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Natural Science Award awarded by the Chinese Government (2017).

The extensive utilization of polymeric materials in our daily life is driven by their superior
comprehensive properties. However, polymeric materials are apt to be ignited with a fast flame spread
rate as well as the release of massive toxic gases and smoke during combustion. As a consequence, the
relatively high fire hazards of polymeric materials account for a large number of property losses and
casualties in polymer-related fire accidents every year worldwide. Thus, fire safety requirements on
polymeric materials are currently attracting increasing attention in terms of difficulty of ignition, low heat
release rate and low production of toxic gases and smoke. Over the past few decades, flame retardant
technology from bio-based resources has gained increasing interest owing to increasing awareness of
environmental protection and sustainable development. Bio-based halogen-free flame retardants are
currently a hot research area because they are safe, non-toxic and sustainable flame retardants. This
special issue, which consists of 12 articles, including one review article, written by research groups of
experts in the field, focuses on the latest advances in bio-based halogen-free flame retardant polymeric
material applications.

Ding et al. reviewed the latest progress of flame retardant bio-based benzoxazines in recent years,
including their synthesis methods, flame retardancy, thermal stability and other physical and chemical
properties. In addition, we briefly presented the challenges and future development prospects of flame
retardant bio-based benzoxazines.

Zhang et al. studied the effect of montmorillonite (MMT) on the properties of a layered double
hydroxide (LDH)-intumescent flame retardant (IFR) flame retardant poly (lactic acid) (PLA) system. The
results showed that the addition of MMT into PLA composites helped to form more stable carbon layers
in the combustion process, thus reducing the pHRR of PLA composites. This study can provide a new
guidance strategy for further optimizing the properties of IFR polymers.

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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Li et al. successfully synthesized a bio-based phosphorus-nitrogen flame retardant (Cy-HEDP) inspired
by the structure of DNA. The results showed that when the addition of Cy-HEDP was 15 wt%, the modified
epoxy resin could pass the UL-94 V-0 rating, and the heat release and smoke emission of epoxy resin were
reduced significantly. This study provides inspiration for the development of bio-based flame retardants.

Chen et al. successfully introduced beta-cyclodextrin (β-CD) into layered tin phenylphosphonate (SnPP)
to obtain a hybrid flame retardant and applied it to enhance the thermal stability and flame retardancy of
epoxy resin (EP). When the amount of β-CD@SnPP was 6 wt%, the peak heat release rate (PHRR), total
heat release (THR), and smoke production rate (SPR) of the EP composites were reduced by 28.4%,
33.0% and 44.8%, respectively. The good flame retardancy and smoke suppression are ascribed to the
excellent charring capability of the β-CD@SnPP hybrid.

Greiner et al. synthesized a novel flame retardant substructure based on phosphorylated salicylic acid
(SCP) and added it into RTM6, a high-performance epoxy resin used in resin transfer molding processes
as a composite matrix. All tested flame retardants decreased the PHRR by up to 54% for neat resin
samples. The excellent mechanical properties showed the applicability of these flame retardants in carbon
fiber reinforced composite materials.

Guo et al. presented an isosorbide-derived polyphosphonate (PICPP) as a flame retardant for poly (lactic
acid) (PLA). PLA composites containing 10 wt% PICPP achieved a high limiting oxygen index of 30.0% and
UL-94 V-0 classification, indicating that PICPP was an efficient bio-based flame retardant agent for PLA.

Zhang et al. synthesized a phosphorus-containing eugenol-derived flame retardant (DOPO-GE) and
mixed it with a bisphenol A epoxy prepolymer. When the phosphorus content was 1.0%, the residual
yield of the thermosets at 750°C in nitrogen increased from 13.9% to 30.6%, implying excellent charring
ability. When the phosphorus content was only 0.5%, the limiting oxygen index was as high as 30.3%
with UL94 V-0 achieved.

Wang et al. synthesized a vanillin-derived, DOPO-containing bisphenol (VDP) as a reactive flame
retardant for epoxy thermosets. With a phosphorus content of 0.5%, the heat release rate, total heat
release rate and smoke production are markedly reduced. Additionally, the impact strength increased by
34%, and the flexural strength increased by 23%.

Zhang et al. reported phytate-based flame retardants, aluminum phytate (PA-Al) and iron phytate
(PA-Fe), and introduced them into rigid polyurethane foam (RPUF). Cone calorimetry analysis showed
that the THR of RPUF/PA-Al30 decreased by 17.0% and total smoke release (TSR) decreased by 22.0%
compared with pure RPUF, demonstrating a low fire risk and good smoke suppression.

Wang et al. used boric acid, borax and disodium octaborate to modify craft paper-based packaging
materials for archive conservation. The modified craft paper showed much higher flame retardancy than
the pristine paper, without sacrificing the tensile strength and elongation at break. This study provides a
facile way to improve the fire safety of archival packaging materials by applying environmentally friendly
flame retardants.

Yu et al. fabricated plywood by immersing veneers in a flame retardant mixture consisting of
phosphoguanidine, guanidine sulfamate, disodium octaborate tetrahydrate and dodecyl dimethyl benzyl
ammonium chloride. The burning behaviors and fire risk of flame retardant plywood were studied by
cone calorimeter and LOI tests, which showed good fire resistance.

Luo et al. used lignin-modified ammonium polyphosphate (L-APP) as a flame retardant additive for poly
(L-lactic acid) (PLLA). With an L-APP loading of 20 wt%, the PLLA composites showed an LOI of 30.8%
and a UL-94 V-0 level. This study promotes the value-added utilization of lignin and the application of PLLA
in the field of flame retardant materials.
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In summary, bio-based flame retardants made from various renewable feedstocks represent one of the
most promising directions for next-generation flame retardants, and, due to their sustainability, they have
attracted extensive attention and achieved significant progress during the past few decades. The field of
bio-based flame retardants for polymers is experiencing rapid growth, which should continue for the
coming decade.
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contributions and reviewers’ professional work, which we gratefully acknowledge for the wonderful and
productive relationship we had. We would also like to express our gratitude to the editorial team of
Journal of Renewable Materials for all of their assistance and support.
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ABSTRACT

Benzoxazines have attracted wide attention from academics all over the world because of their unique properties.
However, most of the production and preparation of benzoxazine resins depends on petroleum resources now,
especially bisphenol A-based benzoxazine. Therefore, owing to the environmental impacts, the development of
bio-based benzoxazines is gaining more and more interest to substitute petroleum-based benzoxazines. Similar
to petroleum-based benzoxazines, most of bio-based benzoxazines suffer from flammability. Thus, it is necessary
to endow bio-based benzoxazines with outstanding flame retardancy. The purpose of this review is to summarize
the latest advance in flame retardant bio-based benzoxazines. First, three methods of the synthesis of bio-based
benzoxazines are introduced briefly. Furthermore, the curing mechanism of benzoxazine and the effect of
branched chains on the curing behavior are also discussed and summarized. Subsequently, this review focuses
on fully bio-based benzoxazines, partly bio-based benzoxazines, and bio-based benzoxazine composite materials
in terms of flame retardancy as well as thermal stability and some other special properties. Finally, we give a brief
comment on the challenges and prospects of the future development of flame retardant bio-based benzoxazines.

KEYWORDS

Bio-based benzoxazine; curing mechanism; thermal stability; flame retardancy

Graphic Abstract

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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1 Introduction

High-performance polymers are typical synthetic materials with excellent mechanical, electrical, and thermal
properties, which can be continuously used under a high temperature. However, it is still a challenge to maintain
the above outstanding properties while possessing good processability at the same time [1,2]. Polybenzoxazine is
one of the few new polymers which have been commercialized successfully among many developed polymers
over the past 40 years [3–5]. Polybenzoxazine is a relatively new class of polymeric phenolic resins with various
excellent characteristics, including outstanding stiffness, low dielectric constant [6], high heat resistance, low
flammability [7], and minimal moisture absorption when exposed to moisture, chemicals, and other corrosive
liquid [8], therefore, they are ideal polymers to use in special and extreme cases. Moreover, benzoxazine
monomers are safer and easier to operate and process because they can be stored at room temperature rather
than harsh storage conditions, and do not release byproducts during the polymerization process with low
volume shrinkage near zero [1], which ensures the dimensional stability and reduce the porosity of polymers.
Thanks to these excellent properties, polybenzoxazine has been successfully applied in the fields of aerospace
composite materials used in interior panels and bulkheads; insulating materials used in motors; electronic
information industry such as printed circuit boards; mixing with epoxy resins to prepare copper-clad laminates
and resin transfer molding technology [5,9].

Similar to other petroleum-based polymer materials, most of the widely used benzoxazine resins are
prepared from fossil energy and facing environmental and ecological challenges. Fossil resources are
heavily consumed with the rapid development of the world, but fossil energy as non-renewable resources
have a very long regeneration cycle. Moreover, the mass production of fossil-based materials leads to
many global problems, such as the increase of carbon dioxide concentration in the atmosphere, global
warming, and other environmental issues [10,11]. Some materials used for benzoxazine resins are
considered as potential harm to human health [12]. One of the most basic and widely used raw materials
of benzoxazines is bisphenol A, which shows estrogen-mimicking and hormone-like influence with
certain embryotoxicity and teratogenicity, limiting its use in food and beverage containers [13]. These
problems bring about an increasing demand for the transition from fossil-based materials to sustainable
and renewable resources in order to reduce dependence on fossil resources and make further contributions
to solve environmental issues. The trend of using bio-based substances as raw materials to produce
polymers is inevitable, which can minimize pollution and maximum use of resources [5]. Besides, some
benzoxazine resins still have certain flammability, which potentially restricts their applications. Thus, it is
necessary to develop green environmental protection and flame-retardant bio-based benzoxazine resins.

Bio-based materials use renewable natural resources like crops, plants, and their residues as raw materials to
obtain polymer materials or monomers by chemical, biological and other methods, including bio-based platform
compounds, bioplastics, and biofuels. Up to now, a great deal of bio-based benzoxazines has been already
synthesized from many renewable phenolic sources such as cardanol [14], guaiacol [15], and urushiol [16].
Renewable amines are relatively few in comparison with phenolic sources, mainly furfurylamine. It is obvious
that bio-based benzoxazines have attracted increasing attention over the past decades, which is proven by the
number of publications. After searching in Web of Science using bio-based and benzoxazine as keywords, the
number of open publications increased gradually over the past ten years (Fig. 1).

In this review, the recent development of bio-based benzoxazines and their properties have been reviewed
and summarized. The synthetic methods of benzoxazines are first introduced, including traditional solvent
synthesis, solventless method, and microwave-assisted organic synthesis. The main emphasis is on the
properties of bio-based benzoxazines such as mechanical property, thermal stability, flame retardancy, and so
on. Furthermore, the curing behavior of benzoxazine is commented by the use of differential scanning
calorimetry (DSC) and in-situ Fourier transform infrared spectroscopy (FTIR), curing kinetics and mechanism
are also discussed and summarized. Finally, a brief summary of the opportunities and challenges for bio-based
benzoxazines is given to expect better development of bio-based benzoxazines in the future.
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2 Synthesis of Bio-Based Benzoxazine Monomers

Benzoxazine monomers are obtained from the Mannich condensation reaction of phenol, amine, and
formaldehyde or polyformaldehyde (Fig. 2) [4]. Thus, the selection of phenol and amine is wide, which
offers high molecular design flexibility for the introduction of specific substituents to prepare benzoxazine
monomers with excellent performance. The synthesis approaches of bio-based benzoxazine monomers
remain similar to those observed in conventional benzoxazines, but extensive natural sources of phenols
and amines make it possible to synthesize bio-based benzoxazines that are comparable to or superior to
conventional petroleum materials. The synthesis methods of benzoxazine monomers mainly include
traditional solvent synthesis, solventless method, and microwave-assisted organic synthesis.

The traditional solvent synthesis method is to dissolve phenol, amine, and formaldehyde or
paraformaldehyde in a certain solvent, and then the homogeneous solution is heated for further reaction.
Commonly used solvents include toluene, ethanol, N, N-dimethylformamide, 1, 4-dioxane, and so on.
One-pot synthesis is the most common method and three reactants are mixed and dissolve in the solvent
directly to heat to a high temperature so that a Mannich condensation reaction will occur. It is easy and
convenient to control temperature, mix the reactants well with the low viscosity of the reaction system
and obtain a high yield. This is where the superiority of this approach lies. However, it is difficult to
select suitable solvents for reaction and it is necessary to consider whether solvents have negative or
other effects on the reaction system. Moreover, this method will use many organic solvents which will
pollute the environment and most organic solvents are harmful to human health.

No matter from the standpoint of economics or protecting the environment, solventless organic synthesis
is an important synthesis method in green chemistry, which has attracted more and more attention and shows

Figure 2: Synthesis and curing reaction of benzoxazine
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its unique charm. This method means that no solvents are used to dissolve the reactants. Three reactants are
physically blended and then directly heated to a molten state, where a Mannich condensation reaction takes
place to obtain benzoxazine monomers. The main advantage of this method is that there is no utilization of
chemical solvents, which reduces the volatilization of solvent and the discharge of waste liquid. The
operation is simple and the purity of the product is also very high. The main disadvantage of the
solventless method is that not all reactions can be carried out without solvents and may need a higher
temperature for reactions to occur. Although no solvent is used in the reaction process, a large amount of
solvents is inevitably used in the subsequent separation process to obtain pure products. Various synthesis
processes of bio-based benzoxazines are summarized in Table 1, including natural renewable phenol,
amines, whether used or used what solvent in the reaction system, and subsequent purification process.

Table 1: Reaction solvents, purification methods, phenols, and amines used in the synthesis of bio-based
benzoxazines

No. Phenol Amine Reaction solvent Purification method Reference

1 No solvent Extracted with chloroform [17]

2 No solvent Filtered and extracted with
ethyl acetate

[18]

3 DMSO Washed with NaOH
solution and filtrate the
precipitate

[19]

4 No solvent Extracted from chloroform [20]

5 Dioxane Recrystallized in ethanol [21]

6 Chloroform Washed with water and
NaOH solution

[22]

7 Toluene Extracted from petroleum
ether

[23]

8 DMSO Washed with NaOH
solution and collect the
precipitate

[24]

9 No solvent Extracted with ethyl
acetate

[25]

10 No solvent Dissolved in chloroform
and washed with water

[26]

(Continued)
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In order to realize the principle of green chemistry, microwave-assisted organic synthesis has been
widely used in the organic synthesis process to optimize the reaction conditions [14,32]. It can not only
relatively shorten reaction time from hours to minutes, but also be considered as an energy-saving
technology with high yield and high selective [30], which is more environmentally friendly compared
with the other two methods. Jéssica and Lloyd used cardanol from cashew nutshell liquid and
furfurylamine as renewable raw materials to synthesis bio-based benzoxazines in just 7 min with the help
of microwave-irradiation as a heating source [14], while in traditional solvent methods, it needed more
than 2 h [27]. The main disadvantage of microwave-assisted organic synthesis is that the reaction
equipment is complex and expensive. Furthermore, the reaction is heated so fast that may lead to some
danger and it is also difficult to maintain a certain temperature. Comparison between these three methods
is presented in Fig. 3, indicating that microwave-assisted organic synthesis is the best method among the
three methods, with the shortest reaction time, more environment-friendliness, and higher yield.

3 Curing Behavior of Benzoxazines

3.1 Polymerization Mechanism of Benzoxazine
The polymerization process of benzoxazines mainly refers to the ring-opening polymerization of the

oxazine ring, and the polymerization mechanism is complicated. The polymerization mechanism of
benzoxazine can be simply divided into three steps: the ring-opening of the oxazine ring, followed by
electrophilic attack and rearrangement process [33,34]. First, in the process of heating, the C-O bond on
the oxazine ring is broken to form oxygen anion and carbocation. Then, the carbocation is attacked by
the ortho-carbon connected to the oxygen atom of another oxazine ring, and the hydrogen atom in this
position migrates to the oxygen anion to form a new phenolic hydroxyl group. Finally, the newly formed
phenolic hydroxyl groups further catalyze the ring-opening of other oxazine rings to form a cross-linking
network [35,36]. The proposed curing process of benzoxazines is shown in Fig. 4.

Table 1 (continued).

No. Phenol Amine Reaction solvent Purification method Reference

11 No solvent Extracted with chloroform [27]

12 Toluene Recrystallized using
acetone/toluene in a
1:1 ratio

[28]

13 No solvent No further purification [29]

14 poly(ethylene
glycol)

Recrystallized from
petroleum ether/ethyl
acetate (10:1)

[30]

15 No solvent No purification was carried
out

[31]

16 Toluene Recrystallization from an
ethyl acetate/hexane
mixture (1:2)

[3]
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The ring-opening curing reaction of benzoxazine is carried out by the electrophilic substitution of
carbocation [37]. Active intermediates may suffer an attack from all positions of the benzene ring of
benzoxazine but most are ortho-position, including the aromatic amine ring of benzoxazine. Different
degrees of reactivity will lead to a more complex polymerization mechanism. For instance, furfurylamine
as a commonly used amine is widely used in the synthesis of bio-based benzoxazines. After the ring-
opening reaction, the formed carbocation will suffer an attack from the ortho-carbon of both oxazine ring
and furan ring, resulting in a more complex cross-linking network [38]. Moreover, if the phenolic
materials contain C=C bonds in their chemical structure, C=C bonds will also react during the high-
temperature curing process to form complicated cross-linking networks. Teng et al. [30] proposed a more
complex curing mechanism for the synthesized bio-based benzoxazines with C=C bond and
furfurylamine structure, as shown in Fig. 5.

Thermal polymerization is the most widely studied and most commonly used polymerization method
[39], as well as acid-catalyzed polymerization and photo-initiated polymerization [40]. Monomer
structures of benzoxazines will also affect the polymerization process. Some benzoxazine monomers
contain phenolic hydroxyl and intramolecular hydrogen bonds in their chemical structures, which have
the latent-catalyzed effect during the curing process [3,41].

Figure 4: Process of ring-opening polymerization of benzoxazines
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Figure 3: Schematic comparison of the most common benzoxazine production methods. Each method has
been assessed in terms of saving reaction time (ST), Saving solvent (SS); Environment friendliness (EF);
Yield (Y); Scalability (S). 1 = low, 2 = medium, 3 = high
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3.2 Characterization of Curing Mechanism
The curing of benzoxazines is a complex physical and chemical reaction process. Curing reaction

kinetics can not only describe the curing reaction process of the system but also study the effects of
temperature, time, and composition on the curing system. It is significant to study the curing mechanism
of benzoxazines and determine the curing conditions. DSC method is used to obtain curing characteristics
from DSC curves, which is short, simple, and feasible so that it can be widely used in the study of curing
kinetics. In-situ FTIR is used to monitor the structural changes of solid material at high temperatures. The
weight of samples required for the test is relatively little and the operation is also simple and convenient
in this test.

The DSC curve usually shows only two thermal events. The first one is an endothermic process,
indicating the melting process of benzoxazine monomers. The second is a sharp exothermic peak, which
represents the ring-opening polymerization of benzoxazine [17,42]. The onset temperature, exothermic
peak temperature, and end temperature of polymerization can also be obtained from DSC curves [43,44].
There is only a single sharp exothermic peak in each curing system, which indicates that the benzoxazine
monomers prepared are relatively pure [45]. Here is only a single exothermic peak, showing that there is
no obvious side reaction occurring in the curing process.

In situ FTIR is utilized to further elaborate the curing process of benzoxazines. The change of the
structure of benzoxazine during the heating process can be observed through FTIR curves at different
temperatures [20]. The intensity of the characteristic peak of the oxazine ring obviously weakens or even
disappears.

Figure 5: A more complex curing process of bio-based benzoxazines
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3.3 Effect of Side Groups on Curing Behaviors
In his doctoral dissertation, Ohashi [46] studied the effect of substituents on the benzene ring of

benzoxazine monomers in the curing process. The changing trend between the electronic effect of some
electron-donating or withdrawing groups on the phenolic side and the polymerization temperature is
observed. However, many substituents studied by Ohashi are not often seen in renewable raw materials,
such as -CN, -CF3, -OCF3, and so on. However, some acidic groups like phenolic hydroxyl group or
carboxyl group, and long alkyl branched chains are more common in bio-based materials, which can
relatively affect the curing behavior of the system.

3.3.1 Effect of Acidic Functionality
Phenolic hydroxyl. Phenolic hydroxyl is a kind of autocatalytic group, which can form an

intermolecular hydrogen bond with the oxazine ring and induce the polymerization of benzoxazine at a
lower temperature [47]. Once the intramolecular hydrogen bond sequence is destroyed during the heating
process, the acidity of the phenol hydroxyl group is enhanced and free protons are released, which can
catalyze the ring-opening polymerization of benzoxazines with a lower reaction temperature [41,48].

There is a decrease in the melting point and polymerization temperature of bio-based benzoxazines
containing hydroxyl groups. With the increase of phenolic hydroxyl content in the system, the exothermic
peak on the DSC curve gradually shifts to lower temperature, which confirms that phenolic hydroxyl has
a certain catalytic effect on the curing process and the curing temperature decreases [49]. Zhang et al.
[41] used naringenin and furfurylamine as reactants to synthesize a fully bio-based benzoxazine and
proposed a suitable mechanism of the inherent latent catalyst activity and ring-opening polymerization. Li
et al. [50] investigated the effect of pyrogallol which served as a phenolic nucleophile on the curing
process and kinetics of bio-based benzoxazines with phenol as a contrast. The curing kinetic parameters
of E-s and E-s/py were calculated by the Kissinger equation and the Ozawa equation, which showed that
the addition of phenolic hydroxyl decreased the apparent activation energy of the curing system.
Apparent activation energy is calculated according to these two equations, as shown below [50]:

Kissinger equation ln
b
T2
p

¼ ln
AR

Ea
� Ea

RTp

Ozawa equation lnb ¼ �1:052
Ea

RTp
þ C

Therefore, it is of great significance to synthesize a series of bio-based benzoxazine with latent catalytic
activity based on the phenolic hydroxyl group as a part of its monomer structure.

Carboxyl group.Various acids can be used as additives to catalyze the ring-opening and polymerization
process of benzoxazine. It is obvious that benzoxazine monomers containing the carboxyl group exhibit
lower polymerization temperature by comparing the curing parameters [51]. Not only the exothermic
peak corresponding to polymerization temperature but also the endothermic peak relating to the melting
point are lower than those of classical benzoxazine monomers due to the carbonyl group and the
differences in the reactivity.

Andreu et al. [52] discussed the effect of acidic groups on the polymerization process of benzoxazine
monomers and considered that the polymerization temperature was not related to the electronic effect of
side groups, but related to the acidity of substituents, which catalyzed the ring-opening reaction by
increasing the concentration of oxonium species. Zhan et al. [53] proposed that both O atoms with strong
electronegativity in hydroxyl, carboxyl and furan rings and N atoms in amino groups can act as sites for
hydrogen bonds in polymer chains. The existence of hydrogen bonds could promote the ring-opening of
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the oxazine ring too. The acidic functional group preferentially interacts with the oxygen atoms in the
monomer, promoting the ring-opening reaction as well.

3.3.2 Effect of Long-Branched Chains
Long alkyl chains. Compared with other bio-based materials, the most prominent feature of cardanol is

that it has a long alkyl chain containing C=C bonds. The complex structure of cardanol results in a more
complex curing process and mechanism of benzoxazines. Compared with other bio-based benzoxazines,
cardanol-based benzoxazines show a lower melting point and a Tg. It melts at a lower temperature
because of the low chain stacking efficiency in the presence of aliphatic side chains. Ganfoud et al. [54]
investigated the role of the alkyl side chain of cardanol on benzoxazine polymerization and polymer
properties. They designed the experiment through bridging ethylene diamine with two phenols, one
phenol, and one cardanol, or two cardanol to synthesize three functional benzoxazine monomers (Fig. 6a)
and evaluated the effect of side chains on the kinetics of polymerization.

The introduction of a branched chain to the oxazine ring will also affect the curing behavior of
benzoxazines. Compared with unsubstituted benzoxazines, substituted benzoxazines have lower activation
energy values and polymerization temperatures. It could be explained by the electronic and inductive
effects of the novel groups substituted in the oxazine ring. The C-O bond on the oxazine ring is broken
to form oxygen anion and carbocation during the heating process and the alkyl and aromatic substituents
on the oxazine ring can stabilize the formed intermediates by inductive and hyper conjugative effect,
which can be further verified by the enthalpy values of the polymerization [55]. Pereira et al. synthesized

Figure 6: (a) Synthesis of three benzoxazines in Ganfoud’s experiment; (b) Design of two benzoxazines
with branched chain on the oxazine ring. Group R in (a) and (b) is the same
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two bio-based benzoxazines (Fig. 6b) and assessed the influence of the substituents on the oxazine ring
during the polymerization process.

Aliphatic amine with long chains. Not only furfurylamine but also many other amines like
stearylamine, aniline, and 1, 4-phenylenediamine can be used as reactants when synthesizing
benzoxazines. But stearylamine, aniline, and 1, 4-phenylenediamine can only react with bio-based
phenols to obtain partly bio-based benzoxazines rather than fully bio-based benzoxazines. Different from
aromatic amines, there is a long alkyl group in the chemical structure of stearylamine. Different amines
also affect the curing behaviors of benzoxazines. When using the same phenol, the curing temperature of
stearylamine-based benzoxazines is higher than that of furfurylamine-based benzoxazines due to the
electrophilic substitution reaction of the furan ring [56]. Besides, the furan ring can provide additional
cross-linking sites to participate in the curing reaction. The melting point of benzoxazines synthesized by
stearylamine is also lower due to the presence of the long aliphatic chain. Moreover, the molecular chain
of stearylamine is more flexible compared with aromatic amines, which leads to a lower glass transition
temperature.

4 Properties of Bio-Based Benzoxazines

4.1 Benzoxazine Thermosets Derived from Bio-Based Phenols and Bio-Based Amines
Thermal stability. Thermogravimetric analysis (TGA) is used to quantitatively evaluate the thermal

stability thermal-oxidative decompositions of the synthesized bio-based benzoxazine under nitrogen and
air atmosphere. The thermomechanical properties of bio-based benzoxazine are studied by dynamic
mechanical analysis (DMA) and thermomechanical analysis (TMA) [20]. It has been demonstrated that
furan groups participate in the ring-opening reaction and increase the crosslinking density of benzoxazine
polybenzoxazine systems [28]. Thus, the existence of the furan ring structure improves the thermal
stability of the system and promoting carbon formation of the system [57,58]. Furthermore, the Tg value
of furfurylamine-based benzoxazines is also higher than that of the commercial benzoxazines.

Zhan et al. [53] synthesized diphenolic acid-based benzoxazines with furfurylamine (DPA-F) or aniline
(DPA-A) (Fig. 7) and compared with traditional fossil-based benzoxazine using bisphenol A and aniline
(BPA-A). Under nitrogen conditions, the T5% and char residual of DPA-F were 340°C and 50.2%
respectively, which were much higher than those of DPA-A (330°C and 37.4%) and BPA-A (331°C and
30.6%). DPA-F had the highest Tmax (449°C) and the lowest decomposition rate compared with the other
two benzoxazines in the nitrogen atmosphere, while TGA and DTG of these three benzoxazines exhibited
no obvious difference in air atmosphere. Therefore, DPA-F under air atmosphere did not present
outstanding thermal properties, which limited the further application of the material under high temperatures.

Flame retardancy. The correlation between crosslinking structure and flammability of cured
benzoxazine resin is further analyzed by microscale combustibility (MCC). The introduction of the furan
ring can further improve the crosslinking density of the system and give the synthesized bio-based
benzoxazine higher thermal stability, charring ability, and fire resistance, which can reduce the total heat
release (THR) and heat release capability (HRC) of fully bio-based benzoxazine. Thanks to the higher
char yield, bio-based benzoxazines containing furfurylamine exhibit perfect flame retardancy in limit
oxygen index (LOI) and vertical combustion (UL-94) test. When synthesizing benzoxazine monomers,
phosphorus-containing groups like DOPO can also be introduced to further enhance the flame retardancy
of the monomers [59]. Furthermore, some silicon-containing monomers can also be introduced into
benzoxazine monomers to prepare some composite material with better properties such as low water
absorption, excellent mechanical property, flame retardancy, and so on [18,60,61].

Lin et al. [38] achieved high-performance bio-based benzoxazines from renewable materials like
furfurylamine and vanillin-derived biphenol (Fig. 8), which showed perfect flame retardancy with a high
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LOI value of more than 60% and V-0 level in the UL-94 test. However, they did not further study the
flammability of the polybenzoxazine and do MCC tests to evaluate the effect of the introduction of the
DOPO group on the heat release of the system.

Storage modulus. The furan ring structure provides additional cross-linking points in the process of
ring-opening polymerization, which increases the cross-linking density of the polymer [45,57]. The
storage modulus and glass transition temperature of the system are also significantly increased [3].

Antibacterial and algaecidal properties. Lu et al. [62] reported a variety of main-chain-type
benzoxazine polymers (MCBPs) which were synthesized from renewable raw material daidzein,

Figure 7: Synthesis of DPA-F, DPA-A, and BPA-A

Figure 8: Synthesis of benzoxazines containing DOPO group
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furfurylamine, polyetheramine, and paraformaldehyde. Interestingly, due to the existence of daidzein and
furan units, these cured MCBP films showed excellent antibacterial and algaecidal properties while
maintaining good thermal stability at the same time. Algae cells on the surface of MCBPs showed a state
of accumulation with a large amount of flocculent cell debris around it, indicating that the
polybenzoxazine film had toxic effects on both kinds of algae and had good algae resistance activity.
Benzoxazine can have a broader application prospect in some special environments like in marine
antifouling coating because of this biotoxicity.

Anticorrosion property. Zhang et al. [56] synthesized a novel bio-based benzoxazine (D-Bz) and
prepared a series of copolymers by using D-Bz and other two benzoxazines (S-Bz and F-Bz) (Fig. 9).
Results showed that when the ratio of S-Bz: D-Bz: F-Bz was 1:6:3, the copolymer had good synergistic
effects with a lower dielectric constant, higher crosslink density, lower corrosion current and anticorrosion
properties. It is proved that benzoxazine has a broad application prospect in reducing electrochemical
corrosion and prolonging the service life of steel. However, they did not explore whether the immersion
and degradation of benzoxazine monomers in water for a long time is harmful to aquatic animals and plants.

Some thermal parameters and properties of fully bio-based benzoxazines are summarized in Table 2,
including Tg, Tpolymerization, Tdecomposition, char yield, and flame retardancy. It can be seen that fully bio-
based benzoxazines possess outstanding thermal stability with high decomposition temperature and char
yield. The increase of the furan ring structure of the system means that there are more cross-linking sites
in the curing process, resulting in higher cross-linking density. Higher Tg may mean higher curing
temperature and more difficulty for processing. Flame retardancy is mainly manifested in higher LOI
value or V-0 rating in the UL-94 tests and lower heat release in the MCC test. Some special properties of
fully bio-based benzoxazines are also mentioned in Table 2.

4.2 Benzoxazine Thermosets Derived from Bio-Based Phenols
Different from furfurylamine, which is mainly used as amine sources now, some aromatic amines or

aliphatic amines can also be used to synthesize benzoxazine monomers. The difference of amines will
also have effects on the properties of polybenzoxazine.

Figure 9: Synthesis of S-Bz, D-Bz, and F-Bz
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Table 2: Thermal characterization of fully bio-based benzoxazine and some other properties

Structure Tg

(°C)
Tpolymerization

(°C)
Tdecomposition

(°C)
Char yield (%) Flame retardancy Other

property
Reference

To Tp T5% T10% LOI (%) HRC (J·g−1·K−1) THR (kJ·g−1)

312* 193 229 346 403 64 - 54 9.3 - [28]

- 187 203 304 370 53 - 37 8.3 - [58]

148** 198 222 361 394 53.8 39*** - - - [57]

- 150 185.3 340 449 50.2 - 88 14.1 [53]

286** 189 252 301 404 64 - 31.9 6.6 - [41]

- 179 205 351 395 65 - - - - [63]

- 215 251 320 348 56 - 70.6 6.5 - [20]

- 190 198 363 427 55 - - - - [64]

148** 169 210 375 405 54 39.1*** - - Anticorrosion [56]

303** - 229 440 463 61 - - - Good
processability

[30]

Note: Tg value was reported from TMA* and DMA**. T5%, T10%, and char yield was obtained from TGA in nitrogen. ***LOI = 17.5 + 0.4 × (char
yield, %).
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Thermal stability. Compared with that of fully bio-based benzoxazines, the thermal stability of bio–
based benzoxazines synthesized from arylamine or aliphatic amine is poor, reflecting from the lower T5%,
T10%, and char yield [55,65]. This is mainly because the furan ring can provide additional cross-linking
sites for ring-opening polymerization reaction compared with the aromatic ring, which can promote
higher cross-linking density of the system and improve the thermal stability of polybenzoxazine with high
decomposition temperature and char yield. Oliveira et al. [32] reported six kinds of benzoxazine
monomers prepared from guaiacol (Fig. 10) and compared their curing behavior and thermal stability.
There was no doubt that benzoxazine monomers containing furan rings had the lowest polymerization
temperature and the highest degradation temperature, indicating that the monomer had outstanding
processability and thermal stability. However, they did not give a good explanation for the effect of
aromatic amines which was substituted at different position of the aromatic ring, on the curing behavior
and thermal stability, for example, the difference between p-toluidine and o-toluidine.

Flame retardancy. In general, compared with aliphatic polymers, aromatic polymers possess higher
thermal stability because aromatic structures are easy to carbonize rather than simply decomposed under
high temperatures. Thus the flame retardancy of benzoxazine synthesized from aliphatic amine is worse
than that of aromatic amine and furfurylamine-based benzoxazine with much higher HRC and THR
values in the MCC test.

Two kinds of daidezein-based benzoxazine resins (Dd-ddm and Dd-hda) were synthesized and
compared the thermal stability and flame retardancy between them [66]. Poly(Dd-ddm)Xmain exhibited
good thermal stability with a higher T5% value 383°C than that of poly(Dd-hda)Xmain 346°C and T10%

(426°C) while the value of poly(Dd-hda)Xmain was 383°C in nitrogen. Similarly, poly(Dd-ddm)Xmain

possessed lower HRC (27.1 J·g−1·K−1) and THR (8.4 kJ·g−1) in the MCC test, indicating good flame
retardancy. But at the same time, the high glass transition temperature of this system may cause some
difficulties for processing.

Wang et al. [67] reported a bio-derived benzoxazine monomer (BHDB-Bz) using desoxyanisoin and
furfurylamine and compared it with benzoxazines (BPA-Bz) synthesized from bisphenol A and
furfurylamine. Benefitting from the superior char formation ability, BHDB-Bz presented remarkable anti-
flammability and reached V-0 level in the UL-94 test. Photographs in the UL-94 vertical burning tests are
shown in Fig. 11. Moreover, it had a higher LOI value of 40% and lower HRR (35.5 J·g−1·K−1) and THR
(3.4 kJ·g−1) test due to its high crosslinking density and outstanding charring ability.

Figure 10: Synthesis of six kinds of benzoxazines with different amines
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Moreover, other elements, such as phosphorus and silicon, can also be introduced into benzoxazine
monomers to improve flame retardancy and smoke suppression. Amarnath et al. [68] reported
environmentally friendly cardanol-based polyphosphazene polybenzoxazine networks (Fig. 12) with
excellent mechanical properties, high LOI value (33%), UL-94 V-0 rating, and lower smoke density. But
the synthesis process was so complex that it was almost impossible for large-scale production. Fig. 13
exhibits the SEM images of the residual chars. It is found that the residual chars became more intact and
intumescent with increasing the cardanol-based polyphosphazene polybenzoxazine content.

Hydrophobicity. The introduction of silicon-containing groups or silica particles doped in the curing
process of benzoxazine monomers can improve the thermal stability and char yield of benzoxazines
Moreover, benzoxazine films obtain some special properties such as outstanding hydrophobicity,
corrosion resistance, anti-ultraviolet property, and oil/water separation, indicating that the application of
benzoxazine has a promising future [69].

Some thermal parameters and properties of benzoxazines derived from bio-based phenols are
summarized in Table 3, including Tg, Tpolymerization, Tdecomposition, char yield, flame retardancy, and some
other properties. Compared with fully bio-based benzoxazines, the decomposition temperature of
benzoxazines listed in Table 3 is relatively low. The increase of the aromatic ring structure of the system
will also increase the char yield. The flame retardancy of these benzoxazines is not very good without the
cooperation of other elements like phosphorus.

4.3 Benzoxazine Thermosets Derived from Bio-Based Amines
The most commonly used bio-based amines are furfurylamines while various phenols can be chosen for

the synthesis of benzoxazine monomers, both including bio-based phenols and petroleum-based phenols.

Figure 11: Photographs in the UL-94 vertical burning test of poly(BHDB-Bz) and poly(BPA-Bz) and the
structure of BHDB and BPA. Reproduced with permission from reference [67]. Copyright 2021 Elsevier
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Different phenols also have some effects on the properties of benzoxazine monomers. Usually, petroleum-
based benzoxazines, like benzoxazines synthesized from bisphenol A, are used as contrast samples in
experiments, so their properties are often worse than those of full-biological benzoxazines, such as
mechanical properties thermal stability, flame retardancy, and so on.

Thermal stability. Generally, if the thermal stability of the used phenols is better than that of bisphenol
A [72], or if the structure can provide additional cross-linking sites during the curing process and increase the
cross-linking density of the system [73], the thermal stability of the whole system can be improved
accordingly. Lyu used 4, 4’-thiobisphenol as a phenol resource to synthesize three benzoxazine monomers
(Fig. 14) [72]. The significant improvement for the thermal stability of poly(TBP-a) and poly(TBP-fa)

Figure 12: Synthesis of cardanol-based phosphazene benzoxazine monomer

Figure 13: SEM images of (a, b, c, d) exterior and (a’, b’, c’, d’) interior surfaces of residual char: (a, a’) poly
(CPN0), (b, b’) poly(CPN10), (c, c’) poly(CPN80) and (d, d’) poly(CPN). Reproduced with permission from
reference [68]. Copyright 2018 American Chemical Society
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was attributed to that sulfur atom replaced the isopropylidene moiety in bisphenol A structure, which was
easy to cleave to release methyl groups during the combustion process. But they did not analyze the
composition of gases produced during combustion, whether it released more toxic gases in the
combustion process due to the introduction of sulfur atoms.

Table 3: Thermal characterization of benzoxazines derived from bio-based phenols and some other properties

Structure Tg

(°C)
Tpolymerization

(°C)
Tdecomposition

(°C)
Char
yield
(%)

Flame retardancy Other
property

Reference

To Tp T5% T10% LOI
(%)

HRC
(J·g−1·K−1)

THR
(kJ·g−1)

- 256 268 301 390 34 - - - - [32]

O - 245 259 281 344 32 - - - - [32]

O - 258 272 298 359 36 - - - - [32]

>400 - - 383 426 - - 27.1 8.4 [66]

- 151.7 189.2 343.6 376.6 37.6 26.1 139 18.3 [70]

66 214 246 - 405 39 33* - - V-0
Low
smoke
density

[68]

85 - - 276 339 - - - - - [71]

Note: Tg value was reported from and DMA.
T5%, T10%, and char yield was obtained from TGA in nitrogen.
LOI*=17.5 + 0.4 × (char yield, %).
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Flame retardancy. Flame retardancy is actually similar to thermal stability in some ways. If a system
has outstanding thermal stability, pyrolysis reaction will be reduced during heating and less combustible
component which served as fuel for combustion reaction will be released too, thus resulting in lower
HRC and THR values. Zhang et al. [73]. successfully introduced the maleic anhydride group into
benzoxazine monomers. In the process of thermal curing, C=C bonds on the maleic anhydride group also
participated in polymerization to form more complex cross-linking networks with higher cross-linking
density. There was no doubt that poly(HPMI-a) exhibited remarkable thermal stability and flame
retardancy with an HRC value of 33.4 J·g−1·K−1 and a THR value of 7.0 kJ·g−1.

Water solubility. Common benzoxazine monomers, including many other polymer monomers, are
hydrophobic and insoluble in water. But Dumas reported a novel benzoxazine monomer (A-Fa)
synthesized from arbutin, a naturally occurring phenolic compound and furfurylamine [44]. The high
hydroxyl content of the monomer makes it easy to dissolve in water, paving the way for more possible
environmentally friendly applications, especially in paints, paints, and adhesives fields. Water can be used
as a solvent to dissolve benzoxazine monomers and then prepare films on various substrates such as glass
and aluminum. Once polymerization and cross-linking reaction happened, the coating is insoluble in
water, which has potential use in preparing anticorrosion coatings, paintings, or adhesives.

Thermal and flame retardant properties of four typical benzoxazines derived from bio-based amines are
summarized in Table 4, including Tg, Tpolymerization, Tdecomposition, char yield, flame retardancy, and some
other properties. Furan ring structure can endow the system with high crosslinking density, which
improves the thermal stability of the system with high decomposition temperature and char yield. But
many of their properties are not as good as those of fully bio-based benzoxazines.

4.4 Bio-Based Benzoxazine Thermosetting Composites
The synthesized bio-based benzoxazine can also be doped into benzoxazine or other materials to prepare

some high-performance modified materials. For example, the thermal stability and flame retardancy of the
system can be effectively improved by adding a certain amount of bio-based benzoxazine monomers to
petroleum-based benzoxazine and copolymerizing together. Similarly, when preparing composite
materials, some other elements or matrices are introduced to further improve the properties of materials.
The synthesized composites also possess other special properties, including outstanding flexibility [75],
anti-corrosion performance, and selective absorption property [69,76] rather than only thermal property.

Figure 14: Synthesis of benzoxazine monomers based on 4, 4’-thiobisphenol
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The research focused on the composites modified by bio-based benzoxazine with silica, or introducing
some silicon-containing groups like siloxane and POSS into composite material systems has gained a
substantial amount of attention. POSS nanoparticles are dispersed homogeneously throughout the matrix,
and composite materials possess low dielectric values and moisture absorption values, which broaden
their application on microelectronics packaging [77]. Three kinds of POSS-benzoxazine composites and
the synthesized process are presented in Fig. 15.

Peng et al. [76] chose a melamine sponge (MS) as raw material and fabricated a series of
polybenzoxazine-modified MSs (PB–MSs). With the increasing benzoxazine content, PB–MSs showed
higher water contact angle and excellent gravimetric absorption capacity, which could observe more than
60% retentive absorption capacity after 5 absorbing–squeezing cycles. The outstanding absorption
selectivity showed great potential application in the field of environmental pollution treatment for
effective oil/water separation.

Oliveira et al. [78] combined bio-based benzoxazine monomers with Manicaria saccifera fabrics to
obtain bio-composites with satisfactory thermal and mechanical properties. The most important thing was
that these composites were made with less than 40% of oil-based material, but obtaining good properties,
especially flame retardancy.

Yang et al. [74] utilized chitosan, salicylaldehyde, and furfurylamine to prepare composite materials
with regular surfaces and a more uniform pore, which gave it high adsorption capacity rather than
introducing silicon-containing components. It can absorb 95% of rhodamine B in solution within 48 h,
indicating that it has a remarkable application prospect on oil/water separation.

Table 4: Thermal characterization of four typical benzoxazines derived from bio-based amines and some
other properties

Structure Tg

(°C)
Tpolymerization

(°C)
Tdecomposition

(°C)
Char
yield
(%)

Flame retardancy Reference

To Tp T5% T10% LOI
(%)

HRC
(J·g−1·K−1)

THR
(kJ·g−1)

- 222 230 388 437 68 45* 55.0 11.3 [72]

296 - 217 350 403 58 - 33.4 7.0 [73]

190 - 207 - - - - - - [44]

- 184 237 360 403 57 38 - - [74]

Note: Tg value was reported from DMA.
T5%, T10%, and char yield was obtained from TGA in nitrogen.
LOI*=17.5 + 0.4*(char yield, %).
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5 Summary and Perspective

There is no doubt that sustainable development and environmental protection have attracted more
attention over the past decades. Bio-based benzoxazines made from natural renewable raw materials like
eugenol, vanillin, daidzein, guaiacol have been widely explored and developed to replace petroleum-
based benzoxazines. Similar to many synthetic polymer materials, bio-based benzoxazines also have
some serious weaknesses of poor thermal stability and flammability. Thus, it is of great significance to
synthesize bio-based benzoxazines with outstanding flame retardancy. Until now, bio-based benzoxazines
have not been widely reported and the only reports are main about curing kinetics and thermal stability,

Figure 15: Synthesis of POSS–benzoxazine monomers
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indicating that the research of flame retardancy in this field is just beginning. Generally, the enhancement of
flame retardancy can be designed by two approaches: (1) designing bio-based benzoxazine monomers with
good thermal stability and high charring yield, curing alone or copolymerizing with petroleum-based
benzoxazines or other materials to prepare composites (2) introducing elements such as phosphorus and
silicon into the chemical structure or molecular chain of benzoxazine monomers.

It is still a challenge and limitation for scalable production due to the high cost of bio-based materials for
the synthesis of bio-based benzoxazine monomers. Moreover, the flame retardant mechanism is not very
clear, and thus it is necessary to clarify the flame retardant mechanism through more advanced
characterization methods. Facing these challenges and problems, there is still a long way to go for the
industrial production and large-scale application of bio-based benzoxazines. Considering the development
trend in this field, the design of bio-based benzoxazine monomers with more unique properties and
practical application prospects while maintaining excellent thermal stability and flame retardancy at the
same time is an important development direction of this field in the future.

Funding Statement: We gratefully acknowledge financial support from the National Natural Science
Foundation of China (Grant No. 22075265) and the Youth Innovation Promotion Association of the
Chinese Academy of Sciences (Grant No. 2021459).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Ghosh, N. N., Kiskan, B., Yagci, Y. (2007). Polybenzoxazines-new high performance thermosetting resins:

Synthesis and properties. Progress in Polymer Science, 32(11), 1344–1391. DOI 10.1016/j.
progpolymsci.2007.07.002.

2. Agag, T., Liu, J., Graf, R., Spiess, H. W., Ishida, H. (2012). Benzoxazole resin: A novel class of thermoset polymer
via smart benzoxazine resin. Macromolecules, 45(22), 8991–8997. DOI 10.1021/ma300924s.

3. Hao, B., Han, L., Liu, Y., Zhang, K. (2020). An apigenin-based bio-benzoxazine with three polymerizable
functionalities: Sustainable synthesis, thermal latent polymerization, and excellent thermal properties of its
thermosets. Polymer Chemistry, 11(36), 5800–5809. DOI 10.1039/D0PY00983K.

4. Ishida, H. (2011). Handbook of benzoxazine resins. UK: Elsevier.

5. Lyu, Y., Ishida, H. (2019). Natural-sourced benzoxazine resins, homopolymers, blends and composites: A review
of their synthesis, manufacturing and applications. Progress in Polymer Science, 99, 101168. DOI 10.1016/j.
progpolymsci.2019.101168.

6. Han, L., Salum, M. L., Zhang, K., Froimowicz, P., Ishida, H. (2017). Intrinsic self-initiating thermal ring-opening
polymerization of 1, 3-benzoxazines without the influence of impurities using very high purity crystals. Journal of
Polymer Science Part A-Polymer Chemistry, 55(20), 3434–3445. DOI 10.1002/pola.28723.

7. Deliballi, Z., Kiskan, B., Yagci, Y. (2018). Main-chain benzoxazine precursor block copolymers. Polymer
Chemistry, 9(2), 178–183. DOI 10.1039/C7PY01873H.

8. Lligadas, G., Tuzun, A., Ronda, J. C., Galia, M., Cadiz, V. (2014). Polybenzoxazines: New players in the bio-based
polymer arena. Polymer Chemistry, 5(23), 6636–6644. DOI 10.1039/c4py00914b.

9. Iguchi, D., Ohashi, S., Abarro, G., Yin, X., Winroth, S. et al. (2018). Development of hydrogen-rich benzoxazine
resins with low polymerization temperature for space radiation shielding. ACS Omega, 3(9), 11569–11581. DOI
10.1021/acsomega.8b01297.

10. Liu, X., Ma, S., Jin, Z., Li, T. (2016). Research progress on bio-basedthermosetting resins. Polymer International,
65(2), 164–173. DOI 10.1002/pi.5027.

11. Hamed, Y. (2018). Ionic liquid modified lignin-phenol-glyoxal resin: A green alternative resin for production of
particleboards. The Journal of Adhesion, 95(12), 1075–1087. DOI 10.1080/00218464.2018.1471994.

25

JRM, 2022, vol.10, no.4

http://dx.doi.org/10.1016/j.progpolymsci.2007.07.002
http://dx.doi.org/10.1016/j.progpolymsci.2007.07.002
http://dx.doi.org/10.1021/ma300924s
http://dx.doi.org/10.1039/D0PY00983K
http://dx.doi.org/10.1016/j.progpolymsci.2019.101168
http://dx.doi.org/10.1016/j.progpolymsci.2019.101168
http://dx.doi.org/10.1002/pola.28723
http://dx.doi.org/10.1039/C7PY01873H
http://dx.doi.org/10.1039/c4py00914b
http://dx.doi.org/10.1021/acsomega.8b01297
http://dx.doi.org/10.1002/pi.5027
http://dx.doi.org/10.1080/00218464.2018.1471994


12. Lü, Y., Pan, H., Yin, J. (2012). Removal of the polycyclic aromatic to produce eco-friendly aromatic-rich rubber
extender oils. Petroleum Science and Technology, 30(13), 1335–1342. DOI 10.1080/10916466.2010.503218.

13. Vogel, S. A. (2012). Is it safe? BPA and the struggle to define the safety of chemicals. Berkeley: University of
California Press. DOI 10.1525/9780520954205.

14. Oliveira, J. R., Kotzebue, L. R. V., Mazzetto, S. E., Lomonaco, D. (2019). Towards bio-based high-performance
polybenzoxazines: Agro-wastes as starting materials for BPA-free thermosets via efficient microwave-assisted
synthesis. European Polymer Journal, 116, 534–544. DOI 10.1016/j.eurpolymj.2019.04.014.

15. Wang, C., Sun, J., Liu, X., Sudo, A., Endo, T. (2012). Synthesis and copolymerization of fully bio-based
benzoxazines from guaiacol, furfurylamine and stearylamine. Green Chemistry, 14(10), 2799–2806. DOI
10.1039/c2gc35796h.

16. Xu, H., Zhang, W., Lu, Z., Zhang, G. (2013). Hybrid polybenzoxazine with tunable properties. RSC Advances,
3(11), 3677–3682. DOI 10.1039/c3ra22247k.

17. Dumas, L., Bonnaud, L., Olivier, M., Poorteman, M., Dubois, P. (2015). Bio-based high performance thermosets:
Stabilization and reinforcement of eugenol-based benzoxazine networks with BMI and CNT. European Polymer
Journal, 67, 494–502. DOI 10.1016/j.eurpolymj.2014.11.030.

18. Krishnamoorthy, K., Subramani, D., Eeda, N., Muthukaruppan, A. (2019). Development and characterization of
fully bio-based polybenzoxazine-silica hybrid composites for low-k and flame-retardant applications. Polymers for
Advanced Technologies, 30(7), 1856–1864. DOI 10.1002/pat.4618.

19. Thirukumaran, P., Shakila, A., Muthusamy, S. (2014). Synthesis and characterization of novel bio-based
benzoxazines from eugenol. RSC Advances, 4(16), 7959–7966. DOI 10.1039/c3ra46582a.

20. Yang, R., Han, M., Hao, B., Zhang, K. (2020). Biobased high-performance tri-furan functional bis-benzoxazine
resin derived from renewable guaiacol, furfural and furfurylamine. European Polymer Journal, 131, 109706.
DOI 10.1016/j.eurpolymj.2020.109706.

21. Liu, X., Zhang, R., Li, T., Zhu, P., Zhuang, Q. (2017). Novel fully biobased benzoxazines from rosin: Synthesis
and properties. ACS Sustainable Chemistry & Engineering, 5(11), 10682–10692. DOI 10.1021/
acssuschemeng.7b02650.

22. Singh, D. D., Sharma, P., Nebhani, L. (2020). Tuning the architecture and performance of multifarious
benzoxazine resin based on guaiacol and polyethylenimine. European Polymer Journal, 134, 109848. DOI
10.1016/j.eurpolymj.2020.109848.

23. Liu, Y., Cao, L., Luo, J., Peng, Y., Ji, Q. et al. (2018). Biobased nitrogen- and oxygen-codoped carbon materials for
high-performance supercapacitor. ACS Sustainable Chemistry & Engineering, 7(2), 2763–2773. DOI 10.1021/
acssuschemeng.8b05947.

24. Periyasamy, T., Asrafali, S. P., Kim, S. C. (2020). Investigating the effects of amine-functionalized carbon balls in a
polybenzoxazine matrix. New Journal of Chemistry, 44(28), 12384–12396. DOI 10.1039/D0NJ00698J.

25. Agag, T., An, S. Y., Ishida, H. (2013). 1, 3-bis(benzoxazine) from cashew nut shell oil and diaminodiphenyl
methane and its composites with wood flour. Journal of Applied Polymer Science, 127(4), 2710–2714. DOI
10.1002/app.37584.

26. Cao, Y., Chen, C., Lu, X., Xu, D., Huang, J. et al. (2021). Bio-based polybenzoxazine superhydrophobic coating
with active corrosion resistance for carbon steel protection. Surface and Coatings Technology, 405, 126569. DOI
10.1016/j.surfcoat.2020.126569.

27. Shukla, S., Mahata, A., Pathak, B., Lochab, B. (2015). Cardanol benzoxazines-interplay of oxazine functionality
(mono to tetra) and properties. RSC Advances, 5(95), 78071–78080. DOI 10.1039/c5ra14214h.

28. Zhang, K., Han, M., Liu, Y., Froimowicz, P. (2019). Design and synthesis of bio-based high-performance
trioxazine benzoxazine resin via natural renewable resources. ACS Sustainable Chemistry & Engineering,
7(10), 9399–9407. DOI 10.1021/acssuschemeng.9b00603.

29. Dogan, Y. E., Satilmis, B., Uyar, T. (2019). Synthesis and characterization of bio-based benzoxazines derived from
thymol. Journal of Applied Polymer Science, 136(17), 47371. DOI 10.1002/app.47371.

26

JRM, 2022, vol.10, no.4

http://dx.doi.org/10.1080/10916466.2010.503218
http://dx.doi.org/10.1525/9780520954205
http://dx.doi.org/10.1016/j.eurpolymj.2019.04.014
http://dx.doi.org/10.1039/c2gc35796h
http://dx.doi.org/10.1039/c3ra22247k
http://dx.doi.org/10.1016/j.eurpolymj.2014.11.030
http://dx.doi.org/10.1002/pat.4618
http://dx.doi.org/10.1039/c3ra46582a
http://dx.doi.org/10.1016/j.eurpolymj.2020.109706
http://dx.doi.org/10.1021/acssuschemeng.7b02650
http://dx.doi.org/10.1021/acssuschemeng.7b02650
http://dx.doi.org/10.1016/j.eurpolymj.2020.109848
http://dx.doi.org/10.1021/acssuschemeng.8b05947
http://dx.doi.org/10.1021/acssuschemeng.8b05947
http://dx.doi.org/10.1039/D0NJ00698J
http://dx.doi.org/10.1002/app.37584
http://dx.doi.org/10.1016/j.surfcoat.2020.126569
http://dx.doi.org/10.1039/c5ra14214h
http://dx.doi.org/10.1021/acssuschemeng.9b00603
http://dx.doi.org/10.1002/app.47371


30. Teng, N., Yang, S., Dai, J., Wang, S., Zhao, J. et al. (2019). Making benzoxazine greener and stronger: Renewable
resource, microwave irradiation, green solvent, and excellent thermal properties. ACS Sustainable Chemistry &
Engineering, 7(9), 8715–8723. DOI 10.1021/acssuschemeng.9b00607.

31. Dumas, L., Bonnaud, L., Olivier, M., Poorteman, M., Dubois, P. (2016). Chavicol benzoxazine: Ultrahigh Tg
biobased thermoset with tunable extended network. European Polymer Journal, 81, 337–346. DOI 10.1016/j.
eurpolymj.2016.06.018.

32. Oliveira, J. R., Kotzebue, L. R. V., Ribeiro, F. W. M., Mota, B. C., Zampieri, D. et al. (2017). Microwave-assisted
solvent-free synthesis of novel benzoxazines: A faster and environmentally friendly route to the development of
bio-based thermosetting resins. Journal of Polymer Science Part A: Polymer Chemistry, 55(21), 3534–3544. DOI
10.1002/pola.28755.

33. Wang, Y. N., Niu, X., Xing, X., Wang, S., Jing, X. (2017). Curing behaviour and properties of a novel benzoxazine
resin via catalysis of 2-phenyl-1, 3, 2-benzodioxaborole. Reactive and Functional Polymers, 117, 60–69. DOI
10.1016/j.reactfunctpolym.2017.06.004.

34. Sun, J. Q., Wei, W., Xu, Y. Z., Qu, J. H., Liu, X. et al. (2015). A curing system of benzoxazine with amine:
Reactivity, reaction mechanism and material properties. RSC Advances, 5(25), 19048–19057. 10.1039/
c4ra16582a.

35. Yue, J., Zhao, C., Dai, Y., Li, H., Li, Y. (2017). Catalytic effect of exfoliated zirconium phosphate on the curing
behavior of benzoxazine. Thermochimica Acta, 650, 18–25. DOI 10.1016/j.tca.2017.01.005.

36. Qi, S., Wang, H., Han, G., Yang, Z., Zhang, X. A. et al. (2016). Synthesis, characterization, and curing behavior of
carborane-containing benzoxazine resins with excellent thermal and thermo-oxidative stability. Journal of Applied
Polymer Science, 133(23), 43488. DOI 10.1002/app.43488.

37. Wang, Y. X., Ishida, H. (1999). Cationic ring-opening polymerization of benzoxazines. Polymer, 40(16), 4563–
4570. DOI 10.1016/s0032-3861(99)00074-9.

38. Lin, C. M., Chen, C. H., Lin, C. H., Juang, T. Y. (2018). High-performance bio-based benzoxazines derived from
phosphinated biphenols and furfurylamine. European Polymer Journal, 108 48–56. DOI 10.1016/j.
eurpolymj.2018.08.024.

39. Huang, J. M., Kuo, S. W., Chen, J. K., Chang, F. C. (2005). Synthesis and characterizations of a vinyl-terminated
benzoxazine monomer and its blending with polyhedral oligomeric silsesquioxane (POSS). Polymer, 46(7), 2320–
2330. DOI 10.1016/j.polymer.2005.01.025.

40. Ishida, H., Chiou, K. (2013). Incorporation of natural renewable components and waste byproducts to benzoxazine
based high performance materials. Current Organic Chemistry, 17(9), 913–925. DOI 10.2174/
1385272811317090005.

41. Zhang, K., Liu, Y., Han, M., Froimowicz, P. (2020). Smart and sustainable design of latent catalyst-containing
benzoxazine-bio-resins and application studies. Green Chemistry, 22(4), 1209–1219. DOI 10.1039/c9gc03504d.

42. Zhang, L., Zhu, Y., Li, D., Wang, M., Chen, H. et al. (2015). Preparation and characterization of fully renewable
polybenzoxazines from monomers containing multi-oxazine rings. RSC Advances, 5(117), 96879–96887. DOI
10.1039/c5ra17164d.

43. Sharma, P., Dutta, P., Nebhani, L. (2019). Sustainable approach towards enhancing thermal stability of bio-based
polybenzoxazines. Polymer, 184, 121905. DOI 10.1016/j.polymer.2019.121905.

44. Dumas, L., Bonnaud, L., Olivier, M., Poorteman, M., Dubois, P. (2016). Arbutin-based benzoxazine: En route to
an intrinsic water soluble biobased resin. Green Chemistry, 18(18), 4954–4960. DOI 10.1039/c6gc01229a.

45. Kotzebue, L. R. V., de Oliveira, J. R., da Silva, J. B., Mazzetto, S. E., Ishida, H. et al. (2018). Development of fully
biobased high-performance bis-benzoxazine under environmentally friendly conditions. ACS Sustainable
Chemistry & Engineering, 6(4), 5485–5494. DOI 10.1021/acssuschemeng.8b00340.

46. Ohashi, S. (2017). Systematic studies of substituent effect on benzoxazines and application in its polymer form.
(Ph.D. Thesis). Department of Macromolecular Science and Engineering, Case Western Reserve University, USA.

47. Ren, S., Miao, X., Zhao, W., Zhang, S., Wang, W. (2019). A fully bio-based benzoxazine as latent catalyst for
bisphenol a/aniline-based benzoxazine. Materials Today Communications, 20, 100568. DOI 10.1016/j.
mtcomm.2019.100568.

27

JRM, 2022, vol.10, no.4

http://dx.doi.org/10.1021/acssuschemeng.9b00607
http://dx.doi.org/10.1016/j.eurpolymj.2016.06.018
http://dx.doi.org/10.1016/j.eurpolymj.2016.06.018
http://dx.doi.org/10.1002/pola.28755
http://dx.doi.org/10.1016/j.reactfunctpolym.2017.06.004
http://dx.doi.org/10.1039/c4ra16582a
http://dx.doi.org/10.1039/c4ra16582a
http://dx.doi.org/10.1016/j.tca.2017.01.005
http://dx.doi.org/10.1002/app.43488
http://dx.doi.org/10.1016/s0032-3861(99)00074-9
http://dx.doi.org/10.1016/j.eurpolymj.2018.08.024
http://dx.doi.org/10.1016/j.eurpolymj.2018.08.024
http://dx.doi.org/10.1016/j.polymer.2005.01.025
http://dx.doi.org/10.2174/1385272811317090005
http://dx.doi.org/10.2174/1385272811317090005
http://dx.doi.org/10.1039/c9gc03504d
http://dx.doi.org/10.1039/c5ra17164d
http://dx.doi.org/10.1016/j.polymer.2019.121905
http://dx.doi.org/10.1039/c6gc01229a
http://dx.doi.org/10.1021/acssuschemeng.8b00340
http://dx.doi.org/10.1016/j.mtcomm.2019.100568
http://dx.doi.org/10.1016/j.mtcomm.2019.100568


48. Zhang, W., Froimowicz, P., Arza, C. R., Ohashi, S., Xin, Z. et al. (2016). Latent catalyst-containing naphthoxazine:
Synthesis and effects on ring-opening polymerization. Macromolecules, 49(19), 7129–7140. DOI 10.1021/acs.
macromol.6b01177.

49. Lin, R. H., Zhu, Y. F., Zhang, Y. J., Wang, L. M., Yu, S. J. (2018). Pyrogallol-based benzoxazines with latent
catalytic characteristics: The temperature-dependent effect of hydrogen bonds on ring-opening polymerization.
European Polymer Journal, 102, 141–150. DOI 10.1016/j.eurpolymj.2018.03.015.

50. Li, X., Yao, H., Lu, X., Chen, C., Cao, Y. et al. (2020). Effect of pyrogallol on the ring-opening polymerization and
curing kinetics of a fully bio-based benzoxazine. Thermochimica Acta, 694, 178787. DOI 10.1016/j.
tca.2020.178787.

51. Kirubakaran, R., Sharma, P., Manisekaran, A., Bijwe, J., Nebhani, L. (2020). Phloretic acid: A smart choice to
develop low-temperature polymerizable bio-based benzoxazine thermosets. Journal of Thermal Analysis and
Calorimetry, 142(3), 1233–1242. DOI 10.1007/s10973-019-09228-y.

52. Andreu, R., Reina, J. A., Ronda, J. C. (2008). Carboxylic acid-containing benzoxazines as efficient catalysts in the
thermal polymerization of benzoxazines. Journal of Polymer Science Part A: Polymer Chemistry, 46(18), 6091–
6101. DOI 10.1002/pola.22921.

53. Zhan, Z. M., Yan, H. Q., Yin, P., Cheng, J., Fang, Z. P. (2019). Synthesis and properties of a novel bio-based
benzoxazine resin with excellent low-temperature curing ability. Polymer International, 69(4), 355–362. DOI
10.1002/pi.5957.

54. Ganfoud, R., Guigo, N., Puchot, L., Verge, P., Sbirrazzuoli, N. (2019). Investigation on the role of the alkyl side
chain of cardanol on benzoxazine polymerization and polymer properties. European Polymer Journal, 119, 120–
129. DOI 10.1016/j.eurpolymj.2019.07.026.

55. Pereira, R. C. S., Kotzebue, L. R. V., Zampieri, D., Mele, G., Mazzetto, S. E. et al. (2019). Influence of natural
substituents in the polymerization behavior of novel bio-based benzoxazines. Materials Today
Communications, 21, 100629. DOI 10.1016/j.mtcomm.2019.100629.

56. Zhang, Y., Liu, X., Zhan, G., Zhuang, Q., Zhang, R. et al. (2019). Study on the synergistic anticorrosion property of
a fully bio-based polybenzoxazine copolymer resin. European Polymer Journal, 119, 477–486. DOI 10.1016/j.
eurpolymj.2019.07.020.

57. Thirukumaran, P., Shakila Parveen, A., Sarojadevi, M. (2014). Synthesis and copolymerization of fully biobased
benzoxazines from renewable resources. ACS Sustainable Chemistry & Engineering, 2(12), 2790–2801. DOI
10.1021/sc500548c.

58. Zhan, Z., Yan, H., Wang, H., Cheng, J., Ran, S. et al. (2020). Novel full bio-based phloroglucinol benzoxazine
resin: Synthesis, curing reaction and thermal stability. Polymer, 200, 122534. DOI 10.1016/j.
polymer.2020.122534.

59. Guo, W. W., Wang, X., Gangireddy, C. S. R., Wang, J. L., Pan, Y. et al. (2019). Cardanol derived benzoxazine in
combination with boron-doped graphene toward simultaneously improved toughening and flame retardant epoxy
composites. Composites Part A–Applied Science and Manufacturing, 116, 13–23. DOI 10.1016/j.
compositesa.2018.10.010.

60. Dai, J., Teng, N., Shen, X., Liu, Y., Cao, L. et al. (2018). Synthesis of biobased benzoxazines suitable for vacuum-
assisted resin transfer molding process via introduction of soft silicon segment. Industrial & Engineering
Chemistry Research, 57(8), 3091–3102. DOI 10.1021/acs.iecr.7b04716.

61. Devaraju, S., Krishnadevi, K., Sriharshitha, S., Alagar, M. (2018). Design and development of environmentally
friendly polybenzoxazine–silica hybrid from renewable bio-resource. Journal of Polymers and the
Environment, 27(1), 141–147. DOI 10.1007/s10924-018-1327-z.

62. Lu, G., Dai, J., Liu, J., Tian, S., Xu, Y. et al. (2020). A new sight into bio-based polybenzoxazine: From tunable
thermal and mechanical properties to excellent marine antifouling performance. ACS Omega, 5(7), 3763–3773.
DOI 10.1021/acsomega.0c00025.

63. Sini, N. K., Bijwe, J., Varma, I. K. (2014). Renewable benzoxazine monomer from vanillin: Synthesis,
characterization, and studies on curing behavior. Journal of Polymer Science Part A: Polymer Chemistry,
52(1), 7–11. DOI 10.1002/pola.26981.

28

JRM, 2022, vol.10, no.4

http://dx.doi.org/10.1021/acs.macromol.6b01177
http://dx.doi.org/10.1021/acs.macromol.6b01177
http://dx.doi.org/10.1016/j.eurpolymj.2018.03.015
http://dx.doi.org/10.1016/j.tca.2020.178787
http://dx.doi.org/10.1016/j.tca.2020.178787
http://dx.doi.org/10.1007/s10973-019-09228-y
http://dx.doi.org/10.1002/pola.22921
http://dx.doi.org/10.1002/pi.5957
http://dx.doi.org/10.1016/j.eurpolymj.2019.07.026
http://dx.doi.org/10.1016/j.mtcomm.2019.100629
http://dx.doi.org/10.1016/j.eurpolymj.2019.07.020
http://dx.doi.org/10.1016/j.eurpolymj.2019.07.020
http://dx.doi.org/10.1021/sc500548c
http://dx.doi.org/10.1016/j.polymer.2020.122534
http://dx.doi.org/10.1016/j.polymer.2020.122534
http://dx.doi.org/10.1016/j.compositesa.2018.10.010
http://dx.doi.org/10.1016/j.compositesa.2018.10.010
http://dx.doi.org/10.1021/acs.iecr.7b04716
http://dx.doi.org/10.1007/s10924-018-1327-z
http://dx.doi.org/10.1021/acsomega.0c00025
http://dx.doi.org/10.1002/pola.26981


64. Froimowicz, P. C. R. A., Han, L., Ishida, H. (2016). Smart, sustainable, and ecofriendly chemical design of fully
bio-based thermally stable thermosets based on benzoxazine chemistry. ChemSusChem, 9(15), 1921–1928. DOI
10.1002/cssc.201600968.

65. Feng, Z., Zeng, M., Meng, D., Chen, J., Zhu, W. et al. (2020). A novel bio-based benzoxazine resin with
outstanding thermal and superhigh-frequency dielectric properties. Journal of Materials Science: Materials in
Electronics, 31(5), 4364–4376. DOI 10.1007/s10854-020-02995-7.

66. Han, M., You, S., Wang, Y., Zhang, K., Yang, S. (2019). Synthesis of highly thermally stable daidzein-based main-
chain-type benzoxazine resins. Polymers, 11(8), 1341. DOI 10.3390/polym11081341.

67. Wang, X., Niu, H., Huang, J., Song, L., Hu, Y. (2021). A desoxyanisoin- and furfurylamine-derived high-
performance benzoxazine thermoset with high glass transition temperature and excellent anti-flammability.
Polymer Degradation and Stability, 189, 109604. DOI 10.1016/j.polymdegradstab.2021.109604.

68. Amarnath, N., Appavoo, D., Lochab, B. (2017). Eco-friendly halogen-free flame retardant cardanol
polyphosphazene polybenzoxazine networks. ACS Sustainable Chemistry & Engineering, 6(1), 389–402. DOI
10.1021/acssuschemeng.7b02657.

69. Yao, H., Lu, X., Xin, Z., Zhang, H., Li, X. (2019). A durable bio-based polybenzoxazine/SiO2 modified fabric with
superhydrophobicity and superoleophilicity for oil/water separation. Separation and Purification Technology, 229,
115792. DOI 10.1016/j.seppur.2019.115792.

70. Yan, H., Sun, C., Fang, Z., Liu, X., Zhu, J. et al. (2016). Synthesis of an intrinsically flame retardant bio-based
benzoxazine resin. Polymer, 97(1), 418–427. DOI 10.1016/j.polymer.2016.05.053.

71. Ribeiro, F. W. M., Kotzebue, L. R. V., Oliveira, J. R., Maia, F. J. N., Mazzetto, S. E. et al. (2017). Thermal and
mechanical analyses of biocomposites from cardanol-based polybenzoxazine and bamboo fibers. Journal of
Thermal Analysis and Calorimetry, 129(1), 281–289. DOI 10.1007/s10973-017-6191-x.

72. Lyu, Y., Zhang, Y., Ishida, H. (2020). Intrinsically noncombustible polymers without flame retardant additives:
Sulfur-containing and bio-based benzoxazines. European Polymer Journal, 133(15), 109770. DOI 10.1016/j.
eurpolymj.2020.109770.

73. Zhang, K., Liu, Y., Ishida, H. (2019). Polymerization of an AB-type benzoxazine monomer toward different
polybenzoxazine networks: When Diels–Alder reaction meets benzoxazine chemistry in a single-component
resin. Macromolecules, 52(19), 7386–7395. DOI 10.1021/acs.macromol.9b01581.

74. Yang, Y., Li, R., Liu, X., Ma, Q., Zhang, Y. et al. (2021). Chitosan/biological benzoxazine composites: Effect of
benzoxazine structure on the properties of composites. Reactive and Functional Polymers, 164, 104931. DOI
10.1016/j.reactfunctpolym.2021.104931.

75. Li, S., Zou, T., Feng, L., Liu, X., Tao, M. (2013). Preparation and properties of cardanol-based polybenzoxazine/
SiO2 hybrids by sol-gel technique. Journal of Applied Polymer Science, 128(6), 4164–4171. DOI 10.1002/
app.38607.

76. Peng, Y., Dai, J., Liu, Y., Cao, L., Zhu, J. et al. (2019). Bio-based polybenzoxazine modified melamine sponges for
selective absorption of organic solvent in water. Advanced Sustainable Systems, 3(3), 1800126. DOI 10.1002/
adsu.201800126.

77. Periyasamy, T., Asrafali, S. P., Muthusamy, S. (2015). New benzoxazines containing polyhedral oligomeric
silsesquioxane from eugenol, guaiacol and vanillin. New Journal of Chemistry, 39(3), 1691–1702. DOI
10.1039/C4NJ02047B.

78. Oliveira, J. R., Kotzebue, L. R. V., Freitas, D. B., Mattos, A. L. A., da Costa Júnior, A. E. et al. (2020). Towards
novel high-performance bio-composites: Polybenzoxazine-based matrix reinforced with manicaria saccifera
fabrics. Composites Part B: Engineering, 194, 108060. DOI 10.1016/j.compositesb.2020.108060.

29

JRM, 2022, vol.10, no.4

http://dx.doi.org/10.1002/cssc.201600968
http://dx.doi.org/10.1007/s10854-020-02995-7
http://dx.doi.org/10.3390/polym11081341
http://dx.doi.org/10.1016/j.polymdegradstab.2021.109604
http://dx.doi.org/10.1021/acssuschemeng.7b02657
http://dx.doi.org/10.1016/j.seppur.2019.115792
http://dx.doi.org/10.1016/j.polymer.2016.05.053
http://dx.doi.org/10.1007/s10973-017-6191-x
http://dx.doi.org/10.1016/j.eurpolymj.2020.109770
http://dx.doi.org/10.1016/j.eurpolymj.2020.109770
http://dx.doi.org/10.1021/acs.macromol.9b01581
http://dx.doi.org/10.1016/j.reactfunctpolym.2021.104931
http://dx.doi.org/10.1002/app.38607
http://dx.doi.org/10.1002/app.38607
http://dx.doi.org/10.1002/adsu.201800126
http://dx.doi.org/10.1002/adsu.201800126
http://dx.doi.org/10.1039/C4NJ02047B
http://dx.doi.org/10.1016/j.compositesb.2020.108060




Effect of MMT on Flame Retardancy of PLA/IFR/LDH Composites

Ping Zhang, Siyu Gan, Lin Chen*, Hao Chen, Chunhui Jia, Yingke Fu and Ying Xiong*

State Key Laboratory of Environment-Friendly Energy Materials, School of Materials Science and Engineering, Southwest University
of Science and Technology, Mianyang, 621010, China
*Corresponding Authors: Lin Chen. Email: chenlin101101@aliyun.com; Ying Xiong. Email: xiongying@swust.edu.cn

Received: 30 September 2021 Accepted: 05 January 2022

ABSTRACT

Nano filler synergistic intumescent flame retardant (IFR) system is an effective way to improve the flame retar-
dant properties of polymer. In this study, the effects of montmorillonite (MMT) on the flame retardant properties
of polylactic acid/layered double hydroxides (PLA/LDH) and PLA/IFR/LDH were investigated. The results show
that both LDH and LDH/IFR can reduce the peak heat release rate (HRR) of PLA and prolong the combustion
time of PLA; When a proportionate MMT is introduced into PLA/LDH and PLA/IFR/LDH systems, respectively,
MMT will not only affect the degradation process of PLA composites during combustion, but also the PLA com-
posites can form a more stable carbon layer during combustion, which could decrease the peak HRR and prolong
combustion time of PLA composite. Furthermore, when 0.5 wt% MMT is incorporated, the peak HRR of LDH/
IFR/LDH composite is reduced by 16.17% and the combustion time is prolonged by about 70 s. This study can
provide an opportunity to further optimize the properties of intumescent flame retardant polymer.
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1 Introduction

Polylactic acid (PLA), as a nonpetroleum based environmentally friendly biodegradable plastic, is a
non-toxic, nonirritating thermoplastic polyester. It has the advantages of good transparency and high
strength [1,2]. However, PLA is flammable and accompanied by serious dripping, limiting its application
in automotive, construction, electric and electric vehicles and other fields requiring high flame retardant
performance [3,4]. Therefore, improving the flame retardant properties of PLA composites is an
inevitable choice to promote the further promotion of applications of PLA composites [5–7].

Intumescent flame retardant (IFR) is the most promising halogen-free flame retardant, which has the
advantages of halogen-free environmental protection, low toxicity and low corrosion. It plays a flame
retardant role by forming a dense and continuous expanded carbon layer to block the entry of oxygen and
heat [8–10]. Generally speaking, IFR mainly includes acid source, gas source and carbon source.
However, the flame retardant efficiency of IFR is low, and a good flame retardant performance in
polymers with IFR can be achieved only with a higher dosage. Because of the shortcomings of IFR,
researchers focused on improving the flame retardant efficiency of IFR and reducing its addition. Adding
some components to IFR can improve the flame retardant efficiency of IFR, and the total heat release and
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heat release rate of the composite system decreased significantly during combustion. When the two flame
retardants are used in combination, the flame retardant effect of the flame retardant material is greater
than the sum of the flame retardant effects when they are used alone in the material, and it is said that the
two flame retardants have a synergistic effect [11,12]. In addition, for IFR, such synergists mainly include
zeolite [13], MMT [14], LDH [15], sepiolite [16], halloysite [17], metal oxide and its salts [18,19], metal
hydroxide [20] and other substances. According to the main flame retardant elements, it can be divided
into aluminum containing synergist, phosphorus containing synergist and silicon containing synergist.

Based on the above studies, the main researchers used a single synergistic to improve the flame retardant
performance of IFR, and did not further optimize the performance after synergistic modification. The
research shows that both MMT and LDH can improve the flame retardant performance of IFR. At the
same time, LDH and MMT have relevant laminate charges [21], introducing them into PLA at the same
time maybe form a more stable barrier layer. Therefore, this study explores the changes of flame retardant
performance of LDH synergistic intumescent flame retardant PLA systems under the action of different
MMT, and it lays a foundation for the further development of efficient intumescent flame retardant systems.

2 Experimental Section

2.1 Experimental Materials
PLA (REVODE101) was purchased from Zhejiang Haizheng Biomaterials Co., Ltd., China.

Pentaerythritol phosphate ester (PEPA) was provided by Hubei Jinleda Chemical Co., Ltd., China.
Organically modified montmorillonite (MMT) was produced by Sichuan Santai Fine Bentonite Co., Ltd.,
China. Sodium hydroxide (NaOH), magnesium nitrate (Mg(NO3)2⋅6H2O), aluminum nitrate
(Al(NO3)3⋅9H2O), melamine (MA) were obtained from Chengdu Jinshan Chemical Reagent Co., Ltd., China.

2.2 Preparation of MgAl LDH Modified by Sodium Dodecyl Sulfate and MMT Modified by Cetyl
Trimethyl Ammonium Bromide
Firstly, Mg (NO3)2⋅6H2O (0.18 mol) and Al (NO3)3⋅9H2O (0.06 mol) were dissolved in deionized water

and recorded as solution I. Secondly, a certain amount of sodium dodecyl sulfate (SDS) was dissolved in
deionized water and added to solution I with mixing evenly, and it is recorded as solution II. And the pH
value of solution II was adjusted to 10 by NaOH solution; Thirdly, the mixed solution was stirred at 70°C
for 12 h under a nitrogen atmosphere [22]. Finally, the precipitate was filtered and washed with deionized
water many times, and the obtained product was dried at 60°C for 24 h, then the modified MgAl LDH
(OLDH) was prepared.

Firstly, 25 g of Na-MMTwas dispersed in 250 g of deionized water under vigorous stirring for 0.5 h, and
the solution remained still for 1 h. Secondly, removed supernatant and bottom sediment, so purified
Na-MMT solution was obtained. Finally, 15 g of CTAB was dispersed into purified Na-MMT solution
and heated to around 70°C under continuous stirring for 2 h [23,24]. Subsequently, the organic clay
(MMT-CTAB) was handled by vacuum filtration and washed several times with deionized water until no
halide anions were detected. The product (OMMT) was freeze-drying for further use.

2.3 Preparation of PLA Composites
PLA, MMT, LDH, PEPA were dried at 80�C overnight before use. PLA composites with the desired

amount of MMT, LDH and PEPA were melted compound using a two-roll mill at 160�C for 10 min.
Adjusting the mass ratios of PLA/LDH/MMT to 99.5/0.5/0, 99.25/0.5/0.25, 99/0.5/0.5, 98.5/0.5/1,
97.5/0.5/2 were designated as PLAx (x = 1, 2, 3, 4, and 5), respectively. The mass ratios of PLA/PEPA
+MA/MMT/LDH to 75/25/0/0, 74.5/25/0.5/0, 74.25/25/0.5/0.25, 74/25/0.5/0.5, 73.5/25/0.5/1, 72.5/25/0.5/2
were designated as PLAx (x = 6, 7, 8, 9, and 10), and the mass ratio between PEPA and MAwas 4/1.
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2.4 Testing and Characterization
X-ray diffraction (XRD) characterization was carried out on a panalytical x’pert Pro X-ray

diffractometer equipped with a copper anode (Cu Kα radiation, λ = 1.54187 Å). The X-ray source was
operated at 40 kV and 40 mA.

The morphology of all electrocatalysts was investigated by field emission scanning electron microscope
(FESEM, UItra55, Carl zeissNTS GmbH, Germany) and transmission electron microscope (TEM, Libra200,
Carl zeiss irts Co., Germany).

Q5000IR (TA instrument, USA) thermal analyzer was used for thermogravimetric analysis (TGA).
Nitrogen atmosphere mode was used with a temperature range from room temperature to 500°C with a
heating rate of 20 °C/min.

Cone calorimeter 6180 (Siemens analyzer) was used to test the combustion properties of composites
according to ISO5660-1 standard. The sample size was 100 mm × 100 mm × 3 mm, and the radiation
flux was 35 kW/m2.

The X-ray photoelectron spectroscopy (XPS) was carried out with a VG Escalab Mark II spectrometer
(Thermo-VG Scientific Ltd., UK), using Al Kα excitation radiation (hv = 1486.6 eV).

3 Results and Discussion

3.1 Characterization of OLDH, OMMT and PLA Composites
The XRD of LDH and MMT before and after modification was shown in Fig. 1a, and the interlayer

spacing of OLDH and OMMT was larger than that of LDH and MMT, respectively, indicating that SDS
and CTAB were intercalated into the layers of LDH and MMT, the interlayer spacing of MMT and
LDHT was expanded from 0.76 to 2.61 nm, and from 0.81 to 3.29 nm, respectively, which was beneficial
to the uniform dispersion of LDH and MMT in PLA. Figs. 1b and 1c were the TEM analysis of
PLA/OLDH and PLA/OMMT, respectively, which showed that OMMT and OLDH were well dispersed
in PLA. When they were placed in PLA simultaneously, they could promote better dispersion of each
other in PLA (Fig. 1d). The contact interface of nanoparticles in PLA4 was more blurred than that of
PLA/OLDH and PLA/OMMT, which indicated that the OLDH and OMMT and PLA matrix had good
interface compatibility. At the same time, SEM analysis showed (Figs. 1e and 1f) that OLDH and
OMMT do not reunite in PLA, and the dispersion was excellent.

3.2 Thermal Degradation Behavior of PLA Composites
Fig. 2a showed the effect of MMTon the thermal stability of PLA/LDH composites. With the addition of

a small amount of LDH, the thermal stability of PLA decreased. However, when MMT was added to the
PLA/LDH composite system, the thermal stability of the composites increased firstly and then decreased
with the increase of MMT addition, indicating that MMT could improve the thermal stability of the
PLA/LDH composite system at an appropriate proportion. Interestingly, the thermal stability of the
composites was lower than that of PLA, indicating that the addition of LDH and MMT promoted
the early thermal degradation of PLA. However, when IFR was introduced into PLA/LDH composites,
the charring properties of the composites were significantly improved, and when the content of MMT was
1 wt%, the composites showed excellent charring properties. The results showed that MMT had
synergistic forming charring ability when with an appropriate ratio for PLA/LDH/IFR, which could
protect matrix more efficiently. In all, when intumescent flame retardant was added to PLA/LDH system,
the thermal degradation of PLA would be accelerated for forming a more stable intumescent char layer.
Furthermore, MMT can make the surface of intumescent char layer form a more stable ceramic structure,
so that the char layer could better protect the matrix.
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Figure 1: (a) XRD spectra of LDH and MMT before and after modification. (b–d) TEM images of
PLA/OLDH, PLA/OMMT, PLA4, respectively. (e, f) SEM of PLA1 and PLA4, respectively

Figure 2: Effect of MMT on the thermal stability of PLA/LDH (a) and PLA/LDH/IFR (b), respectively
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3.3 Combustion Properties of PLA Composites
Cone calorimetry is one of the most effective ways to analyze the combustion properties of various

polymer materials [25,26]. The effect of MMT on the combustion parameters of PLA/LDH composites
and PLA/IFR/LDH composites was evaluated by cone calorimetry.

The heat release rate (HRR) is a very critical parameter, and can be used to express the intensity of a fire.
From Fig. 3a, 0.5 wt% LDH showed an efficient flame retardancy, and MMT could affect the combustion
property of PLA/LDH composite. When there was an appropriate ratio between LDH and MMT,
composites showed lower peak HRR and longer combustion time than that of pure PLA.

The char residues of PLA1 and PLA4 showed in Figs. 4a and 4b, respectively, PLA4 showed a more and
dense charring than that of PLA1, this phenomenon indicated that the solid char was formed by the
introduction of LDH for PLA, and MMT could improve the formation of char, which could decrease the
peak HRR and prolong the combustion time.

When 25 wt% IFR was introduced into PLA/LDH system (Fig. 3b), the peak HRR of PLA1
(672.2 kW/m2) decreased to 306.8 kW/m2 (PLA6), and the flame time increased. Based on PLA/LDH/IFR
system, MMT could improve the flame retardant effectiveness of LDH/IFR in PLA. Notably, the result of
PLA9 showed a lower peak HRR (257.2 kW/m2), and the flame time was longer than that of other PLA
composites, at the same time, the char of PLA9 (Fig. 4c) was denser than that of PLA6 (Fig. 4d). To further
investigate the effect of MMT on the carbonization performance of PLA/LDH/IFR, XPS was used to
analyze the structure of the char residue of PLA6 and PAL9, respectively (Fig. 5). The analysis results
revealed that the position and relative strength of XPS component of the carbon layer were almost
unchanged before and after the addition of MMT, indicating that MMT did not affect the chemical process
of carbon layer formation, the main reason for the improvement of flame retardant performance could be
that MMT interpenetrated in the intumescent carbon layer, and formed a more stable ceramic structure, so
that the char layer could better protect the matrix.

To further investigate the synergistic mechanism between MMT and LDH/IFR in PLA, the
morphologies of surface char residues of PLA6 and PLA9 were performed by SEM, as shown in Fig. 6,
the char residues of PLA6 holed numerous “popcorn-like” structures (Fig. 6a); however, PLA9 showed a
smooth char surface with few micro-size particles. This was due to the reinforced charring of MMT in the
condensed phase, and the char residues of PLA9 more effectively inhibited the production of volatile

Figure 3: HRR curves of PLA composites
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small molecules and transfer of heat than that of PLA6, so that matrix material was better protected. The
results meant that MMT could show a synergistic effect with LDH/IFR in flame retardant PLA.

CO and CO2 are the main culprits, causing fatalities in a fire scenario because of their asphyxiant
characteristics. Therefore, it is significant to research the emission evolution of CO and CO2. The CO and
CO2 production profiles were presented in Figs. 7 and 8. From Figs. 7a and 7b, it was found that the
addition of LDH and MMT could significantly reduce the peak of CO production rate (COPR) and
prolong the release time, indicating that the addition of nanoparticles went against the pyrolysis of PLA,

Figure 4: Digital photographs of (a) PLA1, (b) PLA4, (c) PLA6, (d) PLA9

Figure 5: XPS of char residues of PLA6 and PLA9
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reduced the peak COPR and prolonged the release time. When IFR was added to PLA/LDH system, the peak
COPR of PLA6 was greatly increased, and the release time was prolonged. The results showed that the
addition of IFR could form a more stable char layer and prevent the contact between oxygen and
combustible gases. However, when MMT was introduced into PLA/LDH/FR system with an appropriate
proportion, MMT could reduce the peak COPR and prolong the release time of PLA composites.
Combining with HRR analysis, MMT promoted the formation of a more stable carbon layer in PLA/
LDH/IFR system, which hindered the pyrolysis of matrix materials. From the analysis data of CO total
yield (COTY), LDH and MMT could reduce the COTY release of PLA; while with the addition of IFR,
the COTY release increased significantly, and the appropriate content of MMT could reduce the total
COTY of PLA/LDH/IFR system. Similarly, the addition of LDH and MMT could reduce the peak CO2

release and prolong the release time, but with the addition of IFR, the peak of CO2 production rate
(CO2PR) of the PLA6 decreased significantly. It was worth noting that when 1 wt% MMT was added to
the PLA/LDH/IFR system, the composite showed the lowest peak CO2PR and the longest release time.
Through the analysis of the CO2 total yield (CO2TY), it could be seen that LDH and MMT promote PLA
combustion, CO2TY increased, but the introduction of IFR could greatly reduce the CO2TY, which
indicated that MMT and LDH/IFR showed a synergistic effect in reducing CO2TY in PLA composites.

The mass loss rate reflects the pyrolysis rate and pyrolysis behavior of the material under a certain fire
intensity. Fig. 9 showed the mass loss curve rate of PLA composites. From Fig. 9a, when PLAwas ignited,
LDH could effectively reduce the mass loss rate of PLA, and the addition of an appropriate amount of MMT
could improve the thermal stability of PLA/LDH. When IFR was introduced into PLA/LDH system
(Fig. 9b), the mass loss rate of PLA composites decreased significantly, and PLA9 showed the best
performance, but the carbon formation of the composites did not change significantly. The results
indicated that the addition of MMT did not change the pyrolysis process of PLA/LDH/IFR composite,
but physically strengthened the protective effect of the carbon layer on the matrix. The total heat release
rate (THR) was another critical parameter used to evaluate the flame intensity. The slope of THR
represents the flame propagation rate. From Fig. 9c, with the addition of LDH, the flame propagation rate
decreased, but the combustion time increased; The addition of an appropriate mass of MMT could further
reduce the flame propagation rate of the PLA composites, indicating that LDH could prevent PLA
combustion and owned a synergistic effect with MMT. When IFR was introduced into PLA/LDH system
(Fig. 9d), the flame propagation rate and THR of PLA composites decreased significantly, and 1 wt%
MMT was introduced into PLA6, and the composites showed the least THR, indicating that MTT owns
synergistic effect with IFR/LDH to reduce the combustion performance in PLA composites.

Figure 6: SEM images of surface char residues of PLA6 and PLA9
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Figure 7: (a, b) COPR, (c, d) COTY curves of PLA composites

Figure 8: (Continued)
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Figure 8: (a, b) CO2PR, (c, d) CO2TY curves of PLA composites

Figure 9: (a, b) the mass loss rate and (c, d) total heat release curves of PLA composites
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4 Conclusion

This study investigated the effect of MMT on the flame retardant properties of PLA/LDH and
PLA/IFR/LDH composites. The results indicated that LDH and MMT were well dispersed in PLA; MMT
could improve the stability of char for PLA/LDH or PLA/IFR/LDH composites during combustion, but
did not change the carbon formation process of polymers; During the combustion of PLA composites,
MMT could cooperate with LDH or IFR/LDH system to reduce the peak HRR, prolong the combustion
time and reduce the fire risk of PLA composites. The above research work can provide a new strategy for
the development of multifunctional synergistic intumescent flame retardant PLA composites.
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ABSTRACT

In this work, a bio-based flame retardant (Cy-HEDP) was synthesized from cytosine and HEDP through a facile
salt-forming reaction and embedded into epoxy matrix to improve the flame retardancy and smoke suppression
performance. The product Cy-HEDP was well characterized by FTIR, 1H and 31P NMR and SEM tests. On the basis
of the results, by adding 15 wt% Cy-HEDP, the EP15 can pass UL-94 V-0 rating, and the total smoke production
(TSP) as well as total heat release (THR) can be decreased by 61.05% (from 22.61 to 8.7 m2/m2) and 39.44% (from
103.19 to 62.50 MJ/m2) in comparison to the unfilled EP, reflecting the attenuated smoke toxicity and impeded heat
generation. According to the analysis results of residual char, it can be concluded that Cy-HEDP possessed the
ability to promote the formation of continuous and dense char layers, which would be a physical barrier to insulate
oxygen and prevent heat feedback during the combustion of EP. This work provide inspiration towards developing
bio-based flame retardant, probably extending the prospects to other polymeric material system.
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1 Introduction

As a well-popular thermosetting polymer, epoxy resin (EP) has been widely used in many fields such as
adhesive [1,2], construction materials [3,4], aerospace [2,5], electrical area [6] owing to its high adhesive
strength, chemical stability, mechanical properties and excellent insulation properties, etc. Unfortunately,
EP exhibits high flammability and releases a large amount of toxic smoke during combustion, which
causes potential hazards to human health and greatly restricts the broadening of applications [7,8]. It is
vital, therefore, to improve the flame retardancy and reduce the smoke toxicity of EP composites.
Generally, the incorporation of flame retardants into EP is a facile and effective way to improve its fire
safety [9,10], nonetheless, the most popular flame retardants applied in the past decades are halogen-
containing materials, which leads to environmental problems and unsustainability on a global scale.

To meet an increasing demand for fire-safe polymer and sustainable development, it is inevitable to replace
the petroleum-based flame retardants with bio-based flame retardants. Phosphorus and nitrogen-containing
compounds have been recognized as a potential alternative for halogen flame retardants due to their less
impact on environment and higher efficiency. Fundamentally, phosphorus and nitrogen-containing flame
retardants play a role in both condensed phase and gas phase, exerting diluting effect (dilute the oxygen and
inflammable gases) and charring effect (form more compact char residues), respectively. Meanwhile,
phosphorus and nitrogen-containing flame retardants from bio-based materials have attracted particular
interests in both the academic and industrial research owing to their practical characteristics such as low
environmental impact, green source, great compatibility with polymer matrix and acceptable fire performance.

Recently, considerable efforts have been made to explore preparing flame retardants from bio-based
materials, which are more sustainable than petroleum-based products due to their renewability. It has been
confirmed that bio-based materials are desirable raw materials for flame retardants, e.g., cellulose [11],
gluconate [12], phytic acid [13–15], chitosan [16], cytosine [17], lignin [18], starch [19] due to the rich
terminal groups that provide active sites for covalent or non-covalent functionalization. Yu et al. [17] have
synthesized a bio-based flame retardant (PPA-C) through cytosine and pyrophosphate, and compounded it
with pentaerythritol (PER) to improve the flame retardancy of polypropylene. UL-94 V-0 rating was achieved
with the incorporation of 18 wt% PPA-C/PER (3:1). Xu et al. [20] incorporated ammonium polyphosphate
(APP) and a bio-based flame retardant prepared from vanillin into epoxy resin, significant reduction in heat
release rate associated with UL-94 V-0 rating can be observed. Many researches showed that, a supersize
portion of bio-based additives into polymer matrix present efficient flame retardancy together with synthetic
materials made from fossil sources, i.e., pentaerythritol [21,22] and ammonium polyphosphate [20,23,24], but
such methods usually involved complicated synthesis route and preparation process.

In this work, cytosine (Cy) used as a promising bio-based material was combined with hydroxyethylidene
diphosphonic acid (HEDP) to synthesize a bio-based flame retardant based on a facile and economical synthetic
method and then incorporated into epoxy matrix by solution blending. The bio-based and microscale product
named Cy-HEDP was well characterized by Fourier transform infrared spectroscopy (FTIR), 1H and 31P
nuclear magnetic resonance (NMR), scanning electronic microscopy (SEM) as well as X-ray photoelectron
spectroscopy (XPS). The thermal stability of EP/Cy-HEDP composites was measured by thermogravimetry
analysis (TGA). The flame retardancy of EP/Cy-HEDP composites was investigated by limiting oxygen
index (LOI), vertical burning (UL-94) test and cone calorimeter test (CCT). Furthermore, the possible
mechanism for achieving of fire hazards suppression was analyzed by SEM, TG-IR and Raman spectroscopy.

1.1 Materials
Polymer matrix was adopted as bisphenol-A type EP (DGEBA, E-44) with epoxide equivalent of 0.44,

which was provided by SINOPEC Group Co., Ltd., China. 4, 4’-diaminodiphenylmethane (DDM),
hydroxyethylidene diphosphonic acid (HEDP, 60% aqueous solution) and cytosine (Cy, powder with purity
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of 98%) were purchased from Adamas Reagent, LTD. Anhydrous ethanol and acetone were purchased from
Chongqing Chuandong Chemical Co., Ltd. All reagents were used as received and without further purification.

1.2 Synthesis of Cy-HEDP
The Cy-HEDP was synthesized from cytosine and HEDP via a facile salt-forming reaction, as shown in

Scheme 1. In the first step, 11.34 g (0.1 mol) cytosine and anhydrous ethanol (250 ml) were added into a
500 ml three-necked round-bottomed glass flask. After that, the mixed solution was heated up to 70°C
and kept for 1 h under magnetic stirring. Subsequently, 17.17 g (0.05 mol) HEDP was added dropwise
into the above suspension through a constant pressure dropping funnel and reacted at 70°C for 15 h with
vigorous stirring. Finally, the resulting products were obtained after being filtered, washed with
anhydrous ethanol at least three times and dried in a vacuum oven. The yield was as high as 98%.

1.3 Preparation of Cured EP Composites
The EP composites were prepared through a facile solution blending method [25], where the curing agent

was DDM. Briefly, the preparation procedure of EP composite with 5 wt% Cy-HEDP (labeled as EP5) was
listed as follows: 8.72 g DDM was melted in an oven at 100°C for increasing its fluidity before mixing.
Meanwhile, 38 g EP and 2 g Cy-HEDP were dissolved in 50 ml acetone to form a homogenous suspension.
Then, the mixture was heated at 100°C with constant agitation until the acetone was completely evaporated.
Finally, DDM was added into the suspension above and poured into a polytetrafluoroethylene mold,
followed by curing at 120°C and 150°C for 2 h, respectively. In this work, the preparation of EP
composites with 10 wt% and 15 wt% Cy-HEDP were labeled as EP10 and EP15, respectively.

1.4 Characterizations
Fourier transform infrared (FTIR) spectroscopy was performed on a Nicolet iS50 spectrometer (Nicolet

Instrument Company, U.S.) using KBr pellet method. Wavenumber ranges from 4000 to 400 cm−1 with
32 scans accumulated and the resolution of 4 cm−1.

1H and 31P nuclear magnetic resonance (NMR) spectroscopy were obtained from an advance Bruker
400 M NMR spectrometer (Bruker Company, Switzerland) with Dimethyl sulfoxide-d6 as the solvent.

The morphology of the resulting product Cy-HEDP and the residual char of EP composites after the
cone calorimeter test were observed by scanning electronic microscopy (SEM, FEI Nova 400, Holland).
The samples were coated with gold for 30 s.

XPS measurements were performed in an ESCALAB250Xi spectrometer using a monochromatic Al kα
X-ray source.

Thermogravimetry analysis (TGA) was performed on TGA2 Thermogravimetric Analyzer (Mettler
Toledo, Switzerland). About 3 mg of the sample was heated from the room temperature to 700oC under
the nitrogen flow at a heating rate and gas flow rate of 20 °C/min and 50 ml/min, respectively.

The limited oxygen index (LOI) of the EP and EP/Cy-HEDP composites was measured by HC-2C
oxygen index instrument (Jiangning Analysis Instrument Co., China) based on standard ASTM D2863-
97 with the samples size of 100.0 mm × 6.5 mm × 3.0 mm.

Scheme 1: The synthesis route of Cy-HEDP
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UL-94 test was carried on CZF-2 vertical burning testing instrument (Jiangning Analysis Instrument
Co., China) according to ASTMD3801 with the sample in the dimension of 100.0 mm × 13.0 mm × 3.0 mm.

The cone calorimeter test (CCT) was studied by an instrument of Suzhou Vouch Testing Technology
Co., Ltd. in conformity with ISO 5660. Samples with the size of 100.0 mm × 100.0 mm × 3.0 mm were
irradiated at a heat flow of 35 kW/m2.

The residual char after CCTwas analyzed by Raman spectroscopy, which was conducted by a LabRAM
HR Evolution apparatus (Jobin Yvon Instruments, France) with a 512.5 nm argon ion laser.

Thermogravimetric analysis/infrared spectrometry (TG-IR) was performed on a TGA Q5000
thermogravimetric analyzer combined with a Nicolet 6700 FT-IR spectrophotometer via a metal
transmission pipe. The samples were heated from the room temperature to 700°C under nitrogen
atmosphere at a heating rate and gas flow rate of 20 °C/min and 20 ml/min, respectively.

2 Results and Discussion

2.1 Characterization of Cy-HEDP
The composition and structure of Cy, HEDP and Cy-HEDP were determined by FTIR spectra, as

portrayed in Fig. 1. The characteristic peaks of HEDP emerge at 1117, 999 and 916 cm−1 are assigned to
the stretching vibration of –P = O, –P–O– and –P–C– [26,27], respectively. The absorption peaks appear
at 3384 and 3169 cm−1 are ascribed to the N–H bond in Cy [28–30], and the peak for the stretching
vibration of –C = N emerges at 1663 cm−1 [28]. As for the resulting product Cy-HEDP, the peaks at 905,
1001 and 1078 cm−1 are respectively caused by the –P–C–, –P = O and –P–O– stretching vibrations,
indicating the presence of phosphorus-containing segments in HEDP. The peak at 1663 cm−1 is assigned
to the absorption peak of –C = N, which suggests the successful introduction of Cy. Owing to the
existence of O–H in HEDP , the peak at 3103 cm−1 ascribed for the vibration of N–H becomes wider.
Moreover, there is a new absorption band appears at 1543 cm–1 for Cy-HEDP, which is ascribed to the
NH3

+ vibrational mode [31], indicating that the successful reaction between Cy and HEDP.

The 1H and 31P NMR were conducted to further analyze the structure of Cy-HEDP. Fig. 2 depicts the 1H
NMR spectrum of Cy-HEDP, the signals at 7.51 and 5.71 ppm are ascribed to the proton in –CH = CH– of
the Cy ring. The signal at 7.51 ppm is referred to the hydrogen atom on No. 2 carbon atom, while the signal at
5.71 ppm is referred to that of No. 1 carbon atom. The chemical shift at 7.91 ppm reveals the contribution of

Figure 1: FTIR spectra of Cy, HEDP and Cy-HEDP
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the proton in –P–OH, while the broad peak around 6.20 ppm can be ascribed to the proton in –C–OH. The
peaks around 1.4 ppm correspond to the proton in –CH3 of Cy-HEDP, while the signal at 2.51 ppm is
ascribed to the proton in –CH3 of the solvent DMSO. As for the abnormal disappearance of amino proton
signal (–NH– and −NH3

+) may be caused by the solution concentration and temperature of experiment
[32]. In the 31P NMR, the one peak at 19.75 ppm is ascribed to the phosphorus atom of –P = O in
Cy-HEDP. These results verify the successful synthesis of the target product.

The SEM was used to observe the morphologies of Cy and Cy-HEDP micro-particles. SEM images of
Cy and Cy-HEDP are showed in Fig. 3, it is noted that Cy displays regular strip crystal with rough surface.
By contrast, Cy-HEDP shows irregular lamellar crystals with smooth surface. The morphology of Cy and
Cy-HEDP showed obvious differences, indicating the actual chemical reaction occurred.

The XPS results (Fig. 4) depicted that there are C, N, O and P elements on the surface of Cy-HEDP.
Specifically, the binding energy of O 1s located at 532.13 eV while that of N 1s occurred at 400.91 eV.
The C 1s signal includes multiple peaks corresponding to C–C (284.80 eV), C–N (286.41 eV) and C = O
(carbonyl, 289.01 eV). The signals appeared at 190.87 eV and 133.26 are ascribed to P 2s and P 2p,
respectively. All the results above confirmed the successful reaction between HEDP and Cy.

2.2 Thermostability Analysis
The thermostability of Cy-HEDP, EP and its composites was studied by TGA test under nitrogen

atmospheres and the corresponding TG and DTG curves are showed in Fig. 5. In addition, the thermal

Figure 2: 1H (a) and 31P (b) NMR spectra of Cy-HEDP
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Figure 3: SEM images of Cy (a) and Cy-HEDP (b)
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parameters, including the temperature at 5% mass loss (Td), the temperature at maximum weight loss rate
(Tmax) and the char yield (CY) at 700°C are illustrated in Table 1. As shown in DTG curves, all samples
show similar degradation behavior, where only one-stage thermal decomposition process could be
observed. This is mainly due to the decomposition of the macromolecular chains [33]. Specifically, the Td

and Tmax of EP/Cy-HEDP composites were lower than those of pure EP, which is mainly caused by the
weak O = P–O and P–C–P bonds of Cy-HEDP [34]. On the other hand, the early degradation of Cy-
HEDP contributes to its catalytic carbonization effect and preventing the EP matrix from further
combustion. In the case of char residues, the incorporation of Cy-HEDP can enhance the volume of
residual char at high temperature. Comparing to pure EP, the residual char of EP15 increased from 14.6%
to 23.7%, showing an increment of 62.3%, indicating the contribution of Cy-HEDP in char formation.

2.3 Flame Retardancy of EP and EP/Cy-HEDP Composites
The flame-retardant effect of Cy-HEDP on EP composites was characterized by the LOI and UL-94 test,

as listed in Table 2. Apparently, with the LOI value of 25.5%, the pure EP is extremely flammable, and no any
UL-94 rating can be achieved. Nevertheless, with the addition of Cy-HEDP, the LOI value increased
gradually. When the content of flame retardant was 5, 10 and 15 wt%, the LOI value of EP/Cy-HEDP
composites rose to 26.5%, 27.0% and 28.5%, respectively. More excitedly, when 15 wt% of Cy-HEDP is
incorporated, the EP15 composite reaches UL-94 V-0 rating during the vertical burning test. All the
results above show that Cy-HEDP plays an effective role in enhancing the flame retardancy of EP.

Figure 4: XPS of Cy-HEDP (a) survey spectrum; (b) C 1s; (c) N 1s; (d) P 2p
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2.4 Combustion Behavior of EP and EP/Cy-HEDP Composites
The cone calorimeter test (CCT) is the dependable measurement to simulate the real fire disaster [35]. It

was conducted on pure EP as well as EP/Cy-HEDP composites to investigate the flame-retardant
performance. The heat release rate (HRR), total heat release (THR), smoke production rate (SPR) and
total smoke production (TSP) curves of EP and EP/Cy-HEDP composites are showed in Fig. 6.
Furthermore, the main relevant CCT parameters including the time to ignition (TTI), THR, the peak of
HRR (p-HRR), TSP, the peak of SPR (p-SPR), the average carbon monoxide yield (av-COY) and the
Char residue were summarized in Table 3. The TTI results show that EP/Cy-HEDP composites can be
ignited easier than pure EP, which is mainly due to the early decomposition caused by the addition of Cy-
HEDP, which is in accordance with the TGA analyses. The HRR curve of pure EP presents a single
strong peak with a p-HRR value of 1078.43 kW/m2. With the addition of Cy-HEDP, the value of p-HRR
was decreased significantly with the increase of Cy-HEDP content. Comparing to neat EP, the p-HRR
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Figure 5: TG (a) and DTG (b) curves of Cy-HEDP, EP and EP/Cy-HEDP composites under nitrogen
atmosphere

Table 1: Thermal stability parameters from TGA and DTG curves

Sample Td (°C) Tmax (°C) Char yield at 700°C (%)

EP 389 408 14.6

EP5 332 381 22.4

EP10 320 376 22.9

EP15 320 369 23.7

Cy-HEDP 245 263 52.0

Table 2: UL-94 and LOI data of EP and EP/Cy-HEDP composites

Sample EP (wt%) Cy-HEDP (wt%) LOI (%) UL-94 rating

EP 100 0 25.5 NR

EP5 95 5 26.5 NR

EP10 90 10 27.0 V-1

EP15 85 15 28.5 V-0

JRM, 2022, vol.10, no.10



values of EP5, EP10 and EP15 decreased to 540.57, 438.01 and 310.93 kW/m2, showing a decrement of
49.87%, 59.38% and 71.17%, respectively. Meanwhile, the THR values of the EP5, EP10 and EP15 were
reduced from 103.19 MJ/m2 of pure EP to 83.53, 73.44 and 62.50 MJ/m2 with the corresponding
reduction of 19.06%, 28.83% and 39.44%, respectively.

Figure 6: HRR (a), THR (b), SPR (c), TSR (d), CO (e) and weight (f) curves of EP and EP/Cy-HEDP
composites
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Generally, epoxy thermoset can burn rapidly and produce a larger amount of smoke and toxic fumes
(especially carbon monoxide). Here, Fig. 6 displays the SPR curve of pure EP including a sharp peak
(p-SPR) with the value of 0.32 m2/s, while those of EP5, EP10 and EP15 decreased to 0.15, 0.13, and
0.11 m2/s, encountering a 54.11%, 59.88% and 64.30% decrement compared to pure EP, respectively.
When it comes to the TSP curves, 5 wt% of Cy-HEDP shows limited impact on TSP, descending to
20.19 m2/m2, while that of EP reaches 22.6 m2/m2. When the Cy-HEDP content increases to 10 and
15 wt%, the TSP value of EP10 and EP15 get a joint decline to 12.55 and 8.7 m2/m2, with the
corresponding decrement of 44.47% and 61.05% comparing to pure EP.

The production of carbon monoxide (CO) has been provoked as a main toxic gas during combustion. For
the av-COY of pure EP, it reaches as high as 0.0626 kg/kg, while that of EP5, EP10 and EP15 decreased to
0.0510, 0.0280 and 0.0237 kg/kg, respectively, with the corresponding decrement of 18.5%, 55.4% and
62.2%, indicating lower toxicity of the smoke and higher fire safety of EP/Cy-HEDP composites. From the
weight change curves shown as Fig. 6f, the weight of all the EP composites showed a decline tendency
during combustion, while the weight of pure EP decreased rapidly, while the descending rate of EP/Cy-
HEDP composites is much lower. More excitingly, EP/Cy-HEDP composites show higher char residue
yield comparing to the pure EP (6.90 wt%) The char residues of EP5, EP10 and EP15 soar to 18.53,
30.04 and 43.76 wt%, respectively. Furthermore, those massive char residues could prevent the exchange of
heat and oxygen, therefore epoxy resin composites showing lower heat release and smoke release. As a
result, the decline of p-HRR, TSP and CO value as well as the increase of char residue could be explained
as follows: On the one hand, during the early stage of combustion, the decomposition products produced by
Cy-HEDP promoted the formation of carbon layer on the EP matrix surface, which served as a good
physical barrier in condensed phase, blocking heat transfer and reducing the contact between combustible
gas and oxygen [36]. On the other hand, the hydrogen and hydroxyl radicals were quenched by phosphorus
radicals in the pyrolysis products [37], which could retard and interrupt the combustion.

2.5 Volatile Gases Analysis by TG-IR
To further reveal the fire safety properties, TG-IR was employed to analyze the gas pyrolysis products of

pure EP and EP15 during thermal decomposition. Figs. 7a and 7b correspondingly depict the FTIR spectra at the
initial decomposition temperature (Td) and the maximum weight loss rate temperature (Tmax) of pure EP and
EP15, respectively. Obviously, the incorporation of Cy-HEDP into EP matrix leads to the reduction of
absorbance intensity, indicating the decline of the gaseous products during combustion. There are several
common peaks in pure EP and EP15 at initial decomposition temperature, such as hydrogen (3587 and
3553 cm−1), carbon dioxide (2384 and 2307 cm−1 for EP, 2347 and 2302 cm−1 for EP15), carbonyl
(1762 and 1790 cm−1) and ether compounds at 1178 cm−1. The peaks at 1508 and 1329 cm−1 of EP15 refer
to the aromatic compounds [38]. Interestingly, the peak (1080 cm−1) representing the stretching vibration of

Table 3: Main parameters collected from CCT of EP and EP/Cy-HEDP system

Sample EP EP5 EP10 EP15
TTI (s) 75 57 59 71

p-HRR (kW/m2) 1078.4 540.6 438.0 310.9

THR (MJ/m2) 103.2 83.5 73.4 62.5

p-SPR (m2/s) 0.32 0.15 0.13 0.11

TSP (m2/m2) 22.6 20.2 12.6 8.7

av-COY (kg/kg) 0.0626 0.0510 0.0281 0.0237

Char residue (wt%) 6.9 18.5 30.0 43.8
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phosphorous compounds, which were considered as the key point to formation of char residual, only appeared
during the thermal decomposition of EP15. Meanwhile, the characteristic peak (980 cm−1) of ammonia also
appeared in the thermal decomposition of EP15, resulting in the diluting effect. It is evident that the FTIR
spectra of gas pyrolysis products of EP and its composites at Tmax are similar whereas absorption intensities
are different. The lower absorbance intensity indicates the lower pyrolysis products, in other words, lower
combustion fuels. This, directly, results the excellent flame retardancy of Cy-HEDP/EP composites.

To better evaluate the gas phase flame-retardant mechanism, the FTIR spectra of pure EP and EP15 at
different temperature were showed in Figs. 8a and 8b. The major products of pure EP and EP15 are similar
including hydrogen (3595 and 3555 cm−1), carbon dioxide (2384 and 2309 cm−1 for EP, 2346 and 2302
cm−1 for EP15), carbonyl (1768 and 1795 cm−1) and ether compounds at 1178 cm−1, whereas absorption
intensity of EP15 is much lower than that of EP. The EP/Cy-HEDP thermosets began to release pyrolysis
products earlier than pure EP, indicating the addition of Cy-HEDP can catalyze the thermal decomposition
of EP matrix. The intensity of CO2 peak is relatively higher than that of pure EP at high temperature, which
could dilute the flammable gas and oxygen in the gas phase, thereby slowing down or disturbing the
combustion. On the other hand, the high yield of CO2 contributes to more char residual in the condensed
phase. Furthermore, the peak intensity of gas products such as carbonyl and ether compounds for EP/Cy-
HEDP are weak than that of pure EP, showing a lower toxic gas production during combustion.

2.6 Char Residue Analysis
In order to reveal the condensed-phased products of EP composites during combustion, the photograph

and microcosmic views of char residues after CCT test were recorded by digital camera and SEM. As can be
seen in Fig. 9, the char residues of pure EP are fragile and loose, which is not helpful to protect the EP matrix.
When the Cy-HEDP was incorporated into EP, the char residual of EP15 after combustion evidently
increased, and the char layers become compact and continuous.

From the results of SEM images, as shown in Fig. 10, it can be clearly found that lots of cracks on the char
residue surface of pure EP. In contrast, EP/Cy-HEDP composites exhibit continuous and compact char layers
with only few small holes. It is inferred that the compact and continuous char layers contribute to fewer smoke
production and heat release of EP/Cy-HEDP composites during combustion through exerting barrier effect.

Figure 7: FTIR spectra of gas pyrolysis products of pure EP and EP15 at Td (a) and Tmax (b)
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Raman spectrum was utilized to further investigate the graphitization degree of char residues. Fig. 11
exhibits the Raman spectra of pure EP and EP15. There are two typical peaks at 1360 and 1590 cm−1,
which correspondingly presented the D-band and G-band. The D-band reflects the content of defective
carbon in carbon materials, and the G-band reflects the content of graphitized carbon in the carbon
materials. Generally, the lower the ID/IG value, the higher the graphitization degree. It is believed that
higher degree of graphitization leads to higher strength of the char layers, which can effectively act as a
barrier to the oxygen and flammable gas during the combustion. The ID/IG value of pure EP is 2.71,
while that of EP15 descends to 2.49, which indicates that the addition of Cy-HEDP contributes to the
formation of graphitized carbon during combustion.

2.7 Potential Flame-Retardant Mechanism
Fig. 12 depicts a diagrammatic sketch of the possible flame-retardant mechanism, which can be divided

into gas phase and condensed phase. The probably mechanism is proposed as follows: (i) The EP/Cy-HEDP
composite produce nonflammable gases such as carbon dioxide, water vapor and ammonia, which can dilute
the concentration of combustible gases and oxygen [39,40] even extinguish the flame. (ii) The carbonization

53

Figure 8: FTIR spectra of the gas pyrolysis products of pure EP (a) and EP15 (b) at different temperatures

Figure 9: Digital photos of pure EP (a), EP5 (b), EP10 (c), EP15 (d) after CCT
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effect of Cy-HEDP plays a synergistic role in acquiring dense and continuous char layers, affording better
shielding action and protecting the EP matrix from further combustion. (iii) The phosphorus components
from HEDP can produce phosphorus free radicals (P⋅ or PO⋅) that could interrupt the combustion process
by quenching H⋅ or HO⋅ radicals [41,42]. In conclusion, the incorporation of bio-based Cy-HEDP can
give scope to flame retardant effect among EP composites both in gas phase and condensed phase.

Figure 10: SEM images of pure EP (a), EP5 (b), EP10 (c), EP15 (d) after CCT

Figure 11: Raman spectrums of pure EP (a) and EP15 (b)
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3 Conclusion

In this work, the bio-based Cy-HEDP was successfully synthesized through a facile and economical
salt-forming reaction, the final product was investigated by FTIR, NMR, SEM and XPS. With the addition
of 15 wt% Cy-HEDP, EP15 can pass the UL-94 V-0 rating with the LOI of 28.5%. Compared to pure EP,
the total smoke production (TSP) as well as total heat release (THR) of EP15 decreased by 61.05% (from
22.61 to 8.7 m2/m2) and 39.44% (from 103.19 to 62.50 MJ/m2), respectively. From the analysis of gas
product during combustion and residual char, it can be concluded that EP/Cy-HEDP composites can release
more nonflammable gases to dilute the combustible gases and oxygen, as well as contribute to more
condensed and continuous char layers, protecting EP matrix from further combustion. Overall, Cy-HEDP
can simultaneously endow epoxy matrix with excellent flame retardancy and smoke toxicity suppression
performance.
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ABSTRACT

To enhance the thermal stability and flame retardancy of epoxy resin (EP), beta-cyclodextrin (β-CD) is success-
fully introduced into the layered tin phenylphosphonate (SnPP), which is incorporated into EP matrix for pre-
paring EP/β-CD@SnPP composites. The results indicate that the addition of β-CD@SnPP obviously improve
the thermal stability and residual yield of EP composites at higher temperature. When the amount of β-CD@SnPP
is only 4 wt%, EP/4β-CD@SnPP composites pass V-1 rating, and LOI value is up to 30.8%. Meanwhile, β-
CD@SnPP effectively suppress the heat release and reduce the smoke production of EP/β-CD@SnPP composites
in combustion, and the peak heat release rate (PHRR), total heat release (THR), smoke production rate (SPR) of
EP/6β-CD@SnPP composites reduce by 28.4%, 33.0% and 44.8% by comparison with those of pure EP. The good
flame retardancy and smoke suppression are ascribed to the synergistic effect of excellent carbon-forming cap-
ability and fire retardancy of β-CD@SnPP.

KEYWORDS

Epoxy resin; tin phenylphosphonate; beta-cyclodextrin; synergistic effect; flame retardancy; smoke suppression

1 Introduction

Epoxy resin is widely used in various fields due to its excellent moisturizing performance, good heat
resistance, good mechanical properties, such as in building, coating, composites, and so on [1–6].
However, the applications are severely limited due to the flammability and dripping tendency. In order to
improve the flame retardancy, flame retardants must be used to achieve flame retardant requirements. In
past decades, halogen-free additives have been widely interested due to environmental protection [7–10].

Phosphorous compounds have motivated interest from researchers worldwide because of their high
efficiency, less smoke and low toxicity, which can act as flame retardant in both condensed and gaseous
phases [11–15]. Phenylphosphate, as a kind of layered metal phosphate, not only has the characteristics
of layered compounds, but also has good chemical stability, high thermal stability, simple preparation
process, low cost and other characteristics [16,17]. Phenylphosphate modified polymer has been widely

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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investigated with excellent flame retardancy [18,19]. For example, ultrathin nickel phenylphosphate (NiPP)
was added into epoxy resin for preparing EP/NiPP nanocomposites, which reveals that the thermostability
and flame retardancy of EP/NiPP nanocomposites were obviously improved, and the maximum residual
of EP/6 w% NiPP nanocomposites was high to 24.1% at 700°C due to excellent catalytic carbonization
and fire retardant ability [20]. However, high content of phenylphosphate can worsen the mechanical
performances of EP composites, but EP composites with low content of phenylphosphate cannot meet
flame retardant requirements [21–23].

β-cyclodextrin (β-CD) has biodegradable, biocompatible, environmentally friendly and non-toxic
features. Meanwhile, its molecular skeleton is rich in carbon and contains a certain amount of the side
chain hydroxyl groups. In the process of thermal decomposition, they can be polymerized carbonization,
which hinders the progress of combustion. At the same time, the released CO2, H2O and other non-toxic,
non-corrosive and non-flammable gases have the effect of preventing combustion. Moreover, the
hydroxyl groups on the β-CD molecule make it good reactivity, which can be introduced into the
interlayers of layered compounds by molecular design [24–26].

Based on the above discussion, β-Cyclodextrin can form a large amount of carbon and release
incombustible gas during combustion or pyrolysis. Metal phenyl phosphate not only has lamellar barrier
effect, but also the transition metal compound obtained by its pyrolysis has the effect of catalyzing
carbon formation, and phosphoric acid has excellent flame retardancy in both the condensed and gas
phases. Therefore, it is an effective strategy that cyclodextrin is introduced between metal phenyl
phosphate layers to play a synergistic effect in flame retardancy and smoke suppression. In this work, the
layered tin phenylphosphonate (SnPP) was successfully synthesized by the coordination of Sn4+ and
phenyl phosphonic acid. Then, SnPP was modified with β-CD, which was incorporated into EP matrix
for preparing EP/β-CD@SnPP composites. The thermal properties and combustion properties of EP/β-
CD@SnPP composites were studied. The results show that EP/β-CD@SnPP composites exhibited
excellent thermal stability, flame retardancy and smoke suppression.

2 Experimental Section

2.1 Materials
Tin chloride (SnCl4⋅4H2O, ACS reagent, ≥98%), polyvinyl pyrrolidone (PVP, 360), ethylene glycol

(ACS reagent, ≥99%), hexamethylenetetramine, (ACS reagent, ≥99%), and ethanol (ACS reagent, ≥99%)
were supplied by Sigma Aldrich, Ltd. (Shanghai, China). 4, 4’-Diaminodiphenyl sulfone (>97%), beta-
cyclodextrin (C42H70O35, >97%) and phenylphosphonic acid (C6H7O3P, >98%) were purchased from TCI
Chemicals Company. Epoxy resin (NPEL128) was purchased from South Asia Electronic Materials Co.,
Ltd. (Kunshan, China).

2.2 Synthesis of Tin Phenylphosphonate
5.1 g phenylphosphonic acid was evenly dispersed in 100 cm3 deionized water using ultrasound and

stirring, forming solution A. 5.28 g SnCl4⋅4H2O was dissolved into another 100 cm3 deionized water
with stirring, forming solution B. Then, the above two solutions were mixed with stirring for 24 h at
room temperature. The precipitation was collected by centrifugation and washed by deionized water, and
dried in a vacuum oven at 60°C for 24 h. The obtained product is tin phenylphosphonate (Sn(IV)
(C6H5PO3)2, SnPP).

2.3 Synthesis of β-CD@SnPP
Firstly, 1 g β-CD was dispersed into 50 cm3 deionized water to form a dispersed liquid C. Then, the

dispersed liquid C and solution B were slowly added to solution A in turn, which was stirred at room
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temperature for 24 h. The precipitation was collected by centrifugation and washed by deionized water, and
dried in a vacuum oven at 60°C for 24 h. The product was labeled as β-CD@SnPP.

2.4 Preparation of EP/β-CD@SnPP Composites
EP/β-CD@SnPP composites were prepared by solution blending method. The specific process was as

follows: β-CD@SnPP was added in a moderate amount of acetone solution under ultrasonic dispersion
for 30 min, and EP was added to the above dispersion under ultrasound for 30 min. Then it was stirred
and heated at 90°C until acetone was completely volatilized. Afterwards, an appropriate amount of DDM
(EP:DDM= 4:1) was added into the above mixture, which was stirred continuously until DDM was
completely dissolved. After the resulting mixture was evacuated to remove bubbles, it was poured into
the mold and cured at 100°C for 1 h. Finally, the sample was cured by temperature according to the
curing process: 110°C for 2 h, 130°C for 2 h, 150°C for 2 h. The preparation process of EP/4SnPP was
consistent. The specific formulations are presented in Table 1.

2.5 Characterization
The morphologies of CD@SnPP and SnPP were investigated by scanning electron microscopy (SEM,

Zeiss EVOMA15). The compositions and structures of β-CD@SnPP and SnPP were characterized by X-ray
diffraction pattern (XRD, MAX-RB, Cu Ka radiation with the angle ranged from 5° to 70°) and Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700 spectrometer with the frequency range from 400 to
4000 cm−1). The thermal stability of the samples was studied by a TA Q50 thermo-analyzer instrument
with a heating rate of 10 °C/min in N2 atmosphere. The limiting oxygen index (LOI) values specimens
with sizes of 130 × 6.5 × 3.2 mm3 were measured through a HC-2 oxygen index model instrument, and
the UL-94 rating of specimens with size of 130 × 12.7 × 3.2 mm3 through a burning chamber. The
combustion data of EP/β-CD@SnPP and EP/SnPP composites were acquired from a cone calorimeter
(FTT, UK), observing the stipulation in ISO 5660-1. Each specimen (100 × 100 × 4 mm3) was irradiated
at a heat flux of 35 kW/m2.

3 Results and Discussion

3.1 The Structure of SnPP and β-CD@SnPP
SEM images of SnPP and β-CD@SnPP are provided in Fig. 1. The results show that SnPP and β-

CD@SnPP have similar shape and size, indicating simple modification of β-CD does not change the
shape and size, and the size is from 100 to 200 nm. However, these particles have a certain degree of
agglomeration and stacking. X-ray diffraction method is always used to examine the structure of layered
compound [27–29]. Fig. 2a shows XRD spectra of SnPP and β-CD@SnPP, and the diffraction peaks
appeared at 2θ = 6.1° and 12.1° correspond to (010) and (020) diffraction planes of SnPP, which are
characteristic peaks of layered structure [30]. Fig. 2b is the FTIR spectra of SnPP and β-CD@SnPP. The

Table 1: Ingredients and TGA data of pure EP and EP composites

Samples EP (wt%) β-CD@SnPP
(wt%)

T5%
(°C)

Tmax

(°C)
Residues
(wt%, 700°C)

Pure EP 100 0 350.2 408.5 17.9

EP/2β-CD@SnPP 98 2 343.7 403.4 23.5

EP/4β-CD@SnPP 96 4 341.2 405.8 25.8

EP/6β-CD@SnPP 94 6 337.3 404.5 27.2

EP/4SnPP 96 4SnPP 334.1 405.6 25.3
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small peak at 3051 cm−1 is assigned to C-H on the benzene ring. The peaks of 740, 692 and 1726 cm−1 are
stretching vibration of C-P. The peaks at 1048 and 1138 cm–1 can be ascribed to the characteristic absorption
peak of –P(O)(OH)2. Compared with the FTIR spectrum of phenyl phosphonic acid, the characteristic
vibration peaks of –P(O)(OH)2 near 1000 cm−1 changes greatly, which is attributed to the bonding of
Sn4+ and C6H5PO3

2+ [31,32]. In addition, compared with the absorption peak of SnPP, the peak at
1439 cm−1 is the representative -OH vibration peak in the β-CD molecule. The above results indicate that
β-CD@SnPP was successfully synthesized [33]. Figs. 2c and 2d are TGA and DTG curves of SnPP and
β-CD@SnPP. As shown in the TGA curves, the thermal degradation of SnPP and β-CD@SnPP are
divided into two stages. The first stage is occurred before 270°C. The mass loss is 6.6 wt% and 5.9 wt%,
respectively, which is mainly attributed to the crystal water in the molecular structure of SnPP and
β-CD@SnPP, the adsorbed water on the surface and some volatile components [34]. Subsequently, the
obvious weight losses between 270°C and 640°C in the second stage are 25.3 wt% and 24.7 wt%,
respectively, which can be explained that SnPP is decomposed to Sn compounds, phosphorous
compounds and organic small molecules, and beta-cyclodextrin is pyrolyzed into carbon.

3.2 The Thermal Stability of EP/β-CD@SnPP Composites
To study the influence of β-CD@SnPP on the thermal stability of EP composites, Fig. 3 and Table 1

exhibit the TGA curves, thermal analysis data and residue yields. From the results, pure EP pyrolyzes
rapidly between 345°C and 468°C, which is essentially the same as the pyrolysis temperature range of β-
CD@SnPP. The T5% (the onset decomposition temperature) and Tmax (the maximum decomposition
temperature) of pure EP are 350.2°C and 408.5°C, and the residual amount is approximately 17.9% at
700°C. For comparison, the T5% values of EP composites with 2 wt%, 4 wt% and 6 wt% β-CD@SnPP
are reduced to 343.7°C, 341.2°C and 337.3°C, and the Tmax values are also reduced to 403.4°C,
405.8°C and 404.5°C. However, the thermostability of EP/β-CD@SnPP composites is significantly
enhanced above 400°C, which illuminate that β-CD@SnPP has a low initial pyrolysis temperature, and
the addition of β-CD@SnPP can improve the thermal stability of EP composites at higher temperature. At
700°C, the residues of EP/β-CD@SnPP composites are increased evidently. Increasing the amount of β-
CD@SnPP to 6 wt%, the residual amount of EP/6β-CD@SnPP composites reaches 27.2%. The improved
thermostability and residual amount are mainly attributed to the appropriate thermal stability and
excellent forming-carbon capacity of β-CD@SnPP [35]. According to the curves, the T5% and Tmax of
EP/4SnPP composites are reduced to 334.1°C and 405.6°C, and the residue is 25.3% at 700°C. The
results show that β-CD@SnPP has better carbon-forming ability than SnPP.

Figure 1: (a) SEM image of SnPP; (b) SEM image of β-CD@SnPP
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3.3 The Combustion Performance of EP/β-CD@SnPP Composites
To investigate the effect of β-CD@SnPP or synergistic effect of β-CD and SnPP on the flame retardancy

in epoxy resin, the LOI and vertical burning tests were carried out with the results listed in Table 2. The
results show that pure EP is combustible with an LOI value 25.9%, and there is no rating in UL-94 test.

Figure 3: TGA curves of pure EP and EP composites in N2
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Figure 2: (a) XRD spectra of SnPP and β-CD@SnPP; (b) FTIR spectra of SnPP and β-CD@SnPP; (c) TGA
curves of SnPP and β-CD@SnPP; (d) DTG curves of SnPP and β-CD@SnPP
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Incorporating β-CD@SnPP, the LOI values and UL-94 ratings of EP/β-CD@SnPP composites are improved
obviously. When 2 wt% β-CD@SnPP is incorporated into EP, the LOI value of EP/2β-CD@SnPP
composites is risen to 28.5%, and it is still failed to pass the UL-94 test. With further increasing the
amount of β-CD@SnPP, the LOI of EP/4β-CD@SnPP composites is 30.8% and it has passed UL-94 V-1
rating. However, the LOI value of EP/4SnPP composites is only 29.1%. The results indicate that β-CD
and SnPP have excellent synergistic effect on flame retardancy, which is consistent with the results of
thermal analysis. When the loading of β-CD@SnPP increases to 6 wt%, the LOI value drops back to
30.0% and it has passed UL-94 V-1 rating. The improved flame retardancy is mainly attributed to that
nano-barrier effect of β-CD@SnPP, excellent synergistic flame-retardant capability of phosphorus
containing species, Sn compound and β-CD [36,37].

The effect of β-CD@SnPP on the burning behaviors of EP composites was evaluated through cone
calorimeter, revealing some important parameters to comprehend the flame retardant and smoke
suppression capabilities during burning progress [38]. Time to ignition (TTI) is a main indicator for
determining flammability. The results show that the TTI of pure EP is 68 s, and it burnt quickly after
being ignited with a large amount of smoke. When β-CD@SnPP and SnPP are incorporated into EP for
preparing EP composites, the TTI values are increased obviously, which are attributed to that β-
CD@SnPP has the barrier effect and thermal decomposition of β-CD releases non-flammable gas and
forms carbon layer [39,40]. Fig. 4a provides the heat release rate (HRR) curves of EP/β-CD@SnPP
composites, which distinctly exhibits neat EP burns violently once ignited, showing a sharp peak HRR
(PHRR) with a value of 1189 kW⋅m−2. The PHRR values of EP/β-CD@SnPP composites exhibited a
gradual decrease trend as raising the amount of β-CD@SnPP, and they are decreased to 1039, 954,
852 kW⋅m−2 when 2, 4 and 6 wt% β-CD@SnPP are added. Fig. 4b is the total heat rate (THR) curves of
pure EP and EP composites. When the flame extinguishes, the THR value of neat EP is 88 MJ/m2

at 400 s, and the values of EP composites with 2, 4 and 6 wt% β-CD@SnPP, are reduced to 77, 63,
59 MJ/m2, respectively. However, 4 wt% SnPP is incorporated into EP matrix, the PHRR and THR
values of EP/4SnPP composites still maintain 1015 kW⋅m−2 at 120 s and 74 MJ/m2 at 400 s. The above
results illuminate that β-CD@SnPP has better inhibition on heat release in contrast to SnPP, which is
primarily ascribed to the synergistic effect of β-CD and SnPP that β-CD@SnPP can play a physical
barrier, SnPP has a good catalytic carbonization effect for promoting the formation of carbon layer, and
β-CD is dehydrated to form carbon layer during combustion [40,41]. As everyone knows, thick and
dense carbonaceous barrier layer serves a vital role for heat and mass transfer, reducing heat release
during burning progress [41].

In fire disasters, smoke and toxic gases cause the greatest damage to life, followed by flame and heat.
More than 70% of misfortune or death are caused by smoke and toxic gases in fire accident [42].
Consequently, it is indispensable to investigate the release of smoke gas. Fig. 4c is the smoke production
rate (SPR) curves for pure EP and EP composites, and incorporating β-CD@SnPP and SnPP remarkably

Table 2: Parameters of pure EP and EP composites from LOI and UL-94 test

Samples LOI% UL-94

Pure EP 25.9 No rating

EP/2β-CD@SnPP 28.5 NR

EP/4β-CD@SnPP 30.8 V-1

EP/6β-CD@SnPP 30.0 V-1

EP/4SnPP 29.1 No rating
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decreases the SPR. The peak SPR value of pure EP is 0.3384 m2 s−1 at 100 s, while those of EP composites
with 2, 4 and 6 wt% β-CD@SnPP are reduced to 0.2511 m2 s−1 at 115 s, 0.2063 m2 s−1 at 130 s and
0.1869 m2 s−1 at 125 s, reducing 25.8%, 39.0% and 44.8%, respectively. Consistent with the heat release
results, the peak smoke release rate of EP/4SnPP composite is also higher than that of EP/4β-CD@SnPP
composites. The superior smoke inhibition of EP/β-CD@SnPP composites is ascribed to the dense
carbonaceous protective layer containing tin oxide and phosphorous compounds, which can isolate EP
composite from flame, oxygen and heat, and prevent small organic molecules obtained from pyrolysis of
epoxy resin to diffuse into air [43]. Fig. 4d shows the mass loss curve of neat EP and EP composites, and
the results display that the mass loss of neat EP is the largest, and the residual amount at 400 s is merely
32.4 wt%. When 2, 4 and 6 wt% β-CD@SnPP are added, the residual amound of EP composites are
increased to 36.7%, 37.1% and 39.6%, respectively, which is due to excellent carbonization capability of
β-CD@SnPP [44].

Based on cone calorimetry tests, the results reveal that EP/β-CD@SnPP composites has good flame
retardant and smoke suppression performances, which is mainly due to producing carbonaceous inorganic
ceramic protective layer during the combustion process of EP/β-CD@SnPP composites [45,46]. To
understand the effect of β-CD@SnPP on the carbonaceous ceramic isolation layer, Fig. 5 provides the
SEM images of neat EP, EP/4SnPP, EP/4β-CD@SnPP and EP/6β-CD@SnPP composites after CCTs. The
outer surface of the residual layer for pure EP is loose carbonaceous flimsy layer, as shown in Figs. 5a
and 5b, and the internal residual layer interior is flimsy and crisp in Fig. 5c, which is mainly because
pure epoxy resin quickly decomposes and burns, only producing a small amount of carbon. By
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Figure 4: The results of pure EP and EP composites from CCTs at a heat flux of 35 kW/m2: (a) HRR curves;
(b) THR curves; (c) SPR curves; (d) Mass curves
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comparison of pure EP, the SEM images in Figs. 5d–5f illustrate that the residual amount of EP/4SnPP
composites enhances, and the fluffy carbon layer on the outer surface of the external char layer becomes
dense, while the inner surface forms dense carbon layer, but there are still some holes. Meanwhile, the
internal hard carbon layer becomes thicker, but there are cracks. SnPP modified β-CD has better char-
forming properties. When 4 wt% β-CD@SnPP is added, the outermost surface of the bulky carbon layer
becomes less. Compared with EP/4SnPP composites, the hard carbon layer on the inner surface of the
outer carbon layer becomes thicker, and the internal hard carbon layer becomes thicker and stronger, and
there are fewer cracks. With further increasing the addition of CD@SnPP, the residual layer of EP/6β-
CD@SnPP composites continues to strengthen and stabilize. Based on the above results, the thick and
solid carbon layer can isolate the transfer of heat and oxygen between the gas phase and the condensed
phase, inhibit combustion and improve flame retardancy and smoke suppression of EP/β-CD@SnPP
composites [47].

4 Conclusions

In summary, β-CD@SnPP had been devised and synthesized, which was incorporated into EP matrix for
preparing EP/β-CD@SnPP composites. The results of TGA revealed that β-CD@SnPP had suitable
thermostability for EP, and β-CD@SnPP had excellent carbon-forming capability. The incorporation of β-
CD@SnPP greatly improved the thermal stability of EP nanocomposites at higher temperature and
residual yields of EP/β-CD@SnPP composites. The combustion results indicate that EP/4β-CD@SnPP
composites passed UL-94 V-1 rating, and the LOI value was up to 30.8%. Moreover, the cone results
evidenced that the addition of β-CD@SnPP obviously decreased the HRR, THR and SPR values, and
improved the residues after the test. The PHRR, THR and SPR values of EP/6β-CD@SnPP composites
were observably decreased by 28.4%, 33.0% and 44.8% compared with neat EP. The improved fire

Figure 5: SEM images of outer char surface of (a, b) pure EP, (d, e) EP/4SnPP, (g, h) EP/4β-CD@SnPP,
(j, k) EP/6β-CD@SnPP; SEM images of inner char surface of (c) pure EP, (f) EP/4SnPP, (i) EP/4β-
CD@SnPP (l) EP/6β-CD@SnPP
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retardation and smoke inhibition are ascribed to β-CD@SnPP with suitable thermal decomposition
temperature, good forming carbon capacity and excellent synergistic flame-retardant effect, which is
mainly due to the formation of dense and hard carbon-based inorganic ceramic layer, effectively isolate
the transfer of heat and combustible gas between the EP/β-CD@SnPP composites composites and the
combustion zone.

Funding Statement: This work was supported by Natural Science of Foundation of China (No. 21807050),
Natural Science Foundation of Jiangsu Province (BK20180975), and Key Research and Development
Program (Social Development) of Zhenjiang City (SH2019009), and Jiangsu University Student
Innovation Training Project (2021102991025X).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Wang, X., Niu, H. X., Guo, W. W., Song, L., Hu, Y. (2021). Cardanol as a versatile platform for fabrication of bio-

based flame retardant epoxy thermosets as DGEBA substitutes. Chemical Engineering Journal, 421, 129738. DOI
10.1016/j.cej.2021.129738.

2. Tang, L. C., Wan, Y. J., Yan, D., Pei, Y. B., Zhao, L. et al. (2013). The effect of graphene dispersion on the
mechanical properties of graphene/epoxy composites. Carbon, 60, 16–27. DOI 10.1016/j.carbon.2013.03.050.

3. Nabipour, H., Qiu, S. L., Wang, X., Song, L., Hu, Y. (2021). Phosphorous-free ellagic acid-derived epoxy
thermosets with intrinsic antiflammability and high glass transition temperature. ACS Sustainable Chemistry &
Engineering, 9(32), 10799–10808. DOI 10.1021/acssuschemeng.1c02434.

4. Ye, G. F., Hou, S. Q., Wang, C., Shi, Q., Yu, L. F. et al. (2021). A novel hyperbranched phosphorus-boron polymer
for transparent, flame-retardant, smoke-suppressive, robust yet tough epoxy resins. Composites Part B-
Engineering, 227, 109395. DOI 10.1016/j.compositesb.2021.109395.

5. Mao, M., Yu, K. X., Cao, C. F., Gong, L. X., Zhang, G. D. et al. (2022). Facile and green fabrication of flame-
retardant Ti3C2Tx MXene networks for ultrafast, reusable and weather-resistant fire warning. Chemical
Engineering Journal, 427, 131615. DOI 10.1016/j.cej.2021.131615.

6. Wan, Y. J., Tang, C. L., Yan, D., Zhao, L., Li, Y. B. et al. (2013). Improved dispersion and interface in the graphene/
epoxy composite via a facile surfactant-assisted process. Composite Science and Technology, 82, 60–68. DOI
10.1016/j.compscitech.2013.04.009.

7. Yan, W., Xie, P., Yang, Z. W., Luo, G. J. (2020). Flame-retardant behaviors of aluminum phosphates coated
sepiolite in epoxy resin. Journal of Fire Sciences, 39, 3–18. DOI 10.1177/0734904120934085.

8. Wang, X., Hu, Y., Song, L., Xing, W. Y., Lu, H. D. et al. (2010). Flame retardancy and thermal degradation
mechanism of epoxy resin composites based on a DOPO substituted organophosphorus oligomer. Polymer,
51(11), 2435–2445. DOI 10.1016/j.polymer.2010.03.053.

9. Niu, H. X., Nabipour, H., Wang, X., Song, L., Hu, Y. (2021). Retardant epoxy thermoset with extremely low heat
release rate and smoke emission. ACS Sustainable Chemistry & Engineering, 9(15), 5268–5277. DOI 10.1021/
acssuschemeng.0c08302.

10. Liu, C., Wu, W., Shi, Y. Q., Yang, F. Q., Liu, M. H. et al. (2020). Creating MXene/reduced graphene oxide hybrid
towards highly fire safe thermoplastic polyurethane nanocomposites. Composites Part B: Engineering, 203,
108486. DOI 10.1016/j.compositesb.2020.108486.

11. Yang, S., Wang, J., Huo, S. Q., Cheng, L. F., Wang, M. (2015). Preparation and flame retardancy of an intumescent
flame-retardant epoxy resin system constructed by multiple flame-retardant compositions containing phosphorus and
nitrogen heterocycle. Polymer Degradation Stability, 119, 251–259. DOI 10.1016/j.polymdegradstab.2015.05.019.

12. Nie, S. B., Liu, L., Dai, G. L., Zhou, C. (2017). Investigation on pyrolysis of intumescent flame-retardant polypropylene
(PP) composites based on synchrotron vacuum ultraviolet photoionization combined with molecular-beam mass
spectrometry. Journal of Thermal Analysisand Calorimetry, 130, 1003–1009. DOI 10.1007/s10973-017-6422-1.

67

JRM, 2022, vol.10, no.12

http://dx.doi.org/10.1016/j.cej.2021.129738
http://dx.doi.org/10.1016/j.carbon.2013.03.050
http://dx.doi.org/10.1021/acssuschemeng.1c02434
http://dx.doi.org/10.1016/j.compositesb.2021.109395
http://dx.doi.org/10.1016/j.cej.2021.131615
http://dx.doi.org/10.1016/j.compscitech.2013.04.009
http://dx.doi.org/10.1177/0734904120934085
http://dx.doi.org/10.1016/j.polymer.2010.03.053
http://dx.doi.org/10.1021/acssuschemeng.0c08302
http://dx.doi.org/10.1021/acssuschemeng.0c08302
http://dx.doi.org/10.1016/j.compositesb.2020.108486
http://dx.doi.org/10.1016/j.polymdegradstab.2015.05.019
http://dx.doi.org/10.1007/s10973-017-6422-1


13. Qiu, S. L., Ma, C., Wang, X., Zhou, X., Feng, X. M. et al. (2018). Melamine-containing polyphosphazene wrapped
ammonium polyphosphate: A novel multifunctional organic inorganic hybrid flame retardant. Journal of Hazard
Materials, 344, 839–848. DOI 10.1016/j.jhazmat.2017.11.018.

14. Vasiljevic, J., Jerman, I., Jaksa, G., Alongi, J., Malucelli, G. et al. (2015). Functionalization of cellulose fibres with
DOPO-polysilsesquioxane flame retardant nanocoating. Cellulose, 22, 1893–1910. DOI 10.1007/s10570-015-
0599-x.

15. Guo, W. W., Wang, X., Huang, J. L., Mu, X. W., Cai, W. et al. (2021). Phosphorylated cardanol-formaldehyde
oligomers as flame retardant and toughening agents for epoxy thermosets. Chemical Engineering Journal, 423,
130192. DOI 10.1016/j.cej.2021.130192.

16. Zhou, T., Wu, T., Xiang, H. N., Li, Z. C., Xu, Z. L. et al. (2019). Simultaneously improving flame retardancy and dynamic
mechanical properties of epoxy resin nanocomposites through synergistic effect of zirconium phenylphosphate and POSS.
Journal of Thermal Analysis and Calorimetry, 135, 2117–2124. DOI 10.1007/s10973-018-7387-4.

17. Chen, K. X., Yang, D., Shi, Y. Q., Feng, Y. Z., Fu, L. B. et al. (2021). Synergistic function of N-P-Cu containing
supermolecular assembly networks in intumescent flame retardant thermoplastic polyurethane. Polymers for
Advanced Technologies, 32(11), 4450–4463. DOI 10.1002/pat.5448.

18. Cai, H. Y., Peng, F. C., Wang, Y. X., Yi, J. Y. (2020). Improving flame retardancy of epoxy resin nanocomposites
by carbon nanotubes grafted CuAI-layered double hydroxide hybrid. Journal of Nanoscience and
Nanotechnology, 20(10), 6406–6412. DOI 10.1166/jnn.2020.18120.

19. Xue, Y. C., Guo, X. M., Wu, M. R., Chen, J. L., Duan, M. T. et al. (2021). Zephyranthes-like Co2NiSe4 arrays
grown on 3D porous carbon frame-work as electrodes for advanced supercapacitors and sodium-ion batteries.
Nano Research, 14, 3598–3607. DOI 10.1007/s12274-021-3640-4.

20. Kong, Q. H., Zhu, H. J., Fan, J. S., Zheng, G. L., Zhang, J. H. et al. (2020). Boosting flame retardancy of epoxy
resin composites through incorporating ultrathin nickel phenylphosphate nanosheets. Journal of Applied Polymer
Science, 138(16), 50265. DOI 10.1002/app.50265.

21. Cai, Y. Z., Guo, Z. H., Fang, Z. P., Cao, Z. H. (2013). Effects of layered lanthanum phenylphosphonate on flame
retardancy of glass-fiber reinforced poly(ethylene terephthalate) nanocomposites. Applied Clay Science, 77–78(1),
10–17. DOI 10.1016/j.clay.2013.03.015.

22. Tang, G., Liu, X. L., Yang, Y. D., Chen, D. P., Zhang, H. et al. (2020). Phosphorus-containing silane modified steel
slag waste to reduce fire hazards of rigid polyurethane foams. Advanced Powder Technology, 31(4), 1420–1430.
DOI 10.1016/j.apt.2020.01.019.

23. Tang, G., Liu, X., Zhou, L., Zhang, P., Deng, D. et al. (2020). Steel slag waste combined with melamine
pyrophosphate as a flame retardant for rigid polyurethane foams. Advanced Powder Technology, 31(1), 279–
286. DOI 10.1016/j.apt.2019.10.020.

24. Cong, Q., Ren, M., Zhang, T. T., Cheng, F. Y. (2021). Graphene/beta-cyclodextrin membrane: Synthesis and
photoelectrocatalytic degradation of brominated flame retardants. Chemstry Select, 6(32), 8435–8445. DOI
10.1002/slct.202102235.

25. Zhang, J., Li, Z., Yin, G. Z., Wang, D. Y. (2021). Construction of a novel three-in-one biomass based intumescent
fire retardant through phosphorus functionalized metal-organic framework and beta-cyclodextrin hybrids in
achieving fire safe epoxy. Composites Connunications, 23, 100594. DOI 10.1016/j.coco.2020.100594.

26. Sag, J., Goedderz, D., Kukla, P., Greiner, L., Schönberger, F. et al. (2019). Phosphorus-containing flame retardants
from biobased chemicals and their application in polyesters and epoxy resins. Molecules, 24(20), 3746. DOI
10.3390/molecules24203746.

27. Gao, M. Y., Tang, Z. H., Wu, M. R., Chen, J. L., Xue, Y. C. et al. (2021). Self-supporting N, P doped Si/CNTs/CNFs
composites with fiber network for high-performance lithium-ion batteries. Journal of Alloys and Compounds, 857,
157554. DOI 10.1016/j.jallcom.2020.157554.

28. Guo, X. M., Zhang, W., Shi, J., Duan, M. T., Liu, S. J. et al. (2021). A channel-confined strategy for synthesizing
CoN-CoOx/C as efficient oxygen reduction electrocatalyst for advanced zinc-air batteries. Nano Research. DOI
10.1007/s12274-021-3835-8.

68

JRM, 2022, vol.10, no.12

http://dx.doi.org/10.1016/j.jhazmat.2017.11.018
http://dx.doi.org/10.1007/s10570-015-0599-x
http://dx.doi.org/10.1007/s10570-015-0599-x
http://dx.doi.org/10.1016/j.cej.2021.130192
http://dx.doi.org/10.1007/s10973-018-7387-4
http://dx.doi.org/10.1002/pat.5448
http://dx.doi.org/10.1166/jnn.2020.18120
http://dx.doi.org/10.1007/s12274-021-3640-4
http://dx.doi.org/10.1002/app.50265
http://dx.doi.org/10.1016/j.clay.2013.03.015
http://dx.doi.org/10.1016/j.apt.2020.01.019
http://dx.doi.org/10.1016/j.apt.2019.10.020
http://dx.doi.org/10.1002/slct.202102235
http://dx.doi.org/10.1016/j.coco.2020.100594
http://dx.doi.org/10.3390/molecules24203746
http://dx.doi.org/10.1016/j.jallcom.2020.157554
http://dx.doi.org/10.1007/s12274-021-3835-8


29. Qian, C., Guo, X. M., Zhang, W., Yang, H. X., Qian, Y. et al. (2019). Co3O4 nanoparticles on porous bio-carbon
substrate as catalyst for oxygen reduction reaction. Microporous and Mesoporous Materials, 277, 45–51. DOI
10.1016/j.micromeso.2018.10.020.

30. Kirumakki, S., Huang, J., Subbiah, A., Yao, J. Y., Rowland, A. et al. (2009). Tin(IV) phosphonates: Porous
nanoparticles and pillared materials. Journal of Materials Chemistry, 19(17), 2593–2603. DOI 10.1039/b818618a.

31. Kong, Q. H., Sun, Y., Zhang, C., Guan, H., Zhang, J. H. et al. (2019). Ultrathin iron phenyl phosphonate
nanosheets with appropriate thermalstability for improving fire safety in epoxy. Composites Science and
Technology, 182, 107748. DOI 10.1016/j.compscitech.2019.107748.

32. Kirumakki, S., Samarajeewa, S., Harwell, R., Mukherjee, A., Herber, R. H. et al. (2008). Sn(IV) phosphonates as
catalysts in solvent-free baeyer-villiger oxidations using H2O2. Chemical Communications, 1(43), 5556–5558.
DOI 10.1039/b807938b.

33. Gomez-Alcantara, M. D., Cabeza, A., Olivera-Pastor, P., Fernandez-Moreno, F., Sobrados, I. et al. (2007). Layered
microporous tin(IV) bisphosphonates. Dalton Transactions, 2007(23), 2394–2404. DOI 10.1039/b618762e.

34. Chen, J. L., Guo, X. M., Gao, M. Y., Wang, J., Sun, S. Q. et al. (2021). Free-supporting dual-confined porous
Si@c-ZIF@carbon nanofibers for high-performance lithium-ion batteries. Chemical Communications, 57(81),
1580–10583. DOI 10.1039/D1CC04172J.

35. Shi, Y. Q., Liu, C., Duan, Z. P., Yu, B. (2020). Interface engineering of MXene towards super-tough and strong
polymer nanocomposites with high ductility and excellent fire safety. Chemical Engineering Journal, 399,
125829. DOI 10.1016/j.cej.2020.125829.

36. Shan, X. Y., Han, J., Jiang, K. Y., Li, J. C., Xing, Z. X. (2019). Effect of NiFe2O4@graphene in intumescent flame-
retarded poly(lactic acid) composites. Polymer Composites, 40(2), 652–656. DOI 10.1002/pc.24702.

37. Gao, C. Q., Shi, Y. Q., Chen, Y. J., Zhu, S. C. (2022). Constructing segregated polystyrene composites for excellent
fire resistance and electromagnetic wave shielding. Journal of Colloid and Interface Science, 606, 1193–1204.
DOI 10.1016/j.jcis.2021.08.091.

38. Gao, C. Q., Shi, Y. Q., Zhu, S. C., Fu, L. B. (2021). Induced assembly of polystyrene composites for
simultaneously improving flame retardant and electromagnetic shielding properties. Polymers for Advanced
Technologies, 32(11), 4251–4262. DOI 10.1002/pat.542.

39. Shi, Y. Q., Liu, C., Fu, L. B., Feng, Y. Z., Lv, Y. C. et al. (2021). Highly efficient MXene/nano-Cu smoke
suppressant towards reducing fire hazards of thermoplastic polyurethane. Composites Part A: Applied Science
and Manufacturing, 150, 106600. DOI 10.1016/j.compositesa.2021.106600.

40. Ding, J. M., Zhang, Y., Zhang, X., Kong, Q. H., Zhang, J. H. et al. (2020). Improving the flame-retardant efficiency
of layered double hydroxide with disodium phenylphosphate for epoxy resin. Journal of Thermal Analysis and
Calorimetry, 140, 149–156. DOI 10.1007/s10973-019-08372-9.

41. Li, D. F., Zhao, X., Jia, Y. W., He, L., Wang, X. L. et al. (2019). Simultaneously enhance both the
flame retardancy and toughness of polylactic acid by the cooperation of intumescent flame retardant and
bio-based unsaturated polyester. Polymer Degradation and Stability, 168, 108961. DOI 10.1016/j.
polymdegradstab.2019.108961.

42. Nabipour, H., Wang, X., Song, L., Hu, Y. (2021). A high performance fully bio-based epoxy thermoset from a
syringaldehyde-derived epoxy monomer cured by furan-derived amine. Green Chemistry, 23(1), 501–510. DOI
10.1039/D0GC03451G.

43. Kong, Q. H., Wu, T., Zhang, J. H., Wang, D. Y. (2018). Simultaneously improving flame retardancy and dynamic
mechanicalproperties of epoxy resin nanocomposites through layered copper phenylphosphate. Composites
Science and Technology, 154, 136–144. DOI 10.1016/j.compscitech.2017.10.013.

44. Li, Z., Zhang, J., Duffose, F., Wang, D. Y. (2018). Ultrafine nickel nanocatalyst-engineering of an organic layered
double hydroxide towards a super-efficient fire-safe epoxy resin via interfacial catalysis. Journal of Materials
Chemitry A, 6(18), 8488–8498. DOI 10.1039/c8ta00910d.

45. Yu, Z. R., Mao, M., Li, S. N., Xia, Q. Q., Cao, C. F. et al. (2021). Facile and green synthesis of mechanically
flexible and flame-retardant clay/graphene oxide nanoribbon interconnected networks for fire safety and
prevention. Chemical Engineering Journal, 405, 126620. DOI 10.1016/j.cej.2020.12662.

69

JRM, 2022, vol.10, no.12

http://dx.doi.org/10.1016/j.micromeso.2018.10.020
http://dx.doi.org/10.1039/b818618a
http://dx.doi.org/10.1016/j.compscitech.2019.107748
http://dx.doi.org/10.1039/b807938b
http://dx.doi.org/10.1039/b618762e
http://dx.doi.org/10.1039/D1CC04172J
http://dx.doi.org/10.1016/j.cej.2020.125829
http://dx.doi.org/10.1002/pc.24702
http://dx.doi.org/10.1016/j.jcis.2021.08.091
http://dx.doi.org/10.1002/pat.542
http://dx.doi.org/10.1016/j.compositesa.2021.106600
http://dx.doi.org/10.1007/s10973-019-08372-9
http://dx.doi.org/10.1016/j.polymdegradstab.2019.108961
http://dx.doi.org/10.1016/j.polymdegradstab.2019.108961
http://dx.doi.org/10.1039/D0GC03451G
http://dx.doi.org/10.1016/j.compscitech.2017.10.013
http://dx.doi.org/10.1039/c8ta00910d
http://dx.doi.org/10.1016/j.cej.2020.12662


46. Guo, K. Y., Wu, Q., Mao, M., Chen, H., Zhang, G. D. et al. (2020). Water-based hybrid coatings toward
mechanically flexible, super-hydrophobic and flame-retardant polyurethane foam nanocomposites with high-
efficiency and reliable fire alarm response. Composites Part B: Engineering, 193, 108017. DOI 10.1016/j.
compositesb.2020.108017.

47. Decsov, K., Takacs, V., Marosi, G., Bocz, K. (2021). Microfibrous cyclodextrin boosts flame
retardancy of poly(lactic acid). Polymer and Degradation and Stability, 191, 109655. DOI 10.1016/j.
polymdegradstab.2021.109655.

70

JRM, 2022, vol.10, no.12

http://dx.doi.org/10.1016/j.compositesb.2020.108017
http://dx.doi.org/10.1016/j.compositesb.2020.108017
http://dx.doi.org/10.1016/j.polymdegradstab.2021.109655
http://dx.doi.org/10.1016/j.polymdegradstab.2021.109655


Phosphorylated Salicylic Acid as Flame Retardant in Epoxy Resins and
Composites

Lara Greiner1,*, Philipp Kukla2, Sebastian Eibl1 and Manfred Döring3

1Bundeswehr Research Institute for Materials, Fuels and Lubricants, Erding, 85435, Germany
2Fraunhofer Institute for Structural Durability and System Reliability LBF, Darmstadt, 64289, Germany
3Schill+Seilacher GmbH, Böblingen, 71032, Germany
*Corresponding Author: Lara Greiner. Email: laragreiner@bundeswehr.org

Received: 29 September 2021 Accepted: 01 December 2021

ABSTRACT

A novel, versatile flame retardant substructure based on phosphorylated salicylic acid (SCP) is described and used
in the synthesis of new flame retardants for HexFlow� RTM6, a high-performance epoxy resin used in resin
transfer molding processes as composite matrix. The starting material salicylic acid can be obtained from natural
sources. SCP as reactive phosphorus chloride is converted with a novolak, a novolak containing 9, 10-dihydro-9-
oxa-10-phospha-phenanthrene-10-oxide (DOPO) substituents or DOPO-hydroquinone to flame retardants with
sufficient thermal stability and high char yield. Additionally, these flame retardants are soluble in the resin as well
as react into the epoxy network. The determined thermal stability and glass transition temperatures of flame
retarded neat resin samples as well as the interlaminar shear strength of corresponding carbon fiber reinforced
composite materials showed the applicability of these flame retardants. Neat resin samples and composites were
tested for their flammability by UL94 and/or flame-retardant performance by cone calorimetry. All tested flame
retardants decrease the peak of heat release rate by up to 54% for neat resin samples. A combination of DOPO
and SCP in one flame retardant shows synergistic effects in char formation and the mode of action adapts to neat
resin or fiber-reinforced samples, so there is efficient flame retardancy in both cases. Therefore, a tailoring of SCP
based flame retardants is possible. Additionally, these flame retardants efficiently reduce fiber degradation during
combustion of carbon fiber-reinforced epoxy resins as observed by scanning electron microscopy and energy dis-
persive X-ray spectroscopy.
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Epoxy resin; composite; fiber protection; bio-based; flame retardant

1 Introduction

High performance epoxy resins are used in a variety of applications. To improve their mechanical
properties, carbon fibers are often used as reinforcement, for example in aerospace engineering. These
sophisticated applications require efficient flame retardancy while mechanical and thermal properties as
well as chemical resistance and low shrinkage should be maintained. Current research not only focuses
on polymeric, reactive, phosphorus containing flame retardants in terms of no leaching, good material
properties and low toxicity but also on green solutions. The efficiency of incorporated flame retardants

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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depends on the epoxy matrix and the reinforcement [1–10]. For phosphorus containing flame retardants,
the mode of action is not only dependent on matrix, additives, and reinforcement, but also on the
chemical environment of the phosphorus [11,12]. If the chemical environment of the phosphorus is
carbon/hydrogen rich, it promotes action in the gas phase. An oxygen rich environment promotes action
in the condensed phase, respectively. Different phosphorus species may also act synergistic [13].

Literature focuses on different approaches in bio-based flame retardants. These can be made partially or
totally from renewable resources. For example, basic compounds like benzaldehyde [14], pentaerythritol
[15,16], phytic acid [17–19] or tartaric acid [20] may be gained from renewable resources and used to
synthesize flame retardants. A widely used method is phosphorylation of bio based molecules or to
chemically bond common phosphorus containing compounds to biobased, organic structures like lignin
[21,22], acrolein [23], tartaric acid [24], itaconic acid [25], eugenol [26], cardanol [26], benzaldehyde
[27,28], vanillin [29] or starch-derived structures like isosorbide [30] and bis-2,5-(hydroxymethyl) furan
[31]. Common phosphorus containing reagents are 9,10-dihydro-9-oxa-10-phospha-phenanthrene-10-
oxide (DOPO) derivatives, phenylphosphoric dichloride, dichlorophenylphosphate, diphenylphosphate
chloride, diphenylphosphoric chloride, dimethylphosphite or 5,5-dimethyl-[1,3,2] dioxaphosphinane-2-
oxide (DDPO) etc. Non-reactive flame retardants are used in epoxy resins [32–36] as well as flame
retardants that are incorporated to the network [37–42] for example as hardener [43] or epoxy component
[44,45]. In general, there are many possibilities to combine phosphorus derivatives like DOPO or other
mentioned compounds, but the literature lacks bio based, low-molecular, versatile, reactive phosphorus
containing substructures with efficient flame retardancy.

Therefore, this paper addresses a structure that has not yet been used as flame retardant reactant: 2-
chloro-1,3,2-benzodioxaphosphorin-4-one (SCP, Fig. 1). This compound can be synthesized by reaction
of salicylic acid and phosphorus trichloride [46,47]. Salicylic acid is a renewable raw material which can
be extracted from meadow bark or isolated from meadowsweet [48,49]. SCP has a high potential as flame
retardant precursor since it has an aromatic substructure and a high oxygen content promoting action in
the condensed phase by char formation. Furthermore, it is a phosphorus chloride and can act as a possible
precursor for versatile reactions, so that processability, thermal stability, the properties of resin
formulations as well as flame retardant efficiency and mode of action can be adjusted. In this work, due
to the low thermal stability of SCP itself, novolak and DOPO-Hydroquinone (DOPO-HQ, Fig. 2) were
used to synthesize adjusted flame retardants. Both reactants have multiple hydroxyl groups that may react
to the epoxy network for example to prevent leaching. Furthermore, novolak is a polymeric structure
which is promising in terms of thermal and mechanical properties as well as processing [2,50–56].
DOPO-HQ was chosen to add another phosphorus species with a different chemical environment. A
possible synergism of different phosphorus species is the reason, why in a third approach, SCP and
DOPO were bonded to a novolak structure. The flame retardants were tested in the high-performance
epoxy resin RTM6® as well as in carbon-fiber reinforced composites thereof. As mentioned above, the
flame retardant efficiency is also dependent on the matrix. For RTM6, different combinations with
DOPO-containing flame retardants are published, but not focusing on renewable materials. For example,
Perret et al. [2] tested star-shaped DOPO-containing flame retardants and reached V0 classification in
UL94 vertical burning tests for 2% phosphorus in neat RTM6 samples (thickness 3 mm). Neat non-flame
retarded RTM6 reaches no classification. Latest studies [54] concerning DOPO-containing
polyacrylamides showed V0 classifications in UL94 vertical burning tests with 0.9% phosphorus in neat
RTM6 samples (thickness 4 mm).
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While the epoxy resin matrix shows hazards like smoke, heat and toxic gases during combustion, the
incorporation of carbon fibers leads to an additional hazard. It is well known that carbon fibers can form
respirable fiber fragments after a thermal load and fire [57,58]. For example, critical fiber concentrations
were reported for large-scale fire tests and for collecting the flight recorder of a crashed helicopter
[59,60]. Within minutes, a significant oxidation reaction is observed above 650°C in air [57]. According
to the definition of the World Health Organization (WHO), fibers thinner than 3 μm longer than 5 μm are
respirable. Additionally, the length to diameter ratio must be higher than 3. Fibers with these dimensions
are thin enough to penetrate the deep lung areas (alveoli), and too long to be exhaled [61]. Commercially
available carbon fibers are typically thicker than 5 μm and, therefore, uncritical regarding inhalation.
Since this paper focuses on a high-performance epoxy resin used in aircraft construction, a possible fiber
protection gained by the synthesized flame retardants is investigated as well. While a mode of action in
the gas phase seems promising for fiber reinforced composite materials due to a high surface of the
matrix in the composite, a condensed phase activity seems necessary to protect the fibers since a
protection layer has to be formed during combustion. Latest results [54,62] showed a promising fiber
protection by incorporation of char-forming or intumescent phosphorus-containing flame retardants to the
matrix. In contrast to zinc borate, that has already been proposed as well [57], these flame retardants are
soluble in the epoxy resin matrix and typical injection processes that are used for the production of fiber
reinforced materials are possible. Therefore, this research focuses on a new approach to use renewable
sources for efficient fiber protection and flame retardancy, while maintaining the excellent high

Figure 1: Reaction of salicylic acid to SCP

Figure 2: Chemical structures of the reactants novolak, DOPO-HQ, SCP and DOPO as well as schematic
structures of the products Novolak-SCP, SCP-DOPO-HQ and novolak-SCP-DOPO. *Contain at least 67%
residual OH-moieties
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performance epoxy resin properties as well as the processability of the resin formulation by application of
SCP as novel flame retardant reactant.

2 Experimental

2.1 Materials
Unless stated otherwise, solvents and chemicals were obtained from commercial sources and used as

received: acetonitrile (99.9% Acros Organics, Belgium), carbon tetrachloride (CCl4, 99.8%, Sigma
Aldrich, Germany), chloroform (99.9%, Acros Organics, Belgium), DOPO (95%, Schill+Seilacher
GmbH), DOPO-HQ (95%, Schill+Seilacher GmbH), phosphorus trichloride (99%, Acros Organics,
Belgium), salicylic acid (98%, VWR Chemicals, USA), triethylamine (TEA, 99.5%, VWR Chemicals,
USA). The novolak used was Bakelite® PF 0205 DF 04 (Mw=878 g⋅mol−1, 0.12% moisture content,
Bakelite, Germany). All syntheses were carried out under nitrogen atmosphere and with dry equipment.

Chemical structures of the synthesized flame retardants are shown in Fig. 2.

2.2 Synthesis of 2-Chloro-4-oxo-5, 6-Benzo-1,3,2-Dioxaphosphorinane (SCP)
In a dry three-neck flask 150 g salicylic acid (1.086 mol, 1.0 eq) and 145 mL phosphorus trichloride

(1.658 mol, 1.53 eq) were dispersed under reflux for 10 h. The pale-yellow liquid was distilled in vacuo
to give a yellow liquid that crystallizes slowly to a white solid. The yield was 223.49 g (98.4%).

1H-NMR (300 MHz, CDCl3, 298 K) δ = 8.03 (dd, J = 7.9, 1.8, 1H), 7.64 (m, 1H), 7.43–7.20 (m, 1H),
7.20–6.97 (m, 1H) ppm.

31P NMR (122 MHz, CDCl3, 298 K): 148.02(s) ppm.

P-content (calculated): 15%.

2.3 Addition of SCP to Novolak (Novolak-SCP)
SCP (40.50 g, 200 mmol, 1.0 eq) and the novolak (65.00 g, about 600 mmol hydroxyl groups, 3.0 eq)

were solved in 300 mL acetonitrile (dry) and within 3 h, triethylamine (TEA, 40 mL, 290 mmol, 1.4 eq) was
added to the solution. A yellow precipitate was filtered, washed with water and dried in vacuo, yielding
94.55 g of product (96.4%). NMR results showed that autoxidation of the phosphorus occurred.

1H NMR (300 MHz, DMSO-d6, 298 K) 8.12–7.48 (m, 3H), 7.09–6.49 (m, 36H), 4.01–3.44 (m, 12H).
31P NMR (122 MHz, DMSO-d6, 298 K) 1.51 (s).

P-content (calculated): 8% | residual OH-groups: 67 mol%.

2.4 Atherton-Todd-Reaction of Novolak and DOPO + Addition of SCP (Novolak-SCP-DOPO)
In a dry three-neck flask at 0°C 85 g Novolak (about 800 mmol hydroxyl groups, 6 eq) was solved in

300 mL dry acetonitrile. Via a dropping funnel, a solution of DOPO (29 g, 134 mmol, 1.0 eq), TEA (22.0 mL
160 mmol, 1.2 eq) and CCl4 (12.5 mL, 130 mmol, 1.0 eq) was added within 30 min. After 24 h at room
temperature, the precipitate was filtered and washed. The intermediate product yield was 101.38 g
(90.0%). SCP (26.58 g, 131 mmol, 1.0 eq) and the intermediate product were solved in 300 mL
acetonitrile and within 3 h, TEA (15 mL, 160 mmol, 1.2 eq) was added to the solution. The yellow
precipitate was filtered, washed with chloroform, and dried in vacuo, yielding 119.72 g of product
(84.1%). NMR results showed that autoxidation of the phosphorus contained in SCP occurred.

1H NMR (300 MHz, DMSO-d6, 298 K) 8.41–7.15 (m, 12H), 7.06–6.50 (m, 64H), 3.93–3.32 (m, 30H).
31P NMR (122 MHz, DMSO-d6, 298 K): 6.19 (s, 51%), 1.26 (s, 49%).

P-content (calculated): 6% | residual OH-groups: 67 mol%.
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2.5 Addition of SCP to DOPO-HQ (SCP-DOPO-HQ)
In a dry flask 24.03 g SCP (118 mmol, 1.0 eq)) and 38.37 g DOPO-HQ (118 mmol, 1 eq) were

suspended in 250 mL chloroform (dry) and within 1 h, TEA (40 mL, 290 mmol, 1.4 eq) was added. After
4 h a homogeneous solution was formed, and the solvent was removed in vacuo. The product was
washed with distilled water and dried, yielding 31.41 g (40.68%) of a white powder. NMR results
showed that autoxidation of the phosphorus contained in SCP occurred.

1H NMR (300 MHz, DMSO-d6, 298 K): 8.32–8.19 (m, 2H), 7.85–7.68 (m, 3H), 7.66–7.39 (m, 5H),
7.37–7.13 (m, 2H), 7.00–6.85 (m, 2H), 6.66 (dd, J = 8.8, 7.4, 1H).

31P NMR (122 MHz, DMSO-d6, 298 K): 22.09 (s, 52%), 1.22 (s, 48%).

P-content (calculated): 12%.

Previous experiments showed that only monosubstitution of DOPO-HQ occurs and that there are 50%
residual OH-groups.

Synthesized flame retardants were added to the epoxy based resin HexFlow® RTM6 in various portions
of up to 15% and mixed at 120°C for 15 min. RTM6 mainly consists of tetraglycidyl methylene dianiline
(TGMDA) and aromatic aminic hardeners. Carbon fiber reinforcement is introduced by the fabric
HexForce® G0939, also provided by Hexcel Composites GmbH (Stade, Germany) [63]. 2 mm thick
CFRP samples with [(0|90)]8 lay-ups were prepared by modified hand lamination and curing in an
autoclave according to literature [54,63]. A water-cooled diamond wheel saw was used to cut specimens
for cone calorimetry: 100 mm × 100 mm and testing of interlaminar shear strength: 20 mm × 10 mm.
Additionally, 2 and 4 mm thick resin samples without fiber reinforcement were cured with the same
temperature program but under atmospheric pressure. Specimens of about 2 mm × 2 mm × 1 mm for
differential scanning calorimetry and of 70 mm × 13 mm × 4 mm for UL94-tests were trimmed with a
band saw. An overview of the prepared samples is given in Table 1.

Table 1: Samples prepared based on RTM6 resin

Flame retardant in RTM6-matrix Reinforcement Thickness/mm

- - 4

7.5% Novolak-SCP - 4

10% Novolak-SCP - 4

15% Novolak-SCP - 4

7.5% Novolak-SCP-DOPO - 4

10% Novolak-SCP-DOPO - 4

15% Novolak-SCP-DOPO - 4

7.5% SCP-DOPO-HQ - 4

10% SCP-DOPO-HQ - 4

15% SCP-DOPO-HQ - 4

- CF 2

10% Novolak-SCP CF 2

10% Novolak-SCP-DOPO CF 2

10% SCP-DOPO-HQ CF 2

CF: Carbon fiber
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2.6 Characterization
1H-and 31P-Nuclear Magnetic Resonance (NMR, Nanobay 300, Bruker Corporation, Billerica, MA,

USA) spectroscopy measurements were done at 300 MHz with 16 scans. Samples were dissolved in
DMSO-d6 (deuterated dimethyl sulfoxide) or CDCl3 beforehand and signals were referred to the solvent
signal. Direct inlet-probe mass spectrometry (DIP-MS) was done with an Agilent 5975 MSD mass
spectrometer (Agilent Technologies, Inc., US). The temperature program used started at 30°C, heated to
150°C (heating rate 0.3 K⋅s−1), stayed isothermal for 1 min, heated to 250°C, stayed isothermal for 1 min
and finally heated up to 350°C. Thermogravimetric analyses (TGA; Q500, TA Instruments, Inc., USA) of
flame retardants and the compact material were performed starting at room temperature and heated to
800°C in nitrogen or synthetic air (50 ml⋅min−1) with a heating rate of 10 K⋅min−1. Differential Scanning
Analysis (DSC, DSC 822e, Mettler Toledo, Columbus, OH, USA) of neat resin samples or flame
retardant mixtures with TGMDA was carried out from room temperature to 250°C with 10 K⋅min−1 in
nitrogen atmosphere. Moisture absorption of neat resin samples was determined for at least two
specimens. These samples were placed into different water-filled, closed beakers and heated inside an
oven to 70°C. Their mass after 14 d is compared relatively to their initial mass. UL-94 vertical burning
tests of 4 mm thick neat resin samples were carried out according to DIN EN 60695-11-10 [64] in a
UL-94 test chamber (Dr.-Ing. Georg Wazau Mess-+ Prüfsysteme GmbH, Germany). Fiber-reinforced
specimens and neat resin samples were tested for the determination of reaction-to-fire characteristics such
as heat release, mass loss, formation of smoke, etc. [65] according to ISO 5660 [66] in non-scrubbed
mode by cone calorimetric measurements (Fire Testing Technology Ltd., England). Specimens (100 ×
100 mm2) were wrapped in aluminum foil at the backside, supported on mineral wool, inserted in a frame
sample holder, and irradiated. A heat flux of 60 kW⋅m−2 is used for reinforced samples and corresponds
more to fully developed fires and additionally it is used to observe the fiber degradation. A heat flux of
35 kW⋅m−2 is used for neat resin samples and corresponds to developing fires [67]. A scanning electron
microscope (SM-300, TOPCON Corp.) was used for the determination of fiber diameters. For each given
value, the diameters of at least 30 fibers are averaged. EDX analyses were done on an EVO HD 25 (Carl
Zeiss Microscopy GmbH, 5 kV) scanning electron microscope. Interlaminar shear strength (ILSS) tests
were performed for 2 mm thick specimens in accordance with EN 2563 by a three-point flexural test with
a universal mechanical testing machine (Z020, ZwickRoell GmbH & Co. KG, Germany) [68].

3 Results and Discussion

3.1 Characterization of SCP Based Flame Retardants
3.1.1 Thermal Stability and Degradation Products

The thermal stability of SCP itself is very low, which is expected, as it consists of a phosphorus chloride
and is still very reactive. Important values of TG measurements (Fig. 3) in nitrogen or synthetic air are
summarized in Table 2. The temperature at maximum mass loss rate (Tmax), the initial degradation
temperatures (T1%, T5%) at which 1% or 5% mass loss are reached and the residue at 800°C are shown.
While degradation starts at low temperatures of about 40°C, the residues are high with 30% in nitrogen
and 14% in air at 800°C. These high residues are a hint for a possible mode of action in the condensed
phase for SCP containing structures. This is very promising in terms of flame retardant efficiency in neat
resin samples with low surface of the combustible material as well as for the formation of a protective
layer on carbon fibers during combustion, that is especially required at temperature loads over 650°C.
Fig. 3 also shows TG measurements for Novolak and DOPO-HQ that were chosen to react with SCP to
form stable flame retardants. The overall thermal stability of these compounds is higher than for SCP.
Therefore, a combination of novolak or DOPO-HQ with SCP is a promising approach for the synthesis of
flame retardants.
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The thermal stability of the synthesized flame retardants was also determined by TG analysis. Important
values are summarized in Table 2. Additionally, the calculated phosphorus content of the flame retardants is
given. Fig. 4 shows the curves obtained frommeasurements in nitrogen atmosphere on the left side. There are
at least two degradation steps observed. In nitrogen atmosphere, novolak containing species show similar
initial degradation temperatures T5% with 183°C. The degradation of SCP-DOPO-HQ starts at lower
temperatures with a T5% of 153°C. This shows that the initial decomposition temperature is increased
using a novolak in combination with SCP. According to literature [69], DOPO-HQ starts to decompose at
359°C (T5%). This means that the addition of SCP lowers the decomposition temperature, and the two
decomposition steps can be tentatively assigned to the decomposition of SCP components (Tmax 235°C)
and DOPO components (Tmax 420°C). This corresponds to the multiple decomposition steps for Novolak-
SCP-DOPO. The final decomposition of novolak units occurs in the last step (Tmax 519°C). In general,
novolak containing samples show higher residues. Especially the mixed species Novolak-SCP-DOPO,
that has the lowest phosphorus content of 6%, has a very high residue of 34%. Novolak-SCP instead has
a residue of only 26% with a primary phosphorus content of 8%. The molar ratio of phosphorus
containing substituents to novolak monomers is the same for both compounds. Therefore, the replacement
of half SCP units with DOPO units from Novolak-SCP to Novolak-SCP-DOPO has a huge impact on the

Figure 3: TG-curves of SCP, novolak and DOPO-HQ measured in nitrogen atmosphere and synthetic air

Table 2: Tmax, T1%, T5% and residue at 800°C of SCP based flame retardants obtained by TG measurements
in air or nitrogen flow (50 mL⋅min−1) with a heating rate of 10 K⋅min−1

Sample P-content/% Tmax/°C T1%/°C T5%/°C Residue (800°C)/%

SCP, N2 15 197 39 73 30

Novolak-SCP, N2 8 490 128 183 26

Novolak-SCP-DOPO, N2 6 519 108 183 34

SCP-DOPO-HQ, N2 12 235 90 153 17

SCP, air 15 194 38 72 14

Novolak-SCP, air 8 480 126 188 2

Novolak-SCP-DOPO, air 6 481 86 175 0

SCP-DOPO-HQ, air 12 231 87 161 3
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remaining residue. In conclusion, for Novolak-SCP-DOPO, the phosphorus species SCP and DOPO show a
synergism in char formation. Up to 500°C the decomposition in air is like the decomposition in nitrogen
atmosphere. The corresponding curves are shown in Fig. 4 on the right hand side. This means that the
presence of oxygen has no apparent influence on the decomposition. At temperatures over 500°C, the
decomposition of the formed char leads to residues of about 0% for all species. This decomposition refers
to total oxidation as proven by FTIR spectra of evolving gases, only showing carbon dioxide.

For further analysis and hints on decomposition and flame retardant properties, DIP-MS measurements
were carried out. Possible structures of detected main fragments are shown in Fig. 5. SCP containing
structures Novolak-SCP, Novolak-SCP-DOPO and SCP-DOPO HQ show derivatives of phosphoric acid
(Fig. 5B) promoting a possible mode of action in the condensed phase, while DOPO-containing samples
show the formation of typical DOPO-H fragments (Fig. 5C) promoting a mode of action in the gas phase.

3.1.2 Reaction with Epoxy Compounds
Both, novolak compounds as well as SCP-DOPO-HQ contain residual hydroxyl groups. These

functional groups may react with the epoxy component TGMDA (Fig. 6) during the network formation in
the epoxy resin matrix. DSC measurements shown in Fig. 6 are used to observe a possible reaction. For
all mixtures of flame retardants and TGMDA, exothermal reactions in the temperature range of

Figure 4: TG-curves of SCP-based flame retardants measured in nitrogen atmosphere (left) and synthetic air
(right)

Figure 5: Possible structures of the main fragments detected by DIP-MS for novolak containing samples
(A), SCP-containing samples (B) and DOPO-containing samples (C)
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RTM6 processing up to 180°C can be observed. In comparable measurements of pure flame retardants or
pure TGMDA, no exothermal processes have been detected. Therefore, the residual hydroxyl groups are
likely to be incorporated into the epoxy network preventing for example leaching processes.

3.2 Neat Resin Samples and Carbon Fiber Reinforced Composites
3.2.1 Glass Transition Temperature, Moisture Uptake and Interlaminar Shear Strength

Glass transition temperatures (Tg) were determined by DSC and are summarized in Table 3. The addition
of 10% flame retardant to RTM6 epoxy resin leads to a decrease of 20 to 25°C for novolak containing
compounds. This is caused by the reaction of phenol groups with the epoxy resin leading to a widening
of the network and a deviation of stoichiometry between epoxy groups and amine groups of the
hardening agent. However, this decrease in glass transition temperature is acceptable according to
literature [2,54]. In contrast, SCP-DOPO-HQ leads to a decrease of the Tg by 40°C, which corresponds to
a pronounced softening effect. Novolak containing compounds have multiple hydroxyl groups reacting
with the epoxy network leading to an only slight widening of the network, as it is a network former
itself. However, SCP-DOPO-HQ has only one hydroxyl group, so there is no possible continuation of the
network, and the network density is decreased. This explains why the polymeric structure of the novolak
based structures has less influence on the glass transition temperature. For further work, a stoichiometric
adjustment of hardener (hardener in RTM6 plus flame retardant reacting into the network) and TGMDA
in the epoxy matrix is still possible to reach even higher glass transition temperatures by adding extra
TGMDA to the formulation of the one part epoxy resin RTM6 and the reactive flame retardant.

Figure 6: DSC curves of samples containing a flame retardant and TGMDA (heating rate 10 K⋅min−1,
nitrogen atmosphere)

Table 3: Glass transition temperatures and moisture uptake of RTM6 samples

Sample Tg (DSC, center)/°C Moisture uptake/%

RTM6 215 2

+ 10% Novolak-SCP 197 2

+ 10% Novolak-SCP-DOPO 190 2

+ 10% SCP-DOPO-HQ 175 3
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Different samples were stored at 70°C in water for 14 days to measure the moisture uptake (see Table 3).
There is no significant change in moisture uptake for the examined samples (2–3%) in comparison to neat
RTM6 samples (2%). Only SCP-DOPO-HQ with the already discussed lowest network density shows an
increase to 3%. Glass transition temperatures of the wet samples show no difference compared to the dry
samples because drying occurs before the glass transition temperature is reached.

Table 4 shows interlaminar shear strength (ILSS) of the investigated CFRP samples. The values are
additionally normalized to RTM6 samples without flame retardants. The incorporation of 10% Novolak-
SCP-DOPO leads to a slight reduction of ILSS of 12%, which is however not significant within the
measurement tolerance of the testing method (± 10%). In addition, Novolak-SCP shows an acceptable
decrease of 21%. For both, an adjustment of hardening and epoxy component stoichiometry can still be
performed to increase these values. Nevertheless, the application of these flame retardants in epoxy-based
composites is possible with respect to mechanical performance. The formerly discussed lowering of the
network density for SCP-DOPO-HQ shows a higher decrease of ILSS by 28%.

3.2.2 Thermal Stability of Neat Resin RTM6 Samples
In order to characterize thermal properties of neat RTM6 samples, thermogravimetric analyses were

carried out in synthetic air and nitrogen (see Fig. 7). In nitrogen, typically a one-step mass loss is
observed, whereas in synthetic air two steps occur. Flame retarded samples show lower temperatures for
the beginning of the decomposition than pure RTM6. Therefore, the incorporated flame retardants act
before the matrix decomposes, what is crucial for their high efficiency, especially when acting in the gas
phase. Accordingly, initial degradation temperatures corresponding to 1% and 5% mass loss (T1%, T5%)
are higher for the pure resin sample, whereas the residues at 800°C are higher for the flame retarded
samples, as summarized in Table 5. SCP-DOPO-HQ lowers the T5% the most by almost 60°C. Novolak
containing flame retardants show less impact on the thermal stability but still a decrease by 30°C for
Novolak-SCP and 42°C for Novolak-SCP-DOPO. The temperature at the maximum of the mass loss rate
(Tmax) is not significantly changed in comparison to neat RTM6 resin. The residue is increased by almost
10% for each flame retardant indicating a possible action in the condensed phase. According to the epoxy
resin decomposition model of Rose and co-workers [70,71], in the temperature range of 300°C to 450°C
the decomposition step to stable char and different volatile species takes place. At temperatures above
450°C, the stable char degrades in a further decomposition step. Therefore, the residue at the inflection
point between these two decomposition steps is determined as well. The temperature and the residue at
this point are both higher for the tested phosphorus-containing specimens indicating a possible condensed
phase mechanism. The char of the sample with SCP-DOPO-HQ is less stable (Tmax 528°C) than char of
the other samples, indicating a positive influence by the novolak substructure.

Table 4: ILSS of selected CFRP samples additionally normalized to RTM6 + CF

Sample ILS/N⋅mm−2 Relative ILSS/ %

RTM6 + CF 68 ± 3 100 ± 5

+ 10% Novolak-SCP 54 ± 2 79 ± 3

+ 10% Novolak-SCP-DOPO 60 ± 2 88 ± 3

+ 10% SCP-DOPO-HQ 50 ± 3 72 ± 6
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3.2.3 Flame Retardant Performance
Vertical UL94 tests were carried out to observe the flame spread and flammability of neat resin samples

with different contents of flame retardant and a thickness of 4 mm. The results of these tests are summarized
in Table 6. RTM6 resin without flame retardant does not reach a classification, the sample burns completely
and the burning includes dripping with flames. All flame retarded samples show V-0 classifications for flame
retardant contents of 15% but only Novolak-SCP-DOPO shows V-0-classification for a content of 10%.
Novolak-SCP-DOPO is the flame retardant with the highest residue in TG measurements of the pure
flame retardants. The 10% SCP-DOPO-HQ formulation failed V0 classification only by 4 s regarding the
total burning time (5 samples and a total of 10 flame applications). Interestingly, an increase from 10% to
15% Novolak-SCP has a huge impact on the total burning time, since it is decreased from 270 to 19 s.
This shows that 10% Novolak-SCP is not sufficient for the formation of a protective barrier and that
Novolak-SCP-DOPO acts differently and the both contained phosphorus species act most likely synergistic.

Figure 7: TG-curves of RTM6 and flame retarded samples measured in nitrogen atmosphere (left) and
synthetic air (right)

Table 5: Tmax, T1%, T5% and residue of formulations of RTM6 and SCP-based flame retardants obtained by
TG measurements in air or nitrogen flow (50 mL⋅min−1) with a heating rate of 10 K⋅min−1

Sample Tmax/°C T1%/°C T5%/°C Residue/%

RTM6, N2 379 265 341 10

+ 10% Novolak-SCP 376 224 311 18

+ 10% Novolak-SCP-DOPO 393 165 299 19

+ 10% SCP-DOPO-HQ 382 151 285 19

RTM6, air I 369 | II 572 229 331 33 (492°C) | 0 (800°C)

+ 10% Novolak-SCP I 402 | II 589 204 308 40 (510°C) | 0 (800°C)

+ 10% Novolak-SCP-DOPO I 400 | II 570 188 297 39 (521°C) | 0 (800°C)

+ 10% SCP-DOPO-HQ I 383 | II 528 215 286 37 (508°C) | 0 (800°C)
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Additionally, it has to be mentioned, that Novolak-SCP-DOPO has the lowest phosphorus content (6%)
compared to Novolak-SCP (8%) and SCP-DOPO-HQ (12%), leading to a phosphorus content of only 0.6%
in a 10% formulation with RTM6. This is supporting the observation of a very high flame retardant efficiency
of Novolak-SCP-DOPO. Therefore, the varying phosphorus content of the different flame retardants plays a
minor role for these investigations.

To investigate the burning behavior under forced conditions, neat resin samples (thickness 4 mm) were
tested in a cone calorimeter at a heat flux of 35 kW⋅m−2. Composite materials (thickness 2 mm) were
investigated at a heat flux of 60 kW⋅m−2 instead, to quantify a possible fiber degradation. This heat flux
and an irradiation time of 20 min led to a carbon fiber degradation, which is expected to occur in burning
events like a kerosene fire. The HRR (heat release rate) in dependence on time is presented in Fig. 8.
Values of important parameters including time to ignition (tti), peak of heat release rate (pHRR), total
heat release (THR), maximum average rate of heat emission (MARHE) and the total smoke release (TSR)
are summarized in Table 7. MARHE is an established parameter in cone calorimetry analysis that
describes the velocity of the burning. For 2 mm thick reinforced samples, the sum parameters were
determined after 300 s of testing and for 4 mm neat resin samples after 500 s. Hand lay-up leads to slight
differences in the fiber to volume ratio. This is considered by the value X as the ratio of the combustible
material mass (equal to the mass of the matrix and flame retardant) to the whole sample mass. It is also
included in the table and used to determine comparable sum parameters THR and TSR.

Table 6: UL94-test ratings of RTM6 samples with different flame retardant contents and burning times:
average burning times after first and second flame application tav,1st and tav,2nd as well as the total burning
time for a series of five samples with a total of ten flame applications tsum5samples. NR: not rated

Sample UL94-rating (tav,1st, tav,2nd, tsum5samples)

RTM6 NR (>60 s)

Flame retardant content 7.5% 10% 15%

+ Novolak-SCP NR (> 60 s) NR (53.9 s, 0 s, 270 s) V-0 (3.2 s, 0.5 s, 19 s)

+ Novolak-SCP-DOPO V-1 (2.8 s, 14.4 s, 86 s) V-0 (3.9 s, 1.6 s, 28 s) —

+ SCP-DOPO-HQ — V-1 (3.5 s, 7.2 s, 54 s) V-0 (2.2 s, 0.9 s, 16 s)

Figure 8: HRR of non-reinforced samples at 35 kW⋅m−2 (left) and of reinforced samples at 60 kW⋅m−2

(right)
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Neat RTM6 burns rapidly and continuously resulting in a sharp HRR peak. RTM6 samples containing
flame retardants show broader and lower, plateau-like peaks in HRR, while THR is not influenced, indicating
a charring mechanism in the condensed phase and formation of a barrier [67]. pHRR, MARHE and TSR are
decreased for flame retarded formulations. Especially pHRR is decreased by up to 54% for SCP-DOPO-HQ
and up to 42% for novolak containing samples. The addition of these flame retardants decreases the tti. Total
Heat Release per Mass Loss (THR⋅ML−1) provides information on flame retardant mechanisms since
referring to evolved heat per mass of volatiles [2]. A lower value in comparison to the non-flame retarded
sample (2.3 kW⋅m−2⋅g−1) is connected to more gas phase activity of a flame retardant. Therefore, all
flame retardants act mainly in the condensed phase because THR⋅ML−1 is almost the same for every
sample, which is also indicated by the shape of the HRR curves. Additionally, TSR is decreased by the
incorporation of flame retardants and the residues are higher for all flame retarded samples than for the
neat resin (4%). It is highest for SPC-DOPO-HQ that also showed the highest reduction of pHRR and has
the highest phosphorus content (1.2% in a 10% formulation with RTM6). Therefore, the forced burning
conditions of cone calorimetric analysis indicate other flame retardant efficiencies and mechanisms than
UL94 tests.

The incorporation of a fiber reinforcement leads to other shapes in HRR curves. Sharp peaks represent
delamination processes. Single plies separate and burn fast and fierce since gas between the fiber plies acts as
a heat barrier. Due to the high heat flux (60 kW⋅m−2) required for fiber degradation, the standard deviation
rises. All sum parameters are lower for reinforced samples in comparison to neat resin samples because of the
smaller amounts of combustible material. Due to the higher heat flux and the high surface to volume ratio in
the composite material, char formation is less effective. For DOPO containing flame retardants, the THR is
decreased by up to 9% and pHRR is decreased by up to 24% for SCP-DOPO-HQ. More differences cannot
be detected, as the heat flux is very high, and these very harsh conditions are critical for the flame retardant
action. This is also shown by TSR values, since they only differ within the error range. Nevertheless,
according to the value of THR⋅ML−1, Novolak-SCP-DOPO and SCP-DOPO-HQ act in the gas phase
(1.9 kW⋅m−2⋅g−1) in comparison to non-flame retarded samples or Novolak-SCP (2.5 kW⋅m−2⋅g−1). This
shows that the flame retardant mode of action is dependent on fiber reinforcement as Novolak-SCP-
DOPO and SCP-DOPO-HQ act differently in reinforced and non-reinforced samples. Finally, the residue
corrected by the fiber content in the samples is also highest for Novolak-SCP-DOPO (7%) and SCP-
DOPO-HQ (8%) in comparison to RTM6 (2%) or Novolak-SCP (3%) showing a simultaneous mode of
action in gas and condensed phase for the DOPO containing flame retardants.

Table 7: Results of cone calorimetry (neat resin RTM6 + flame retardant: sample thickness 4 mm, composites
(RTM6 + flame retardant + CF): sample thickness 2 mm)

Sample tti/s pHRR/
kW·m−2

THR·X−1/
MJ·m−2

MARHE/
kW·m−2

TSR·X−1/
m2·m−2

THR·ML−1/
kW·m−2·g−1

Residue/% X

RTM6 94 ± 1 1715 ± 58 104 ± 1 550 ± 6 5601 ± 31 2.3 4 ± 2 1

+ 10% Novolak-SCP 72 ± 7 1071 ± 39 101 ± 1 476 ± 17 5216 ± 125 2.2 17 ± 1 1

+ 10% Novolak-SCP-DOPO 70 ± 4 1000 ± 12 105 ± 3 455 ± 9 5451 ± 173 2.2 18 ± 2 1

+ 10% SCP-DOPO-HQ 58 ± 3 781 ± 74 102 ± 1 434 ± 11 5059 ± 5 2.2 19 ± 1 1

RTM6 + CF 31 ± 2 492 ± 19 72 ± 1 242 ± 5 3763 ± 165 2.5 59 ± 1 0.43

+ 10% Novolak-SCP 29 ± 1 552 ± 10 75 ± 3 269 ± 9 3778 ± 96 2.5 57 ± 1 0.46

+ 10% Novolak-SCP-DOPO 30 ± 2 514 ± 17 66 ± 3 256 ± 8 3689 ± 179 1.9 58 ± 2 0.49

+ 10% SCP-DOPO-HQ 26 ± 3 372 ± 19 63 ± 4 221 ± 13 3641 ± 221 1.9 58± 2 0.50
Note: X: ratio of the combustible material mass (resin + flame retardant) to the whole sample mass.
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3.2.4 Residue of Neat Resin Samples
Fig. 9 shows SEM images of the residues obtained after cone calorimetry at 35 kW⋅m−2 for 10 min.

While RTM6 alone (A) forms a highly instable residue that contains small holes (diameter about 50–
100 μm), the addition of phosphorus containing flame retardants (B,C,D) leads to residues that are more
stable and have a closed structure and therefore residues that are a better protection from heat or oxygen.
DOPO containing flame retardants (B, D) additionally show a microstructure on the surface indicating
another decomposition mechanism of the flame retarded matrix.

3.2.5 Fiber Protection Efficiency
The fiber residues of the reinforced samples after 20 min at 60 kW⋅m−2 in cone calorimetry were

investigated by SEM and EDX to determine if there is a fiber protection and to get a mechanistic insight.
SEM images of at least 30 single fibers were used to determine a mean fiber diameter. Mean fiber
diameters and the smallest diameter that has been measured are summarized in Table 8. The diameter of
untreated carbon fibers is (7.3 ± 0.2) μm. While pure RTM6 matrix leads to an amount of carbon fiber
fragments with critical diameters below 3 μm (3.3 ± 0.7 μm, smallest diameter: 2.1 μm) according to the
WHO-definition, all flame retarded samples prevent the formation of respirable carbon fibers. Especially
Novolak-SCP and SCP-DOPO-HQ show higher mean fiber diameters of (6.0 ± 0.7) μm after irradiation.
Nevertheless, Novolak-SCP-DOPO shows a lower standard deviation of its mean fiber diameter (5.2 ±
0.4 μm) as well as a higher smallest diameter with 4.4 μm in comparison to Novolak-SCP with 4.1 μm.
The smallest diameter is crucial as no respirable fiber fragments should be released into the environment.
The observations lead to the conclusion, that mixed phosphorus species like the mixture of SCP and
DOPO induce a better and more even protection of the fibers.

Figure 9: SEM images of residues after irradiation of neat resin samples at 35 kW⋅m−2 for 10 min:
(A): RTM6, (B): RTM6 + 10% SCP-DOPO-HQ, (C): RTM6 + 10% Novolak-SCP, (D): RTM6 + 10%
Novolak-SCP-DOPO
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To get a better understanding of the fiber protection, EDX measurements were carried out. A mapping for
the composite sample residue with 10% Novolak-SCP-DOPO in the matrix is shown in Fig. 10. It can be seen,
that phosphorus and oxygen belong together as residue of the flame retardant as well as carbon and nitrogen as
residual fiber. This shows the formation of typical phosphoric acid like structures during combustion. Since
EDX not only measures the surface but also a certain depth, these mapping images do not show, if there is
phosphorus continuously found on the fiber surface. Because of that, molar element concentrations on
different spots were determined. Fig. 11 shows the choice of spots, in which the first spot (X1) is an
agglomerate that is visible on the surface and the second spot (X2) has no visible residue. The element
concentrations are summarized in Table 9. Every measured spot contains phosphorus but in different
amounts. The ratios of phosphorus to oxygen range from mostly 1:2 to 1:4, so in between the chemical
structure of phosphate glass, polyphosphoric acid that is a typical reaction product for condensed phase
mechanisms and single phosphates. Especially agglomerates show a ratio 1:2/1:3, whereas, the ratio is more
likely 1:4 on the direct fiber surface. This is consistent to observations made for the protection of graphite
from oxidation by impregnation with organic phosphate and phosphite esters in literature [72]. The authors
assume a covalent bonding on the graphite surface in form of C-OPO3 groups leading to a hydrophilic
surface. Graphite and carbon fibers have similar chemical structures, so directly on the fiber surface similar
reactions may occur and lead to the ratio of phosphorus to oxygen from 1:4. The continuous observation of
phosphorus species on the fiber surface shows the mechanism of fiber protection as apparently these
residues hinder the oxidation of the carbon fibers efficiently.

Table 8: Mean diameter, standard deviation and smallest measured diameter of at least 30 carbon fibers in
composite materials with partially flame retarded RTM6 after irradiation at 60 kW⋅m−2 for 20 min
determined by SEM

Sample Mean diameter/μm Smallest diameter/μm

RTM6 + CF 3.3 ± 0.7 2.1

+ 10% Novolak-SCP 6.0 ± 0.7 4.1

+ 10% Novolak-SCP-DOPO 5.2 ± 0.4 4.4

+ 10% SCP-DOPO-HQ 6.0 ± 0.6 4.7

Figure 10: EDX mapping results for RTM6 + CF + Novolak-SCP-DOPO (fiber residues) after irradiation at
60 kW⋅m−2 for 20 min
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4 Conclusions

SCP as biobased phosphorus compound was successfully used to synthesize new flame retardants with
novolak or DOPO-HQ. The advantages of SCP are on first sight its high phosphorus and aromatic content as
well as its high reactivity and easy conversion with for example hydroxyl groups. The results proof the
processability of the synthesized reactive, soluble and partially polymeric flame retardants with an epoxy
resin by resin transfer moulding. Residual hydroxyl groups are incorporated into the epoxy resin network
resulting in minor changes in glass transition temperature and interlaminar shear strength for novolak
containing flame retardants compared to the resin without flame retardants. SCP-DOPO-HQ with one
residual hydroxyl group per molecule lowers the network density pronouncedly and leads to a higher
decrease. A synergism in char formation is observed if both, SCP and DOPO, are present in the flame
retardant. UL94 V0-classifications are reached with 10% Novolak-SCP-DOPO, 15% Novolak-SCP or
15% SCP-DOPO-HQ in neat resin samples. Cone calorimetric measurements of neat resin formulations
with 10% flame retardant show a reduction of peak of heat release rate by up to 54% compared to the
unmodified epoxy resin. The amount of residue is four to five times increased. The mode of action is
dependent on the reinforcement of the samples. In non-reinforced samples, DOPO containing and not
containing flame retardants act alike, whereas in reinforced samples, gas phase activity is mainly
observed for DOPO-containing flame retardants. Due to a large matrix surface, gas phase activity is more
efficient in composite materials than activity in the condensed phase. In this case, the mode of action
adapts to neat resin or fiber-reinforced samples, so there is efficient flame retardancy in both cases. SEM

Figure 11: SEM images of carbon fibers after irradiation at 60 kW⋅m−2 for 20 min: P: RTM6 + CF +
Novolak-SCP, Q: RTM6 + CF + 10% Novolak-SCP-DOPO and R: RTM6 + CF + 10% SCP-DOPO-HQ

Table 9: Molar element concentrations on different spots (see Fig. 11) of fiber residues after irradiation (60
kW⋅m−2 for 20 min)

EDX-spectra of fiber residue C/% N/% O/% P/%

RTM6 + 10% Novolak-SCP

P1 80.1 4.2 10.6 4.3

P2 92.0 3.8 3.6 0.5

RTM6 + 10% Novolak-SCP-DOPO

Q1 82.6 3.8 9.6 2.7

Q2 89.4 4.4 4.8 1.1

RTM6 + 10% SCP-DOPO-HQ

R1 50.2 2.8 28.4 13.9

R2 91.1 2.1 5.5 1.2
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images show a stable, continuous char for flame retarded neat resin samples and an effective fiber protection
with a phosphorus and oxygen containing protection layer on the fiber surface after combustion.

This research shows the versatility of SCP to synthesize new flame retardants with a high bio-based
carbon content and adjusted properties for different problems or applications.
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ABSTRACT

Fabrication of flame retardants from renewable biomass has aroused extensive interest over the past decade. This
work reported a synthesis of isosorbide-derived polyphosphonate (PICPP) as an anti-flammable agent for poly
(lactic acid) (PLA). The presence of PICPP notably declined the storage modulus of PLA/PICPP owing to the
declined molecular weight of PLA catalyzed by the presence of PICPP. PLA and PLA/PICPP thermally degraded
in one stage under either air or nitrogen atmosphere. With increasing the amount of PICPP, the onset thermal
decomposition temperature of PLA/PICPP was decreased gradually, owing to the earlier decomposition of PICPP.
With only 10 wt% of PICPP, PLA/PICPP-10 achieved a high limiting oxygen index of 30.0% and UL-94 V-0 clas-
sification, manifesting that PICPP was an efficient anti-flammable agent for PLA. The inclusion of 15 wt% PICPP
also caused 33% and 16% decline in PHRR and THR of PLA, respectively. TG-IR results clarified that PLA/PICPP
produced the less typical pyrolysis products especially flammable carbonyls than PLA, which may account for the
suppressed PHRR and THR values of PLA/PICPP.

KEYWORDS

Isosorbide; polyphosphonate; poly(lactic acid); flame retardancy

1 Introduction

Poly(lactic acid) (PLA) is one kind of thermoplastic biodegradable polymeric material, which is sourced
from starch-rich plants such as cassava, corn, and so on. PLA has many advantages, including rich raw
materials, biodegradability, excellent biocompatibility, superior processing and mechanical properties
[1–3]. Given this, PLA has been extensively applied in biomedical, packaging materials and other related
fields. However, similar to the conventional polyesters, PLA is easy to ignite in the air and accompanied
by serious dripping phenomenon, which seriously restricts the application of PLA in the fields with high
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flame-retardant requirements such as electronic packaging and automobile industry [4,5]. Hence, the attempt
to enhance the anti-flammability of PLA has become the focus of both academia and industry.

At present, physical blending flame retardant modification is the most commonly used method for
flame-retardant modification of PLA, which refers to the processing of flame retardant PLA materials by
adding flame retardants to PLA matrix through melt blending. This strategy possessed the advantages of
low cost, convenient operation and easy commercialization. The commonly used additive flame retardants
is mainly divided into two categories which are organic and inorganic anti-flammable agents. The organic
anti-flammable agents for PLA include phosphorus-based chemicals [6–8], phosphorus/nitrogen-based
chemicals [9,10], intumescent flame-retardant systems [11–13], etc., among many organic flame retardants,
the phosphorus-containing compounds have become the most popular flame-retardants for PLA owing to
their merits of low smoke and environmental friendliness. So far, diverse phosphorus-based
flame-retardant additives including 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)-
derived chemicals [14–19], hypophosphorous acid-based derivatives [6], poly(ethylene diglycol
phenylphosphinate) [20], poly(1, 2-propanediol 2-carboxyethyl phenyl phosphinate) [21], poly(butylene
phenyl phosphate) [22], hyperbranched polyphosphate ester [23], and poly(phenylphosphoryl
phenylenediamine) [24], have been synthesized for improving the anti-flammability of PLA. However, in
order to achieve satisfactory flame retardant effect, it is necessary to add a high content (usually beyond
15%) of phosphorus-based flame-retardant additives to PLA.

Except for the organic flame-retardants, various inorganic flame-retardants such as carbon-based materials
[25–28], metal organic frameworks [29,30], silicates [31–34], black phosphorus [35], graphitic carbon nitride
[36], molybdenum disulfide [37,38], have been utilized to enhance the anti-flammability of PLA. Compared to
organic flame-retardants, inorganic anti-flammable agents are more efficient in decreasing the heat release and
smoke emission at a relatively low dosage. However, the use of inorganic flame-retardants alone generally
makes PLA difficult to reach UL-94 V-0 classification. Thus, inorganic flame-retardants are mostly used
together with organic flame-retardants to create a flame-retardant synergism.

Based on the review of the anti-flammable strategies above, highly efficient anti-flammable technology
for PLA remains a challenging task. Recently, the application of bio-based flame retardants for PLA is
becoming a new-arising trend [39–42]. As a sucrose-derived diol, isosorbide has attracted extensive
attention because of its high stiffness and thermal stability [43]. Isosorbide has been reported to fabricate
the flame-retardants for epoxy [44,45] and poly(butylene succinate) [46]. Recently, Wang and
collaborators designed a isosorbide-derived poly(phosphoester) as flame-retardant for PLA [47]. PLA
containing 20 wt% of isosorbide-derived poly(phosphoester) achieved a LOI of 25.5% and passed UL-94
V-0 classification. To develop isosorbide derivatives with higher flame-retardant efficacy, an isosorbide-
derived polyphosphonate was produced via condensation between 2-carboxyethyl phenylphosphinic acid
and isosorbide in this study. The effect of the isosorbide-derived polyphosphonate dosage on the thermal
and flame-retardant behaviors was investigated. Finally, the flame-retardant mechanism of this isosorbide-
derived polyphosphonate was speculated based on the analysis of the pyrolysis products of PLA composites.

2 Experimental Section

2.1 Materials
Poly(lactic acid) (2003D) were purchased from Nature Works (USA). Isosorbide and 2-carboxyethyl

phenylphosphinic acid (CPA) were offered by Aladdin Bio-Chem Technology Co., Ltd., (China).
Tetrabutyl titanate was obtained from Sinopharm Chemical Reagent Co., Ltd., (China).

2.2 Synthesis of Poly(Isosorbide 2-Carboxyethyl Phenyl Phosphinate) (PICPP)
The PICPP was synthesized through polycondensation of CPA and isosorbide (Scheme 1). Briefly, CPA

(0.50 mol, 107.1 g), isosorbide (0.55 mol, 80.4 g) and tetrabutyl titanate (0.6 g, as the catalyst) were introduced
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into a three-necked flask fitted with a condenser, a mechanical stirrer as well as a nitrogen inlet. The reaction
was conducted at 160°C for 5 h under N2. Afterwards, the temperature was then raised to 180°C for 2 h.
Subsequently, a vacuum (<100 Pa) was applied and maintained for 5 h to complete the polycondensation
process. At last, the light-yellow product was obtained and ground into powder at room temperature.

2.3 Fabrication of PICPP/PLA Blends
All the PICPP/PLA composites were prepared using a torque rheometer (XSS300, Kechuang, China) at

170°C for 10 min. Various contents of PICPP ranging from 5 to 15 wt% were incorporated into PLA resin.
After melt compounding, the PICPP/PLA mixture was ground into pellets and then injected to a micro-
injection machine (WZS10-D, China) for preparation of specimens of LOI, UL-94 and tensile tests. The
cylinder temperature was 180°C and the molding temperature was set to 50°C.

2.4 Methods
Fourier-transform infrared (FTIR) spectroscopic analysis was carried out on a Nicolet

iS50 spectrophotometer using potassium bromide disc approach.

Proton and 31P-nuclear magnetic resonance (NMR) spectroscopic analysis was performed on an
AVANCE III 400 MHz instrument using deuterated chloroform as solvent.

Molecular weight and molecular weight distribution of the samples were determined by a Dionex
Ultimate 3000 gel permeation chromatography (GPC). The temperature of DMF eluent was 35°C and the
flow rate was 0.5 mL/min.

Dynamic mechanical analysis (DMA) was carried out with a TA Q850 analyzer at a ramp rate of 5 °C/min.
The specimen used was of 35 mm× 10 mm× 3 mm.

Thermogravimetric analysis (TGA) was performed on a TAQ500 apparatus. The ramp rate was 20 °C/min
from 30 to 800°C.

Anti-flammable behaviors were assessed by an HC-2 limiting oxygen index (LOI) apparatus
(Sample size: 100 mm × 6.5 mm × 3 mm) and a CFZ-2 vertical burning chamber (Sample size: 130 mm ×
13 mm × 3 mm).

Scheme 1: Polycondensation of between isosorbide and 2-carboxyethyl phenylphosphinic acid to yield bio-
based polyphosphinate
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Heat-related parameters were obtained using an FTT microscale combustion calorimeter (MCC). The
sample was thermally decomposed from 100 to 650°C at a ramp rate of 1°C/s under N2 (flow rate:
80 mL/min). The pyrolysis volatiles were then blended with a 20 mL/min stream of O2. The mixture was
finally sent to a 900°C combustor. On the basis of the oxygen consumption principle, the heat release rate
was computed.

Pyrolysis products during TGAmeasurements were detected by a Nicolet 6700 FTIR spectrophotometer
whose gas chamber was linked to a TA Q50 thermal analyzer through a stainless tube (TGA-FTIR).

3 Results and Discussion

The chemical structure of PICPP was characterized using the FTIR instrument. As shown in Fig. 1, CPA
exhibits an intense band centered at the 3419 cm−1 that is ascribed to the -OH groups of carboxylic and
phosphorus acid, and the absorption peaks at 2925 and 2872 cm−1 are assigned to the asymmetric and
symmetric stretching vibration of -CH2- groups, respectively. The absorption peaks of isosorbide at
2937 and 2875 cm−1 are related to the symmetric and asymmetric stretching vibration of -CH2- groups,
respectively. The broad absorption peak at 3397 cm−1 is assigned to the -OH group, and the absorption
peak at 1077 cm−1 originated from the C-O-C group in the pentacyclic structure. Compared to the
monomers, the stretching vibration of the hydroxyl groups almost disappears in PICPP attributed to the
occurrence of esterification between CPA and isosorbide. Additionally, the absorption band appearing at
1221 cm−1 belongs to the formation of C-O-Cisosorbide.

Fig. 2 depicts the proton and 31P-NMR spectra of PICPP. As shown in Fig. 2a, the multiple signals at the
chemical shift range from 3.5 to 5.2 ppm (marked 1–6) are ascribed to the protons belonging to the isosorbide
cycle. The multiple signals ranging from 7.4 to 7.8 ppm are allocated to the aromatic protons. Additionally,
the signals at 2.6 and 2.2 ppm are assigned to the protons in the -CH2-P(O)- (marked 7) and -CH2-C(O)-
(marked 8) groups, respectively. An intense signal at 43.1 ppm is observed in the 31P-NMR spectrum of
PICPP (Fig. 2b), implying only one chemical environment for phosphorus atoms. These data correspond
well with the anticipated molecular structure, manifesting the successful synthesis of PICPP.

Figure 1: FTIR spectral analysis of CPA, isosorbide and PICPP
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Polymers’ molecular weight is a key factor to affect their performances. The influence of PICPP on the
molecular weight of PLA composites was characterized using GPC. Table 1 lists the GPC data of PLA and
PLA/PICPP. With the increase of the addition content of PICPP, both the number-average molecular weight
(Mn) and weight-average molecular weight (Mw) were declined gradually. Polydispersity index is calculated
by the ratio of Mw/Mn, which is generally to assess the molecular weight distribution. It can be seen that the
polydispersity index was also declined as the addition content of PICPP increased. PLA was apt to
decompose during the processing procedure because of the catalysis of hydroxyl terminated PICPP. That
is why the decreased molecular weight and the increased polydispersity index after incorporating
PICPP into PLA.

The effect of PICPP on the thermo-mechanical performances of PLA was determined using DMA
measurement. Fig. 3a illustrates that the storage modulus (E’) decreased with the increment of temperature
in the whole studied scale. The E’ at 30°C of the pristine PLA was 2,179 MPa, whereas the addition of
PICPP decreased the E’ at 30°C to 1,956, 1,716 and 1,551 MPa for PLA/PICPP-5, PLA/PICPP-10 and
PLA/PICPP-15, respectively. The reduced storage modulus of the PLA/PICPP composites can be ascribed
to the declined molecular weight of PLA catalyzed by the presence of PICPP. Additionally, all the samples
exhibited a sharply decreased E’ stage corresponding to the transition stage from the glassy state to the
rubbery state of PLA. The glass transition temperature (Tg) is identified by the temperature at the maximum
tanδ value (Fig. 3b). The Tg of the pristine PLA was 73°C. When the addition content of PICPP was low,
the Tg of PLA/PICPP-5 remained unchanged. With the increase of the addition content of PICPP, the Tg of
PLA/PICPP-10 and PLA/PICPP-15 was slightly decreased to approximately 69°C. Moreover, the broaden
long tail of tanδ peak could due to the fact that G" decreases slowly as temp increases, which implies the
chain entanglements are enhanced, supporting the better compatibility.

Figure 2: (a) Proton and (b) 31P-NMR spectra of PICPP

Table 1: GPC results of PLA and PLA/PICPP

Mn (Da) Mw (Da) Polydispersity

PLA 686130 741408 1.08

PLA/PICPP-5 611919 697076 1.14

PLA/PICPP-10 537906 638488 1.19

PLA/PICPP-15 483370 591192 1.22
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Typical stress-strain curves of PLA and its composites are shown in Fig. 4, corresponding data were
summarized in Table 2. It can be observed that the incorporation of PICPP into PLA matrix showed a
negative effect on the mechanical properties of PLA composites. The tensile modulus, tensile strength
and elongation at break of pure PLA were 1.31 GPa, 66.45 MPa and 7.03%. Adding 5 wt% PICPP into
PLA matrix, the tensile strength of PLA/PICPP-5 slightly declined to 59.79 MPa while the elongation at
break of PLA/PICPP-5 increased to 7.81%, and PLA/PICPP-5 presented comparative tensile modulus as
that of neat PLA. However, further increasing the addition of PICPP, the tensile strength and elongation
at break of PLA/PICPP-10 and PLA/PICPP-15 were obviously decreased, which was attributed to that
the presence of PICPP declined the molecular weight of PLA, hence worsening the mechanical properties
of PLA composites.

Figure 3: DMA plots of PLA and PLA/PICPP: (a) storage modulus (E’) and (b) tan δ

Figure 4: Typical stress-strain curves of PLA and its composites

Table 2: Tensile test data of PLA and its composites

Sample Tensile
modulus (GPa)

Tensile
strength (MPa)

Elongation at
break (%)

PLA 1.31 66.45 7.0

PLA/PICPP-5 1.30 59.79 7.8

PLA/PICPP-10 1.93 53.25 3.4

PLA/PICPP-15 2.00 41.31 2.4
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The effect of PICPP on thermal decomposition of PLAwas analyzed using TGA. Fig. 5 shows the TGA
and differential TGA (DTG) thermograms of PLA and PLA/PICPP under air and nitrogen atmospheres, and
Table 3 summarizes the relating data. In Figs. 5a and 5b, PLA thermally degraded in a single stage between
324°C (T5%, the temperature at 5% weight loss,) and 380°C, and the weight loss was 97.5%. The temperature
at the maximum decomposition rate (Tm) of PLAwas 363°C as observed in the DTG curve. At 800°C, only
0.4% residue was left. After adding PICPP, PLA/PICPP thermally degraded in one stage. With the increase of
the addition content of PICPP, the T5% of PLA/PICPP was decreased gradually, owing to the earlier
decomposition of phosphorus-containing additives [48,49]. The presence of PICPP almost had no change
in the residue yield of PLA. Although PICPP had certain charring ability, the formed char was unstable
and decomposed at high temperature. Owing to the generation of the intermediate char, the weight loss
rate was slowed down during the thermal decomposition process, as demonstrated by the DTG curves.
Under nitrogen atmosphere, PLA also behaved a thermal decomposition stage between 333°C (T5%) and
390°C and yield 1.0% residue (Figs. 5c and 5d). The T5% and Tm of PLA were slightly higher than those
under air, because of the absence of oxidation by oxygen. Similarly, the T5% of PLA/PICPP was
decreased gradually as the addition content of PICPP grew up. From DTG curves, it can be found that
the incorporation of PICPP reduced the weight loss rate of PLA during the thermal decomposition
process, which was ascribed to the generation of a carbonaceous layer. However, the char was thermally
unstable so that cannot resist the high temperature. Thus, the residue yield of PLA/PICPP was very
slightly improved by the presence of PICPP.

Figure 5: TGA and DTG thermograms of PLA and PLA/PICPP under (a, b) air and (c, d) nitrogen atmosphere
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The LOI and UL-94 tests are employed to assess the anti-flammable behaviors of PLA and PLA/PICPP,
and corresponding results are summarized in Table 4. The LOI value of pure PLA was 20.0% which was
relatively low, and it completely burned out in the UL-94 test corresponding to no classification. With
increasing the addition amount of PICPP, the LOI of PLA/PICPP composites was increased gradually.
Specifically, the LOI value of PLA/PICPP-5, PLA/PICPP-10 and PLA/PICPP-15 was 26.0%, 30.0% and
31.0%, respectively. Additionally, PLA/PICPP-5 behaved UL-94 V-1 classification, and PLA/PICPP-
10 and PLA/PICPP-15 achieved UL-94 V-0 classification, manifesting that PICPP was an efficient flame
retardant additive for PLA. Since the dispersion behavior of flame retardants or the phase separation
morphology has an impact on the flame retardant efficiency [50,51], such the high flame retardant effect
could be ascribed to the good dispersion state of the PICPP in PLA matrix.

MCC is a widespread apparatus to obtain the heat release rate (HRR) information of polymers just
using milligram samples [52,53]. Fig. 6 depicts the HRR vs. temperature curves of PLA and PLA/PICPP,
and Table 4 summarizes the relating data. The HRR curve of the pristine PLA showed an intense peak,
and its peak HRR (PHRR) value was 690 W/g, implying that PLA was a highly flammable material. With
the content of PICPP was increased, the PHRR of PLA/PICPP was decreased gradually. Specifically, the
PHRR values of PLA/PICPP-5, PLA/PICPP-10 and PLA/PICPP-15 were reduced to 564, 537 and
463 W/g, respectively. The PLA/PICPP-15 exhibited the lowest PHRR value, 33% lower than the pristine
PLA. Additionally, the width of the HRR curves of PLA/PICPP composites became broaden with
increasing the content of PICPP. This was consistent with the widen molecular weight distribution of
PLA caused by the catalysis of PICPP. The THR value showed a similar changing trend as the PHRR. As
increasing the content of PICPP, the THR values of PLA/PICPP-5, PLA/PICPP-10 and PLA/PICPP-
15 were declined to 22.1, 21.9 and 20.6 kJ/g, respectively. By contrast to the pristine PLA, the
temperature to PHRR (TP) of PLA/PICPP exhibited a quite slight change, whose changing trend was in
good agreement with the Tmax observed in DTG curves.

Table 4: LOI, UL-94 and MCC data of PLA and PLA/PICPP

LOI (%) UL-94 PHRR (W/g) THR (kJ/g) TP (
oC)

PLA 20.0 Failed 690 24.6 371

PLA/PICPP-5 26.0 V-1 564 22.1 371

PLA/PICPP-10 30.0 V-0 537 21.9 369

PLA/PICPP-15 31.0 V-0 463 20.6 368

Table 3: Effect of PICPP content on the thermal decomposition of PLA under air and nitrogen atmosphere

T5% (oC) Tm (oC) Residual yield (%) at 800 oC

Air N2 Air N2 Air N2

PLA 324 333 363 369 0.4 1.0

PLA/PICPP-5 318 319 363 368 0.5 1.3

PLA/PICPP-10 298 312 361 367 0.5 1.8

PLA/PICPP-15 291 307 363 365 1.4 2.2
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The evolved products of PLA and PLA/PICPP-15 in the vapor phase were detected by TG-FTIR
technique. As shown in Figs. 7a and 7b, it was apparent that PLA/PICPP-15 exhibited a similar 3D FTIR
spectra as PLA. The typical evolved products appeared at 2,930–2,600, 1,870–1,650, 1,530–1,290, and
1,190–1,000 cm−1 for both PLA and PLA/PICPP-15. Fig. 7c further provides the FTIR spectra of PLA
and PLA/PICPP-15 at the maximum weight loss rate. The typical evolved products were identified by
the characteristic signals: aliphatic hydrocarbons (stretching vibrations at 2,930–2,800 cm−1;
bending vibrations at 1,480–1,300 cm−1), aldehydes (2,800–2,600 cm−1), ketones and carboxylic acids
(1,870–1,650 cm−1) and esters (1,190–1,000 cm−1) [11,23,54]. During the thermal decomposition process,
the macromolecular chains of PLA broken into several typical small molecules including aliphatic
hydrocarbons, aldehydes, ketones and carboxylic acids and esters, which accorded well with the previous
reports [11,23]. Among these typical pyrolysis products, carbonyls (aldehydes, ketones and carboxylic
acids, etc.) displayed the highest absorbance intensity, implying that they are the majority in the pyrolysis
products. Additionally, the absorbance intensity of the peaks at 1,870–1,650 cm−1 of PLA/PICPP-15 was
lower than that of PLA, meaning the declined production of carbonyls in the decomposition process.
Since carbonyls are flammable pyrolysis products, the declined carbonyl-moieties production may
account for the declined heat release parameters in MCC measurement.

Based on the discussion above, the flame retardant mechanism of PICPP can be attributed to the
combined gas and condensed phase flame retardant actions. The former plays a flame retardant effect by
generating phosphorus-containing free radicals while the latter by forming pyrophosphoric acid or
metaphosphoric acid compounds. According to the previous reports [55], the char yield decreased and the
emission of phosphorus-containing volatiles increased as the oxidation state of phosphorus decreased.
Because the PICPP has a low oxidation state of phosphorus, the flame retardant mode of action of PICPP
mainly manifested in the gas phase. The gaseous phase flame retardant action is mainly depicted as
follows: Once the PLA composites are exposed to fire sources, PICPP could decompose to generate
phosphorus-containing free radicals, which can quench the hydrocarbon free radicals from the
decomposed matrix and thus terminate the combustion chain reaction in gas phase. Additionally, some
phosphorus-containing compounds derived from the thermal decomposition of PICPP remain in the
condensed phase, resulting in the slight promotion of char yield as observed in TGA. Predominant gas
phase mode of action in combination with minor carbonization has been reported to be an efficient
strategy for flame retardancy enhancement [56].

Figure 6: HRR vs. temperature plots of PLA and PLA/PICPP composites
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4 Conclusions

In this study, an isosorbide-derived polyphosphonate (PICPP) was synthesized and utilized as an anti-
flammable agent for PLA. FTIR and NMR spectral data demonstrated the successful synthesis of PICPP.
Owing to the catalysis effect of hydroxyl-terminated PICPP on the decomposition of PLA during the
processing, the molecular weight of PLA was declined after adding PICPP. The incorporation of PICPP
leaded to a reduction in the storage modulus of PLA as the molecular weight was declined. TGA results
manifested that PICPP reduced the onset thermal degradation temperature and the weight loss rate of
PLA composites during the thermal decomposition process. PLA containing 10 wt% of PICPP achieved a
high LOI value of 30.0% and passed the UL-94 V-0 classification. Additionally, the PHRR and THR of
PLA containing 15 wt% of PICPP were declined by 33% and 16%, respectively, compared with those of
PLA. TGA-FTIR results clarified that PLA/PICPP produced the less typical pyrolysis products especially
flammable carbonyls than PLA, which was responsible for the declined PHRR and THR values of PLA/
PICPP. This isosorbide-derived polyphosphonate provides a renewable and efficient solution for flame-
retardant PLA.
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ABSTRACT

The development of efficient green flame retardants is an important way to realize more sustainable epoxy
thermosets and downstream materials. In this work, a monoepoxide is synthesized through O-glycidylation of
eugenol, and then reacted with DOPO (9,10-dihydro-9-oxa-10-phosphophenanthrene-10-oxide) to obtain a
new bio-based flame retardant, DOPO-GE. DOPO-GE is blended with a bisphenol A epoxy prepolymer exhibit-
ing good compatibility and DDS (4,4′-diaminodiphenylsulfone) is used as the curing agent to afford epoxy ther-
mosets. Although DOPO-GE leads to the reduced glass transition temperature of the thermosets, the storage
modulus increases considerably. The DOPO-GE-modified thermosets exhibit the high thermal stability with
the onset thermal decomposition temperature in nitrogen and air exceeding 300°C. When the phosphorus con-
tent in the thermoset is 1.0%, the residual yield of the thermosets at 750°C in nitrogen increases from 13.9% to
30.6%, due to the increased charring ability. More interestingly, when the phosphorus content is only 0.5%, the
limiting oxygen index is as high as 30.3% with UL94 V0 achieved. Cone calorimeter results reveals the signifi-
cantly decreased heat release rate, total heat release, mass loss and total smoke production. Furthermore,
DOPO-GE can notably improve the flexural strength, flexural modulus and fracture toughness, whereas the shear
and impact strength are reduced to varied extents. In short, DOPO-GE can be obtained via a facile way, and
shows the good flame-retardant effect on the epoxy thermosets with an application potential.

KEYWORDS

Flame retardant; epoxy thermosets; bio-based additives; performances

1 Introduction

Epoxy resins are widely used in many fields mainly because of their excellent mechanical properties,
insulation properties and good processability. Bisphenol A-based epoxy resin (DGEBA) is the most
commonly used epoxy prepolymer, accounting for more than 80% market share of the whole epoxy resin
market. However, DGEBA is flammable and easy to burn in air. Therefore, improving the flame
retardancy of DGEBA is a very important issue for a number of applications, and thus becomes a hot
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research topic in academia and industry. Many methods have been used to improve the flame retardancy of
DGEBA. For example, brominated epoxy resins have high intrinsic flame retardancy, but they produce highly
toxic gases in combustion. Therefore, halogen-free flame retardants for epoxy is of particular importance. For
example, aluminum hydroxide, magnesium hydroxide and other inorganic fillers are added to the epoxy
systems to improve flame retardancy, but such inorganic flame retardants usually need a high loading,
resulting in problems regarding processing and compatibility. Therefore, developing organic flame retardants
with better compatibility and higher efficiency provides an alternative solution to the above problems. In
particular, organic flame retardants based on DOPO (9,10-dihydro-9-oxa-10-phosphophenanthrene-10-oxide)
have the advantages of high flame retardancy, low volatilization, low moisture absorption, good transparency,
good compatibility, and reasonable costs, so that DOPO functions as the very useful building block to develop
many new and efficient flame retardants for polymeric materials including epoxy thermosets [1–8].

In order to reduce the impact on environment and relieve resource shortage, the development of
renewable epoxy resin and related flame retardants has attracted more and more attention. In recent years,
many studies on the synthesis of epoxy thermosets and related flame retardants by replacing bisphenol A
with bio-based phenols have been reported extensively, such as cardanol [9–13], vanillin [14–16],
magnolol [17,18], ellagic acid [19], syringaldehyde [20], and eugenol, to name a few. Among them,
eugenol is of particular interest. Eugenol is a natural substituted phenolic compound. Its molecules
contain such active groups as allyl and phenolic hydroxyl groups. Eugenol can be chemically
functionalized to obtain a variety of bio-based thermoplastics and thermosets, additives, and functional
polymeric materials [21–62]. At the same time, a number of publications address eugenol-based flame-
retardant epoxy systems. For example, the phenolic group of eugenol is used to react with different
linkers such as phosphorus containing organic compounds to produce di-, tri- or multi-allyl compounds,
and then the corresponding di-, tri- or multi-functional epoxy monomers or oligomers are obtained by
epoxidation of the allyl groups [63–66]. Certainly, DOPO is an efficient epoxy flame retardant, but to our
knowledge, DOPO-modified eugenol is still not applied as the flame retardant for epoxy thermosets.

In this paper, eugenol is undergone O-glycidylation to introduce a highly reactive terminal epoxy group,
and then reacted with phosphorus hydrogen bond of DOPO to obtain a DOPO-modified eugenol-based flame
retardant (DOPO-GE). DOPO-GE is used to modify commercially available DGEBA, and 4,4′-
diaminodiphenylsulfone (DDS) is used as the curing agent to obtain the thermosets. We systematically
study the dynamic mechanical properties, thermal decomposition behavior, flame retardancy, mechanical
properties and fracture behavior of the thermosets. It is found that DOPO-GE is very effective to improve
the flame retardancy and can increase the rigidity of the obtained epoxy materials simultaneously.

2 Experimental

2.1 Reagents and Raw Materials
Eugenol was purchased from a commercial source, and decolorized by vacuum distillation before use.

Fresh-distilled eugenol is a colorless liquid with a purity of +99% (GC). Epichlorohydrin, sodium
hydroxide, benzyltriethylammonium chloride and methanol were purchased from Sinopharm. 4,4′-
Diaminediaminodiphenyl sulfone (99%) was obtained from Energy Chemical. Commodity bisphenol A
epoxy resin (E54TM) with epoxy value of 0.556 mol/100 g was used in this study. Unless there were
other special specifications, all the chemicals and materials were used as received.

2.2 Synthesis of Flame Retardants
As shown in Scheme 1, add eugenol (100 g, 0.61 mol), 2.53 g of benzyltriethylammonium chloride and

epichlorohydrin (500 ml) into a 1000 ml flask in a water bath. After reacting at 80°C for 6 hours, the flask was
rotary evaporated to remove unreacted epichlorohydrin up to <10 mbar for 30 min. The remainder was
dissolved into 500 ml of toluene, and then 40% sodium hydroxide solution (24.4 g of NaOH) was added
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dropwise at room temperature with stirring for 6 h. The upper organic layer was separated, extracted with deionized
water several times until neutrality, and dried over anhydrous sodium sulfate overnight. After removal of the solvent
in a vacuum oven at 80°C overnight, the obtained crude product was dissolved inmethanol and chilled to yield white
crystals. The collected crystals was dried in a vacuum to obtain glycidyl ether of eugenol (GE) in a ~70% yield.

DOPO (62.30 g, 0.28 mol) and glycidyl ether of eugenol (62.40 g, 0.28 mol) were charged into a 500 ml
flask and heated in an oil bath (170°C) with stirring to obtain a clear solution. Then triphenylphosphine
(0.31 g) was added and reacted for 28 h to obtain a viscous liquid without further separation as the bio-
based flame retardant (DOPO-GE) in a quantitative yield.

2.3 Preparation of Cured Thermosets
To a preheated (135°C) mold sprayed with releasing agent, a quantitative mixture sample of E54, DDS,

and DOPO-GE were filled and degassed under reduced pressure. The following curing procedures were
carried out: 180°C for 2 h, 200°C for 4 h, and 220°C for 4 h, and then cooled to room temperature.
Disassemble the mold and machine the cured thermosets into desired dimensions for further testing. The
typical formulations of the epoxy thermosets are listed in Table 1.

2.4 Characterizations
Infrared spectroscopy (FT-IR). A spectrophotometer (PerkinElmer Spectrum Two UATR) was used to register

IR spectra. Potassium bromide was used as the supporter and wavenumber range was 4000–500 cm−1.

Nuclear magnetic resonance (NMR). A nuclear magnetic resonance spectrometer (400 MHz, JEOL) was
used to acquire the 1H NMR spectra of the samples with deuterated chloroform (CDCl3) as the solvent and
tetramethylsilane as the internal standard, and the number of scans was 8 times.

Thermogravimetric analysis. A thermal analysis system instrument (Q600, TA Instruments) was used to
analyze the thermal decomposition of the cured epoxy samples. An appropriate amount (4–5 mg) of the cured
epoxy thermoset was heated from room temperature at a heating rate of 20 K/min to 800°C in an air and a
nitrogen atmospheres, respectively.

Dynamic mechanical thermal analysis (DMA). A DMA analyzer (Q800, TA instruments) was used to
analyze the viscoelasticity of the cured epoxy thermosets. The sample (60 mm × 10 mm × 2.6 mm) was fixed
on the dual-cantilever beam, the amplitude was 25 μm, the frequency was 1 Hz, and the heating rate was
3 K/min from room temperature to 300°C.

Scheme 1: Synthesis of glycidyl ether of eugenol and its DOPO adduct

Table 1: Typical formulations of epoxy thermosets in this study

E54/g DDS/g DOPO-GE/g P/wt%

E54/DDS 35.0 12.0 0 0

E54/DDS/0.5%P 35.0 12.0 3.49 0.5

E54/DDS/1.0%P 35.0 11.9 7.71 1.0

E54/DDS/1.5%P 35.0 12.0 12.6 1.5

E54/DDS/2.0%P 35.0 12.0 18.4 2.0
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Shear strength. A universal testing machine (RGM-2010, Regal Instrument, Ltd., China) was used to
measure the shear strength according to ISO 527-2012 with the tensile speed of 10 mm/min. The epoxy
adhesive was coated on a steel plate with bonding surface of 12.5 mm × 25 mm, and cured at 180°C for 6 h.

Flexural properties. Testing of flexural properties of the cured epoxy was conducted on the universal
testing machine. According to the national standard GB/T 9341-2008, the polished specimens were
measured at room temperature with the crosshead speed of 5 mm/min.

Impact strength. An impact tester (XJJD-5, Chengde Jinjian Testing Instrument, China) was used to
determine impact strength of V-notched specimens according to GB/T 2571-1995. The impact speed was
2.9 m/s and the impact energy (2 J).

Fracture toughness and fracture energy. The universal testing machine was used to measure the fracture
toughness and fracture energy according to ASTM D5045. The processed samples (length 60 ± 0.02 mm,
width 10 ± 0.02 mm, thickness 5 ± 0.02 mm, and notch 4 ± 0.02 mm) were tested at the crosshead speed
of 10 mm/min in bending mode.

Limiting oxygen index (LOI). An oxygen index tester (JF-5, Fujian Survey Instrument and Equipment, China)
was used to determine the LOI values in terms of ISO 4589-1996. UL 94 vertical burning test was carried out on
the cured epoxy samples. A cone calorimeter (Fire Testing Technology) test was used to study flame retardancy the
samples (100 mm × 100 mm × 4 mm) at a fixed heat flux of 35 kW/m2 according to ISO 5660.

Scanning electron microscope (SEM). A SEM equipment (SU3500, Hitachi, Japan) was used to check
the surface morphology of the residue of the samples after burning in the air. Gold was sprayed on the surface
of the samples and the accelerating voltage applied was 5 KV.

3 Results and Discussion

3.1 Molecular Characterization
As shown in Fig. 1A, DOPO has the infrared absorption at ~2400 cm−1 due to the stretching vibration of

phosphorus hydrogen (P-H) bonds, whereas DOPO-GE shows no absorption associated with P-H bond.
Meanwhile, for DOPO-GE there is a strong hydroxyl stretching vibration between 3500–3000 cm−1,
which is due to the ring-opening reaction between the epoxy group and the P-H bond [67]. Moreover,
DOPO-GE displays a strong stretching vibration owing to the carbon-carbon double bond at ~1632 cm−1,
indicating that the allyl double bond of GE has not changed. In addition, from 1H NMR spectra (Fig. 2B)
the signals of the allyl double on the product are observed at about 4.9 and 5.8 ppm, and the resonance
of P-H bond at about 8.9 ppm in DOPO disappears, which further confirms that the P-H bond of DOPO
has reacted with epoxy group of GE via a ring-opening process.
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Figure 1: FTIR (A) and 1H-NMR (B) spectra of DOPO, GE and DOPO-GE in CDCl3
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3.2 Dynamic Mechanical Properties of Thermosets
Fig. 2 shows the relationship between the dynamic mechanical properties (storage modulus E′ and loss

factor Tan δ) and temperature of the thermosets, E54/DDS, E54/DDS/1.0%P and E54/DDS/2.0%P. In a
certain temperature range (below ~110°C), E′ of E54/DDS/1.0%P and E54/DDS/2.0%P is higher than
that of pristine E54/DDS, and increases with the DOPO-GE contents. For example, at 25°C, E′ of E54/
DDS/2.0%P is the highest up to 3421 MPa, while the E′ of DGEBA/DDS is the lowest (2339 MPa). At
100°C, E′ of E54/DDS/1.0%P and E54/DDS/2.0%P systems exceeds 2.1 GPa, while the E′ of E54/DDS
system does not exceed 1.6 GPa. Therefore, the addition of DOPO-GE can increase the rigidity of the
cured thermosets within a relatively lower temperature range. The reason lies in that DOPO-GE provides
condensed rigid aromatic segments with a stronger intermolecular interaction, and the allyl groups could
react into the thermosetting network, which makes the motion of the molecular segments more difficult.

Fig. 2 shows that with the further increase of temperature, E′ of thermoset decreases greatly in a certain
temperature range, and the dissipation factor (Tan δ) and loss modulus (E′′) increase dramatically reaching
their maximum, and then decreases rapidly approaching zero. This observation mean that the materials
undergo the glass transition. The temperature for Tan δmax is taken as the glass transition temperature
(Tg). It can be found that with the increase of DOPO-GE fraction, Tan δmax of decreases gradually, while
the glass-transition temperature range widens. Correspondingly, as shown in Table 2, Tg decreases from
238.6°C for E54/DDS to 143.8°C for the thermoset with 2.0%P content, indicating that DOPO-GE has
strong plasticizing effect to tailor the glass transition temperature of the resultant thermosets. Interestingly,
E54/DDS/1.0%P and E54/DDS/2.0%P show a higher rubbery modulus, likely due to allyl’s
polymerization which produces additional crosslinks [18].
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Figure 2: Dynamic mechanical properties (storage modulus E′, loss modulus E″ and loss factor Tan δ) as
function of temperature for E54/DDS, E54/DDS/1.0%P and E54/DDS/2.0%P thermosets

Table 2: Storage modulus (E′), loss modulus (E″) and dissipation factor (Tan δ) of E54/DDS, E54/DDS/
1.0%P and E54/DDS/2.0%P thermosets

Formulation E54/DDS E54/DDS/1.0%P E54/DDS/2.0%P

Tg, Tan δ(max)/°C 238.6 170.9 143.8

Tan δmax 0.797 0.876 1.026

E′′max/MPa 187.7 226.0 293.3

E′25/MPa 2339 2719 3421

E′′25/MPa 68.93 47.77 56.55
(Continued)
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3.3 Thermal Decomposition Behaviors
The effect of DOPO-GE on the thermal decomposition behavior of the cured epoxy resin in nitrogen and

air is studied, see Fig. 3. The characteristic thermal decomposition temperatures, such as the onset, 5%, the
thermal decomposition temperatures corresponding to the maximum decomposition rate (Tonset, Td5 and
Tdmax), and the residual fraction at 750°C are listed in Table 3. With the increased fraction of DOPO-GE,
Tonset decreases likely due partially to the dissociation of the methyl functions inherited from DOPO-GE
[67]. Nevertheless, all the systems have high thermal stability, no apparent thermal degradation occurs
below 250°C, and Td5 and Tonset exceed 300°C. These results show that the thermal stability of the
material can fully meet the requirements as a hard plastic, because the decomposition temperature is
much higher than Tg. Specifically, in air, with the increase of DOPO-GE loading, the thermal
decomposition temperatures decrease gradually, whereas the residual fraction shows a trend of first
increasing and then decreasing. Accordingly, when the phosphorus content is 1.0%, the thermoset reaches
its maximum residual yield, so DOPO-GE has an optimal content. The DOPO units from DOPO-GE can
catalyze the dehydration of the epoxy. At the same time, organic phosphorus will transform into
phosphoric acids after pyrolyzation, which can significantly catalyze the carbonization of the polymer
matrix [68]. In air, the respective characteristic thermal decomposition temperatures of the systems, in
general, decrease as compared with the case of N2, and the effect of phosphorus content is also similar to
that of the system in N2 during the first-step of decomposition. However, the thermal decomposition in
the air shows two distinct steps. After the first step, the epoxy is carbonized, and the carbon formed in
the second step will burn in the air and produce soot.

0 100 200 300 400 500 600 700 800
0

20

40

60

80

100

5 4 3 2

1  E54/DDS
2  E54/DDS/0.5%P
3  E54/DDS/1.0%P
4  E54/DDS/1.5%P
5  E54/DDS/2.0%P

Temperature (°C)

in N2

Increasing P content

1

0.0

0.5

1.0

1.5

2.0

D
er

iv
. W

ei
gh

t (
%

/°
C

)

0 100 200 300 400 500 600 700 800

0

20

40

60

80

100

5
4 3 2

1  E54/DDS
2  E54/DDS/0.5%P
3  E54/DDS/1.0%P
4  E54/DDS/1.5%P
5  E54/DDS/2.0%P

Temperature (°C)

in Air

Increasing P content

1

0.0

0.5

1.0

1.5

2.0

D
er

iv
. W

ei
gh

t (
%

/°
C

)

W
ei

gh
t (

%
)

W
ei

gh
t (

%
)

Figure 3: The thermogravimetric analytic curve of the epoxy thermosets in nitrogen and air at different
flame-retardant loading (based on phosphorus content)

Table 2 (continued)

Formulation E54/DDS E54/DDS/1.0%P E54/DDS/2.0%P

E′100/MPa 1571 2179 2199

E′′100/MPa 45.95 85.83 172.3

E′rubber/MPa 0.322 0.615 0.599
Note: E′rubber is referred to the storage modulus at Tg + 30°C.
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3.4 Flammability Analysis
The flame retardancy of the epoxy materials is characterized by limiting oxygen index (LOI) and from

UL94 vertical burning tests. See Table 3 for the detailed results. When the epoxy contains only 0.5 wt%
phosphorus (E54/DDS/1.0%P), its LOI increases from 22.6% for the unmodified (E54/DDS) to 30.3%.
At the same time, the corresponding UL94 classification is greatly enhanced from no level to V0 grade. It
can be concluded that DOPO-GE is an effective flame retardant for epoxy under the condition of
relatively low loadings. When the phosphorus content in the system increased to 1.0 wt%, the flame
retardancy of the materials is further improved, and the LOI is as high as 32.5%. However, as the loading
of DOPO-GE continues to increase, the LOI decreases. This finding suggests that the phosphorus content
has an optimal value, about 1.0%. Because too high DOPO-GE loading may weaken the carbonization
ability of the thermosets and reduce the strength of the carbon structure formed during combustion.

By using a cone calorimeter to monitor combustion of the epoxy, the characteristic parameters of the
thermosets containing the flame retardants with the 0.5%P content are studied in a more quantitative and
comparable way. Fig. 4 shows how the HRR (heat release rate), THR (Total heat release), mass loss and
TSP (Total smoke production) changes with the heating time, and Table 4 lists the main results from
this test. In Fig. 4A and Table 4, pristine E54/DDS displays a slighter higher ignition time than
E54/DDS/0.5%P does, due to the easy thermal decomposition of the flame retardant. However, the peak
HRR value of E54/DDS/0.5%P is lower than that of E54/DDS (659 ± 45 vs. 831 ± 50 kW m−2), with a
15.9% difference. The larger the HRR, the higher the fire intensity and the greater the danger of the
material when catching fire. Thus, E54/DDS/0.5%P has the better flame retardancy than E54/DDS does.

In Fig. 4B, the THR of the thermoset increases over time, and eventually stabilizes indicting
extinguishing. After 254 s, the THR value of the E54/DDS/0.5%P system is lower than that of E54/DDS,
and finally reduces by 25.8%, implicating a reduction in the production of combustible volatiles. In
Fig. 4C, E54/DDS/0.5%P shows a lower mass loss than DGEBA/DDS (65.99% vs. 86.75%) does,
decreased by 24.0%. Because DOPO moieties in epoxy thermoset could catalyze the charring with the
reduced gaseous combustible formation. The smoke generation is compared in Fig. 4D and Table 4.
E54/DDS/0.5%P shows a decreased total smoke production (TSP) than E54/DDS does after ~290 s. As
the ignition time increases, TSP increases rapidly, and finally the increase becomes sluggish and TSP
tends to level off. Moreover, E54/DDS/0.5%P shows the much lower total smoke release (TSR) and total
smoke production (TSP) values than E54/DDS does with a 22.2% reduction, indicating the decreased risk
of fire hazard by suppressing smoke generation. The mechanisms of the enhanced flame retardancy and
smoke depression are associated with increased charring ability and formation of protective char layers
during combustion to form a tortuous pathway which slows down the mass and heat transfer and the free
radical inhibition being in action in a gaseous phase [68–72].

Table 3: Thermal stability of epoxy thermosets in N2 and in the air and their LOI values

Entry Tonset/°C
N2 (air)

Td5/°C
N2 (air)

Tdmax

N2 (air)
Residual/%
750°C/N2 (air)

LOI/% VL 94

E54/DDS 403 (399) 397 (390) 423 (411) 13.9 (5.1) 22.6 Fail

E54/DDS/0.5%P 383 (379) 366 (367) 404 (391) 21.8 (0) 30.3 V0

E54/DDS/1.0%P 376 (374) 358 (332) 386 (386) 30.6 (0) 32.5 V0

E54/DDS/1.5%P 364 (369) 346 (318) 382 (383) 20.0 (0) 28.5 V0

E54/DDS/2.0%P 363 (367) 324 (306) 389 (382) 9.5 (0) 29.3 V0

111

JRM, 2022, vol.10, no.7



3.5 Morphology of Burnt Residual
Fig. 5 compares the effect of DOPO-GE on the epoxy thermosets with the different phosphorus content

of 0, 1.0% and 1.5%, by highlighting the morphology of the residual obtained after combustion in air.
Without addition of DOPO-GE, E54/DDS presents many large holes, due to the melting of the sample
during the combustion process. In this case, once the sample is ignited, the generated heat will cause
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Figure 4: Cone calorimeter results of (A) heat release rate (HRR), (B) total heat release (THR), (C) specimen
mass and (D) total smoke production (TSP) of the epoxy thermosets of E54/DDS and E54/DDS/0.5%P

Table 4: Main data obtained from cone calorimeter testing of E54/DDS and E54/DDS/0.5%P

E54/DDS E54/DDS/0.5%P

Time to ignition (s) 157.5 ± 0.5 132.5 ± 5.5

Peak HRR (kW m-2) 831 ± 50 659 ± 45

Total heat release (MJ m-2) 95.6 ± 1.45 67.8 ± 1.8

Mass loss (%) 86.75 ± 0.01 65.99 ± 0.01

Total smoke release (m2 m-2) 4113 ± 95 3197 ± 190

Total smoke production (m2/Kg) 36.4 ± 0.83 28.3 ± 1.78
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rapid polymer chain scission leading to the melting and hole formation and produce a large amount of
flammable gases. In this way, the diffusion of flammable gases and air and the heat transfer are greatly
accelerated, which will promote the further decomposition and burning of the remaining epoxy matrix.
After combustion in air, E54/DDS/1.0%P and E54/DDS/1.5%P show intumescent sponge-like
morphology. The higher phosphorus content of the systems leads to the denser sponge morphology. This
finding is likely due to the increased charring ability of the system to form porous carbon during the
combustion process. The increased charring ability of the modified epoxy thermoset is due to the catalytic
effect of phosphoric acid species formed during the pyrolysis. The formation of intumescent carbon
structure will retard the diffusion of the flammables and heat transfer to underneath resin matrix, which
will greatly slow down the combustion and even lead to self-extinguishing. These findings provide the
further evidence for the better flame retardancy of the DOPO-GE-modified epoxy systems [8,73–75].

3.6 Mechanical Performances of Thermosets
The mechanical properties of the thermosets are evaluated, and the effects of DOPO-GE on shear

strength, impact strength, flexural modulus and fracture toughness and energy are investigated. The
results in Table 5 show that with the increase of DOPO-GE loading, the flexural strength of the material
increases. Especially, when the phosphorus content is 0.5 wt%, the flexural strength and modulus of the
material increases from 183 to 281 MPa and from 2.34 to 3.98 GPa, respectively. Flexural properties of
the material are improved, which is due to the improvement of the rigidity of the epoxy network. This is
consistent with the results from the DMA results (Fig. 2). The impact strength decreases with an increase
in the phosphorus content, which indicates that the plastic deformation of the material decreases under a
high-speed impact stress. This may be related to the strong cohesive energy density of DOPO-GE in the
epoxy system, which leads to an increase in the flexural properties, but makes the viscosity relaxation of
the polymer chains more difficult. The decreased shear strengths are more likely related to the properties

Figure 5: SEM images (200 times and 1000 times) of epoxy thermoset residual after combustion in air
without (left) and with P contents of 1.0% (middle) and 1.5% (right)
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of bonding surface such as wettability and surface energy. Also, the effects of DOPO-GE are investigated in
terms of the fracture toughness (KIC) and fracture energy (GIC) of the thermosets. KIC increases
systematically from 2.4 to 4.9 MPa · m1/2, as the phosphorus content increases from 0 to 2.0%.
Meanwhile, GIC arrives at the maximum of 5.7 MPa·m1/2 at 1.0% phosphorus content. This may be
related to the increased the intermolecular interaction of the material to inhibit propagation of the cracks
under a bending stress. Taken together, under the condition of the good flame-retardant performance, the
phosphorus content of 0.5%–1.0% is a better choice to achieve well-balanced mechanical properties of
the epoxy thermosets.

4 Conclusions

By reacting glycidyl ether of eugenol with DOPO, a new bio-based halogen-free phosphorus flame
retardant (DOPO-GE) was readily synthesized. Its molecular structure was characterized by FTIR and 1H
NMR. DOPO-GE was used to modify a bisphenol A epoxy prepolymer (E54) with DDS as the curing
agent. DOPO-GE significantly reduced the glass transition temperature of the resultant thermosets, but
increased the storage modulus. The cured epoxy material had high thermal stability. The onset thermal
decomposition temperature in nitrogen and air exceeded 300°C. When the phosphorus content was
1.0 wt%, the residual content at 750°C in nitrogen increased from 13.9% for the unmodified epoxy to
30.6%. Therefore, the charring ability of the epoxy was greatly enhanced. When the phosphorus content
was as low as 0.5 wt%, the LOI value could reach 30.3%, and the thermosets could pass the UL94 test
with V0 level arrived. When the content of phosphorous content was increased to 1.0 wt%, LOI could
further increase to 32.5%. Cone calorimeter results showed that the 0.5 wt% phosphorus incorporation in
the epoxy led to the significantly decreased HRR (heat release rate), THR (total heat release) and TSP
(Total smoke production), by 15.9%, 25.5% and 22.2%, respectively. The results of mechanical properties
showed that the addition of DOPO-GE could significantly improve the flexural strength, modulus,
fracture toughness, but could decrease the impact and shear strengths. In short, DOPO-GE is an effective
halogen-free flame retardant derivable from renewable eugenol. When its loading is low (0.5–1.0 wt%,
phosphorus based), DOPO-GE can effectively improve flame retardancy of the epoxy thermosets, and can
enhance the rigidity of the epoxy network at the same time.
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Table 5: Mechanical performances of E54/DDS thermoset with different DOPO-GE contents

Entry Flexural
strength/MPa

Flexural
modulus/GPa

Shear
strength/MPa

Impact
strength/kJ/m2

KIC

MPa·m1/2
GIC

kJ/m2

E54/DDS 183 ± 2 2.34 ± 0.03 11.9 ± 0.1 2.52 ± 0.12 2.4 ± 0.1 4.2 ± 0.9

E54/DDS/0.5%P 234 ± 1 2.97 ± 0.09 10.9 ± 0.1 1.89 ± 0.28 3.2 ± 0.1 5.0 ± 0.4

E54/DDS/1.0%P 241 ± 2 3.69 ± 0.10 9.38 ± 0.09 1.56 ± 0.02 3.8 ± 0.1 5.7 ± 0.2

E54/DDS/1.5%P 251 ± 3 3.74 ± 0.13 8.53 ± 0.06 1.38 ± 0.19 4.7 ± 0.1 5.2 ± 0.1

E54/DDS/2.0%P 281 ± 2 3.98 ± 0.13 7.73 ± 0.09 1.06 ± 0.02 4.9 ± 0.2 4.9 ± 0.2
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ABSTRACT

Quest for bio-based halogen-free green flame retardant has attracted many concerns in recent years. Herein a
reactive functional flame retardant containing phosphorus VDP is synthesized from vanillin, 9,10-dihydro-9-
oxa-10-phosphophene-10-oxide (DOPO) and phenol via a facile way. VDP is characterized with 1H NMR, 31P
NMR, FTIR and Time of Flight Mass Spectrometry, and used as a new reactive flame retardant for bisphenol
epoxy thermosets. Thermogravimetry analysis shows that when the VDP loading is only 0.5P% (based on phos-
phorus content), the residue increases from 14.2% to 21.1% at 750°C in N2 compare with neat DGEBA. Corre-
spondingly, the limit oxygen index increased to 29.6%, and flame retardancy reaches UL-94 V0 grade. Micro
combustion calorimetry (MCC) and cone calorimetry analyses demonstrate that VDP can significantly lower
flammability of the epoxy thermoset. With only 0.5P% of VDP, the heat release rate, total heat release rate
and smoke production are reduced markedly. At the same time, the mechanical properties of the modified epoxy
thermosets are also improved. The impact strength increases by 34% and the flexural strength increased by 23%,
with 1.5P% of VDP. In short, VDP not only improves the flame retardancy, but also improves the mechanical
properties of the epoxy thermosets.

KEYWORDS

Epoxy resin; bio-based flame retardant; vanillin; properties of thermosets

1 Introduction

Issues related to resources and environment push the development of polymerizable monomers,
polymeric materials and modifiers derivable from renewable natural resources. The related research
attracts more and more interest from academia and industries. Epoxy resins are a kind of important
thermosetting polymeric materials, which have good processability, mechanical, thermal and electrical
properties. They are widely used in various fields such as industries, civil, military, aerospace and so on.
The vast majority of epoxy resins commercially available are bisphenol A epoxy resin (DGEBA), which

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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is produced and applied for multiple purposes in huge volume annually. However, they are poor in flame
retardancy and combustible materials, so that their applications in certain fields are limited especially
where good flame retardancy is demanding and compulsive. Therefore, researchers conduct numerous
studies to modify epoxy resins to expand their applications, for example, by adding inorganic and organic
flame retardants. Compared with inorganic flame retardants, organic flame retardants, especially
organophosphorus flame retardants have good compatibility with epoxy matrices, without need of special
processing techniques, and their efficiency is generally much higher. In recent years, halogen-free flame
retardants become the focus of intensive studies, especially the development of flame retardants by using
renewable bio-based resources. For example, researchers have developed a variety of natural phenolic
flame retardants for epoxy thermosets, for instance, such based on cardanol, eugenol, vanillin, guaiacol,
bisphenol acid, syringaldehyde, ellagic acid, and so on, and some of them have shown their good promise
for special applications [1–8].

Vanillin is an important natural substituted phenolic compound, which can be extracted from the plant
vanilla or obtained from transformation of lignin [9–11]. Today, vanillin becomes an important bio-derivable
platform compound. Vanillin molecules have active aldehyde groups and phenolic hydroxyl groups which
can undergo many chemical reactions to attach many functional groups to endow the different
reactivities. Therefore, vanillin has become an important renewable raw material to synthesize many
different kinds of bio-based monomers and polymers with some interesting properties obtained [12–22].
Especially, vanillin-based epoxy thermosets have attracted extensive attention in academic circles
[3,18,19,23–46]. Of the particular interest are the flame-retardant epoxy thermosets based on vanillin.
Vanillin-based epoxy prepolymers and curing agents containing s-triazine [46], DOPO (9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide) [16,29], diphenyl acyl phosphine [47], diethyl phosphite [39],
cyclotriphosphazene [48], aromatic diamine [41], and triazole [49] moieties have been developed with
good flame retardancy achieved for the resultant epoxy thermosets.

In this report, a bisphenol compound (VDP) [16] is synthesized from vanillin, DOPO and phenol via a
facile one-pot way. The reaction condition is mild, the time reaction is short, unreactive raw materials can be
recycled easily, and the yield is high. VDP contains not only DOPO moieties but also the two phenolic
hydroxyl group which can react with the epoxy group of epoxy resin like DGEBA to expand the
molecular chain and thus improve the compatibility and hopefully final properties of cured thermosets.
Note that DOPO is commercialized and wide applied flame retardant for many polymers. A number of
recent studies address DOPO-derived molecules used to improve the flame retardancy of epoxy
thermosets [21,50–52]. Moreover, the raw materials of VDP are in a relatively cost low, which makes
VDP more interesting for practical applications. However, to our knowledge, VDP is still not evaluated
as a reactive flame retardant for standard epoxy thermosetting materials. Especially, their effects on the
flame retardancy, thermal and mechanical properties of the epoxy thermosets are still little known. To this
end, here VDP is used as a reactive flame retardant to modify epoxy thermosets. Our results will
demonstrate that VDP can impart the cured epoxy resin with excellent flame retardancy, good thermal
resistance, and superior mechanical properties, paving a new way to develop efficient and green flame-
retardant epoxy materials.

2 Experimental

2.1 Materials
Vanillin, 9,10-dihydro-9-oxa-10-phosphine-phenanthrene-10-oxide (DOPO), p-toluenesulfonic acid

(p-TSA) and diaminodiphenylsulfone (DDS) were purchased from the Energy Chemicals. Phenol and
ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd. Epoxy resin (DGEBA, trade name
E54) was obtained from a commercial source. All chemicals and solvents were used directly without an
additional treatment.
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2.2 Synthesis of Addition Product from Vanillin, DOPO and Phenol (VDP)
As illustrated in Scheme 1, VDP is the trimolecular adduct of vanillin, DOPO and phenol, and the

synthesis of VDP is in reference to [16] with a certain improvement. Herein, the excessive phenol plays a
dual role: reactant and solvent. And most phenol can be recovered after reaction. To illustrate, vanillin
(0.25 mol, 38.05 g), DOPO (0.25 mol, 54.05 g), phenol (1.25 mol, 117.65 g) and p-TSA (4 wt% of
DOPO) were added into a 500 ml round bottom flask equipped with a condenser, a thermometer and a
magnetic stirrer. The reaction was carried out at 110°C for 12 h. Then, unreacted phenol was recycled by
distillation under reduced pressure. The obtained crude product was dissolved in ethanol, and then poured
it into hot water to remove the remaining phenol. The obtained product was dried in a vacuum oven at
120°C for 3 h to obtain white powder as VDP in a 83% yield.

2.3 Preparation of Shaped Thermosets
The synthesized VDP is used to modify DGEBA with DDS as the curing agent. Preparation of the

DGEBA/DDS/VDP thermosets with varied VDP loadings are as follows. A certain equivalent ratio of
VDP (based on phosphorus content) was added to the DGEBA and stirred at 195°C until the VDP was
completely dissolved to form a transparent solution. After that, the solution was cooled to 170°C, and
DDS was added with stirring until the mixture became transparent. After that the reaction mixture was
poured into a preheated steel mold coated with a layer of demolding agent. Debubbling was performed
under reduced pressure at 170°C for serval minutes. After that, the epoxy formulation was cured at
180°C for 2 h and post-cured at 200°C for 4 h. The mold was cooled to room temperature, then the
shaped epoxy specimens were uploaded, polished and subjected to further testing.

2.4 Characterization
Fourier transform infrared spectroscopy (FTIR). FTIR spectra of the samples in the wavelength range of

4000–500 cm−1 were obtained with potassium bromide as the substrate.

Nuclear magnetic resonance (NMR). 1H NMR (400MHz) spectra of the samples dissolved in deuterated
dimethyl sulfoxide (DMSO-d6) with tetramethylsilane as an internal standard were recorded at 60°C on a
400 MHz NMR spectrometer (JEOL, JNMECZ400S/L1).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The
molecular weight of VDP was measured with a MALDI-TOF-MS spectrometer (Autoflex Speed, Bruker).
The samples were dissolved in acetone, then mixed with saturated 2,5-dihydroxybenzoic acid solution,
and dropped on the target to evaporate the solvent.

Thermogravimetric analysis (TG). The epoxy thermosets were measured with a TG analyzer (SDT
Q600, TA Instruments) in a dynamic N2/air flow of 100 ml/min. ~5 mg of the sample was heated from
25 to 800°C at 20 °C/min.

Micro combustion calorimetry (MCC). The flammability at a microscale was investigated using a
microcalorimeter (Fire Test Technique) based upon ASTM D7309. ~5 mg of the sample was measured
with the heating rate of 50 °C/min up to 700°C in an O2-N2 mixture (20:80, by volume). A JF-5 oxygen

Scheme 1: Synthesis of VDP from vanillin, DOPO and VDP in a “one-pot” way
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index tester (Fujian Measurement Instrument Equipment, China), was applied to measure the limit oxygen
index (LOI) of the samples in terms of ISO 4589-1996. The sample of dimension was 100 × 10 × 4 mm.
UL-94 vertical burning test was carried out on the shaped epoxy thermosets and the size of the specimen
was 125 × 12.5 × 3.2 mm, according to the ANSI/UL-94-1985 standard. Combustion and charring
behaviors were studied with a cone calorimeter (Fire Testing Technology) according to ISO 5660. The
cured epoxy samples (100 × 100 × 4 mm) were tested with the heat flux of 35 KW/m2. Each sample was
tested twice to give the average.

The glass transition temperature (Tg). Tg of the cured epoxy samples was determined using a differential
scanning calorimeter (DSC Q1000, TA Instruments) under N2 atmosphere, and the samples were heated from
room temperature to 280°C, then cooled to room temperature, and finally heated again to 280°C at 20 K/min
to determine Tg as the middle point temperature of the specific heat fluctuation during the glass transition.

Flexural properties. Flexural properties of specimens (80 × 10 × 4 mm) were tested on a RGM-
2010 universal material testing machine (REGER Instruments Co., Ltd., China) on GB/T 2567-2008. The
resting speed was 10 mm/min.

Impact strength. 2 mm depth V-notched specimens (80 × 10 × 4 mm) made and examined using a
XJJD-5 simple branched beam impact test machine (Chengde Jinjian Test Instrument, China) for the
impact strength test. The standard adopted is GB/T 2567-2008. At least five test specimens from the same
batch were tested.

Lap shear strength. DGEBA/DDS/VDP was used to formulate the epoxy adhesives, and tested with the
aforementioned testing machine on GB/T 7124-2008 to obtain the lap shear strength. The tensile speed was
5 mm/min. The adhesives were applied to bond two stainless steel pieces with surface are of 12.5 × 25 mm.
The samples were cured at 180°C for 2 h and 200°C for 4 h prior to testing.

Fracture mechanics. To characterize the fracture mechanical properties of the materials, here the critical
stress factor (KIC) and a critical strain energy release rate (GIC) are examined. KIC and GIC of the specimens
were measured in a one-sided incisional bending mode of ASTM D5045. A 4 mm-notch with a sharp pre-
crack was made onto rectangular specimens (60 × 10 × 5 mm). The crack dimension was measured
accurately using a digital microscope. Notched specimens were bent at 10 mm/min until fracture occurs.
KIC and GIC were calculated from Eqs. (1) and (2), respectively. Here, P is the bending force at fracture,
W is the specimen width, B is the thickness, a is the crack length, X is a/W, and U is the integrated area
under the bending curves.

KIC ¼ P

BW 1=2

� �
f xð Þ 0 < x < 1 (1)

GIC ¼ U BW
Aþ 18:64

dA=dx

� ��1

(2)

where

f xð Þ ¼ 6x1=2
½1:99� xð1� xÞð2:15� 3:93xþ 2:7x2Þ�

ð1þ 2xÞð1� xÞ3=2

A ¼ ½16x2=ð1� xÞ2�½8:9� 33:717xþ 79:616x2 � 112:952x3 þ 84:815x4 � 25:672x5�
Scanning electron microscopy (SEM). A SEM microscope (SU3500, Hitachi) was used to observe the

morphology of the impact section of the epoxy bars and the residual of the epoxy sample after combustion in
air. Before the test, thin gold layer was coated on the sample surface, and then observed with the acceleration
voltage of 10 KV.
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3 Results and Discussion

3.1 Spectrum Characterization of VDP
Fig. 1A compares the H-NMR spectra (in DMSO-d6) of the starting materials (vanillin and DOPO)

against the synthesized VDP. The NMR resonance of proton of the aldehyde group (-CHO) of vanillin
appears at 10.2 ppm, where this resonance disappears in the case of VDP. In addition, the signal due to
the methoxy (-OCH3) at ~3.8 ppm in vanillin also appears in VDP, but its position has moved to a higher
field, at ~3.6 ppm. Moreover, DOPO shows the signal at 8.8 ppm attributed to P-H bond, whereas VDP
does not show such resonance. Meanwhile, an additional signal at 4.4 ppm is observed for VDP,
indicating the nucleophilic addition of the aldehyde of vanillin to phosphorus-hydrogen bond. The signals
at 6.5–8.2 ppm belong to those of the hydrogen located at the benzene ring. The relative integral areas of
1H NMR spectrum of VDP and the 31P NMR spectrum are shown in the Supporting Materials, which
agree with its molecular structure. Fig. 1B shows the FTIR spectra of vanillin, DOPO and VDP, from
which the P-H bond absorption peak at 1668 cm−1 and -CHO at 2435 cm−1 disappears in VDP, resulting
from nucleophilic addition of the aldehyde to the P-H bond. And the concomitant appearance of P=O
bond absorption at 1230 cm−1, P-Ph at 1118 cm−1, P-O-Ph at 917 and 754 cm−1, respectively [53],
further confirming the successful integration of DOPO units into the VDP molecules. Fig. 1C presents the
MALDI-TOF-MS of VDP, which further confirms that the determined molecular weight (M + 2 =
464 Da, M + Na + = 468 Da) is consistent with the theoretical (M = 444 Da). On the basis of 1H NMR,
31P NMR, IR and MALDI-TOF-MS analyses, the target compound VDP has been successfully
synthesized in a good purity.

3.2 Thermal Decomposition Behaviors
Thermogravimetric analysis (TGA) is used to investigate the thermal decomposition behavior of the

epoxy thermosets in nitrogen and air atmospheres to extract such information as thermal stability,
pyrolysis and charring process. With the focus on the influence of flame retardants on the thermal
degradation process. The TGA and DTG curves of the different epoxy systems in nitrogen and air are
presented in Fig. 2, while the temperatures at onset (Tonset), at 5% weight loss (Td5), 10% weight loss
(Td10) and for maximum decomposition rate (Td,max) and the residual yield at 750°C are listed in Table 1.
Under a nitrogen atmosphere, the thermosets decompose likely in a one-step manner, and the
decomposition mainly occurs between 350–500°C. Compared with pristine DGEBA/DDS, the Td5, Td10,
and Td,max of DGEBA/DDS/VDP thermosets decrease gradually with increasing VDP loading, because
VDP contains P-C, O-P=O and -OCH3 bonds which are less thermally stable, and thus are easier to
undergo the thermal cleavage. In addition, the thermal decomposition of the phosphorus moieties will
produce phosphoric acid, as polyphosphoric acids, and these generated acid species are able to accelerate
the thermal decomposition of the remaining epoxy matrix [54]. However, the residual yield at 750°C
increases by 73%, from 14.2% for DGEBA/DDS to 24.6% for DGEBA/DDS/VDP (1.5P%).

On the other hand, there are three stages during the decomposition of the thermosets in an air atmosphere
(Figs. 2C and 2D). The first stage will produce phosphoric and polyphosphoric acid species at a relatively
low temperature because of the less thermal stability of phosphorus containing groups [52]. The second
stage could be attributed to the dehydration, decomposition, and coke of thermosets catalyzed by
phosphoric and polyphosphoric acid species. The third stage corresponds to further oxidative
decomposition of the previously formed char [2]. The degradation of the neat epoxy is divided into two
stages. The first stage occurs between 330 and 460°C, which is likely related to the scission of
isopropylidene linkage and the formation of carbon residue in a specific temperature range. The second
stage occurs between 460 and 650°C, which is mainly the thermal oxidation decomposition of carbon
residue formed in the first stage [21]. Overall, DGEBA/DDS/VDP exhibits the slightly lower thermal
stability than DGEBA/DDS dose. Nevertheless, the decreased thermal stability is associated with
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phosphorus containing units may be necessary in favor of the molecules recombination and carbonization to
improve the flame retardancy.

3.3 Glass Transition Temperature of Thermosets
The glass transition temperature (Tg) of cured epoxy thermosets was measured using differential

scanning calorimetry (DSC). Fig. 3 shows the DSC thermograms of the cured epoxy products. Tg value
of unmodified DGEBA/DDS is 228.9°C. Note that there are some differences in previous literature
reporting the Tg values of DGEBA/DDS systems [55], which may be caused by many factors such as
epoxy values, curing conditions, epoxy-hardener ratios, different measurement techniques, and testing
conditions. For example, the increased heating rate will lead to the shift of the glass transition
temperature to a high temperature range. For DGEBA/DDS/VDP thermosets, Tg gradually decreases with
the increase of VDP content. For example, Tg of DGEBA/DDS/VDP (1.5P%) is 47.6°C lower than that
of DGEBA/DDS. VDP is rich in rigid aromatic cyclic units which should have a positive effect on Tg
[56]. The decrease in Tg is attributed to the decreased crosslinking density of epoxy thermosets, resulting
from bulky VDP that increases the molecular weight between crosslinks in the cured epoxy network.
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Figure 1: Spectra analysis of VDP. (A) FTIR, (B) 1H NMR (in DMSO-d6) and (C) MALDI-TOF-MS
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Nevertheless, the epoxy system still maintains a high glass transition temperature, especially when the VDP
loading is low, so that it has good thermal resistance for high-performance applications.
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Figure 2: Thermogravimetric and differential thermogravimetric curves of epoxy thermosets in nitrogen (A
and B) and air atmospheres (C and D)

Table 1: TGA and DTG data of epoxy thermosets under nitrogen and air atmospheres

Tonset
N2(air)/°C

Td5/°C
N2(air)

Td10/°C
N2(air)/°C

Td,max

N2(air)/°C
Residual/%
750°C N2(air)

DGEBA/DDS 346/284 392/355 403/400 420/419 14.2/1.2

DGEBA/DDS/VDP (0.5P%) 344/275 385/345 403/390 420/410 22.7/0.5

DGEBA/DDS/VDP (1.0P%) 344/275 379/350 394/386 410/400 21.1/3.1

DGEBA/DDS/VDP (1.5P%) 344/275 376/357 388/383 410/399 24.6/4.3
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3.4 Mechanical Properties of Thermosets
The mechanical properties of DGEBA/DDS and DGEBA/DDS/VDP systems are studied in a compared

way, including the lap shear strength, impact strength, flexural properties, fracture toughness and fracture
energy. The obtained experimental data are listed in Table 2. Compared with DGEBA/DDS, an increase
in VDP loading, the shear strength of the resulting cured epoxy products increases from 19.91 ±
0.46 MPa to 22.01 ± 1.85 MPa, and then decreases to 20.44 ± 2.91 MPa. However, the change is not so
much, indicating that VDP little affects the shear strength. On the other hand, the notched impact strength
of DGEBA/DDS is 1.60 ± 0.03 kJ/m2, whereas that of DGEBA/DDS/VDP (1.5P%) increases to 2.42 ±
0.23 kJ/m2, an 33.8% enhancement. VDP is attractive to improve the brittleness of the epoxy thermosets.
The increased impact strength may be due to the decrease in crosslinking density with the increasing
VDP content, leading to the increased plastic deformation ability of matrix and thus improve the
resistance to high-speed impact stress.

SEM images of impact section of the broken epoxy thermosets are given in Fig. 4. The impact surface of
DGEBA/DDS shows scaly cracks, but the crack tip is sharper, and the degree of bending and deformation of
the resin matrix are lower, indicating that the impact energy absorbed during the fracture of the materials is
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Figure 3: Dynamic DSC thermographs of DGEBA/DDS and DGEBA/DDS/VDP with varied phosphorus
contents (heating rate: 20 K/min). Tg is determined as the middle point of the change in heat capacity

Table 2: Shear, impact, flexural and fracture mechanic properties of the epoxy thermosets with varied VDP
contents

Lap shear
strength
MPa

Impact
strength
kJ/m2

Flexural
strength
MPa

Flexural
modulus
GPa

KIC

MPa.m1/2
GIC

kJ/m2

DGEBA/DDS 19.91 ± 0.46 1.60 ± 0.03 106.8 ± 1.1 2.18 ± 0.08 4.63 ±
0.01

3.32 ±
0.04

DGEBA/DDS/VDP
(0.5P%)

22.01 ± 1.85 1.73 ± 0.10 120.1 ± 2.4 2.61 ± 0.03 5.69 ±
0.10

3.33 ±
0.08

DGEBA/DDS/VDP
(1.0P%)

20.95 ± 1.27 2.04 ± 0.30 124.9 ± 1.4 2.86 ± 0.09 6.33 ±
0.20

3.47 ±
0.03

DGEBA/DDS/VDP
(1.5P%)

20.44 ± 2.91 2.42 ± 0.23 138.5 ± 1.7 3.18 ± 0.13 6.78 ±
0.06

3.20 ±
0.01
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relatively low. In contrast, for DGEBA/DDS/VDP (0.5P%), the front of the crack of impact surface shows a
certain bending deformation and distortion, indicating that more impact energy has been absorbed before
failure. The increased impact strength is related to the reaction between the phenolic hydroxyl groups of
VDP and the epoxy group, which leads to the chain extension in the cured epoxy thermoset, thereby
improving the ability of the molecular network segment to slide and plastically deform under high-speed
impact loads. Therefore, the impact strength is improved with the increased contents of VDP.

The flexural strength and modulus of unmodified DGEBA/DDS are 106.8 ± 1.1 MPa and 2.18 ±
0.08 GPa, respectively. As the content of VDP (phosphorus based) in DGEBA/DDS/VDP systems is
increased gradually to 1.5P%, and the flexural and modulus increase systematically from 106.8 ± 1.1 to
138.5 ± 1.7 MPa and from 2.18 ± 0.08 to 3.18 ± 0.13 GPa, respectively. Compared with DGEBA/DDS,
the flexural strength increased by 23%, and meanwhile the modulus is increased by 41%. The improved
flexural properties are also closely related to highly rigid molecular structure of VDP and the strong
intramolecular hydrogen bond formed by polar hydroxyl groups. The fracture toughness (KIC) of
DGEBA/DDS is 4.63 ± 0.01 MPa·m1/2, while that of DGEBA/DDS/VDP (1.5P%) is increased to 6.78 ±
0.06 MPa·m1/2, a 32% increment. Increased KIC indicates that VDP has the ability to improve the crack
endurance of the epoxy thermoset, which important for long-term safety of the high-performance epoxy
composites especially for aircraft industry. In terms of fracture energy (GIC), GIC of the epoxy thermoset
does not change much with the increased VDP content, which likely indicates that fracture of the
materials from a sharp crack to create new surfaces will absorb close energy.

3.5 Flame Retardancy
Micro combustion calorimetry (MCC) is used to evaluate the flammability of the epoxy thermosets at a

microscale. Table 3 compares the total heat release (Total HR), heat release rate (HHR), heat release capacity
and maximum heat release temperature of DGEBA/DDS with varied VDP contents. Fig. 5 shows the
relationship between HHR and temperature of the thermosets. The results show that all the systems have
the maximum exothermic process in the temperature range of 403–428°C. Compared with Tmax from TG
analysis, the same sample shows a slight deviation, which may be caused by the different testing methods
of TG and MCC and different heating rate applied. With the increase of the VDP contents, HRR and
Total HR decrease gradually. The peak heat release rate (Peak HRR) of DGEBA/DDS/VDP (1.5P%)
decreases from 470.8 to 343.7 J/(g·K), a 37% reduction, compared with DGEBA/DDS. Meanwhile, Total
HR decreases from 25.3 to 21.9 kJ/g. The results show DGEBA/DDS/VDP has a lower flammability than
DGEBA/DDS does. Furthermore, the limit oxygen index (LOI) of DGEBA/DDS and DGEBA/DDS/VDP
are compared in Table 3. Modified DGEBA/DDS has a much higher LOI value than that of unmodified
DGEBA/DDS, but the LOI of the epoxy system having even higher VDP content (1.5P%) is slightly

Figure 4: SEM images of impact sections of DGEBA/DDS (left) and DGEBA/DDS/VDP (0.5P%) (right)
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decreased. Furthermore, when the thermosets contain 0.5, 1.0 and 1.5P%, they can pass the UL-94 vertical
burning test with V0 grade achieved. Without any VDP, DGEBA/DDS burns out and fails in the UL 94 test.

Cone calorimeter is recognized as the most powerful instrument to more quantitatively characterize the
combustion performance of materials, owing to testing conditions is comparable to the real burning
conditions of materials in fire. Fig. 6 shows the heat release rate (HRR), total heat release (THR), residual
mass, and total smoke production (TSP) as function of time for the neat and VDP-modified epoxy
thermosets; the relevant data are given in Table 4. HRR is an important parameter to characterize fire
intensity. The higher HRR and peak HHR, the faster the heat release from combustion and the more
intensive the fire. From Fig. 6, the peak HRR of the DGEBA/DDS/VDP (0.5P%) is significantly lower
than that of DGEBA/DDS. This indicates that the addition of VDP can greatly reduce fire hazard of the
materials. The reason is that the DOPO-derived moieties can not only catalyze charring and but also
action as in gaseous phase inhibiter to capture high-energy free radicals and terminate the chain reaction
[52,57,58]. After combination, the residue of DGEBA/DDS is 16%, and the residue of DGEBA/DDS/
VDP (0.5P%) increases to 33%. The smoke produced in a fire is proportional to the possibility
of suffocation and is the main reason leading to casualties in a fire disaster. TSP of DGEBA/DDS is
33 m2/Kg, while the smoke yield is reduced to 28 m2/Kg by adding 0.5P% of VDP only. The smoke
suppression effect is attributed to the increased charring ability of the polymer matrix. In Table 4, the
ignition time of DGEBA/DDS/VDP (0.5P%) is lower than that of DGEBA/DDS. Because the stability of
P-C bond and P=O bond of VDP has relatively lower bond energies, which will lead to the formation of

Table 3: MCC results and limiting oxygen index (LOI) of epoxy thermosets with VDP contents

HR Capacity
J/(g·K)

Peak HR
W/g

Total HR
kJ/g

Peak Temp
°C

LOI
%

UL 94

DGEBA/DDS 494 470.8 25.3 418.8 22.6 Fail

DGEBA/DDS/VDP (0.5P%) 458 438.8 23.1 427.6 29.6 V-0

DGEBA/DDS/VDP (1.0P%) 425 404.9 22.2 406.9 33.2 V-0

DGEBA/DDS/VDP (1.5P%) 376 343.7 21.9 403.0 28.5 V-0
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Figure 5: Comparison of the flammability of DGEBA/DDS and DGEBA/DDS/VDP thermosets fromMCC
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gaseous flammables [52]. Moreover, the OCH3 of VDP is also easer to detach from the epoxy network to
form combustible in this stage [59]. In general, the flame-retardant property of the thermosetting resin
modified by VDP is improved with the suppressed smoke production.

Fig. 7 compares the effect of VDP on the morphology of the residual char obtained after combustion of
the epoxy thermosets in air. DGEBA/DDS shows a cellular morphology with a large number of open holes,
and its char layer surface is relatively smoother, indicating the melting of the thermoset due to significant
chain scission during the thermal decomposition of the matrix resin. In this way, the mass transfer rate of
combustible gases generated and air is much faster, and the heat generated by combustion is easier to be
transmitted to the non-decomposed polymer layer, so as to accelerate the further thermal decomposition
and combustion. Therefore, the flame retardancy of the pristine epoxy thermosets is inferior [32]. In
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Table 4: Cone calorimeter results of DGEBA/DDS and DGEBA/DDS/VDP (0.5P%) thermosets

DGEBA/DDS DGEBA/DDS/VDP (0.5P%)

Time to ignition (s) 156 ± 2 139 ± 0.74

Peak HRR (KW/m2) 784 ± 22 605 ± 16

Total heat release (MJ/m2) 92 ± 1 68 ± 2

Residue weight (%) 16 ± 2 33 ± 2

Total smoke production (m2/Kg) 33 ± 1 28 ± 0.5

131

JRM, 2022, vol.10, no.5



contrast, the char residual of DGEBA/DDS/VDP (0.5P%) represents a spongy structures, which can slow
down the mass transfer of the combustible gases and air and produce much greater thermal resistance to
retard thermal transfer, so the flame retardancy property of the material is improved greatly [60–62].
Furthermore, the surfaces of DGEBA/DDS/VDP (1.0P%) and DGEBA/DDS/VDP (1.5P%)’s residual
shows an even denser spongy morphology, indicating that formed char structure has the more notable
insulation effect to retard diffusion of air and combustibles.

4 Conclusions

A halogen-free, phosphorus-contained flame retardant (VDP) was synthesized from vanillin, DOPO and
phenol in a simple and scalable way. VDP was used to modify DGEBAwhich greatly affected the thermal
degradation, mechanical properties and flame retardancy of the resulting epoxy thermosets. Compared with
DGEBA/DDS, introduction of VDP slightly decreased the thermal stability of DGEBA/DDS/VDP, but the
increased char yield in nitrogen at 750°C from 14.2% for DGEBA/DDS to 21.1% for DGEBA/DDS/VDP
(1.5P%). Tg of the thermosets decreased as the VDP content increased, but maintained a high value of
>180°C at a 1.5P% VDP loading. The MCC test showed that the heat release rate, total heat release rate
and heat capacity of DGEBA/DDS/VDP (1.5P%) were reduced by 27%, 13% and 24%, respectively,
compared with DGEBA/DDS. Cone calorimeter test showed that only 0.5P% of VDP led to the

Figure 7: SEM photographs (magnification: 1000 times) of residual of (A) DGEBA/DDS, (B) DGEBA/DDS/
VDP (0.5P%), (C) DGEBA/DDS/VDP (1.0P%), and (D) DGEBA/DDS/VDP (1.5P%) after burning in air
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significantly reduced that heat release rate (HRR) and total heat release (THR) with the markedly increased
fraction of the burnt residual and the reduced total smoke production (TSP). Also, the modified thermosets
had a much greater LOI value, increased from 22.6% for DGEBA/DDS to 29.6% for that with 0.5P% VDP
loading, with UL94 V0 reached. Moreover, VDP little affected the lap shear strength, but could notably
increase the impact strength, flexural properties and fracture toughness of the materials. To conclude,
VDP can be readily synthesized in a high yield with a good purity; VDP endows the cured epoxy
thermosets not only excellent flame retardancy but superior mechanical properties and good thermal
resistance as well. VDP is hopeful as a new flame retardant for high-performance epoxy thermosets.
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ABSTRACT

Biomass phytic acid has potential flame retardant value as the main form of phosphorus in plant seeds. In this study,
phytate-based flame retardants aluminum phytate (PA-Al) and iron phytate (PA-Fe) were synthesized and charac-
terized. Subsequently, they were introduced into rigid polyurethane foam (RPUF) as flame retardants by one-step
water-blown method. The results indicated that RPUF/PA-Fe30 exhibited the highest char residue of 22.1 wt%, sig-
nificantly higher than 12.4 wt% of RPUF. Cone calorimetry analysis showed that the total heat release (THR) of
RPUF/PA-Al30 decreased by 17.0% and total smoke release (TSR) decreased by 22.0% compared with pure RPUF,
which were the lowest, demonstrating a low fire risk and good smoke suppression. Thermogravimetric analysis-
Fourier transform infrared spectrometer (TG-FTIR) implied the release intensity of flammable gases (hydrocarbons,
esters) and toxic gases (isocyanate, CO, aromatic compounds, HCN) of composites was significantly reduced after
the addition of PA-Fe. The analysis of char residue indicated that the RPUF composites formed a dense char layer
with a high degree of graphitization after the addition of PA-Al/PA-Fe, endowing RPUF composites with excellent
mass & heat transmission inhibition effect and fire resistance in the combustion process.

KEYWORDS

Bio-based flame retardant; phytic acid salt; rigid polyurethane foam; composites; smoke & toxicity suppression
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1 Introduction

In the polyurethane system, rigid polyurethane foam (RPUF) has the advantages of convenient
construction, low thermal conductivity, good compression resistance and low density, so it is widely used
in building insulation, petrochemicals, transportation and household appliances [1–5]. However, RPUF is
highly combustible and releases large amounts of heat in a short time because of its porous structure and
organic skeleton. When the temperature rises to the decomposition temperature, RPUF begins to pyrolyze
into oligomers, producing various combustible gases that react with oxygen to further intensify the
combustion process. At the same time, the combustion of RPUF will produce much smoke and toxic
gases [6,7]. In recent years, fire accidents caused by the ignition of RPUF occur frequently. Therefore,
how to modify the flame retardant of RPUF composites and effectively reduce the toxic flue gas in the
combustion process has become a prominent problem to be solved.

Adding flame retardants directly into polymer is the most effective method to modify the polymer. In
past few decades, researchers have developed various flame retardants for flame retardant modification of
various polymers. These flame retardants can be divided into halogen-based flame retardants and halogen-
free flame retardants according to whether they contain halogen elements. Although halogen-containing
flame retardants present excellent fire retardant efficiency, it often results in the production of variety
corrosive substances and toxic gases during combustion, which was gradually abandoned by people [8–10].

In recent years, biomass flame retardants have been widely concerned by the industrial and academic
circles with the popularity of the environmental protection concept [11–13]. Yang et al. [14] used malic
acid and 1, 6-hexanediol as raw materials to synthesize a series of biomass multi-functionality polyester
polyols (MAP) with different alcohol-acid ratios, which were used to prepare RPUF composites. It was
indicated that MAP significantly reduced the thermal conductivity of the composites with uniform cell
structures. The thermal conductivity of RPUF-1.8 was only 0.019 W/(m⋅K), which was approximately
35% lower than that of RPUF-4110. At the same time, the char residue at 700°C of RPUFs based on
MAP increased in accordance with the increase of MAP alcohol-acid loading, indicating the possibility
that MAP could replace petrochemical polyols. Gao et al. [15] prepared liquefied lignin-based polyol
(LBP), which was combined with organic modified layered double hydroxide (OLDH),
microencapsulated ammonium polyphosphate (MAPP) and commercial flame retardant Polyols (FRP) to
prepare halogen-free flame retardant rigid polyurethane foam nanocomposites. Compared with RPUF, the
LOI of modified RPUF composites increased from 19 to 28.1 vol%, and the average heat release rate
(avHRR) and total smoke release (TSR) of the nanocomposite were decreased by 48.0% and 50.7%,
respectively. Septevani et al. [16] found that bio-based polyols prepared by liquefaction of palm kernel
oil-based polyols could be used as renewable materials for the synthesis of rigid polyurethane foams, and
polyurethane foams with excellent mechanical and thermal insulation properties could be obtained.
Tsuyumoto et al. [17,18] coated RPUF with the mixture of starch and amorphous sodium polyborate
(SPB), and the composites exhibited high retardant performance. When hydroxyethyl cellulose,
carboxymethyl cellulose, glucomannan, gellan gum and 2-hydroxypropyl guar gum (HPG) were used to
replace starch, the flame retardant performance of the composites was further improved. However, most
studies focus on thermal hazards, while less attention is paid to the non-thermal hazards of RPUF
composites. It should be clear that the casualties in fire mainly come from non-thermal hazards.

Phytic acid (PA) as the main form of phosphorus that exists in oil crops, cereals and legume is a natural,
environmentally friendly and biodegradable saturated biological base acid. The development of synergists is
relatively simple compared with the synthesis of new flame retardants. In previous studies, phytic acid metal
salts have good smoke suppression and toxicity reduction effects, effectively reducing the non-thermal
hazard of composites. In this work, two biobased flame retardants, aluminum phytate (PA-Al) and ferric
phytate (PA-Fe) were prepared to modify RPUF. This not only improves the effect of high content flame
retardant on the matrix, but also reduces the cost to a certain extent. As an organic acid, PA is helpful to
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improve the dispersion performance of its derivatives in the polymer matrix. At the same time, the six
phosphate groups in PA have the strong chelating ability and can be complexed with metal ions [19,20].
In addition, phytic acid is biomass with high phosphorus content, enhancing the flame retardant
properties of polymers by promoting their carbonization [21]. On this basis, SEM-EDS, thermal
conductivity tester, density measurement, thermogravimetric analysis, cone calorimetry, TG-FTIR and
Raman spectroscopy were used to investigate the effects of PA-Al/PA-Fe on the physical properties,
thermal stability, pyrolysis gas products and combustion characteristics of RPUF composites.

2 Experimental Section

2.1 Experimental Materials
Polyether polyol (LY-4110) and triethylene diamine (A33%, 33%) were purchased by Jiangsu Lvyuan New

Material Technology Co., Ltd., China, Polymethylene polyphenyl polyisocyanate (PAPI) was provided by
Wanhua Chemical Group Co., Ltd., China, Dibutyltin dilaurate (LC) was purchased from American Air
Chemical Co., Ltd., Silicone surfactant (AK-8805) was provided from Jining Hengtai Chemical Co., Ltd.,
China, Triethanolamine (TEOA), sodium hydroxide (NaOH), Al2(SO4)3⋅18H2O and Fe(NO3)3⋅9H2O were
obtained from China Sinopharm Chemical Reagent Co., Ltd., and phytic acid (PA: 70 wt% aqueous
solutions) was purchased fromAladdin biochemical reagent Co., Ltd., Distilled water was made in the laboratory.

2.2 Preparation of Phytate Metal Salt
0.04 mol Fe(NO3)3⋅9H2O (16.16 g) and 250 ml distilled water were added to a 1000 ml beaker,

respectively, and stirred until completely dissolved. 9.43 g PA solution (equal to 0.01 mol) was mixed
with 250 ml distilled water and dropped it into Fe(NO3)3⋅9H2O solution with a constant pressure
dropping funnel. Moreover, the pH value of the solution was adjusted to 7–8 with 2.5 mol/L NaOH and
reacted at 80°C for 1 h. Then, the mixture was centrifuged to obtain precipitate, which was washed by
deionized water for 3 times and drying at 80°C for 12 h, obtaining yellow iron phytate (PA-Fe).
Aluminum phytate (PA-Al, white) was prepared as a similar strategy (Scheme 1).

2.3 Preparation of RPUF Composites
As shown in Scheme 2, RPUF composites were prepared by one-step water-blown method, with raw

materials as shown in Table 1. Except for PAPI, added all the materials were added to a 1000 ml plastic
beaker, which was stirred with a high-speed mixer. Then, PAPI was quickly poured into the plastic

Scheme 1: Synthesis route of phytate metal salt (taking PA-Fe as an example)
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beaker. The mixture was stirred for about 10 s and turned white with bubbles escaped. Quickly poured it into
the mold for foaming. Then putted the sample into an oven, cured it at 80°C for 6 h. Finally, it was cooled at
room temperature for 24 h and cut it according to the experiment.

2.4 Testing and Characterization
Fourier transform infrared (FTIR) spectra of PA-Al/PA-Fe powders were performed by Nicolet

6700 FTIR spectrometer (USA) with transition mode and the scanning range was set at 4000–400 cm−1.

D8ADVANCE X-ray diffractometer (Japan) was applied to test PA-Al/PA-Fe powder, Cu target was
used with the power of 3 kW, and test angle of 5–80°. The angle accuracy was ≤0.02°.

Oxford Aztec X-Max 80 energy dispersive X-ray spectrometer (EDS) (UK) combining with
SU8220 scanning electron microscope (SEM) (JEOL Ltd., Japan) was applied to scrutinize the cell structure
and the morphology of char residues of RPUF composites. The accelerating voltage was 20 kV. The
composites were sprayed with a thin layer of conductivity earlier than observation to enhance the conductivity.

Q5000IR (TA instrument, USA) thermal analyzer was used for thermogravimetric analysis (TGA).
Nitrogen atmosphere mode was used with a temperature range from room temperature to 800°C and
heating rate of 20°C/min.

According to GB/T10297-2015, the thermal conductivity of composites was tested using the TC3000E
thermal conductivity instrument (Xi’an Xiaxi Electronic Technology Co., Ltd., China) with sample size of
50 mm × 50 mm × 25 mm. Each group was tested three times, and the average value was reported.

According to GB/T6343-2009, the density of the composites was tested according to the sample mass/
sample volume method. The sample size was 50 mm × 50 mm × 50 mm. Each group was tested for 3 times
and the average value was obtained.

Scheme 2: Preparation diagram of RPUF composites

Table 1: The formulae of RPUF, RPUF/PA-Al and RPUF/PA-Fe composites

Sample LY-4110/
phra

PAPI/
phr

LC/
phr

AK-8805/
phr

A33/
phr

TEOA/
phr

Water/
phr

PA-Al/
phr

PA-Fe/
phr

RPUF 100 150 0.5 2 1 3 2 0 0

RPUF/PA-Al15 100 150 0.5 2 1 3 2 15 0

RPUF/PA-Al30 100 150 0.5 2 1 3 2 30 0

RPUF/PA-Fe15 100 150 0.5 2 1 3 2 0 15

RPUF/PA-Fe30 100 150 0.5 2 1 3 2 0 30
Note: aParts per hundreds of polyether polyol.
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According to ASTM-D2863 standard, JF-3 oxygen index instrument (China Jiangning Analytical
Instrument Co., Ltd., China) was used to test the limiting oxygen index (LOI) of RPUF composites. The
sample size was 127 mm × 10 mm × 10 mm.

According to GB/T2408 standard, the CZF-3 (Nanjing Jiangning District Analytical Instrument Factory,
China) horizontal and vertical combustion tester were used to investigate the horizontal combustion grade of
composites. The sample size was 125 mm × 13 mm × 10 mm.

Cone calorimeter 6180 (Siemens analyzer) was used to test the combustion properties of composites
according to ISO5660-1 standard. The sample size was 100 mm × 100 mm × 25 mm, and the radiation
flux was 35 kW/m2.

Thermogravimetric analysis-Fourier transform infrared spectrometer (TG-FTIR) was conduct by the
combination of 170SX Fourier transform infrared spectrometer (Shimadu, Japan) and DT-
50 thermogravimetric analyzer (Setaram Instruments, France) to investigate the gaseous products in the
degradation process of the composite. 5–10 mg samples were put into an alumina crucible, which was
heated from 40°C to 800°C in a nitrogen atmosphere, and the heating rate was 20°C/min.

Raman spectra of char residues were collected by LABRAM-HR Confocal Raman spectrometer
(HORIBA Jobin Yvon) with a laser at 514.5 nm laser.

3 Results and Discussion

3.1 Characterization of Phytate Metal Salt
FTIR spectra of PA, PA-Al and PA-Fe were shown in Fig. 1. The bending vibration peaks of water

molecules and asymmetric −OH stretching in PA appeared at 1640 and 3410 cm−1, respectively [22]. The
absorption peak of P–OH was at 2850 cm−1, and the bending vibration of –CH–CH− appeared at
1398 cm−1 [23,24]. The characteristic absorption peaks of stretching vibration of P=O and P–O were at
1126 and 976 cm−1, and the characteristic peaks at 1052 and 1012 cm−1 were attributed to the stretching
vibration of (PO3)

2− [24,25]. As shown in Fig. 1a, for PA-Al, the broad peak at 542 cm−1 was ascribed to
the stretching vibration of the Al-O bond. It was observed that the characteristic absorption peak of P-OH
disappeared, and the peak position of (PO3)

2− moved to a high wavenumber region and formed a wide
absorption band, indicating the existence of interaction between PA molecules and Al3+ ions [20]. However,
after the sample was dried at 80°C for 12 h, the characteristic peaks at 3410 and 1640 cm−1 in PA-Al did
not disappear, suggesting that PA-Al contained crystal water or adsorbed water [26]. In Fig. 1, for PA-Fe,
the characteristic peak at 516 cm−1 was ascribed to the stretching vibration of Fe-O, and the broad peak of
P–OH at 2850 cm−1 disappeared. Meanwhile, the peak corresponding to (PO3)

2− also moved to the high
wavenumber region. The above results indicated that PA-Al and PA-Fe were successfully prepared.

Figure 1: FTIR spectra of PA-Al (a) and PA-Fe (b)
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The SEM-EDS was used to investigate the morphology and element distribution of PA-Al and PA-Fe.
As shown in Fig. 2, both PA-Al and PA-Fe were exhibited irregularly shaped particles. As shown in Fig. 2a,
four elements of C, O, P and Al existed in PA-Al, with P content of 5.72 at% and Al content of 4.08 at%, and
the molar ratio of P/Al was closed to 1.5, indicating that the successful reaction between PA and
Al2(SO4)3⋅18H2O. In Fig. 2b, the molar ratio of P/Fe was 1.45, indicating that the PA solution also fully
reacted with Fe(NO3)3⋅9H2O [27]. At the same time, it could be observed from EDS element mapping
images that all elements in PA-Al and PA-Fe were evenly distributed, indicating the successful fabrication
of PA-Al and PA-Fe.

XRD patterns of PA-Al and PA-Fe were shown in Fig. 3. At the range of 20° to 40°, a broad peak in the
pattern of PA-Al and PA-Fe was observed, suggesting a low crystal degree of PA-Al and PA-Fe, which were
inconsistent with the previous report [28].

The degradation behavior of PA-Al and PA-Fe in the nitrogen atmosphere were analyzed by TGA and
the correlation curves were displayed in Fig. 4. According to the figure, there were three stages in the
degradation process of PA-Al and PA-Fe. The first stage at 40–200°C corresponded to the evaporation of

Figure 2: SEM and EDS element mapping images of PA-Al and PA-Fe: A(PA-Al); B(PA-Fe)
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water in PA-Al and PA-Fe. The second stage was at 200–420°C, PAwas decomposed into polyphosphate and
H3PO4. At the third stage, polyphosphate was decomposed into phosphorus-containing oxides [29]. At 700°
C, the char residues of PA-Al and PA-Fe were 60.47 and 69.81 wt%, respectively.

3.2 Analysis of Cell Structure of RPUF Composites
The cell structure of RPUF, RPUF/PA-Al and RPUF/PA-Fe composites were shown in Fig. 5. According

to Fig. 5a, the cells of pure RPUF were relatively uniform and the fracture surface was smooth. When 15 phr
of PA-Al and PA-Fe were added, the cells of RPUF/PA-Al15 and RPPUF/PA-Fe15 composites increased and
the cell size decreased, indicating that PA-Al and PA-Fe possessed certain nucleation effect, which could
effectively reduce the free energy required by the nucleation process of foaming [30]. When magnified by
500 times, the smooth fracture surface of the composites could be observed, suggesting excellent
compatibility between PA-Al/PA-Fe particles and the RPUF matrix. RPUF/PA-Al30 and RPUF/PA-
Fe30 exhibited thinner cell walls with increased heterogeneity of cell structure when more flame
retardants were added. It was even observed obvious collapse of cell structure in RPUF/PA-Al30. This

Figure 3: XRD pattern of PA-Al and PA-Fe

Figure 4: TGA curve of PA-Al and PA-Fe
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may be because PA could promote the foaming process, the active −OH in PA reacted with –N=C=O group in
polyisocyanate to generate carbamate, which further decomposed and released CO2, resulting in uneven
forces in all directions during the growth of bubbles in the foaming process [31].

3.3 Physical Properties of RPUF Composites
Apparent density as the important parameters, which affects the thermal, mechanical and physical

properties of polymers. It directly affects the application for RPUF composites [32]. It could be seen from
Table 2, pure RPUF possessed a density of 54.9 kg/m3. With the increase of PA-Al or PA-Fe content, the
density of the composites decreased obviously, which was because PA-Al and PA-Fe promoted foaming
and nucleation. As observed from Table 2, pure RPUF possessed a thermal conductivity of 0.0390 W/m⋅K.
With the addition of PA-Al or PA-Fe, the thermal conductivity of RPUF/PA-Al15, RPUF/PA-Fe15 and
RPUF/PA-Fe30 composites had little change compared with pure RPUF. However, the thermal conductivity
of RPUF/PA-Al30 increased to 0.0425 W/m⋅K, which may be due to the addition of PA-Al30 resulting in
the destruction of the closed cell structure [33].

3.4 Flame Retardancy of RPUF Composites
The LOI and horizontal combustion were used to evaluate the flame retardancy of the composites, and

the corresponding test results were gived in Table 3. The LOI value pure RPUF was 18.8 vol%, the horizontal
combustion rate was 319.15 mm⋅min−1, which was accompanied by dripping. With the increase of PA-Al or

Figure 5: Cell structure of RPUF composites: (a) RPUF; (b) RPUF/PA-Al15; (b1) RPUF/PA-Al30; (c)
RPUF/PA-Fe15; (c1) RPUF/PA-Fe30
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PA-Fe content, the LOI value of RPUF composites was enhanced. Meanwhile, the horizontal combustion
rate of RPUF composites was decreased significantly. Therefore, Pa-Al and PA-Fe played a positive role
in improving the flame retardancy of RPUF composites.

3.5 Thermal Stability of RPUF Composites
Fig. 6 and Table 4 were degradation curves and related data of RPUF, RPUF/PA-Al and RPUF/PA-Fe

composites under nitrogen condition. The initial degradation temperature (T−5%) of pure RPUF was 254°C,
and the degradation midpoint temperature (T−50%) was 338°C. There were three stages in the degradation
process of RPUF, and the Tmax corresponding to the temperature at maximum degradation rate in each
stage was 291°C, 335°C and 460°C, respectively. The first and second stages in the range of 210–400°C,
the hard segment of RPUF molecular chain was degraded, releasing isocyanates, aldehydes, alcohols,
primary or secondary amines, olefins, H2O and CO2. Then the oxidative decomposition of isocyanates
and aromatic compounds occurred in the third stage of 400–550°C with the formation of CO [34–36].
The char residues of RPUF was only 12.4 wt% when heated to 700°C. RPUF/PA-Al15 and RPUF/PA-
Fe15 both had a lower T−5% than pure RPUF, indicating that the addition of PA-Al/PA-Fe promoted the
initial degradation of polyurethane molecular chains. It is worth noting that when 30 phr PA-Al or PA-Fe
were added, the degradation stage of the composite was changed into two stages, and the degradation rate
was significantly reduced. Moreover, T−50% and Tmax values had been greatly improved. This is due to
the branching and cross-linking reactions of pyrophosphate and polyphosphate generated by the
decomposition of PA-Al/PA-Fe [24], which catalyzed the dehydration carbonization of RPUF molecules.
It could form a stable protective char layer, which inhibited the degradation of the composites, and made
the degradation of the hard segment within 210°C–400°C became a stage. RPUF/PA-Al30 and RPUF/PA-
Fe30 composites at 700°C possessed the char residues of 20.7 and 22.1 wt%, respectively, which were
significantly higher than those of unmodified RPUF. The above results indicated that PA-Al/PA-Fe could
promote the initial degradation of the RPUF composites and cross-link with the polyurethane matrix at

Table 2: Typical physical performance parameters of RPUF composites

Sample ρ/(kg/m3) λ/(W/m⋅K)
RPUF 54.9 ± 3.1 0.0390 ± 0.0004

RPUF/PA-Al15 44.8 ± 2.4 0.0382 ± 0.0006

RPUF/PA-Al30 43.0 ± 2.7 0.0425 ± 0.0008

RPUF/PA-Fe15 48.7 ± 4.2 0.0392 ± 0.0004

RPUF/PA-Fe30 41.3 ± 1.3 0.0389 ± 0.0003

Table 3: LOI, horizontal burning of RPUF composites

Sample LOI/vol% Horizontal burning

t/s L/mm Rating/mm⋅min−1

RPUF 18.8 14.10 75 319.15

RPUF/PA-Al15 19.5 16.35 75 275.23

RPUF/PA-Al30 19.8 16.72 75 269.14

RPUF/PA-Fe15 20.2 18.78 75 239.62

RPUF/PA-30 20.4 19.54 75 230.30
Abbreviations: L, horizontal combustion length; t, horizontal burning time.
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medium and high temperatures to form a protective barrier, thereby improving the high-temperature thermal
stability of the composites.

3.6 Combustion Properties of RPUF Composites
Conical calorimetry is one of the most effective ways to analyze the combustion properties of various

polymer materials [37]. The effect of PA-Al/PA-Fe on the combustion parameters of RPUF composites was
shown in Fig. 7 and Table 5. As shown in the Fig. 7, due to the organic material and porous structure of the
composites, the ignition time (TTI) of all samples was 2–3 s. As shown in Fig. 7a, RPUF burned rapidly and
reached the peak heat release rate (pHRR) of 260.7 kW/m2 at 49 s. When 30 phr PA-Al or PA-Fe was added,
the pHRR of RPUF/PA-Al30 and RPUF/PA-Fe30 composites decreased to 248.4 and 254.4 kW/m2,
respectively, which may be due to the catalytic carbonization effect of PA-Al/PA-Fe [20,38]. According
to Fig. 7b, RPUF possessed a total heat release (THR) of 23.0 MJ/m2. With the addition of PA-Al/PA-Fe,
the THR of the composites was significantly decreased. THR value of RPUF/PA-Al30 exhibited
19.1 MJ/m2, which was the lowest THR and 17.0% lower than unmodified RPUF. It was because that
PA molecules could produce active free radicals capturing H⋅ and ⋅OH free radicals produced by the
pyrolysis of polyurethane molecular chains in the combustion process of composites, which inhibited
the formation of flammable components and thus reduced the heat generated by combustion [39]. At the
same time, the addition of PA-Al/PA-Fe decreased the continuous combustion time (Td) of the
composites. The Td of RPUF/PA-Al30 was 116 s, showing a strong self-extinction of the composites in
combustion. The results confirmed that the fire safety of the composites was significantly improved when
PA-Al and PA-Fe were loaded.

Figure 6: TGA (a) and DTG (b) curves of RPUF composites

Table 4: TGA data of RPUF composites

Sample T−5%(°C) T−50%(°C) Tmax(°C) Char residue at 700°C (wt%)

Step 1 Step 2 Step 3

RPUF 254 338 291 335 460 12.4

RPUF/PA-Al15 253 341 292 346 462 16.9

RPUF/PA-Al30 249 358 – 346 473 20.7

RPUF/PA-Fe15 237 330 271 319 474 16.8

RPUF/PA-Fe30 245 355 – 337 478 22.1

146

JRM, 2022, vol.10, no.5



Figure 7: HRR, THR, SPR, TSR and SF curves of RPUF composites: (a) HRR; (b) THR; (c) SPR; (d) TSR; (e) SF
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Table 5: Cone calorimetric data of RPUF composites

Sample TTI (s) Tp (s) Td (s) pHRR
(kW/m2)

THR
(MJ/m2)

TSR
(m2/m2)

FPI
(m2⋅s/kW)

FGI
(kW/m2⋅s)

SF
(MW/m2)

RPUF 2 49 154 260.7 23.0 422.6 0.0077 5.32 110.2

RPUF/PA-Al30 2 37 116 248.4 19.1 329.8 0.0081 6.71 81.9

RPUF/PA-Fe30 3 64 126 254.4 22.5 362.2 0.0118 3.98 92.1
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The smoke generation rate (SPR), total smoke release (TSR) and smoke factor (SF: the product of pHRR
and TSR) were used to measure the effect of PA-Al/PA-Fe on smoke generation and release during combustion
of composites [40]. It could be seen from Fig. 7c, the SPR curves of RPUF/PA-Al30 and RPUF/PA-
Fe30 composites were basically coincident with that of pure RPUF before reaching the peak. After reaching
the peak value, the SPR curves of the composites decreased rapidly, and both of them were below the SPR
curve of RPUF. The results showed that the degradation products polyphosphate and metaphosphate of PA-
Al/PA-Fe could promote the dehydration carbonization of polyurethane molecular chains, formed a stable
protective char layer, and effectively reduced the escape of smoke particles in the combustion process of the
composites. At the same time, the existence of metal ions also largely inhibited the generation of flue gas
[20]. According to Figs. 7d and 7e and Table 5, the TSR and SF of RPUF were 422.6 m2/m2 and
110.2 MW/m2, respectively. Compared with pure RPUF, the TSR and SF of RPUF/PA-Al30 decreased by
22.0% and 25.7%, respectively, suggesting excellent smoke suppression performance.

Furthermore, fire growth index (FGI, ratio of pHRR to peak time TP) and fire performance index (FPI, ratio
of TTI to pHRR) were applied to analyze the fire safety of RPUF composites [41]. As shown in Table 5,
compared with RPUF, the FPI of RPUF/PA-Al30 and RPUF/PA-Fe30 were 0.0081 and 0.0118 m2⋅s/kW,
indicating lower fire hazard. Since the addition of PA-Al promoted the initial degradation of the composite
and reduced the TP value of RPUF/PA-Al30, the FGI of RPUF/PA-Al30 was slightly higher than that of RPUF.

3.7 Analysis of Gas-Phase Products of RPUF Composites
The gaseous products of RPUF, RPUF/PA-Al30 and RPUF/PA-Fe30 composites during pyrolysis were

investigate by TG-FTIR to explore the flame retardant mechanism of PA-Al and PA-Fe. Fig. 8 showed that
the temperature corresponding to the maximum release intensity of gaseous products for the composites
was around 350°C. The peak values of gas-phase products were mainly distributed between 3550–3750,
2800–3050, 2250–2400, 1500–1800, 950–1200 and 650–750 cm−1, which were in agreement with
previous reports [31]. The FTIR spectra of the gaseous products of the composites at 350°C were shown
in Fig. 9. The peaks at 3730, 2968, 2360, 1630 and 690 cm−1 corresponding to the characteristic peaks of
N-H bonds in carbamates, hydrocarbons, isocyanates, aromatic compounds and HCN, respectively [42–45].

According to Figs. 8 and 9, the volatile products of RPUA/PA-Al30 and RPUF/PA-Fe30 were consistent
with those of RPUF. For quantitative comparison, Fig. 10 presented the release intensity vs. time curves for
typical cracking gas-phase products of RPUF, RPUF/PA-Al30 and RPPUF/PA-Fe30. It could be observed
that the release intensity of hydrocarbons for RPUF/PA-Al30 was higher than RPUF before 450°C,
probably due to the initial decomposition of phytic acid in PA-Al, which promoted the degradation of the
polyurethane molecular chain. At the same time, the early char layer of RPUF/PA-Al was unstable and
further combustion led to the increase of hydrocarbon. For RPUF/PA-Fe30, compared with RPUF, the
curves of each typical pyrolysis gas-phase product were below RPUF, indicating that PA-Fe inhibited
the release of gas-phase products for RPUF/PA-Fe30 in the combustion process. This may be caused by
the Lewis acid-base interaction between PA and the polyurethane molecular chain, which promoted
pyrolysis products of polyurethane molecular chain into condensed phase to form compact char [46]. CO
and HCN are important factors causing serious death in polyurethane fire [44,47]. The interaction of PA
and metal ions in PA-Al/PA-Fe could effectively reduce the release of toxic gases during the degradation
of RPUF/PA-Al and RPUF/PA-Fe composites. As shown from Figs. 10d and 10e, PRUF/PA-
Fe30 exhibited the lowest CO and HCN production, suggesting an excellent detoxification effect of PA-Fe.

148

JRM, 2022, vol.10, no.5



3.8 Char Residues Analysis of RPUF Composites
EDS mapping and SEM images of the char residues for the composites were gave in Fig. 11. It could be

observed that the char residues of RPUF was loose and thin, with obvious cracks on the surface, which was
unfavorable to restrain heat and mass transfer during combustion, resulting in more heat and smoke release.
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Figure 8: TG-FTIR 3D spectra of RPUF composites. (a) RPUF (b) RPUF/PA-A130 (c) RPUF/PA-Fe30

Figure 9: The FTIR spectrum of the pyrolysis product of RPUF composites at 350°C

JRM, 2022, vol.10, no.5



When 15 phr PA-Al or PA-Fe was added, the compactness of the char layer for the composite increased
obviously, and the cracks almost disappeared, but there were still some holes on the surface of RPUF/PA-
Al15. When the addition amount of PA-Al/PA-Fe reached 30 phr, RPUF/PA-Al30 and RPUF/PA-
Fe30 composites exhibited compact char layers with vermicular structure after combustion, which was
the result of the catalytic carbonization effect of PA and cross-linking effect of metal ions. The above
structure was conducive to preventing the diffusion of flammable gas and toxic gas, inhibiting the heat
transfer process in the combustion area to achieve the flame retardant purpose.

Further study on the element composition of the char layer of the composites showed that the char slag of
RPUF mainly contained C, O and N elements. With the addition of PA-Al/PA-Fe, RPUF/PA-Al30 and
RPUF/PA-Fe30 exhibited decreased N and O content with significantly increased C content in the char
residue, the enhanced C elements were conducive to the formation of stable graphite-carbon structure.
Moreover, The C/O ratio of RPUF/PA-Al30 and RPUF/PA-Fe30 increased significantly compared with
pure RPUF, meaning that RPUF/PA-Al30 and RPUF/PA-Fe30 composites possessed higher oxidation
resistance and cross-linking density for the char layer [48]. Therefore, the composites had higher char

Figure 10: Curves of the typical cracking gas intensity of RPUF composites over time: (a) Urethane; (b)
Hydrocarbons; (c) CO2; (d) Isocyanate compound; (e) CO; (f) Aromatic compound; (g) Esters; (h) HCN
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residues and better smoke & toxicity suppression. At the same time, phosphorus and metal elements in
RPUF/PA-Al30 and RPUF/PA-Fe30 contributed to the formation of the condensed char layer.

Raman spectra of char residues which was obtained in muffle furnace for the composites was shown in
Fig. 12. The D peak at 1360 cm−1 corresponded to the amorphous phase composed of disordered carbon
atoms, and the G peak at 1580 cm−1 corresponded to the graphited carbon atoms in the crystalline phase.
The graphitization degree of char residues could be measured by the area ratio of D peak to G peak (ID/
IG). The smaller the ratio was, the higher the graphitization degree was, the higher the thermal stability
and flame retardancy of the composites were [49–51]. It could be observed that ID/IG of char residues
for RPUF was 2.55. For RPUF/PA-Al or RPUF/PA-Fe composites, the char residues decreased with
PA-Al/PA-Fe loading, indicating that the addition of PA-Al/PA-Fe helped to improve the graphitization
degree of char residues for the composites, endowing them with enhanced thermal resistance.

3.9 Flame Retardant Mechanism
Combined with the above analysis, the flame retardant mechanism of RPUF/PA Fe composites was

proposed in Fig. 13. In the condensed phase, pyrophosphate and polyphosphate produced by PA-Fe
decomposition could catalyze the pyrolysis products of the composites to form condensed phase carbon
and reduced the release of combustibles & toxic gas. At the same time, PA molecules could produce
active free radicals capturing H⋅ and OH free radicals in the combustion process of composites to block

Figure 11: SEM images and EDS analysis of char residues for RPUF composites: (a, a1) RPUF; (b) RPUF/
PA-Al15; (b1, b2) RPUF/PA-Al30; (c) RPUF/PA-Fe15; (c1, c2) RPUF/PA-Fe30
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the combustion reaction. In addition, Fe-P species in the char layer also acted as an effective catalytic effect in
the redox reaction during combustion, which was confirmed by the significant inhibition of reduced gas
products (isocyanate compounds, aromatic compounds, CO and HCN) [38]. It can be concluded that PA-
Fe plays an important role in flame retardant, smoke and toxicity suppression of RPUF composites.

Figure 12: Raman spectra of RPUF composites: (a) RPUF; (b) RPUF/PA-Al15; (c) RPUF/PA-Al30; (d)
RPUF/PA-Fe15; (e) RPUF/PA-Fe30
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4 Conclusion

Bio-based flame retardants aluminum phytate (PA-Al) and iron phytate (PA-Fe) were fabricated by
simple ionic reaction with phytic acid and metal salt as raw materials, which were used to prepare flame
retardant RPUF composites. The addition of PA-Al/PA-Fe could decrease the apparent density of the
composites. SEM test showed that PA-Al/PA-Fe exhibited excellent compatibility with the RPUF matrix.
TGA and cone calorimetry tests confirmed that the addition of PA-Al/PA-Fe could enhance the thermal
stability of the composites at high temperatures, which also endowed them with improved smoke
suppression performance. At the same time, TG-FTIR suggested that PA-Fe exhibited better toxicity
reduction properties compared with PA-Al. Compared with RPUF, PA-Fe had a positive effect on
reducing the release intensity of flammable gases (hydrocarbons, esters) and toxic gases (isocyanate, CO,
aromatic compounds, HCN) during the pyrolysis of composites. The above work provided a new strategy
for the development and application of bio-based flame retardants.
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ABSTRACT

Paper packaging materials like cardboards are widely used to protect archives which are a major kind of cultural relics.
Unfortunately, paper is a combustible material, and thus exploring environment-friendly flame retardant for paper-
based archive packaging material plays an important role. Herein, boric acid, borax and disodium octaborate are used
to modify the craft paper-based packaging materials for archive conservation to improve fire safety. The modified craft
paper exhibits much higher flame retardancy than the pristine one dose based on vertical burning tests, without much
influence on mechanical properties such as tensile strength and elongation at break. Thermogravimetric analysis
(TGA), scanning electron microscope (SEM), and X-ray photoelectron spectroscopy (XPS) reveal that porous glass
structure is formed during the combustion, because thermal decomposition of boric acid, borax and disodium octabo-
rate will produce porous glassy matter as B2O3. The porous glass covers the paper surface as an insulating layer which
retards the further pyrolysis and combustion, resulting in a denser carbon layer. Our study provides a robust way to
reduce the fire hazard of the archive packaging material by applying environment-friendly boron-based fire retardants.
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Paper packaging materials; archive conservation; flame retardant
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1 Introduction

Paper-based archives are cultural heritages which carry valuable cultural information. Paper consists of
two-dimensional self-bonding cellulose fiber network with a small amount of lignin and hemicellulose [1].
Paper-based archives suffer from a series of erosion such as temperature, humidity, air pollution, dust, light
and microorganisms [2–6]. The preservation environment greatly impacts upon their longevity of archives.
For this reason, much efforts have been made to resolve the issues related to the aging of archives due to
physical and chemical reasons in many museums [7–9]. In particular, paper-based boxes for packaging
archives have been recognized as an important tool to protect precious cultural relics.

Archive box is the smallest unit to save paper documents and convenient to classify and store paper
documents. Their production materials greatly affect the security and durability of stored archives. Most
archives boxes are made of paper-based materials which is easy to mildew, vermiculate and acidizing.
The acidification is the main reason for paper aging, yellowing, and brittleness [10–12]. Due to acid-
catalyzed hydrolysis effect, the main component cellulose of paper undergoes chain breaking reactions. In
order to prevent the deterioration processes, deacidification is the main method to solve the problem of
paper acidification. Deacidification treatment is to neutralize the acidic species of paper with alkaline
species to prevent or delay further acidification during natural aging. Most of the paper deacidification
agents reported in literature are alkaline oxides, hydroxides and amines [13–21].

On basis of this fundamental mechanism, many researchers devote to the studies of acid-free paper.
Acid-free paper does not contain active acid species and the pH of paper is 7.0∼8.5. Since the 1960s and
1970s, many international cultural relic collection institutions have gradually used acid-free paper to
replace the old paper packaging. With the in-depth research on the application of acid-free paper, acid-
free paper has been widely recognized for its advantages in the preservation of paper relics, fabric and
negative films. In recent decades, archivists mainly focus on using of the acid-free paper archival packing
materials [22–27] to fabricate archive box.

However, paper is flammable because the large surface area and its many constituents, i.e., cellulous
fiber. Paper can catch fire easily. Once a fire occurs, it is extremely difficult to control of high flame
propagation speed and the smoke production. After the fire, it is generally difficult for the archives to
survive, and even some of the surviving archives that are less damaged by the fire are also extremely
difficult to recover. According to statistics, up to now, there have been nearly a hundred direct fires in all
kinds of archives at all levels in China. There are destroyed more than 3 million volumes of archives and
caused huge losses. Therefore, it is imperative to develop flame retardant archive packaging materials. At
present, there is no report on flame retardant and acid-free paper packaging materials. Therefore,
developing a new type of acid-free flame retardant file packaging material has great application potential.

In order to endow paper-based materials with good flame retardancy, it is necessary to use various flame
retardants to treat them. With increasingly strict environmental regulations, halogen-free flame retardants
have attracted increased attention. Boron compounds as boric acid and borax express their ability to
improve the flame retardancy of different polymer matrices, and function as a kind of efficient halogen-
free flame retardant with low toxicity and high thermal stability [28–33]. They have been widely applied
as a flame-retardant additive to biomass polymeric systems (e.g., wood, cotton, natural fibers, and
sawdust) [34–36]. The flame retardant mechanisms of boron compound involved the molten boron oxide
evolved by thermal decomposition of boron compounds rapidly resembles into numerous glassy cages in
situ during a combustion process, accelerating the creation of a carbonized layer on the substances,
resulting in a greater char yield as physical barrier [37–39]. Meanwhile, many borates are basic and high
buffering capacity, which are helpful to increase basicity of paper. In this work, the boron-based fire
retardants are permeated into bovine cardboard to increase a flame retardancy of archives packaging
boxes. By means such as SEM, TG and XPS, the thermal stability and char residues microstructure of
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untreated and treated craft paper were characterized. The mechanical properties and flame retardant
properties of craft paper were systematically studies with flame retardant mechanisms highlighted.

2 Experimental

2.1 Materials
H3BO3, Na2B4O7⋅10H2O, Na2B8O7⋅10H2O were obtained from Shanghai Su Yi Chemical Reagent Co.,

Ltd., China. Craft paper (70 cm × 50 cm) was purchased from Pingxiang County Qunfeng Archive Supplies
Fittings Factory, China.

2.2 Sample Preparation
H3BO3, Na2B4O7⋅10H2O, Na2B8O7⋅10H2O were dissolved in the H2O with stirring at the mass ratio

of 2:3:16. Then, the craft paper was soaked into the above slat solution with ultrasonication for 5 min at 30°
C. Moreover, the craft paper was dried for 3 h. Finally, the craft paper is dried in a microwave dryer for 8 min.

2.3 Performance Testing and Characterization
2.3.1 Vertical Burning Test

Vertical burning test was carried out using a vertical burning tester (Suzhou Testech Testing Instrument
Technology Co., Ltd., China) in accordance with GB/T 14656−2009 and the sample size was 210 mm ×
70 mm × 0.41 mm [40–42].

2.3.2 Thermogravimetric Analysis (TGA)
The thermal stability of pristine and modified craft paper was analyzed by using a TGA (SDTQ 600, TA

Instruments) under nitrogen and air atmosphere (100 mL/min). About 5 mg sample was placed in the Al2O3

crucible and heated from 25 to 800°C at 20 °C/min. The temperatures of decomposition for 5% weight loss
(Td,5%), initial decomposition (Tonset) and maximum loss rate (Tmax) and the residual weight at 750°C were
used for comparison.

2.3.3 Scanning Electronic Microscopy (SEM-EDX)
The micromorphology of the surface of untreated and treated sample and char residues were observed by

a Hitachi SU3500 scanning electron micro-scope (SEM) with a conductive gold coating under a voltage of
10 KV. The equipped energy dispersive spectrometry (EDS) was used to analyze the elements.

2.3.4 X-ray Photoelectron Spectroscopy (XPS)
The X-ray photoelectron spectroscopy was performed (ESCALAB Xi+, Thermo Fisher Scientific Co.,

Ltd., USA) to analyze the brunt residues of samples.

2.3.5 Mechanical Performance
Mechanical properties of untreated and treated craft paper were measured according ISO 1924-

2:1994 by using a universal testing machine (QT-1136, Dongguan Gaotai Testing Instrument Co., Ltd.,
China) at room temperature. Tensile speed was 5 mm/min and 10 specimens were tested in parallel.

2.3.6 pH Values
pH values of the untreated and treated craft paper samples were measured with a Mettler Toledo Seven

CompactTM pH S210 Ph-meter equipped with flat electrode (HI1413).

3 Results and Discussion

3.1 Flame-Retardant Properties
To characterize flame-retardant properties of the untreated and treated samples, vertical burning test

were carried out according to national standard of China (GB/T 14656–2009), and results are listed in
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Tables 1 and 2. The flame-retardant performance test results of cardboard in the standard shall be up to the
following requirements. 1) Average after-flame time ≤ 5 s; 2) Average after-glow time ≤ 60 s; 3) average
char-length 115 mm or less. See the Table 1, the result shows that after flame time and after glow time of
untreated craft paper were 22.5 and 165.1 s, respectively. Meanwhile, the char length was 210 mm, which
indicates that the untreated craft paper had a high flammability. In contrast, the after-flame time and after-
glow time of treated craft paper were only 0.9 s and 28.3 s, respectively, affirming good flame retardancy.
To illustrate, Fig. 1 compares the images of the untreated and treated sample at the different burning time.
When exposed to the flame, the untreated sample was immediately ignited and quickly burnt out until
extinguish at 22 s. In contrast, after ignition, the treated craft paper self-extinguishes in a very short time
(∼1 s), showing a significantly enhanced resistance to the fire propagation. Thus, the boron-based flame
retardants greatly reduced the inflammability of their modified craft paper, because treated sample is easy
to carbonize during the pyrolysis.

Table 1: Experimental data from vertical burning test of untreated samples

Samples After flame time (s) After glow time (s) Char length/mm

Untreated-1 22.4 159.2 210

Untreated-2 21.1 153.4 210

Untreated-3 23.0 164.2 210

Untreated-4 22.5 169.9 210

Untreated-5 21.7 178.5 210

Untreated-6 23.2 168.5 210

Untreated-7 22.9 173.9 210

Untreated-8 22.4 156.7 210

Untreated-9 23.5 166.7 210

Untreated-10 21.9 159.7 210

Average value 22.5 165.1 210

Table 2: Experimental data from vertical burning test date of treated samples

Samples After flame time (s) After glow time (s) Char length/mm

Treated-1 1.1 32.7 35

Treated-2 1.0 31.2 33

Treated-3 0.9 28.1 36

Treated-4 0.8 24.2 30

Treated-5 1.0 25.3 35

Treated-6 1.0 27.4 34

Treated-7 0.7 28.7 30

Treated-8 0.8 26.9 27

Treated-9 0.9 25.5 35

Treated-10 0.9 32.6 33

Average value 0.9 28.3 33
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3.2 Thermal Analysis of Untreated and Treated Samples
The decomposition behaviors of materials are closely related to their flammability. Here TG

measurements were conducted to exam the decomposition of the paper samples in nitrogen and air
atmosphere. The recorded characteristic temperatures, Td,5%, Tonset, Tmax, Dmax and char yield are
compared in Fig. 2 and Table 3. In nitrogen, Td,5% of untreated and treated samples is 70 and 75°C,
respectively, due largely to the liberation of absorbed water, see Fig. 2a. The initial decomposition
temperature (Tonset) of untreated samples is 325°C, owing likely to the decomposition of the cellulose
amorphous region, producing a small amount of water and carbon dioxide. The major decomposition is
found at 325–425°C (the mass loss up to 70%), with the maximum (Tmax) at 355°C. This finding lies in that
the cellulose crystalline region is depolymerized and produces many volatiles. The formation of the chars
mainly occurred over 360°C, during which process the paper fibers are gradually carbonized by removing
some small molecules. Finally, for untreated paper sample only 18.18% residues at 750°C were found.

The Tonset and Tmax of the treated sample were 295 and 335°C, respectively, and are shifted to lower
temperature regions compared with the untreated samples. As revealed in Table 3, Dmax (rate at Tmax) of
treated sample are lower than that the untreated sample. This phenomenon indicates that boron
compounds decreased the thermal decomposition of fibers, which might be caused that boron compounds
promoted the formation of carbonized layer on the surface fibers [43–47]. Meanwhile, the heat would be
absorbed by vaporization of their crystal water during the decomposition of the borates, thereby playing a
dual function: dilution and cooling [48–50]. With further increased temperature, the thermal
decomposition products B2O3 from boric acid, borax and disodium octaborate will form glassy melt,
covering the sample surface and promoting the charring process. Furthermore, the glassy matter also
insulating air and combustibles preventing further pyrolysis (combustion). The char residue of treated is
as high as 39.01% at 750°C, which almost 2 times of the untreated.

Figure 1: Combustion of untreated and treated paper samples by boron-based flame retardants during the
vertical burning test. The different time is recorded to give the image
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Figs. 2c, 2d compared decomposition of the untreated and treated samples in an air atmosphere, with
three apparent thermal decompositions observed. The treated samples show a higher degradation
temperature than untreated samples dose during this decomposition stage (250–400°C). With the
increased temperature, the treated samples display reduced degradation and improved thermal stability
during the second and third degradation stages. As a result, the residual of the treated samples at 750°C
increases by 70% compared with the untreated samples. Such thermal degradation behaviors of the
treated samples can be attributed to the earlier decomposition of boron-based flame retardants that could
promote the thermal degradation of the paper fiber to form more stable char residual to protect the
underlying fiber, and thus improve the thermal stability.

Table 3: TGA and DTG results of untreated and treated samples in nitrogen and air

Sample Td,5%/°C Tonset/°C Tmax/°C Dmax(%/°C) Char/%

N2 air N2 air N2 air N2 air N2 air

Untreated 70 70 325 300 355 330 1.33 1.10 18.18 7.32

Treated 75 65 295 295 335 325 0.48 0.65 39.01 12.66

Figure 2: TGA (a) and DTG (b) curves of untreated and treated samples in nitrogen. TGA (c) and DTG (d)
curves of untreated and treated samples in air
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3.3 SEM-EDS Analysis
To further investigate the flame retardant mechanisms of boron-based flame retardants on the craft paper,

the morphologies of the untreated and treated samples are examined with SEM. Fig. 3 displays the SEM
images of the char residues of the untreated and treated paper samples after the vertical burning test. The
untreated craft paper fibers are seriously damaged after burning with the fiber residues being thin and
broken, and their char residues are cracked with cavities. In contrast, the treated craft paper fibers retain
their original morphology (Fig. 3d) with many glass cages formed and evenly coated the surface. So, it is
advantageous for boron-based flame retardants to endow strong charring ability and physical barrier
against fire with the treated paper. Moreover, formation of protective layer effectively inhibited the
depolymerization of the cellulose fiber. This finding agrees with the other reports [51–55]. Furthermore,
the boron-containing layer could effectively the underlying fiber from further combustion, producing the
strong the self-extinguishing action of the treated sample (Fig. 1).

3.4 XPS Analysis
Elemental composition of char residues of the untreated and treated samples was analyzed by using XPS

spectra (Fig. 4). The obtained atomic percentage of char was listed in Table 4. Fig. 4 shows that the treated
sample has the additional signals at 191.44 eV(B1 s) which confirms the presence of borate oxide. The
treated sample shows B atom of as high as 20.7%. The formed B2O3 from thermal decomposition of
boric acid, borax and disodium octaborate could improve the barrier property to hold back the heat, air
and flammable gases.

Figure 3: SEM micrographs of the original samples (a: untreated; b: treated) and char residues samples
obtained from vertical flammability test (c: untreated; d: treated)
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3.5 Mechanical Properties of Untreated and Treated Samples
Introducing flame retardants will bring negative influence on mechanical performances of materials

sometimes. For kraft paper, tensile properties are an important consideration for applications. As
compared in Fig. 5, the tensile strength and breaking elongation of the untreated and treated paper
samples are 9.41 MPa and 5.87%, respectively. Compared with the untreated sample, the tensile strength
and breaking elongation of the treated sample reduced by only 2.5% and 3.9%, respectively. Therefore
boron-based flame retardants does not much affect the mechanical properties of the treated paper, because
only the small loading needed to achieve desired flame retardancy.

Table 4: Atomic percentage of the char residues of untreated and treated samples by XPS analysis

Sample C1s (%) O1s (%) B1s (%) Na1s (%)

Untreated 57.65 32.11 - 4.99

Treated 47.7 27.83 20.7 3.77
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Figure 4: XPS spectra of char residues of untreated and treated samples after vertical burning tests
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3.6 pH Values
pH value is a very important factor to indicate the aging process of papers, because acidic compounds

will form during this process and will accelerate the further degradation. In this study, to examine change of
pH values of the paper samples, a large piece of craft paper was cut into equal halves, with one half treated by
boron-based flame retardants and the other untreated, and dried at room temperature naturally. The pH values
are measured on the any five points of sample and the results are shown in the Fig. 6. Compared with the
untreated paper, pH value of treated the craft paper increases markedly, implicating that the treated paper
can provide moderate alkaline environment to retard paper aging, which is benefit to the long-term
preservation of paper-based archives.

4 Conclusions

A facile method was developed to improve the flame retardancy of paper packaging material for archive
conservation by soaking the craft paper with borates. The flame retardancy of the modified craft paper was
evaluated from vertical burning tests. The after-flame time and after-glow time of the modified craft paper
were shortened to 0.9 and 28.3 s, respectively, indicating the good flame retardancy. The flame retardant
mechanisms of boron compounds were analyzed by TG, SEM and XPS. The experimental results show
that the flame-retardancy effect of the boron compound on craft paper is a chemical as well as a physical
phenomenon. The thermogravimetric analysis showed that borates introduced could catalyze and promote
the thermal degradation of paper fiber to form the stable residue char to protect the underlying fiber, thus
improving the thermal stability and flame retardancy. The residual of the modified craft paper was
increased by 114.5%. The microstructure and flame retardant mechanisms were studied from analyzing
residual char after combustion by SEM and XPS. The results showed that borates could promote the
formation of a continuous and porous B2O3 glass layer on the surface, thus providing an effective
physical barrier against fire and promoting charring. The mechanical strength and elongation at break of
the modified craft paper were little changed. Meanwhile, the modified craft paper was slight alkaline
(pH = 8), which is conducive to the long-term preservation of archives. In summary, this work provides
an effective and scalable means to produce paper-based flame-retardant packaging materials to increase
fire safety of archives.

Funding Statement: The authors received no specific funding for this study.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
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ABSTRACT

A flame retardant composition was prepared by using phosphoguanidine, guanidine sulfamate, disodium octaborate
tetrahydrate and dodecyl dimethyl benzyl ammonium chloride. Veneers were immersed in such flame retardant mix-
ture to prepare plywood. The combustion characteristics and thermal stability of plywood were assessed using a cone
calorimeter and TG. Results showed that: (1) High concentration and loading of flame retardant were beneficial for
the fire resistance of the plywood. (2) The limiting oxygen index (LOI) and residual mass of plywood processed using
the flame retardant was increased by 87.52% and 58.66% compared to those of the untreated plywood, while the
average heat release rate (av-HRR), total heat release (THR), effective heat of combustion (EHC), total smoke release
(TSR), CO yield (COY), CO2 yield (CO2Y) and oxygen consumption were decreased by 44.3%, 82.9%, 47.0%, 86.0%,
89.9%, 50.1% and 83.1%, respectively. (3) Treated plywood which had a low fire growth index (FGI) displayed a later
combustion heat release rate peak and slower flame spread than observed for the untreated material. Combustion of
treated plywood displayed a higher fire performance index (FPI), indicating a longer time to ignition. This suggests
that burning structures from this material would be subject to a longer time for escape from the structure and would
present lower fire risk than similar structures containing treated plywood. (4) TG results demonstrated that the pre-
sence of the flame retardant can decrease the pyrolysis temperature for hemicellulose and cellulose, change the
decomposition and reaction progress for plywood degradation and promote dehydration carbonization and acceler-
ated charformation. Moreover, the formed char was more stable than that combustion of untreated plywood. (5) The
flame retardant contains nitrogen (N), phosphorus (P), boron (B), chlorine (Cl) and guanidine (Gu) compounds. The
adhesive also contains N and P compounds. These substances display flame resistance and supplement each other to
generate flame retardance than any one used alone. By changing the thermolysis and thermal decomposition pro-
cesses, the heat release and smoke release from plywood, undergoing combustion was reduced. This controlled gen-
eration of combustible substances and promoted dehydration and carbonization to form char. As a result, the flame
resistance of plywood was improved significantly. The probability of smoke asphyxia or poisoning death of those
trapped in structures containing treated plywood during fire accidents can be decreased dramatically.
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Nomenclature
LOI: limiting oxygen index
HRR: heat release rate
av-HRR: average heat release rate
EHC: effective heat of combustion
Av-EHC: average effective heat of combustion
TSR: total smoke release
COY: CO yield
CO2Y: CO2 yield
FPI: fire performance index
FGI: fire growth index
TG: thermogravimetric

1 Introduction

Plywood, fiberboard and particleboard are the main products of the wood-based panel industry. Plywood
has the longest development history and displays many excellent properties, such as high strength, easy
processing and maintenance of the patterns and textures of natural timbers. Moreover, plywood is subject
to relatively lower energy requirements and greenhouse gas emissions during consumption compared to
that for fiberboard and particleboard. As a result, plywood has occupied a dominant role in the wood-
based panel industry and has been widely applied in indoor decoration, furniture, aspects of the building
industry, and so on [1–5]. The demands for plywood have been strongly increasing. However, plywood is
a combustible material. It is not only combustible, but also can release abundant heat during combustion,
which results in accelerated flame spread. Therefore, flame retardant treatment for plywood is an effective
way to decrease fire hazards using associated with its use [6–9].

Gay-Lussac processed timbers using ammonium phosphate, ammonium chloride and borax This
represents the first example of the fire retarding treatment of wood. This approach has been tested over
time and is still used today [10]. With the continuous development of fire retardant technology,
compounds containing many elements have been applied to enhance fire resistance of wood. Among such
compounds, these containing N, P, B, Si, Mg, Al and Br have been utilized as flame retardant. Because
of non-toxicity, smoke inhibition, low cost, inducement of good flame resistance and susceptibility to
simple processing, flame retardants containing P, N and B have been of major interest as flame retardants
for wood [11–13]. CunninghamiaLanceolata immersed in boric acid solution has been used for the
treatments of wood. This treatment decreased reaction rate of pyrolysis and the treated specimen
displayed good flame resistance [14]. Douglas fir treated with boric acid and borax, displayed lower
combustion and mass loss during combustion than did untreated material [15]. Low pressure processing
of timbers using aqueous 5% diammonium hydrogen phosphate and ammonium sulfate generated
material with longer TTI than that for control timbers. Combustion was accompanied by lower heat
release and volatile combustible product yield than observed for control timbers [16]. A P-N-B FRW
flame retardant prepared by Northeast Forestry University not only displayed good fire resistanceand the
level of fire retardance for timbers was increased to B1 level, but also exhibited corrosion resistance and
insect control [17]. Eucalyptus immersed in ammonium polyphosphate, boric acid and borax solution,
generated material with decreased THR and TSR for combustion compared to that for untreated material.
Ammonium polyphosphate, boric acid and borax may have cooperative effects on retardation and smoke
inhibition [18].
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Guanidine compounds may surve as high-efficiency and low-toxicity bactericides.These include
phosphoguanidine, guanidine sulfate and guanidine sulfamate. This compounds have been utilized in
several areas, such as medical treatment and public health, agricultural product protection and foods.
Moreover, guanidine compounds which contain P and C have some flame retardant properties. A flame
additive retardant based on phosphoguanidine induces good fire resistance. A flame retardant based on
guanidine sulfamate imparts excellent combustion inhibition [19–21].

In this study, a flame retardant composition was prepared using phosphoguanidine, guanidine sulfamate,
disodium octaborate tetrahydrate and dodecyl dimethyl benzyl ammonium chloride. Combustion
characteristics including HRR, mass loss rate, oxygen content, CO2 content and thermal stability of
plywood treated with the prepared flame retardant formulation were evaluated using cone calorimetoy and
TG [22,23]. The results may be used to evaluate the combustion behavior of treated plywood in a real
fire environment.

2 Materials and Methods

2.1 Materials
Phosphoguanidine (with a purity of 98%), disodium octaborate tetrahydrate (with a purity of 99.5%),

guanidine sulfamate (with a purity of 99%) and dodecyldimethylbenzylammoniumchloride (with a purity
of 99%) were purchased from Sinopharm Chemical Reagent Co., Ltd., China). All other chemicals
mentioned in this work were reagent grade. Powdery urea formaldehyde resin (C360), which was used by
mixing with water (mass ratio of resin power to water was 100:80) and then adding 0.5% ammonium
chloride for the preparation of plywoods, was purchased from Malaysia. Pinus massoniana wood with a
size of 2200 mm (length) × 130 mm (width) × 2.5 mm (thickness) and moisture content 10%–14% was
purchased from Rongjiang Guizhou, China, and after drying, knotless, and normally grown sapwood
(without reaction wood, decay or insect or fungal damages) materials were selected.

2.2 Preparation of Flame Retardant
Flame retardants FR1 and FR2 were selected based on pre-experiments. The concentration of FR1 was

12%, which was composed of 5% phosphoguanidine, 5% guanidine sulfamate, 1% disodium octaborate
tetrahydrate and 1% dodecyldimethylbenzylammoniumchloride. The concentration of FR2 was 14%,
which was composed of 5% phosphoguanidine, 5% guanidine sulfamate, 3% disodium octaborate
tetrahydrate and 1% dodecyldimethylbenzylammoniumchloride. Distilled water was the solvent.

2.3 Preparation of Flame Retardant Veneer
Pinus massoniana veneers were dried in an oven (101-1AB electric blast drying oven) at 60 ± 5°C until

reaching constant weights and then moved out and stored in glass drier to cool down to the room temperature,
weighted and then put in vacuum chamber. The flame retardant was poured into the chamber until 5 cm
higher than the surface of the piles of wood samples under vacuum conditions (–0.09 MPa, 60 min).
Next, the samples were taken out and the surface liquids of each wood sample was removed gently by a
piece of filter paper. The wood samples were put in indoor environment for about one week and then
dried in an oven at 90 ± 5°C until the moisture content at 5%~9%.

2.4 Preparation of Five-Layer Plywood
The flame retardant veneers with a double-sided adhesive loading of 220 g/m2 were rested at room

temperature for 15–20 min. The assembled veneers were then exposed to single-layer hot press unit
(XLB type) at Shanghai Rubber Machinery Plant and pressed with a pressure of 1.5 MPa at 100°C for
15 min to obtain a plywood panel. FR1-plywood and FR2-plywood were gotten, respectively.
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2.5 Limiting Oxygen Index (LOI)
With references to GB/T 2406.2-2009 Oxygen index test of combustion behaviors of plastics, oxygen

index was tested by a TTech-GBT2406-2 intelligent oxygen index analyzer.

2.6 Cone Calorimeter Tests
Cone calorimeter tests were performed according to the procedures indicated in the ISO 5660-1-

2015 standard using a Fire Testing Technology cone calorimeter FTT2000 (Fire Testing Technology, Ltd.,
UK). The plywood panel was conditioned in the laboratory at 20 ± 2°C and relative humidity of 65 ± 5% for
1 day and then cutting into specimens with dimensions of 100 mm (length) × 100 mm (width) × 10 mm
(thickness) prior to testing. The fire scenario was comprised of four steps: ignition, growth, fully developed,
and decay. The tests were conducted with 50 kW/m2 of heat flux which corresponded to the fully developed step.

According to the results of cone calorimeter tests, the heat release rate (HRR), total heat release (THR),
effective heat of combustion (EHC), total smoke release (TSR), CO yield (COY), CO2 yield (CO2Y) and
total oxygen consumption (TOC) were gotten, and fire performance index (FPI) and fire growth index
(FGI) were also calculated.

2.7 Thermogravimetric Analysis (TG)
A thermogravimetric (TG) analyzer (NETZSCH; Germany) was used for evaluating the thermal resistance

of the samples under nitrogen atmosphere at a heating rate 10 °C/min from room temperature up to 700°C.

3 Results and Discussion

3.1 The Limiting Oxygen Index (LOI) Analysis
LOI of plywood is shown in Fig. 1. Flame resistance of timbers is generally measured by LOI and it

refers to the lowest oxygen concentration needed for maintaining combustion for timbers. The higher LOI
implies the greater difficulties in combustion; otherwise, the lower LOI indicates that the timbers are
easier for combustion. LOI of the untreated plywood was 26.3 vol%, indicating that the plywood was
combustible. LOIs of FR1-plywood and FR2-plywood were increased by 73.6% and 87.5% compared
with that of the untreated plywood to 45.6 vol% and 49.3 vol%. This proved that the flame resistance of
plywood after flame retardant treatment was improved significantly and the plywood almost reached the
flame retardant level. The LOI of FR2-plywood was higher than that of FR1-plywood, which was related
with the high concentration of FR2 and high loading.

Figure 1: Limiting oxygen index of plywoods
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3.2 Heat Release Rate (HRR) Analysis
HRR, pk-HRR and av-HRR are commonly used to evaluate combustion performances of materials. All

of these indexes can reflect degrees of material combustion and output of volatile combustible products, and
they can be used to evaluate the flame spreading trend and degree of fire hazards. The higher values of HRR,
pk-HRR and av-HRR indicate the higher heat release of materials from combustion and the fire hazards are
the larger. Heat release rate and parameters of plywood at combustion are shown in Fig. 2 and Tab. 1.

Plywood was burned under a cone calorimeter. The heat source was mainly from the radiation heat of the
cone heater. Radiation heat of flame did not act on the wood directly. Instead, they supported continuous
pyrolysis of timbers through the solid-phase conduction of heat on the surface carbon layer, and the
carbon layer had certain fire retardation. Therefore, plywood had two peaks of combustion. The first peak
was the carbonization of wood, in which there was a very serious pyrolysis of plywood and a lot of
combustible gases were generated. The HRR reached the peak due to the flame combustion of
combustible gasses. When the carbonization stage reached the extreme, the internal stress of the
carbonization layer increased with the deepening of the carbonization layer. The carbonization layer
developed fracturing phenomenon when the internal stress reached the extreme. Under this circumstance,
the combustible gases in plywood were volatilized onto surface and HRR reached the second peak.

FR1-plywood and FR2-plywood both were quenched at about 200 s and stopped releasing heat (the FR2-
plywood was about 60 s earlier than the FR1-plywood). On contrary, the untreated plywood continued to burn
until complete carbonization. This was because flame retardant formed a continuous and dense carbon layer
upon the contact of heat released from the combustion, which isolated oxygen and heat transmission in the
air. Moreover, phosphoguanidine and guanidine sulfamate were decomposed during combustion and

Figure 2: Heat release rate of plywoods

Table 1: Some parameters in heat release rate

Plywoods pk-HRR/(kW/m2) av-HRR/(kW/m2)

Control 187.1 ± 5.8 108.9 ± 6.6

FR1 142.9 ± 4.7 63.6 ± 4.3

FR2 120.3 ± 6.1 60.6 ± 3.9
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released a lot of inflammable gases to dilute combustible gases, which stopped rapid spreading of flames and
accelerated char-forming, thus quenching the fire early. The combustion of plywood was quenched earlier when
there were the higher concentration of flame retardant and the higher loading capacity.

pk-HRR of the untreated plywood was 187.13 kW/m2. In contrast, pk-HRR of FR-1 plywood and FR2-
plywood were decreased by 20.3% and 35.7%, valuing 142.9 and 120.3 kW/m2. The av-HRR of the untreated
plywood is108.9 kW/m2, which was 41.6% and 44.3% higher than those of FR1-plywood and FR2-plywood
(63.6 kW/m2 and 60.6 kW/m2, respectively). HRR, pk-HRR and av-HRR of plywood after flame retardant
treatment were lower than those of the untreated plywood, especially for the FR2-plywood. To sum up, the
flame retardant significantly decreased heat release during combustion of plywood. Moreover, heat release
of plywood was negatively related with concentration of flame retardant and loading.

3.3 Total Heat Release (THR) Analysis
THR refers to the total heat release of materials per unit area throughout the process from ignition to

quenching. The higher value of THR indicates the higher fire hazards. The combustibility and flame
resistance of materials can be evaluated better by combining HRR and THR. THR results during combustion
of plywood are shown in Fig. 3. According to the HRR results, THR curves also could be divided into two
stages, namely, carbonization stage and combustion stage. The THR curve in the carbonization stage was
relatively steep, whereas the THR curve in the combustion stage was relatively stable. From the ignition to
60 s, plywood experienced strong thermolysis and generated a lot of combustible gases, thus resulting in the
high growth rate of THR. Subsequently, the production of combustible gases of the untreated plywood was
decreased. The combustible gases on the surface had been basically burned at 400 s. Later, the combustion
heat after 400 s were mainly produced by the volatilization and combustion of combustible gases from inside
of carbonized plywood to surface. The heat release in the carbonization stage accounted for 70% of total heat.
Therefore, the heat released from combustion of plywood mainly came from this stage.

Figure 3: Total heat release of plywoods

174

JRM, 2021, vol.9, no.12



The FR1-plywood and FR2-plywood stopped combustion in the carbonization stage. Moreover, the
combustion time of FR1-plywood was nearly 60 s shorter than that of FR2-plywood. This was because
that the boric acid content in FR2 was higher than that of FR1 and a dense carbon layer was formed in a
relatively shorter time. The volatilization of internal combustible gases was decelerated and a non-flame
combustion for about 60s was continued. In the whole combustion period, the THR of the untreated
plywood was 69.2 MJ/m2, while THR of FR1-plywood and FR2-plywood were decreased by 86.2% and
82.9% to 9.6 kW/m2 and 11.9 kW/m2. Combining with results of HRR and THR, the plywood processed
by the flame retardant not only had low heat release rate and low fire growth rate, but also showed
evident quenching functions and decreased the fire hazards.

3.4 Effective Heat Combustion (EHC) Analysis
EHC refers to the heat release and mass loss ratio at a moment and it reflects the combustion degree of

volatile gases in the meteorological flame. In other words, EHC refers to the quantity of effective combustion
components in the gas phase. The EHC curves of plywood also presented the similar variation law with HRR
and it could be divided into the carbonization stage and combustion stage. In the carbonization stage,
plywood was completely carbonized. In this stage, combustion was mainly the thermal oxidation of
carbon substances and further oxidization of products CO. The combustion heat per unit mass of carbon
was high and the carbon layer was easy to be cracked and layered, accompanied with great instantaneous
mass loss or heat release. So, the EHC curves in this stage fluctuated greatly and the numerical value was
relatively high (Tab. 2 and Fig. 4).

Table 2: Some parameters in effective heat combustion

Plywoods av-EHC/(MJ/kg)

Control 11.8 ± 1.4

FR1 7.0 ± 1.6

FR2 6.2 ± 0.9

Figure 4: Effective heat combustion of plywoods
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The average EHC (av-EHC) of the untreated plywood was 11.8 MJ/kg, while the av-EHC of
FR1-plywood and FR2-plywood were decreased by 40.7% and 47.0% to 7.0 MJ/kg and 6.2 MJ/kg,
respectively. This demonstrated that FR1 and FR2 inhibited the pyrolytic reaction of combustible volatile
substances during heating of plywood to different extents, thus decreasing the concentration of
combustible substances in volatile products. As a result, EHC decreased. In addition, phosphoguanidine
and guanidine sulfamate in flame retardant released inflammable gases during the combustion process
under heat, which further diluted the concentration of combustible gases. Moreover, phosphoguanidine
formed phosphoric acids during the pyrolysis, thus further forming a sticky membrane layer of
phosphoric acid and polyphosphoric acid on plywood surface. On one hand, it hindered the transmission
of heat into plywood. On the other hand, it isolated oxygen and hindered flame propagation and
spreading effectively. As a result, the flame resistance of plywood was improved.

3.5 Residual Mass
The residual mass after combustion of plywood is shown in Fig. 5. The residual mass of the untreated

plywood after combustion was 18.2%. The residual masses of FR1-plywood and FR2-plywood were 77.5%
and 76.8%, which were 59.4% and 58.7% higher than that of the untreated plywood. In other words, flame
retardant inhibited combustions of plywood effectively and plywood was difficult to have pyrolysis and had
stronger char-forming growth rate during combustion. Therefore, plywoods processed using FR1 and
FR2 could maintain high strength for a long time during the fire accidents, and the probability of death of
those trapped in structures containing flame retardant treated plywood during fire accidents can be
decreased dramatically, indicating that the safety was improved significantly.

3.6 Smoking Properties Analysis
TSR, COY, CO2Yand oxygen consumption of plywood during the combustion are shown in Fig. 6. The

TSR of the untreated plywood was very high, reaching 112.1 m2/m2. Fire accidents of plywood may cause
serious consequences. The visibility of combustion environment dropped quickly and the smoke
concentration increased quickly, which made people lost and fail to see the sign of exit. As a result, the
speeds of evacuating, escaping and fighting decreased significantly. People would be poisoned more
seriously if they stayed in such environment for a longer time, thus causing greater casualties. The borax
substances contained in FR1 and FR2 had the stronger smoke inhibition effect. TSR of FR1-plywood and

Figure 5: The residual mass plywoods after combustion
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FR2-plywood were 38.4 m2/m2 and 15.8 m2/m2, which were 65.7% and 86.0% lower compared to that of the
untreated plywood.

CO is the main poison gas which is generated from the combustion of wood materials and it is one of the
primary toxicants that cause deaths. The combustion process of plywood was also the process of oxygen
consumption. In early combustion, flame combustion took the dominant role and it required participation
of oxygen. In this stage, it was mainly aerobic combustion and it would consume abundant external
oxygen, accompanied with carbonization of plywood. In the combustion process, combustible gases were
generated. With the gradual increase of combustible gases, these combustible gases diffused to
surrounding air of plywood and decreased the oxygen concentration in air. Therefore, there was
insufficient oxygen needed for complete combustion of timbers and plywood might have anaerobic
combustion to generate toxic gases like CO. Plywood might develop fracturing phenomenon after
reaching the carbonization to some extent, thus diffusing air and combustible gases in plywood. In this
stage, oxygen concentration increased accordingly, while the consumed oxygen concentration and
internally diffused oxygen concentration reached a balance state. With the intensification of reaction,
oxygen continued to decrease and the secondary anaerobic combustion occured to produce CO again.

CO2Y represents the mass yield of CO2 per unit mass of plywood. The CO2Y increases, while COY
decreases, indicating that the plywood is burned more completely and the toxicity of smoke is the
weaker. CO2Y and COY of the untreated plywood were 1.0 kg/kg and 0.12 kg/kg, respectively. CO2Y

Figure 6: Smoking properties of plywoods
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and COY of the FR1-plywood were 0.6 kg/kg and 0.01 kg/kg, respectively. CO2Y and COY of the
FR2-plywood were 0.5 kg/kg and 0.01 kg/kg, respectively. CO2Y and COY were decreased after flame
retardant treatment. In particular, COY decreased more significantly. It indicated that the part of plywood
after flame retardant treatment involved in the combustion was burned fully and the produced smoke had
low toxicity, which won more time for escaping to some extent.

3.7 Evaluation of Fire Hazard of Plywoods
The potential fire hazard of plywood is evaluated comprehensively using FPI and FGI. FPI is the ratio

between TTI and pk-HRR: FPI = TTI/pkHRR. It reflects the combustion tendency of plywood and has some
practical significance whether materials are easy to develop flashover after ignition. The smaller FPI indicates
the smaller fire hazard. FGI is the ratio between pk-HRR and the time of arrival: FGI = pkHRR/T. Given the
larger FGI, it takes the shorter time to reach a high pk-HRR and the fire hazard are the higher. The FPI and
FGI results of plywoods are shown in Fig. 7. FR2-plywood showed high FPI (0.2 s·m2·kW-1) and low FGI
(1.6 kW·m-2·s-1), indicating the higher safety hazards.

3.8 TG Analysis
The TG curves of plywood when the temperature rise rate is 10 K/min are shown in Fig. 8 and Tab. 3.

Combining with HRR and TG-DTG curve features, thermolysis of plywood generally can be divided into
four stages [24]. Stage 1: 30~150°C. This was the endothermic reaction. In this stage, mass loss rates of
the untreated plywood, FR1-plywood and FR2-plywood were 3.6%, 3.8% and 3.9%, showing a small
difference. Moreover, thermolysis rate of plywood was very slow. The evaporation of water in plywood
took the dominant role, while the chemical composition of wood remained basically constant. Stage 2:
150~287°C. This was also an endothermic reaction. In this stage, mass loss rates of the untreated
plywood, FR1-plywood and FR2-plywood were 16.6%, 23.0% and 17.6%, also showing a small
difference. Moreover, thermolysis of plywood was relatively evident and hemicellulose was mainly
decomposed into CO2, CO and few acetic acid. Stage 3: 287~45°C. This stage was a sharp
decomposition of plywood and a lot of heat was released. It was the most dangerous heat release stage at
combustion. In this stage, mass loss rates of the untreated plywood, FR1-plywood and FR2-plywood
were 56.1%, 38.9% and 44.5%, respectively. A lot of decomposition products were formed and the liquid
products contained acetic acids, methyl alcohol and wood tar. Among the produced gaseous products,
there was a small yield of CO2, while the production of combustible gases like CO, CH4 and ethylene
were increased. Char and nondecomposable ashes were left. Stage 4: 450~700°C. In this stage, the
residual carbon surface and oxygen reacted to form solid-phase combustion with the increase of
temperature and mass tended to be stable.

Figure 7: FPI and FGI of plywoods
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The temperatures for pyrolysis peaks of hemicellulose and cellulose of the untreated plywood were
282°C and 353°C, respectively. These two peaks of FR1-plywood were 253°C and 333°C, and the two
peaks of FR2-plywood were 269°C and 323°C, respectively. This indicated that flame retardant decreased
the pyrolysis temperature of plywood, and promote generation of combustible substances under a low
ignition temperature. Before 352°C, the mass loss of the plywood treated using flame retardant was
higher than that of the unprocessed plywood, but the opposite phenomenon was observed after 352°C.
This indicated that flame retardant catalyzed the decomposition of wood and changed decomposition and
reaction process of plywood, so that plywood developed toward the direction of generating more char
and more stable char. As a result, flame retardant could promote dehydration, carbonization of timbers
and accelerate char formation. It performed well in inhibiting flame spreading and heat production.

Figure 8: TG-DTG curves of plywoods

Table 3: TG parameters of plywoods

Plywoods Temperature
interval/°C

Weight
loss/%

Char yield/% 1stTp/°C 2ndTp/°C

150°C 500°C 700°C

Control 30~150 3.6 96.2 21.3 15.2 282 353

150~287 16.6

287~450 56.1

450~700 8.3

FR1 30~150 3.8 95.7 31.5 24.6 253 333

150~287 23.0

287~450 38.9

450~700 9.2

FR2 30~150 3.9 996.0 29.8 19.4 269 323

150~287 17.6

287~450 44.5

450~700 14.6
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3.9 Analysis of Fire Hazard and Combustion Behavior of Plywood
It can be seen from Fig. 9 that fire hazards are mainly determined by the heat effect and smoke effect of

plywood combustion. Heat effect referred to the heat damages to the human and environment which were
caused by spreading of heat from combustion to the surrounding environment in the radiation, convection
and conduction. Smoke effect referred to the damages to the human and environment caused by the
smoke and poisonous gases from combustion of materials. Fire hazards of materials were actually the
comprehensive performances of potential heat risks and smoke risks of materials. Therefore, a good flame
retardant shall be able to decrease heat release and smoke release of plywood simultaneously.

In the combustion test of a cone calorimeter, ignition occurred in the pyrolysis gases above the plywood
and then flame diffused onto the whole surface. This process was a gas-phase ignition process of solid
polymers and it belonged to a forced ignition. The plywood after ignition continued to pyrolysis under
the effect of external heat flux and radiation heat of flames. The combustion thermal decomposition layer
extended continuously toward the inside of plywood, while flame was always burning on the surface
[25]. The flame combustion was maintained by the pyrolysis gases which were volatilized continuously
from the inside. Due to the isolation of carbon layer on the surface, heat did not act on wood directly, but
supporting continuous pyrolysis of timbers through solid-phase conduction of heat on the surface carbon
layer. Due to the existence of carbon layer, the combustion process of plywood became more
complicated. Some oxygen diffused onto the surface of carbon layer and the carbon layer could be
oxidized, which was a heat release process and provided some heat to the timbers during pyrolysis.
During the combustion process, the pyrolysis part and the unaffected part of plywood were on one
interface which advanced continuously toward the unaffected timbers (Fig. 10).

Figure 9: The analysis diagram of fire hazard of plywood

Figure 10: The analysis of plywood burning behavior
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FR1 and FR2 contained N, P, B, Cl and guanidine compounds and they played different fire retardation
effect during the combustion of plywood. Phosphorous compounds generated metaphosphoric acids in the
thermal decomposition, which could accelerate dehydration during pyrolysis of plywood and promote
carbonization. Free radicals like PO· and HPO· captured active H· or OH· in the gas phases and the fire
retardation effect was achieved by the combination of free radicals. Boron compounds could not only
adsorb heat quickly under a high temperature, lower the timber temperature and delay combustion of
ignition, but also forming a fusion melting substance to cover the surface of plywood, isolating
propagation of oxygen and heat, promoting the generation of carbon and decreasing formation of volatile
substances. A reasonable mixing ratio of borax and boric acid might control the flame surface combustion
of timbers completely. After heat absorption, N-containing compounds could be decomposed and
noninflammable gases (e.g., nitrogen and ammonia gas) were produced. On one hand, these
noninflammable gases could decrease concentration of oxygen and combustible gases surrounding the
timber. On the other hand, the produced nitric oxides could also capture free radicals in timbers, inhibit
the chain reaction and thereby inhibited combustion of plywood [26,27]. Cl-containing compounds
dissociated Cl atoms under flame state and captured hydrogen from the combustible gases to produce
HCl. The HCl could inactivate the active free radicals which maintained the combustion of plywood. As
a result, the reaction chain transmission stopped and combustion was inhibited. In addition, the halogen
steam with a high density formed a covering layer on the surface of combustible substances, thus
realizing the effect of fire retardation. Guanidine compound could decrease pyrolysis activation energy of
timbers and promote generation of combustible substances in the range of low ignition temperature [26–
30]. Consequently, pyrolysis temperature of plywood decreased and combustible substances were formed
and released under a low temperature, and finally diffused under the premise of non-ignition.

In addition, there were cured adhesive in plywood and a certain amount of nitrogen and chlorine
compounds in adhesive and curing agent. They could also develop some fire retardation effect. In a word,
components of flame retardant were not isolated. Instead, they supplemented each other and formed
synergistic effect. The production of flammable substances could be controlled and the dehydration and
carbonization of timbers were promoted by changing the thermolysis and thermal decomposition of
plywood, thus improving flame resistance of plywood significantly.

4 Conclusions

A flame retardant composition was prepared by using phosphoguanidine, guanidine sulfamate, disodium
octaborate tetrahydrate and dodecyl dimethyl benzyl ammonium chloride. Veneers were immersed in such
flame retardant to prepare plywood. The combustion characteristics and thermal stability of plywood were
tested by a cone calorimeter and TG. Results showed that:

(1) Higher concentration and loading of flame retardant were beneficial for the fire resistance of the
plywood. The LOI and residual mass of plywood processed using the flame retardant was increased by
87.5% and 58.7% compared to those of the untreated plywood, while the av-HRR, THR, EHC, TSR,
COY, CO2Y and oxygen consumption were decreased by 44.4%, 82.9%, 47.0%, 86.0%, 89.9%, 50.1%
and 83.1%, respectively.

(2) Treated plywood which had a low fire growth index (FGI) displayed a later combustion heat release
rate peak and slower flame spread than observed for the untreated material. Combustion of treated plywood
displayed a higher fire performance index (FPI), indicating a longer time to ignition. This suggests that
burning structures from this material would be subject to a longer time for escape from the structure and
would present lower fire risk than similar structures containing treated plywood.

(3) The flame retardant can decrease the pyrolysis temperature for hemicellulose and cellulose, change the
decomposition and reaction progress for plywood degradation and promote dehydration carbonization and
accelerated charformation. Moreover, the formed char was more stable than that combustion of untreated plywood.
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(4) The flame retardant contained N, P, B, Cl and Gu compounds. The adhesive also contains N and P
compounds. These substances display flame resistance and supplement each other to generate flame
retardance than any one used alone. By changing the thermolysis and thermal decomposition processes,
the heat release and smoke release from plywood, undergoing combustion was reduced. This controlled
generation of combustible substances and promoted dehydration and carbonization to form char. As a
result, the flame resistance of plywood was improved significantly. The probability of smoke asphyxia or
poisoning death of those trapped in structures containing treated plywood during fire accidents can be
decreased dramatically.
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ABSTRACT

Poly(L-lactic acid) (PLLA) is a thermoplastic material with complete degradability, high biocompatibility and excel-
lent mechanical properties. It can replace petroleum-based polymers are currently being used in the fields of packa-
ging, agriculture, textiles, medical and so on. However, PLLA’s extremely flammability greatly limits its wider
application. An bio-based flame retardant L-APP/PLLA composites was prepared by melt blending of the L-APP
and PLLA. The morphology, impact properties, thermal properties and flame retardant properties of composites
were investigated by field emission scanning electron microscope (SEM), impact tester, differential scanning calori-
meter (DSC), thermogravimetric analyzer (TGA), limiting oxygen indexer (LOI) and horizontal-vertical burning
tester. The results showed that the degree of crystallization (Xc) and LOI of L-APP/PLLA composites increased
as increasing of L-APP content. What’s more, the impact strength first increased and then decreased, the glass tran-
sition temperature (Tg) and melting temperature (Tm) do not changed significantly. The impact strength of com-
posites was 9.1 kJ/m2 at a 5 wt% loading for L-APP, which was the highest level. When the content of L-APP
was 20%, the LOI was 30.8%, the Xc was 42.3% and the UL-94 level was V-0. This research can promote the
value-added utilization of lignin and the application of PLLA in the fields of flame retardant materials.
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1 Introduction

The theme of the current era is green and sustainable development. The reduction of resources and the
aggravation of white pollution make people urgently need a kind of material that can be synthesized from
biomass and can be fully degraded after the end of the use period to reduce environmental deterioration
[1,2]. Poly(L-lactic acid) (PLLA) is a representative of this type of material. PLLA is a polymer obtained
by polymerization of lactic acid. Lactic acid has a wide range of sources and can be extracted by
fermentation of sugar-containing biomass sucrose, potato, corn, sugar beet, etc. [3–5]. PLLA with
excellent mechanical properties, high transparency and biodegradability is regarded as a substitute for
petrochemical-based polymer materials such as PP, PE, PS, etc. [6]. The preparation and application of
flame-retardant PLLA material is an important research direction in the field of PLLA materials [7–9].

Adding intumescent flame retardants is the most convenient and effective method for flame retardant
modification of PLLA [10]. Among them, ammonium polyphosphate (APP) has environmental protection
characteristics such as halogen-free, low toxicity, and no corrosive gas. The intumescent flame retardant
composed of APP used as an acid source and gas source and starch, lignin, and cyclodextrin used as a
carbon source can achieve high-efficiency flame retardant modification of PLLA [11,12]. Wang et al.
used polyurethane to microencapsulate APP (MCAPP), then combined with melamine (MA) and starch
(Starch) to form a compound intumescent flame retardant for the flame retardant modification of PLLA,
and the impact of flame retardant system components on the flame retardant properties of PLLA was
discussed. The research results showed that when the flame retardant content was 30% (MCAPP:MA:
Starch = 13:7:10), the LOI of PLLA/MCAPP/MA/Starch composite resin possessed high value as 41.0%,
and the UL-94 rating was upgraded to V-0 level [13]. Reti et al. prepared flame-retardant PLLA
composites by mixing lignin, APP and PLLA. The research results showed that the UL-94 rating of
PLLA reached V-0 level when adding 30 wt% APP and 10 wt% lignin [14]. Feng et al. prepared flame-
retardant PLLA composites by mixing β-cyclodextrin, APP and PLLA. The research results illustrated
that the UL-94 rating of PLLA passed V-0 level and the LOI reached 29% when adding 10 wt% APP and
10 wt% β-cyclodextrin [15]. However, in most researches, the total content of flame retardants used was
too high, or the toughness of PLLA cannot be effectively improved while obtaining flame retardant
modified PLLA [16]. Generally, the toughness of the material would be further deteriorated due to the
addition of flame retardants.

In order to overcome the above problems, an lignin-based ammonium polyphosphate (L-APP)/PLLA
composites were prepared by blending L-APP and PLLA. The impact performance, thermal performance
and flame retardancy of the L-APP/PLLA composites were tested. This strategy had simple process and
low cost, and provided a new idea for expanding the application of PLLA.

2 Materials and Methods

2.1 Materials
PLLA (4032D, density 1.24, Tg 52.8�C) was bought from NatureWorks, USA. L-APP (lignin segment

content, 20 wt%) was purchased from Hunan Lvshen Environmental Protection Technology Co., Ltd., China.

2.2 Production of Flame Retardant L-APP/PLLA
The PLLA and L-APP were uniformly mixed by a twin-screw extruder (MTS-20B, Nanjing Jieente

Electromechanical Co., Ltd., China). According to the formula listed in Tab. 1. Then, the flame retardant
L-APP/PLLA composites were prepared using an injection molding machine (ZH-88D, China Changsha
Haibo Electromechanical Equipment Co., Ltd., China). The temperatures of extruder: one-zone 110°C,
two-zone 130°C, three-zone 150°C, four-zone 160°C, five-zone 170°C, six-zone 175°C, and extrusion die
of 170°C. The temperatures of injection molding machine as follows: one-zone 160°C, two-zone 170°C,
three-zone 175°C, and four-zone 175°C.
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2.3 Performance Testing and Structural Characterization
2.3.1 SEM

Zeiss-SIGMAHD SEM (Zhe Zeiss, Germany) was employed in the characterization. The surface of the
samples were sprayed with gold before scanning and the voltage was set at 5.0 kV.

2.3.2 Impact Performance
Impact performance was obtained by XBL-22 impact tester (China Shenzhen Kaiqiangli Experimental

Instrument Co., Ltd., China) with V-notched samples and pendulum impact energy of 7.5 J was used. This
test was carried out on the specimen accordance to the method as specified in GB/T 1843-2008.

2.3.3 DSC
A sample of 5 mg was sealed in an aluminum sample pan, then was placed in the differential scanning

calorimeter (DSC) (200F3 type, NETZSCH Group of Germany). Samples were heated from 20�C to 200�C
at a heating rate of 10 �C/min and kept for 5 min at 200�C to clear the thermal history. Thereafter, the samples
were cooled down to room temperature at a rate of 10 �C/min and kept for 5 min, and then were run as the
formed heating way for second time. The heating process was performed under a nitrogen atmosphere. The
crystallinity of the composites was calculated in line with the following formula:

Xc ¼ jDHm � DHccj
�PLLADH0

m

� 100%

where ΔHm is the melting enthalpy of composites, ΔHcc is the cold crystallization enthalpy of composites,
ФPLLA is the mass fraction of PLLA in the composites, and ΔHm

0 is the melting enthalpy for 100%
crystalline PLLA (93.6 J/g) [17].

2.3.4 TGA
Pyris Diamond type TG analyzer (PE Company, USA) was used in the test. A sample of 10 mg was

heated from 30�C to 800�C at 20 �C/min in an air atmosphere.

2.3.5 LOI
The LOI was surveyed in the light of GB/T 2406.2-2009 employing a ZR-01 type LOI meter (Qingdao

Shanfang Instrument Co., Ltd., China). The length, width, and thickness of the sample were 80 mm, 10 mm,
and 4 mm, respectively.

2.3.6 Vertical Burning
Vertical burning test was carried out in line with GB/T 2408-2008 using a CZF-5 horizontal-vertical

burning tester (Nanjing Yulei Instrument Equipment Co., Ltd., China). The length, width, and thickness
of the sample were 120 mm, 13 mm, and 6 mm, respectively.

Table 1: Formula for preparing the APP/PLLA composites

Sample number Content of L-APP (wt%) Content of PLLA (wt%)

1 0 100

2 5 95

3 10 90

4 15 85

5 20 80
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3 Results and Discussion

3.1 SEM Analysis
To investigate the dispersion of L-APP in PLLA substrate and the compatibility between L-APP and

PLLA, the morphology of impact-fractured surfaces of PLLA and flame retardant L-APP/PLLA
composites were observed by SEM, as shown in Fig. 1.

There were uneven pores caused by the shedding of L-APP in the impact-fractured surfaces of flame
retardant L-APP/PLLA composites, and the size of the pores increased with the content of L-APP, which
indicated that the compatibility between L-APP and PLLA was unsatisfactory, and L-APP agglomerated
severely in the PLLA substrate.

The fractured surface of PLLA was smooth and flat, which was caused by its brittle fracture. It can be
seen from Fig. 1F that L-APP was a sheet structure. As illustrated in Fig. 1B, when the content of L-APP was
5 wt%, the fractured surface of the composites was rough, and there were obvious filaments due to ductile
rupture. It was because a little of L-APP has a heterogeneous nucleation effect in PLLA substrate, which
refined the crystallization of the composites, thereby improving the toughness of the composites [18]. As
known from Figs. 1C–1E that the fractured surface of the composites became more and more smooth
again as the amount of L-APP continues to increase, which was due to the agglomeration of L-APP in
PLLA substrate became more serious, and leaded to a gradual decrease in the toughness of the composites.

3.2 Impact Properties
Impact properties is one of the most important properties of polymer materials. In this section, the impact

performance of PLLA and flame retardant L-APP/PLLA composites were tested (Fig. 2).

Figure 1: SEM images obtained from: (A) pure PLLA; (B) flame retardant PLLA with 5 wt% L-APP;
(C) flame retardant PLLA with 10 wt% L-APP; (D) flame retardant PLLA with 15 wt% L-APP; (E) flame
retardant PLLA with 20 wt% L-APP; (F) L-APP (X2000)
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The impact strength of PLLA was 7.5 kJ/m2, and the impact strength of flame retardant L-APP/PLLA
composites increased first and then decreased with the L-APP content. When the L-APP content was 5 wt%,
the impact strength of the composites was the largest, 9.1 kJ/m2, which was 20.7% higher than that of pure
PLLA. When the content of L-APP was within 10 wt%, its heterogeneous nucleation effect was prominent,
which refined the spherulites of the composites, increased the toughness of the composites, and then made the
impact strength of the composites higher than that of pure PLLA [18]. When the content of L-APP was
further increased, the impact strength of the composites was lower than that of pure PLLA, which caused
by the serious agglomeration of L-APP in the composites and the heterogeneous nucleation effect of
L-APP was weakened.

3.3 DSC Analysis
The thermal properties of PLLA and flame retardant L-APP/PLLA composites were studied by DSC,

and the results were shown in Fig. 3 and Tab. 2.
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Figure 2: Effect of L-APP content on the impact strength of flame retardant PLLA composites
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Figure 3: DSC curves of pure PLLA and flame retardant PLLA composites
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The Tg, Tcc, Tm, and Xc of PLLAwere 61.7�C, 108.4�C, 169.8�C, 32.6%, respectively. As the content of
L-APP increased, the Tcc of flame retardant L-APP/PLLA composites gradually decreased, and Xc shown an
upward trend. It is because L-APP had a heterogeneous nucleation effect, which made the crystallization of
composites easier. The change of Tg and Tm of flame retardant L-APP/PLLA composites was not very
obvious with the increased of L-APP content. It may be the result of a balance between the positive
effects of L-APP heterogeneous nucleation and the negative effects of L-APP agglomeration.

3.4 TG Analysis
The thermogravimetric method is usually used to measure the relationship between the mass change of

the sample and the temperature. In order to investigate the influence of L-APP on the thermal oxidative
degradation of flame retardant L-APP/PLLA composites, thermogravimetric analysis of PLLA and flame
retardant L-APP/PLLA composites was performed, the test result was shown in Fig. 4.

The mass loss of PLLA can be divided into three stages: there was a slight weight loss from room
temperature to 330�C, which was caused by the evaporation of trace water and the decomposition of
monomers remained in PLLA. 330∼395�C, the mass loss rate fastest, the mass loss rate in this region
reached 93.0%, which was due to the decomposition of the macro-molecular chain segment of PLLA. It
basically reached equilibrium after 400�C. The mass loss of flame retardant L-APP/PLLA composites can
be roughly divided into four stages: there was a slight weight loss from room temperature to 330�C,
which was caused by the evaporation of trace water and the decomposition of monomers remained in

Table 2: DSC dates of pure PLLA and flame retardant PLLA composites

L-APP content (wt%) Tg (�C) Tcc (�C) Tm (�C) ΔHm (J/g) Xc (%)

0 61.7 108.4 169.8 29.0 32.6

5 61.9 105.0 170.0 31.0 36.8

10 61.6 104.8 169.8 31.3 39.3

15 61.3 104.1 169.5 32.1 42.9

20 61.1 102.4 169.4 29.7 42.3
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Figure 4: TG curves of pure PLLA and flame retardant PLLA composites
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composites. 330∼395�C, the mass loss rate was the fastest, when the L-APP content were 5 wt%, 10 wt%,
15 wt%, and 20 wt%, the mass loss rates of the corresponding composites were 82.5%, 81.3%, 75.9%,
75.1%, respectively. It was due to the decomposition of PLLA macro-molecular segments and L-APP.
The mass loss rate slowed down at 395∼700�C, which was caused by the gas released by the oxidation
of the residual carbon layer burned in the previous stage of the composites. It basically reached
equilibrium after 700�C.

It can also be seen from Fig. 4 that in the range of 395°C to 700°C, there was no residual carbon in the
pure PLLA. The residual carbon content of the flame retardant L-APP/PLLA composites increased with
L-APP content. It was because during the combustion process of the composites, the phospholipid bonds
and lignin segments in L-APP can promote the formation of the carbon layer [19].

3.5 Flame Retardant Performance
3.5.1 LOI Analysis

In order to investigate the impact of L-APP on the minimum oxygen concentration (LOI) required for
the L-APP/PLLA composites to maintain combustion, the LOI of PLLA and flame retardant L-APP/PLLA
composites were tested and the results were shown in Fig. 5.

The LOI of the PLLA was 21.7%, indicating easy combustion. The test data showed that the LOI of
flame retardant L-APP/PLLA composites could be enhanced by adding L-APP. The LOI of the
composites was as high as 30.8% when the load of L-APP up to 20%. It was because of that the
synergistic flame retardant function of phosphorus and nitrogen in L-APP and the char-formation effect of
lignin segments strengthened insulation shield effect of composites to heat flux, oxygen and combustible
pyrolysis products [20–22].

3.5.2 Vertical Burning
Vertical burning test was performed to investigate the influence of L-APP on the UL-94 fire hazard level

of L-APP/PLLA composite materials. The test results were listed in Tab. 3.
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Figure 5: Impact of the content of L-APP on LOI of flame retardant L-APP/PLLA composites
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The burning time of PLLA was 245 s, there being drips during the burning process, which fire up the
cotton underneath, and the UL-94 level was V-2. When the portion of L-APP up to 10%, the burning
time of flame retardant L-APP/PLLA composites was 48 s and no drip was produced during combustion,
the UL-94 level of fire retardancy reached V-0. The burning time of composites decreased as the portion
of L-APP, evidencing that flame retardancy of composites promoted [4].

3.5.3 SEM Analysis
The carbon layer formed during combustion process can insulate heat and combustible gas, thereby

preventing the polymer material from continuing to burn. The SEM was performed here to research the
morphology of the burning carbon layer of PLLA and L-APP/PLLA composites (Fig. 6).

As shown in Fig. 6A, PLLA burnt relatively completely, with almost no carbon resided. After the L-APP
was introduced, a significant carbon layer resided after the L-APP/PLLA composites burnt, and the carbon
layer was honeycomb-shaped due to gas expansion. As illustrated in Figs. 6B–6D, the burning residual
carbon layer of the composites became thicker than that of pure PLLA and there were plentiful of the
honeycomb-like holes as increasing the content of L-APP. These results could be triggered by the
intumescent flame retardant function of L-APP [23].

4 Conclusions

The Xc, thermal stability and impact strength of flame retardant L-APP/PLLA composites were found to
be improved as the addition of a certain content of L-APP. When the load of L-APP up to 10%, the LOI,
UL-94 level, impact strength and Xc of flame retardant L-APP/PLLA composites increased to 28.6%, V-0,
8.0 kJ/m2, 39.3%, respectively. The experimental date indicated that bio-based flame retardant L-APP/PLLA

Table 3: UL-94 test results of pure PLLA and flame retardant PLLA composites

L-APP content (wt%) 0 5 10 15 20

UL-94 V-2 V-1 V-0 V-0 V-0

Burning time (s) 245 226 48 36 16

Figure 6: SEM images of residues: (A) pure PLLA; (B) composites of L-APP/PLLA with 5 wt% L-APP;
(C) composites of L-APP/PLLAwith 10 wt% L-APP; (D) composites of L-APP/PLLAwith 20 wt% L-APP
(X10000)
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composites with fire retardancy and fine impact-resistance performance was successfully prepared. This
work can accelerate the application of PLLA in the field of fire protection.
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