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Abstract
We used agricultural waste bagasse as a flame retardant to improve the flammability problem of epoxy. A ring-opening reac-
tion was conducted on the hydroxyl group of bagasse and the epoxy of triglycidyl isocyanurate (TGIC) to form TGIC-bagasse. 
Subsequently, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was incorporated, and the active hydrogen 
of DOPO reacted with the epoxy group of TGIC to form bagasse@TGIC@DOPO, and this flame retardant was introduced 
to the epoxy matrix to prepare a composite material with an interpenetrating network (IPN) structure. Fourier-transform 
infrared spectroscopy (FT-IR), thermogravimetric analyzer (TGA), the limiting oxygen index (LOI), the UL-94, thermal 
analysis-FT-IR (TA-FTIR), and X-ray photoelectron spectroscopy were used to identify structural, thermal, and flame-
retardant properties and toxicity and char analysis. The TGA results revealed that the char yield increased from 14.1 mass% 
of epoxy to 23.4 mass% after bagasse@TGIC@DOPO was added, thereby improving the thermal stability of compound 
materials. The LOI and UL-94 indicated that after adding, the LOI and UL-94 improved from 21 (fail) to 29 (V-0). These 
results revealed that epoxy/bagasse@TGIC@DOPO IPN composite material had a strong flame-retardant effect.
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Introduction

With technological advancement in recent years, the need for 
polymeric material materials has grown. Polymers are nearly 
everywhere in our lives. However, fires in public places or at 
home may result in casualties and property losses. Fires in 
general fireproof buildings occur in five stages: the incipi-
ent, growth, flashover, fully developed, and decay stages. 
The time from when a fire begins to burn until flashover 
occurs is the flashover time, the length of which affects 
whether individuals inside the building can successfully 
escape from a fire and the difficulty of rescue by firefighters. 
Once a flashover occurs inside a building, all combustible 

materials burn fully, and indoor temperatures rise from 
200–300 to 800–1200 °C. Consequently, individuals have 
an extremely slim chance of surviving in spaces where a 
flashover occurs. Therefore, delaying or preventing flasho-
ver or enabling firefighters to conduct various emergency 
responses before flashover occurs is crucial to fire prevention 
strategy. Using flame retardants can delay flashover time to 
achieve this goal.

Epoxy resin is a commonly used thermosetting poly-
mer and is crucial in various industrial fields. For exam-
ple, epoxy is used in coatings, paints, adhesives, insulating 
materials, aviation, and electronic equipment. Epoxy has 
excellent adhesion, chemical resistance, low shrinkage rate, 
and superior electrical insulation. However, epoxy is eas-
ily flammable and can produce a considerable amount of 
toxic gas. Thus, epoxy is a fire hazard, and its application 
in the fire retardance field is limited, particularly in avia-
tion, electrical, and electronic industries. Increasingly rigor-
ous examinations have been conducted on flame retardants 
because of their potential health and environmental hazards. 
Therefore, developing environment-friendly and halogen-
free flame retardants applicable to epoxy is necessary [1–6].
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Flame retardants containing halogen are widely used in 
polymer materials to effectively improve flame retardancy. 
However, some flame retardants such as polybrominated 
diphenyl ethers (PBDEs) and polybrominated biphenyl 
(PBB) release a considerable amount of toxic and corrosive 
gases during combustion that produces persistent environ-
mental and ecological pollution and causes bioaccumulation. 
Consequently, adding these harmful substances to polymer 
materials is prohibited [7, 8]. The Waste electrical and 
electronic equipment directive (WEEE) aims to prevent or 
reduce the adverse effects of producing electrical and elec-
tronic equipment and handling waste products, reduce the 
overall impact of resource consumption, and increase the 
efficiency of such consumption to protect the environment 
and human health, thereby contributing to sustainable devel-
opment [9]. The restriction of hazardous substances direc-
tive (RoHS) has elaborated on the WEEE by prohibiting 
electronic and electrical equipment that contains Pb, Cd, Hg, 
 Cr+6, PBB, and PBDE since July 1, 2006. However, on June 
8, 2011, four substances—hexabromocyclododecane, di(2-
ethylhexyl) phthalate, benzyl butyl phthalate, and dibutyl 
phthalate—were proposed and prioritized in the prohibition 
because they pose risks to human health and the environ-
ment [10, 11].

For environmental protection, green and environmen-
tally friendly composite materials (e.g., agricultural waste 
products including straw, rice husk, and bagasse) are pro-
moted around the world. Bagasse is an easily obtainable 
agricultural waste product and can enhance mechanical and 
physical properties, reduce flammability during combustion, 
and reduce the amount of artificial flame retardants used. 
Therefore, bio-composite materials have academic value and 
can be applied in fields including optics, electronics, energy, 
smart coatings, fuels, flame retardants, and composite mate-
rials [12–14].

Therefore, we used agricultural waste reuse and green 
halogen-free concepts to prepare flame retardants that con-
tain nitrogen and phosphorus and blend them into epoxy 
resin to create flame-retardant composite materials and 
improve their thermal properties and flame retardancy of 
polymer substrates [2, 15–17]. These materials can be used 
in transportation, coating, composite, and building materials, 
and thereby widening polymer applications.

Experimental

Materials

DGEBA-type epoxy was kindly supplied by Nan-Ya Plastics 
Corporation, Taipei City, Taiwan. 4,4′-Diaminodiphenyl-
methane (DDM) as a curing agent for epoxy and 9,10-dihy-
dro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) were 

purchased from Sigma-Aldrich Co. Ltd, Irvine, UK. Bagasse 
was obtained from the local market. The size of the bagasse 
after being pulverized is 0.053 mm. Isocyanurate (TGIC) 
was purchased from TCI, Tokyo, Japan. Anhydrous stabi-
lized tetrahydrofuran (THF) was obtained from Lancaster 
Co., Morecambe, Lancashire, UK.

Preparation of epoxy/bagasse@TGIC@DOPO IPN

First, we pulverized the bagasse, washed it with deionized 
water at 100 °C 3×, filtered it 3×, and put it in an oven 
to remove the water at 100 °C. We put bagasse (1.366 g) 
and triglycidyl isocyanurate (TGIC; 1.67 g) into a 100 ml 
serum bottle and added 80 ml of tetrahydrofuran solvent 
for modification and reaction at 60 °C for 2 h. This is solu-
tion A, as presented in Scheme 1. We put 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide (DOPO; 2.428 g) 
into solution A and reacted this at 60 °C for 2 h to obtain 
a bagasse@TGIC@DOPO flame retardant, which is solu-
tion B, as displayed in Scheme 2. Solution B was poured 
into the epoxy matrix (10 g), stirred at 60 °C for 2 h before 
hardener 4,4′-diaminodiphenylmethane (2.75 g) was added, 
and observed whether viscosity increased, after which it was 
poured into a mold, placed at room temperature for 24 h, and 
placed in an oven at 60 °C. The temperature increased from 
20 to 180 °C to form the composite materials as illustrated 
in Scheme 3.

Measurements

The FTIR spectra of the materials were recorded between 4000 
and 400 cm−1 using a Nicolet Avatar 320 FT-IR spectrometer, 
from the USA. Thin films were prepared by the solution cast-
ing method. The samples were treated at 180 °C for 2 h and 
then ground into a fine powder. The thermal degradation of 
the composite was examined using a thermogravimetric ana-
lyzer (TGA) (Perkin Elmer TGA 7) from room temperature 
to 800 °C at a rate of 10 °C min−1 under an atmosphere of 
nitrogen. The measurements were made on 6–10 mg samples. 
Mass-loss/temperature curves were plotted. The degraded 
products were analyzed by TGA/FT-IR (209 F3/BRUKER 
Tensor II) from room temperature to 800 °C at a rate of 
10 °C min−1 under an atmosphere of air. The LOI is defined as 
the minimum fraction of  O2 in a mixture of  O2 and  N2 that will 
just support flaming combustion. The LOI test was performed 
according to the testing procedure of the ASTM D 2836 Oxy-
gen Index Method, with a test specimen bar 7–15 cm long, 
6.5 ± 0.5 mm wide, and 3.0 ± 0.5 mm thick. The sample bars 
were suspended vertically and ignited by a Bunsen burner. The 
flame was removed and the timer was started. The concentra-
tion of oxygen was increased if the flame on the specimen was 
extinguished before burning for 3 min or burning away 5 cm 
of the bar. The oxygen content was adjusted until the limiting 
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concentration was determined. The vertical burning test was 
done inside a fume hood. Samples were held vertically with 
tongs at one end and burned from the free end. Samples were 
exposed to an ignition source for 10 s then they were allowed 
to burn above cotton wool until both sample and cotton wool 
extinguished. Observable parameters were recorded to assess 
fire retardancy. The UL 94 test classifies the materials as V-0, 
V-1, and V-2 according to the time period needed before self-
extinction and the occurrence of flaming dripping after remov-
ing the ignition source. V-0 is the most ambitious and desired 
classification. High-resolution X-ray photoelectron spectrom-
eter (HR-XPS, ULVAC-PHI, Inc., Kanagawa-ken, Japan): The 
sample is crushed into powder, and the sample is then adhered 
to the aluminum sheet with small round holes, which is mainly 
used for detecting the sample surface as well as the element 
composition and distribution in vertical directions, in addition 
to implementing analysis on the links of element substances. 
The morphology of the fractured surface of the composites 
was studied under a scanning electron microscope (SEM) 
(JEOL JSM 840A, Japan). The distributions of Si atoms in 
the char were obtained from SEM EDX mapping (JEOL JSM 
840A, Japan).

Results and discussion

Fourier‑transform infrared spectroscopy

Figure 1 indicates that the characteristic absorption peak of 
the –OH functional group of bagasse is 3600–3200 cm−1 
[18, 19], and the characteristic absorption peak of the TGIC 

epoxy group was 910 cm−1 [20, 21]. After a ring-opening 
reaction between the two, the P–H functional group of the 
DOPO characteristic absorption peak was at 2435 cm−1 [22], 
and the ring-opening reaction was conducted on the remain-
ing epoxy group. Furthermore, the characteristic absorp-
tion peaks of the original bagasse, DOPO, and TGIC were 
observed in the bagasse@TGIC@DOPO flame retardant. 
We discovered that the epoxy group of TGIC and the P–H 
functional group of DOPO disappeared. This verified that 
the three successfully formed a bagasse@TGIC@DOPO 
flame retardant [23]. 

Theoretical and experimental values [24–26]

To investigate the interaction between the epoxy and DOPO-
TGIC-bagasse flame retardant and the polymer matrix dur-
ing thermal degradation, their calculated or theoretical 
value, Wc, (epoxy/bagasse@TGIC@DOPO interpenetrating 
polymer network (IPN) composite material) is described as 
follows:

where χ1 and χ2 are the ratios of epoxy to bagasse@TGIC@
DOPO in the composite materials, respectively; and W1 
and W2 are the independent epoxy and bagasse@TGIC@
DOPO mass loss from degradation under the same condi-
tions, respectively.

The calculated and experimental thermogravimetric 
analyzer (TGA) curves are displayed in Fig. 2 and Table 1. 
The results suggested that the calculated TGA curve was 

(1)W
c
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1
×W

1
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lower than the experimental TGA curve. When the additive 
amount was between 5% and 30%, the experimental TGA 
curve of char yield was higher than that of the calculated 
TGA curve. This was particularly true when the char yield 
was added by 30%; then the experimental TGA curve was 
8.1% higher than the calculated TGA curve. Therefore, a 
chemical reaction occurred between the organic and inor-
ganic phases during combustion. This can contribute to the 
formation of char and improve thermal stability and flame 
retardancy of the composites.

TGA 

The thermal stability of pure epoxy and epoxy/bagasse@
TGIC@DOPO IPN composites was investigated through 
thermogravimetric analysis. In a nitrogen environment, the 
temperature ranges from 30 to 800 °C. A TGA curve was 
used to indicate thermal stability, and a differential TGA 
analysis curve was used to observe the temperature of the 
maximum degradation rate [26].

The thermal analysis curve of composite materials intro-
duced the epoxy to different amounts of flame retardants, as 
shown in Figs. 3 and 4. Relevant thermal degradation data 
such as the temperature of 10% mass loss (Td10), temperature 
of the maximum thermal degradation rate (Tmax), the maxi-
mum thermal degradation rate (Rmax), and the char yield are 
listed in Table 2 [5].

Figures 3 and 4 and Table 2 indicate that regardless of the 
amount of epoxy/bagasse@TGIC@DOPO IPN composite 

materials added, the temperature of 10% mass loss was 
advanced. Bond breaking is more likely to occur in these 
materials than the C–C bond in pure epoxy and the P–C and 
O=P–O bonds in epoxy/bagasse@TGIC@DOPO IPN com-
posite materials [27]. Therefore, the  Td10 of pure epoxy was 
400 °C, and when the addition was 30%,  Td10 was reduced 
to 314 °C. Epoxy/bagasse@TGIC@DOPO IPN composite 
materials effectively reduced the maximum degradation 
rate of pure epoxy from − 33.4 to − 9.8 mass% min−1, and 
increased the char yield from 14.1 to 23.4 mass% because 
the phosphorus in the bagasse@TGIC@DOPO structure 
traps free radicals in the gas phase and enters the condensed 
phase during the thermal degradation process. In addition, 
the phosphorus catalyzes char formation and the nitrogen in 
the structure, which releases noncombustible gas during the 
thermal degradation process and prompts the expansion of 
the char layer to prevent the fire from spreading [28]. The 
benzene ring generated char; thus, the char layer had anti-
oxidation resistance to high-temperature combustion. The 
curve indicated considerable differences between these and 
indicated that adding phosphorus could improve the ther-
mal stability of the composites during the high-temperature 
period.

Thermogravimetric analysis with infrared 
spectroscopy (TG‑IR)

To investigate whether new toxic compounds are produced 
during thermal degradation, we conducted experiments 

Fig. 1  FT-IR spectra of 
Bagasse、TGIC、DOPO and 
bagasse@TGIC@DOPO
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under an air environment with a heating rate of 10 °C min−1 
[29]. We used pure epoxy and epoxy/bagasse@TGIC@
DOPO IPN with 30% composite materials to compare three-
dimensional (3D) Fourier-transform infrared spectroscopy 
(FT-IR), as illustrated in Figs. 5 and 6, through thermogravi-
metric analysis with infrared spectroscopy (TG-IR). Charac-
teristic absorption peaks at 2400–2250 and 586–726 cm−1 
and absorption peaks of  CO2 at 1900–1650  cm−1 indi-
cated aldehydes, ketones, and acids [30]. The  CO2 and 
aldehydes, ketones, and acid emission of pure epoxy were 

higher than those of epoxy/DOPO–TGIC–bagasse IPN 
with 30% composite materials. When a fire occurs, con-
siderable acid damages human organs. Figures  7 and 8 
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Table 1  Comparison of calculated and experimental TGA data of 
epoxy/bagasse@TGIC@DOPO IPN 5–30% composites

Sample no C.Y (mass%) at 
800 °C

Cal Exp

Epoxy/bagasse@TGIC@DOPO IPN 5% 14.3 15.9
Epoxy/bagasse@TGIC@DOPO IPN 10% 14.5 16.7
Epoxy/bagasse@TGIC@DOPO IPN 20% 14.9 18.1
Epoxy/bagasse@TGIC@DOPO IPN 30% 15.3 23.4
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illustrated that the characteristic absorption peaks of ther-
mal degradation products were 2400–2250 cm−1 for  CO2, 
2250–2000 cm−1 for CO, 1900–1650 cm−1 for aldehydes 
and anhydrides, 1690–1450 cm−1 for aromatic compounds, 
and 726–586 cm−1 for  CO2. Selecting a few representative 
temperatures (300–700 °C) [30] can elucidate the detailed 
thermal degradation processes of pure epoxy and epoxy/
bagasse@TGIC@DOPO IPN with 30% composite materi-
als. Figures 7 and 8 have one additional P=O (1250 cm−1) 
[31]. Because of this functional group in the composite 
structure, phosphorus-containing parts began to degrade at 
low temperatures and prompt char production. As the tem-
perature rose, pure epoxy released CO beginning at 300 °C. 
Compared with epoxy/bagasse@TGIC@DOPO IPN with 
30% composite materials, the composite at 400 °C gradually 
released CO possibly because of the carbon layer protect-
ing underlying material from further combustion caused by 
uncombusted materials [31]. The maximum degradation 
temperature of 600 °C in Fig. 9 revealed that the release 
amount of the pyrolysis gas product of epoxy/bagasse@
TGIC@DOPO IPN with 30% composite materials was lower 
than that of pure epoxy because bagasse@TGIC@DOPO 
flame retardants have phosphorus and nitrogen-containing 
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Table 2  Thermal properties 
of epoxy and epoxy/bagasse@
TGIC@DOPO IPN composites

a Td10 is the temperature when the mass loss of the sample reaches its 10%
b Tmax corresponds to the maximum temperature degradation rate
c Rmax corresponds to the maximum thermal degradation rate

Sample no aTd10/°C bTmax/°C cRmax/
mass% min−1

IPDT/°C C.Y/
mass%

Pure epoxy 400 430  − 33.4 619 14.1
Epoxy/bagasse@TGIC@DOPO IPN 5% 378 436  − 18.9 670 15.9
Epoxy/bagasse@TGIC@DOPO IPN 10% 354 414  − 15.8 677 16.7
Epoxy/bagasse@TGIC@DOPO IPN 20% 336 410  − 11.5 702 18.1
Epoxy/bagasse@TGIC@DOPO IPN 30% 314 382  − 9.8 799 23.4
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elements that can capture free radicals and release incom-
bustible gases [28], thereby increasing the thermal stability 
and fire safety of pure epoxy.

LOI UL‑94

The UL-94 uses a burning standard test piece to record 
whether the total burning time of two burnings pass the 
standard and observe whether cotton laid under a flame 
is ignited by dripping and melting to determine the 

flame-retardant level of polymer materials and categorize 
them into three levels: V-0, V-1, and V-2. The limiting oxy-
gen index (LOI) determines the flame-retardant level of 
polymer materials by oxygen and nitrogen concentrations. 
The oxygen content of the atmosphere is 21%, and materials 
with an LOI of 21% or less burn in the air. Materials with an 
LOI of 22–25% automatically extinguish when burned, and 
materials with an LOI of at least 26% are difficult to ignite 
[32]. The flow rate of the adjusted oxygen and nitrogen was 
set to (mL/s), and its formula is as follows:

Table 3 shows that the LOI of epoxy was 21% and thus 
is a flammable polymer material. When the flame-retardant 
concentration was increased to 30%, the concentration of 
epoxy/bagasse@TGIC@DOPO IPN composite material 
increased to 29%, which indicated that flame retardance 
increased by eight levels. Epoxy failed the UL-94 and under-
went violent burning as the added concentration increased 
to 30%. The flame burning time of the bagasse@TGIC@
DOPO IPN composite materials was 1.6 and 1.2 s, respec-
tively, before being extinguished; thus they are V-0 level. 
Therefore, the bagasse@TGIC@DOPO flame retardant has 
an excellent flame-retardant effect because the phosphorus 
in its structure traps free radicals during the gas phase and 
enters the condensed phase during thermal cracking; in addi-
tion, it catalyzes the formation of char and the nitrogen in 
the structure, which releases noncombustible gas during 
the thermal degradation process and prompts the expansion 
of the char layer to prevent the fire from spreading [31]. 
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The benzene ring contributes to the amount of char pro-
duced; thus, the char layer can prevent high-temperature 
combustion.

In addition, Table 3 indicates that as bagasse@TGIC@
DOPO increases, effective flame retardancy increased. Sub-
sequently, as the addition increased to the maximum value, 
effective flame retardance reduced. Although bagasse@
TGIC@DOPO with a 30% LOI value reached flame retar-
dancy, bagasse@TGIC@DOPO with a 5% LOI value had 
excellent effective flame retardance. This suggested that 
bagasse@TGIC@DOPO with a 5% LOI value had excel-
lent flame-retardant efficiency for composite materials [33, 
34]. We have compared the flame-retardant property of the 
composites without bagasse. We found out that bagasse is 
helpful for retardant property in the same mass percentage 
of the additives in Table 3.

EDS

During energy-dispersive X-ray spectroscopy (EDS), an 
electron beam produces the characteristic X-ray of a sam-
ple element when it hits the sample. This can be used to 
analyze the composition of surface materials to determine 
their main components and use quantitative and elemental 
distribution diagrams to discuss epoxy/bagasse@TGIC@
DOPO IPN with 5% and 30% element changes before and 
after combustion. Figure 10 illustrates elemental changes 
in epoxy/bagasse@TGIC@DOPO IPN with 5% and 30% 
element changes before burning. Figure  10a indicates 
that epoxy/bagasse@TGIC@DOPO IPN with 5% ele-
ment change contained three elements—C, O, and P—and 
the percentages of their mass were 73.72%, 25.72%, and 
0.56%, respectively. Figure 10b illustrates that the epoxy/
bagasse@TGIC@DOPO IPN with 30% element change had 
three types of elements, C, O, and P, and the percentages of 
their mass were 72.79%, 24.95%, and 2.26%. As the addi-
tion amount increased, the phosphorus content increased. 
Figure 10c shows that epoxy/bagasse@TGIC@DOPO IPN 
with 30% element change had three types of elements, C, O, 

and P, after burning, and the percentages of their mass were 
67.54%, 20.97%, and 11.49%, respectively. During burning, 
char was formed because of the dehydration of phosphorus 
elements. In addition, nitrogen released noncombustible gas 
during combustion and prompted the expansion of the char 

Table 3  The flame retardance of epoxy/bagasse@TGIC@DOPO IPN composites by LOI and UL-94

a BC burn to the clamp
b EFF = ΔLOI/P-content (mass%)

Sample UL-94 LOI/% ΔLOI/% P-content/
mass%

bEFF

t1/s t2/s Ranking Dripping

Pure epoxy aBC – Fail No 21 0 0 0
Epoxy/bagasse@TGIC@DOPO IPN 5% 12.3 ± 0.5 BC Fail No 25 4 0.3 13.3
Epoxy/bagasse@TGIC@DOPO IPN 10% 10.5 ± 0.4 BC Fail No 27 6 0.6 10.0
Epoxy/bagasse@TGIC@DOPO IPN 20% 5.8 ± 0.3 BC Fail No 28 7 1.3 5.4
Epoxy/bagasse@TGIC@DOPO IPN 30% 1.6 ± 0.1 1.2 ± 0.1 V0 No 29 8 1.9 4.2
Epoxy/TGIC-DOPO 30% 0.7 ± 0.1 5.8 ± 0.2 V-0 No 26 6 2.1 2.88
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Fig. 10  EDS of a epoxy/bagasse@TGIC@DOPO IPN 5% before 
burning, b epoxy/bagasse@TGIC@DOPO IPN 30% before burning, 
c epoxy/bagasse@TGIC@DOPO IPN 30% after burning
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layer to prevent the fire from spreading [31]. The benzene 
ring supported the amount of char produced and can thus 
prevent passage between the gas and ignition source.

X‑ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) was used to verify 
changes in chemical bonds produced by epoxy/bagasse@
TGIC@DOPO IPN composite materials at room tempera-
ture and after burning at 800 °C by using a high-tempera-
ture furnace. We observed changes in the functional groups 
before and after combusting the flame retardant added to 
epoxy. Wave peak separation was used to calculate the anti-
oxidation properties of composite materials, and the results 
are displayed in Figs. 11–16 and Tables 4 and 5.

The XPS rough scans in Figs. 11 and 12 present the ele-
ment changes of epoxy/bagasse@TGIC@DOPO IPN with 
5% element changes and that with 30% element chances at 
room temperature and at a high temperature of 800 °C. Fig-
ure 11a indicates that the elements appearing at room tem-
perature were C, O, N, P, and Si. Figure 11b shows that the 
elements appearing at a temperature of 800 °C and at room 
temperature were the same. Following a deep oxidation at 

800 °C in the high-temperature furnace, the amount of C 
and P increased. During the thermal degradation process of 
DOPO, phosphoric acid can be produced as a dehydrating 
agent and promote the formation of char [35], thereby pro-
tecting it from high-temperature attacks of the epoxy resin 
substrate.

Figures 13–16 display changes in the types of bonding of 
the fine scan spectra of Cls, Ols, and Si2p at room tempera-
ture and at a high temperature of 800 °C.

First, the Cls spectrum contains a total of six functional 
groups located at 284 eV (C–C/C–H) [36], 285.4 eV (C–N) 
[37], C=C 284.5 eV [38], 286 eV (C–O) [39], and 282.9 eV 
(C–Si) [40], respectively. Following thermal oxidation at a 
high temperature of 800 °C, the C=O structure at 288.9 eV 
occurred [41]. The material structure was mainly graphitized 
after high-temperature combustion and thus the C=C struc-
ture improved. The results are illustrated in Figs. 13 and 14.

The Ols spectrum contains a total of three types of func-
tional groups located at 531.2 eV (=O) [42], 533 eV (–O) 
[43], and 531.5 eV (P=O) [44], respectively. This explains 
the changing bond types under room temperature and high-
temperature thermal oxidation because the DOPO of the 
flame retardant has a functional group of P=O. The phos-
phorus element was dehydrated to form char, and the nitro-
gen element released noncombustible gas during combus-
tion, thereby prompting the expansion of the char layer to 
prevent the fire from spreading [28]. After high-temperature 
thermal oxidation, P=O increased significantly, and the 
results are shown in Fig. 15.
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Fig. 11  XPS spectra of epoxy/bagasse@TGIC@DOPO IPN 5%  
a RT, b 800 °C

Table 4  Binding energy (eV) and relative peak intensities (%) of the various components of C1s peak-fitted signals

Sample no C1s

C–C/C–H C=C C–N C–Si C–O C=O

Epoxy/bagasse@TGIC@DOPO IPN 5%-RT 0.38 ± 0.02 0.29 ± 0.01 0.04 ± 0.01 0.14 ± 0.01 0.15 ± 0.01 –
Epoxy/bagasse@TGIC@DOPO IPN 5%-800 °C 0.24 ± 0.01 0.33 ± 0,02 0.13 ± 0.01 0.16 ± 0.01 0.07 ± 0.01 0.06 ± 0.01
Epoxy/bagasse@TGIC@DOPO IPN 30%-RT 0.42 ± 0.01 0.21 ± 0.01 0.06 ± 0.01 0.17 ± 0.01 0.14 ± 0.01 –
Epoxy/bagasse@TGIC@DOPO IPN 30%-800 °C 0.31 ± 0.01 0.19 ± 0.01 0.17 ± 0.01 0.24 ± 0.01 0.04 ± 0.01 0.04 ± 0.01

Table 5  The values of Cox/Ca 
of composites at RT and 800 °C

Sample no Temperature

RT 800 °C

Epoxy/
bagasse@
TGIC@
DOPO IPN 
5%

0.18 0.15

Epoxy/
bagasse@
TGIC@
DOPO PN 
30%

0.16 0.09
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In the Si2p spectrum, Fig. 16a, b shows that bonding 
strength changed considerably before and after combus-
tion, and Fig. 16a indicates that bagasse was added to the 

flame retardant; thus, bagasse contains a small amount 
of Si [45, 46]. Two types of bonding were identified: 
100.7 eV (Si–C) [47] and 103.6 eV  (SiO2) [48]. Figure 16b 
indicates that the following oxidation with combustion 
heat caused the silicide to be converted to silicon dioxide; 
thus, the  SiO2 peak intensity increased. Therefore, epoxy/
bagasse@TGIC@DOPO IPN composite materials produce 
a car layer after burning to protect the substrate.

We analyzed the difference between oxidation epoxy/
bagasse@TGIC@DOPO IPN at 5% and that at 30% before 
and after combustion thermal oxidation. After using the 
Cls spectrum to calculate the area ratio of each bond spe-
cies individually, the antioxidant effect of the material 
was obtained through oxidized carbons (Cox)/aliphatic 
aromatic carbons (Ca) [49]. The results are presented in 
Figs. 13 and 14 and Tables 4 and 5. Table 5 indicates that 
after adding 5% and 30% concentration of the composite 
material, the ratio of Cox/Ca at room temperature was 0.18 
and 0.16, respectively. After burning at a high tempera-
ture, the ratio dropped to 0.15 and 0.09, respectively. In 
summary, a high concentration of the addition resulted in 
superior resistance to oxidation and improved the thermal 
stability of hybrid materials.
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Fig. 13  C1s spectra of epoxy/
bagasse@TGIC@DOPO IPN 
5% a RT, b under air atmos-
phere at 800 °C
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Conclusions

This study successfully synthesized flame retardant a 
bagasse@TGIC@DOPO and included it into the epoxy resin 
substrate to prepare effective flame-retardant epoxy/bagasse@
TGIC@DOPO IPN composite materials. Compared with pure 
epoxy, the addition of bagasse@TGIC@DOPO increased ther-
mal stability, flame retardancy, and oxidation resistance of the 
composite material. When the flame retardant was added to 
30% composite materials, the char rate was 23.4 mass%, which 
was 9.3 mass% higher than that of pure epoxy (14.1 mass%). 
The LOI and UL-94 also increased from 21 (fail) to 29 (V-0). 
The results revealed that the flame retardant we added to the 
substrate had a noticeable fire protection effect. The use of 
epoxy in transportation, coating materials, composite materi-
als, and construction materials can reduce the chance of fire.
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