RPUF, indicating that the chelation reaction between DMPY and SS inhibited the
release of toxic and hazardous gases associated with the decomposition of RPUF matrix.
Figure 6b–e showed the variation curves of typical gaseous products intensity for RPUF and
RPUF-R composites with time. As observed from Figure 6b, the CO2 release of pure RPUF
started at around 12 min, while the CO2 generation time of the other three composites
was delayed, implying that the addition of DMPY and SS inhibited the initial degradation
of the composites and improved their thermal stability, which was consistent with the
thermogravimetric test.
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2.7. Carbon Slag Analysis of RPUF and RPUF-R Composites

Carbon residue in RPUF and RPUF-R composites was obtained after calcination in
muffle furnace, which were further investigated by SEM [49]. As shown in Figure 7a,
the carbon layer of pure RPUF exhibited a thin and smooth structure after calcination (as
shown by red circle), and the char layer was lax, which could not inhibit the mass and
heat transport in combustion. As shown in Figure 7b, when 20 wt% DMPY was added, the
carbon layer compactness of RPUF-1 composite was significantly improved compared with
that of unmodified RPUF, but some pore structures (as observed from the red circle) was
observed, which may be due to the poor compatibility between DMPY and RPUF matrix
and the uneven dispersion caused by excessive addition of DMPY. When 20 wt% of SS was
added, the compactness of carbon layer for RPUF-5 was also improved. It was also found
that the surface of the carbon layer was loaded with a large amount of metal oxides and SS
particles (pointed by yellow arrow), which acted as a barrier to prevent the transport of heat
and mass. When 20 wt% DMPY/SS (1:1) was added, many obvious worm structures and
dense carbon layers were observed in RPUF-3 (as shown by red circle). This was mainly
due to the combination of the catalytic carbonization effect of polyphosphate resulting
from DMPY decomposition, and the crosslinking effect of metal ions that came from SS
during combustion. Based on the above investigation, we came to the conclusion that the
synergistic effect of DMPY/SS system effectively inhibited the heat and mass transfer in
combustion region, endowing RPUF-3 with excellent fire-retarding performance.

Raman spectroscopy is a common method to measure the graphitization degree of
carbon materials [50]. Figure 8 shows the Raman spectra of RPUF and RPUF-R composites.
As shown in the figure, two broadband bands were present in all the samples. The D
band at around 1360 cm−1 corresponded to the amorphous phase consisting of disordered
carbon atoms, and the G band at 1590 cm−1 was attributed to crystalline phase consisting
of graphited carbon atoms [51]. The area ratio of ID/IG was usually used to represent the
graphitization degree of the sample. The smaller the ratio of ID/IG, the higher graphitization
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degree of carbon residue with better fire resistance [52,53]. As observed from Figure 8, the
ID/IG values of the carbon residues for RPUF-R composites were all lower than that of
unmodified RPUF, suggesting that the usage, either alone or combination, of SS and DMPY
could endow RPUF-R composites with enhanced fire-retarding performance.
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3. Experiment
3.1. Experimental Materials

Polyether polyols (LY-4110), triethylenediamine solution (A33), industrial grade, were
all provided by Jiangsu Lvyuan New Materials Technology Co., Ltd. (Nantong, China).
Trimethylene polyphenyl polyisocyanate (PM-200, industrial grade) was purchased from
Wanhua Chemical Group Co., Ltd. (Yantai, China). Silicone oil foam stabilizer (AK-8805,
industrial grade) was purchased from Jining Hengtai Chemical Co., Ltd. (Jining, China).
Triethanolamine (TEOA, Chemically Pure), was purchased from Chemical Reagent Co.,
Ltd. (Shanghai, China). Dibutyltin dilaurate (LC, chemical purity) was purchased from
Air Chemical Co., Ltd. (Delaware, Ameica). Dimelamine pyrophosphate (DMPY) was
purchased from Dongguan Shengde New Materials Co., Ltd. (Dongguan, China). Steel
slag (SS) was kindly provided by Masteel Group. None of the above chemicals have been
further purified.

3.2. Sample Foaming

A series of RPUF and RPUF-R composites were prepared by one-step aqueous foaming
process. The composition ratio of the composites was shown in Table 5. Firstly, LY-4110,
LC, A33, AK-8005, TEA, SS, DMPY, and distilled water were added into a 500 mL beaker
and stirred at 2000 rpm for 1 min. Then, the weighed PM-200 was further added into the
beaker with intense stirring for another 10 s until the mixture turned white, which was
then poured into the mold quickly. The samples were further reacted at 80 ◦C for 6 h to
complete the polymerization process. Then, the obtained sample was cut into suitable sizes
for the following testing.

3.3. Sample Characterization

Limit oxygen index (LOI): JF-3 oxygen index analyzer (Nanjing Jiangning District In-
strument Analysis Factory) was applied to test the limit oxygen index of the composites with
sample size of 127 mm × 10 mm × 10 mm. Vertical combustion (UL-94): Horizontal vertical
combustion tester (CZF-2) was introduced to test combustion rating of RPUF and RPUF
composites with sample size of 127 mm × 13 mm × 10 mm. Mechanical properties: The
DCS-5000 universal material testing machine was applied to test the compressive strength
of the RPUF and RPUF-R composites with sample size of 50 mm × 50 mm × 40 mm, and
each sample was tested for five times to obtain average value. Thermal conductivity test:
TC3000E thermal conductivity meter was used to test the thermal conductivity of the com-
posites with sample size of 50 mm × 50 mm × 25 mm, and the average value was obtained
by test for three measurements. Cone calorimeter (CCT): 6180 (Siemens analyzer) cone
calorimetry was used to test the heat release rate and smoke release of the composites, where
the radiation flux was 35 kW/m2 and the sample size was 100 mm × 100 mm × 25 mm.
Scanning electron microscopy (SEM): The morphology of the composites and carbon slags
were investigated by JSM-6490LV scanning electron microscope. In order to enhance the
electrical conductivity of the samples, the samples were sprayed with conductive layer.
Laser confocal Raman spectroscopy (Roman): The carbon slag was obtained by calcining
the composites in a muffle furnace at 600 ◦C for 10 min, and then tested by laser confo-
cal Raman spectroscopy (LabRAM HR Evolution, HORIBA Scientific) to investigate the
graphitization degree of the carbon slag for the composites.

4. Conclusions

In this work, a series of RPUF and RPUF-R composites were fabricated by one-step
all-water foaming method using DMPY and SS as flame retardants. Additionally, the
effects of DMPY and SS on the microscopic morphology, thermal stability, flame retardancy,
combustion properties, gas phase products, and carbon residue of the composites were sys-
tematically investigated. The LOI test confirmed that RPUF/DMPY and RPUF/DMPY/SS
composites all passed UL 94 V0 rating, and the LOI values reached the combustible material
grade (22.0 vol%~27.0 vol%). The RPUF/SS composite with SS alone cannot pass UL 94
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V0 rating with relatively low LOI value of 20.4 vol%. RPUF-R composites were observed
dripping phenomenon disappeared, implying the enhanced fire hazard of the composites.
TG test showed that the residual carbon value and T-5wt% of RPUF-1, RPUF-3, and RPUF-5
composites at 700 ◦C were higher than those of unmodified RPUF, confirming that the addi-
tion of DMPY and SS could significantly improve the high temperature thermal stability of
the composites. Cone colorimetry test showed that RPUF-3 composite possessed the lowest
pHRR and THR values of 134.9 kW/m2 and 16.16 MJ/m2, indicating that the combination
of DMPY and SS could inhibit the heat release of the composites in combustion. The carbon
slag investigation showed that the DMPY/SS synergistic system improved the denseness
and graphitization degree of the carbon layer for RPU composites, thus inhibiting the
heat and mass transport of the composites in combustion. The above results show that
DMPY/SS can be a feasible strategy for fabricating fire-retardant RPUF composites, which
also paves a new way for solid waste utilization.
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Abstract: The high flammability of vinyl ester resin (VE) significantly limits its widespread appli-
cation in the fields of electronics and aerospace. A new phosphorus-based flame retardant 6,6’-(1-
phenylethane-1,2 diyl) bis (dibenzo[c,e][1,2]oxaphosphinine 6-oxide) (PBDOO), was synthesized
using 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and acetophenone. The syn-
thesized PBDOO was further incorporated with VE to form the VE/PBDOO composites, which
displayed an improved flame retardancy with higher thermal stability. The structure of PBDOO
was investigated using Fourier transformed infrared spectrometry (FTIR) and nuclear magnetic
resonances (NMR). The thermal stability and flame retardancy of VE/PBDOO composites were
investigated by thermogravimetric analysis (TGA), vertical burn test (UL-94), limiting oxygen index
(LOI), and cone calorimetry. The impacts of PBDOO weight percentage (wt%) on the flame-retardant
properties of the formed VE/PBDOO composites were also examined. When applying 15 wt%
PBDOO, the formed VE composites can meet the UL-94 V-0 rating with a high LOI value of 31.5%.
The peak heat release rate (PHRR) and the total heat release (THR) of VE loaded 15 wt% of PBDOO
decreased by 76.71% and 40.63%, respectively, compared with that of untreated VE. In addition, the
flame-retardant mechanism of PBDOO was proposed by analyzing pyrolysis behavior and residual
carbon of VE/PBDOO composites. This work is expected to provide an efficient method to enhance
the fire safety of VE.

Keywords: vinyl ester resin; flame retardant; thermal stability; mechanism analysis

1. Introduction

Vinyl ester resin (VE) is prepared by the reaction of bisphenol-A epoxy resin and
methacrylic acid [1]. Due to its excellent electrical insulation, adhesion, chemical resistance,
and easy processing characteristics, VE plays a vital role in industries such as coatings,
adhesives, anti-corrosion paints, and electronics [2–5]. However, the fire hazard potential
of VE is higher than that of bisphenol-A epoxy resin due to its easily degradable vinyl [4,5].
The inflammability of VE limits its application in construction, aviation, and other special
fields [6–9]. Therefore, it is imperative to improve the flame-retardant properties of VE.

Phosphorus-based flame retardant has been widely used because of its eco-friendly
degradation products and high flame-retardant efficiency [10–13]. 9,10-dihydro-9-oxa-10-
phospha-phenanthrene-10-oxide (DOPO) and its derivatives are often used as an efficient
reactive phosphorus-based flame retardant for epoxy resins [14–18]. DOPO can exert flame
retardants effect in the gas phase and condensed phase by releasing free radicals and
promoting carbonation [19]. The limiting oxygen index (LOI) and vertical burning rating
of epoxy resin can reach 36.2% and V-0 after incorporating 3 wt% ABD, which is a flame
retardant synthesized by acrolein and DOPO [15]. Fang et al. synthesized a new flame
retardant TDA containing phosphorus, nitrogen, and silicon-based on DOPO, and 25 wt%
TDA can endow EP composites with an LOI value of 33.4% [18]. However, the flame
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retardancy of VE with DOPO and its derivatives is low, and the LOI of VE composites can
only reach 31.5% with 30 wt% DOPO-2-hydroxylethyl acrylates [16].

The main factors that affect the flame-retardant efficiency of DOPO are: (a) Phosphorus
content of DOPO derivatives. (b) Other functional groups in DOPO derivatives [17,19].
Epoxy resin with 17.5 wt% phenethyl-bridged DOPO derivative (PN-DOPO) achieved
vertical burn test (UL-94) V-0 grade, and its average heat release rate (av-HRR) value
was reduced by 32.5% [20]. Acetophenone can react with DOPO to construct a bridging
structure between DOPO molecules, thus increasing the overall content of phosphorus
and aromatic group in the formed DOPO derivatives [19,20]. Therefore, acetophenone was
considered as a sensitizer for DOPO to generate a novel DOPO derivative with improved
flame-retardant efficiency.

In this work, a novel phosphorus-based flame retardant named PBDOO was syn-
thesized by DOPO and acetophenone. The thermal stability, mechanical properties, and
flame-retardant properties of VE composites with PBDOO were studied in depth. Finally,
the flame-retardant mechanism of VE composites was further revealed.

2. Result and Discussion
2.1. Characterization of PBDOO

The Fourier transform infrared (FTIR) spectra of PBDOO is shown in Figure 1a, and
the groups corresponding to each absorption peak are listed in Table 1.
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Figure 1. (a) FTIR spectra, (b) 1H NMR spectra and (c) 31P NMR spectra of PBDOO.

Table 1. Wavenumber and corresponding chemical groups in PBDOO.

Wavenumber (cm−1) Corresponding Chemical Groups

3058 C-H stretching vibration peak of the aromatic ring
1594 P-Ar stretching vibration peak
1475 P-Ph absorption peak
1280 O=P-O absorption peak of the benzene ring structure
1235 P=O vibration absorption peak

1199, 933 P-O-Ph vibration absorption peak
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It is well-known that the P-H vibration absorption peak at 2400 cm−1 is the most
obvious characteristic absorption peak of DOPO [21,22]. And acetophenone has a C=O
absorption peak of carbonyl around 1727 cm−1. Neither of these absorption peaks is shown
in Figure 1a, indicating that the target product is free of DOPO and acetophenone [21].
The new absorption peaks listed in Table 1 indicate that the target product is successfully
synthesized [22,23].

1H and 31P nuclear magnetic resonance (NMR) spectra were used to verify the struc-
ture of PBDOO. As shown in Figure 1b,c, the characteristic peak at 2.85 ppm in the 1H NMR
spectrum of PBDOO corresponds to the hydrogen atom in the -CH2- structure [21,22,24]. In
addition, the typical peak at 6.8–8.0 ppm corresponds to the hydrogen atom of the benzene
ring [21]. 31P NMR is multimodal at 34.0–37.0 ppm. The presence of these peaks indicates
that PBDOO is successfully synthesized.

Thermogravimetric analysis (TGA) and Thermogravimetric differentiation analysis
(DTG) curves of PBDOO under nitrogen and air atmospheres are shown in Figure 2.
The corresponding data are displayed in Table 2. Among them, T5% is defined as the
temperature at 5% weight loss, Tmax is defined as the temperature at which the maximum
weight loss rate is, and the temperature selected for the char residues is 800 ◦C.
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Table 2. TGA and DTG data of PBDOO and the VE composites.

Sample

N2 Air

T5% Tmax Residue T5% Tmax1 Tmax2 Residue

(◦C) (◦C) (wt%) (◦C) (◦C) (◦C) (wt%)

PBDOO 352 405 4.9 344 388 – 7.2
VE-0 316 420 6.8 356 422 546 0.0
VE-5 338 414 13.8 358 414 561 0.6
VE-10 319 414 9.1 334 415 562 0.7
VE-15 304 414 9.7 317 413 561 1.3

As shown in Figure 2a, under air atmosphere, the T5% of PBDOO is 344 ◦C, the Tmax
of PBDOO is 388 ◦C, and its char residues at 800 ◦C are 7.2%. Figure 2b shows the results
under a nitrogen atmosphere. The T5% and Tmax are 352 ◦C and 405 ◦C, respectively. It
can be seen that PBDOO has high thermal stability in both air and nitrogen atmosphere,
and the initial decomposition temperatures are above 340 ◦C. The processing temperature
of VE is about 150 ◦C, so PBDOO can meet the processing conditions of VE. Furthermore,
the amount of char residue under the air atmosphere is significantly higher than that
under a nitrogen atmosphere, which may be because the presence of oxygen promotes the
formation of stable carbon layers [24,25].

2.2. Morphologies and Mechanical Properties of the VE Composites

In order to study the effect of PBDOO on the mechanical properties of VE materials,
the tensile strength and elongation at break of VE composites with different proportions of

173



Molecules 2022, 27, 8783

flame retardant were tested. The test results are shown in Figure 3. The tensile strength
and elongation at the break of the VE without PBDOO are 33 MPa and 25%, respectively.
As the content of PBDOO increases, the strength of the cured product first increases from
33 MPa to 36 MPa, and then dropped to 14 MPa for VE-15. The elongation at break changed
slightly from 25% of VE-0 to 21% of VE-15. The result indicates that with a small amount of
PBDOO involved in the curing process, the VE composites can form a stable cross-linked
structure, which gives an increase in tensile strength [26]. When the content of PBDOO
further increases, the steric hindrance produced by the rigid DOPO group limited the
cross-linking between VE and the curing agent. So the tensile strength and elongation at
the break decrease [26,27].
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Figure 3. Strength and elongation at break of VE composites.

Figure 4 shows the scanning electron microscope (SEM) image of the cross-section
of VE-0 and VE-15. It could be seen that the surface of VE-15 is slightly rougher than
that of VE-0, which indicates a minor effect of PBDOO on VE. In addition, there are no
noticeable large particles on the fracture surfaces of the two samples, which also indicates
that PBDOO could be well dispersed in the VE material. This result shows that PBDOO
has good compatibility with VE and can be well dispersed in VE composites.
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2.3. Thermal Stability

TGA and DTG curves of the VE composites under nitrogen and air atmospheres are
shown in Figure 5 and the corresponding data are summarized in Table 2. As shown in
Figure 5a,c, with the addition of PBDOO, the T5% temperature of the VE composites moves
forward slightly, indicating that the addition of the flame retardant reduces the initial
decomposition temperature of VE.
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Figure 5. TGA and DTG curves of VE composites in air (a,b) and N2 (c,d).

It could be observed from Figure 5b that all the samples have a two-stage decomposi-
tion process in the air atmosphere. The first decomposition occurs at around 330 ◦C and
reaches Tmax at 410 ◦C, which may be due to the decomposition of aromatic rings and alkyl
chains [23]. The second degradation of VE composites occurs at about 500 ◦C and reaches
Tmax at about 550 ◦C, which may be due to the further thermal-oxidative decomposition
of the unstable char layer at high temperatures. The results in Table 2 show that as the
amount of PBDOO increases, so does the residual carbon of the VE composites.

2.4. Flame-Retardant Properties of the VE Composites

LOI and UL-94 were used to judge the flame retardancy of the samples, and the data
are shown in Table 3. As the content of PBDOO increases, the LOI value of VE composites
also increases significantly. The LOI value of VE-15 reached 31.5%, which is much higher
than that of VE-0. And the vertical burning rating of VE got V-0 after incorporating
15 wt% PBDOO. Therefore, it could be concluded that PBDOO can effectively improve the
flame-retardant properties of VE composites.

Table 3. LOI and UL-94 results of the VE composites.

Sample VE (g) BPO (g) PBDOO (g) LOI (%) UL-94

VE-0 50.00 1.50 0.00 22.00 V-2
VE-5 47.50 1.43 2.50 24.50 V-1
VE-10 45.00 1.35 5.00 25.50 V-1
VE-15 42.50 1.28 7.50 31.50 V-0

The combustion behavior of VE was further studied by a cone calorimeter. The total
heat release (THR) and heat release rate (HRR) curves of VE composites are shown in
Figure 6. Some of the essential parameters are summarized in Table 4. From Figure 6a,b, it
can be seen that VE-0 burns quickly and releases a large amount of heat after being ignited.
The peak of HRR (PHRR) and THR of VE-15 are 339 kW/m2 and 47.9 MJ/m2, respectively,
which are reduced by 76.71% and 40.36% compared with those of VE-0.
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Figure 6. (a) Heat release rate of VE composites, (b) total heat release of VE composites.

Table 4. Cone calorimetry data of VE composites.

Sample TTI PHRR THR CO2 PR COPR
(s) (Kw/m2) (MJ/m2) (g/s) (g/s)

VE-0 59 1455 80.4 1.12 0.041
VE-5 66 822 66.0 0.62 0.038
VE-10 64 385 39.1 0.29 0.052
VE-15 67 339 47.9 0.22 0.044

Note: CO2 PR value in Table 4 is the peak of the CO2 production rate; COPR value in Table 4 is the peak of the CO
production rate.

Figure 7 shows the changes in CO production rate (COPR) and CO2 production rate
(CO2 PR) of the VE material during the cone tests. The peak value of CO2 PR for VE-0 is
1.12 g/s. With the increase of PBDOO content in VE composites, the peak values of CO2 PR
decreased by 44.64%, 74.11%, and 80.35%, respectively. But the values of COPR have no
obvious change trend as observed in Figure 7b. The changes in CO2 PR may be result by
the thermal decomposition of PBDOO. The decomposition products can quench the active
pyrolysis fragments from VE and inhibit the combustion, which reduces the generation of
CO2 [25,28,29].
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As seen in Table 3, the addition of PBDOO increases the time to ignition (TTI) of VE
composites. The TTI of VE-0 and VE-15 were 59 s and 67 s, respectively, which indicated that
the incorporation of highly stable flame retardants plays a good role in physical protection.
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2.5. Flame-Retardant Mechanism
2.5.1. Condensed Phase Analysis

Figure 8a–c show the photographs of the VE composites before and after heating at
650 ◦C for 5 min in a muffle furnace. It could be seen from Figure 8a that there is almost
no change in the appearance of VE composites after the addition of PBDOO, which is
yellow-brown and transparent. The result in Figure 8b shows that VE-0 has no residue after
calcination in the muffle furnace, while VE-15 has a noticeable carbon residue, which is
consistent with the thermogravimetric test results. This is probably because the presence of
aromatic rings and phosphorus in PBDOO promotes the formation of carbon layers, and
therefore more residual carbon is obtained [24,25]. It could be seen from the magnification
in Figure 8c that the carbon layer with an expanded three-dimensional structure is loose,
porous, and fragile. In order to better characterize the microstructure of the carbonized
layer, the carbon residue is observed by SEM, as shown in Figure 8d. It could be seen that
the carbon residue is porous, and most of the tiny pores on the surface are cracked. This
may be due to a large amount of gas rushing out of the carbon layer during decomposition,
which is consistent with the phenomenon observed in the UL-94 test.
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Figure 8. Digital photographs of VE-0 and VE-15 composites (a) before and (b) after being heated at
650 ◦C in air; (c) Photograph of char carbon of VE-15; (d) SEM of the char carbon of VE-15.

2.5.2. Pyrolysis Behaviors of the VE Composites

To better study the degradation process and flame-retardant mechanism of PBDOO in
VE, the thermogravimetric analysis-infrared spectroscopy (TG-IR) of VE-0 and VE-15 under
nitrogen gas conditions was investigated. Figure 9a shows the FTIR spectra of the pyrolysis
gaseous products of VE and its composites at the maximum decomposition rate. The FTIR
curve of the VE composites with 15 wt% PBDOO is similar to that of VE-0, and some
representative pyrolysis gaseous products are observed. The peaks near 1400–1600 cm−1

and 650–900 cm−1 correspond to aromatic compounds. The peaks at 1000–1300 cm−1 are
mainly absorption peaks of C-O compounds. The absorption peaks centered at 1730 cm−1

and 2306 cm−1 are mainly absorption peaks of carbonyl groups containing aldehydes
and CO2 [23,25–27]. It is worth noting that the peak strength of the VE composites is
significantly reduced after the addition of PBDOO.
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Figure 9. (a) FTIR spectra of pyrolysis gaseous products originated from VE-0 and VE-15 at the
maximum evolution rate; (b) Absorbance intensities of VE-0 and VE-15.

The intensity curves of total pyrolysis products are plotted in Figure 9b. It can be
seen that the absorption strength of the VE composites with flame retardant is significantly
lower than that of the neat samples, which means that fewer gaseous products are detected
for VE-15.

To better understand the differences between the gaseous products of VE and VE-15,
the absorption intensities of some typical pyrolysis products are shown in Figure 10. The
intensities of three absorption peaks of VE-15 at 829 cm−1, 1509 cm−1, and 1610 cm−1

are lower than those of VE-0. This result demonstrates that the introduction of PBDOO
significantly reduces the production of aromatic compounds, which can participate in
the combustion process and release more heat. Therefore, adding PBDOO can effectively
increase the fire safety performance of VE composites.
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The appearance of the C=O absorption peak at 1732 cm−1 in Figure 10b may be
produced by the decomposition of the ethyl chain segment. The decrease in its intensity
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also indicates that the decomposition of VE composites is suppressed and the thermal
stability is improved after the addition of flame retardant. The hydrocarbon absorption
peak curve in Figure 10d also indicates the inhibitory effect of PBDOO on the decomposition
of VE composites. Figure 10c shows the absorption intensities of CO2 at around 2306 cm−1,
and it can be seen that the curve of VE-15 is much lower than that of VE-0. This may be
due to the decrease in the number of HO· radicals, which is caused by the quenching effect
of free radicals are generated from the degradation of PBDOO [30].

As a phosphorus-containing flame retardant, PBDOO mainly functions in gaseous and
condensed phases. According to TG data, PBDOO can reduce the initial decomposition
temperature of VE composites, which is conducive to the earlier formation of a stable
carbon layer to isolate external air and heat. And the decomposition of chemical bonds can
release DOPO groups, which are further cleaved to form free radicals such as PO· and PO2·.
These phosphorus-containing radicals can capture active radicals in the flame area, inhibit
the chain reaction, and interrupt or slow the combustion of VE composites [30,31]. The
DOPO groups in the matrix that have not been cleaved to form radicals and the quenched
productions of phosphorus-containing radicals can further aggregate at high temperatures
to form phosphorus-containing residues [27]. This residue layer can somewhat prevent
the release of combustible gases and heat [32]. The cone calorimeter results show that
the HRR and THR values of VE-0 are significantly higher than these of VE-15, which also
verifies that PBDOO can suppress the heat release of VE composites during the combustion
process. Therefore, in conclusion, the inhibition effect of PBDOO on combustible gas and
the formation of condensed phase carbon layer together play a good flame-retardant effect
on VE composites. It can be simplified in Figure 11.
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3. Experimental
3.1. Materials

9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), acetophenone, xy-
lene, phosphorus oxychloride, isopropanol, acetone and dibenzoyl peroxide (BPO) were
purchased from Aladdin Co., Ltd. (Shanghai, China). Deionized water was self-produced
in the laboratory. All chemicals were used as received without any special treatment.

3.2. Synthesis of PBDOO

As shown in Figure 12, a novel phosphorus-containing flame retardant named PBDOO
was synthesized by the addition reaction between DOPO and acetophenone. A certain
amount of DOPO, acetophenone, and xylene was added to the three-necked flask, and
phosphorus oxychloride was slowly added dropwise after being heated to 154 ◦C under
a nitrogen atmosphere. Fractions were collected in a trap at 155 ◦C. After the dropwise
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addition of phosphorus oxychloride, stirring was continued for half an hour to make the
reaction sufficient. Isopropanol was added to the cooled mixture. The precipitated product
was filtered with suction and washed with isopropanol and deionized water to obtain a
solid white powder, which was then thoroughly dried at 110 ◦C.
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3.3. Preparation of the VE Composites

A series of VE composites with different PBDOO content were prepared. The specific
formulations are listed in Table 3. BPO is the curing agent.

A certain amount of VE was added into a mixed system of PBDOO and acetone. The
mixture was stirred continuously at 60 ◦C until acetone was volatilized entirely. PBDOO
would dissolve into VE during the stirring process, forming a dark brown transparent
viscous mixture. Subsequently, the mixture was stirred rapidly for 15 min at 100 ◦C. After
that, a certain amount of initiator was added to the mix and stirred vigorously for 15 s. The
resulting mixture was quickly poured into a mold prepared in advance, transferred to the
oven, and cured for 2 h at 100 ◦C, 130 ◦C, and 150 ◦C. After cooling to room temperature, the
VE composites were taken out of the mold to obtain samples with different PBDOO content.

3.4. Characterization

Instruments Nicolet 6700 Fourier Transform Infrared Spectrometer (Waltham, Mas-
sachusetts, USA) was used to record the FTIR spectrum of the sample, and the test
wavenumber range was 500–4000 cm−1. The 1H and 31P NMR spectra of the samples
were performed on an AVANCE-400 NMR (Bruker company in Zurich, Switzerland) spec-
trometer, using CDCl3 as the solvent and running in Fourier transform mode. The tensile
test was done on the YF-900 computerized tensile testing machine (Jiangsu, China) accord-
ing to ASTM D3039-08. The sample size was 100 mm × 10 mm × 3 mm, and at least 5
parallel samples were tested for each ratio. Scanning electron microscope (SEM), using
JEOL JSM-6700F scanning electron microscope (Tokyo, Japan), the voltage used in the
microscope is 10 kV. Before the SEM measurement, the sample was sputtered with a thin
layer of gold. Thermogravimetric analysis (TGA) test was carried out on the Q5000 thermal
analyzer (TA company in Newcastle, Delaware, USA), measured from 25 ◦C to 800 ◦C at a
heating rate of 20 ◦C/min under N2 and Air atmosphere. The cone calorimeter test was
tested on the FTT cone calorimeter (UK) using the ISO 5660-1 standard, the sample (size
100 mm × 100 mm × 3 mm) was placed in the aluminum foil, and the heat radiation flux
was 35 kW/m2. Three samples for each ratio were tested. LOI was based on the GB/T
2406.2-2009 standard to evaluate the limiting oxygen index (LOI) value on the HC-2 oxygen
index analyzer (Jianning, China). The sample size was 100 mm × 10 mm × 3 mm, and
15 samples were taken from each group. According to the GB/T 2408-2008 standard, the
vertical combustion test of the sample was carried out on the CFZ-2 instrument (Jiangning,
China). The sample size was 130 mm × 13 mm × 3 mm. Thermogravimetric-infrared spec-
troscopy (TG-FTIR), measured by PerkinElmer (Waltham, Massachusetts, USA) STA8000
thermogravimetric analyzer connected to PerkinElmer Frontier FT-IR spectrometer, the
heating rate was 20 ◦C/min, the atmosphere was N2, the flow rate was 45 mL/min. The
chamber and transfer tube were kept at 300 ◦C and 280 ◦C, respectively.
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4. Conclusions

In this work, a phosphorous flame retardant based on DOPO was successfully syn-
thesized, characterized, and applied to VE composites. The research indicated that the
introduction of PBDOO effectively improved the flame retardancy of VE and reduced its
heat release rate of VE during its combustion process. With the addition of 15 wt% PBDOO,
the VE composite passed the V-0 level of the UL-94 test and the LOI value reached 31.5%.
Compared with neat VE, the PHRR and THR of VE-15 decreased by 76.71% and 40.36%, re-
spectively. The results of TG-IR demonstrated that the added PBDOO significantly reduced
the production of aromatic compounds and inhibited the release of combustible gases. In
addition, the adoption of PBDOO decreased the tensile strength of VE composites, while
the elongation at the break did not change much. Mechanistic analysis shows that adding
PBDOO is conducive to forming stabilized carbon layer, which plays an essential role in the
early isolation of air and heat. Furthermore, the phosphorus-containing radicals generated
by the cleavage of DOPO groups can quickly capture the free radicals in the flame region,
delaying or interrupting the combustion. The flame retardant designed by this work is
expected to further broaden the application of VE composites in construction, aerospace,
and other fields.
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