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ABSTRACT: We prepared novel flame retardants with concurrent excellent smoke-suppression properties based on lignin biomass
modified by functional groups containing N and P. Each lignin-based flame retardant (Lig) was quantitatively added to a fixed
amount of epoxy resin (EP), to make a Lig/EP composite. The best flame retardancy was achieved by a Lig-F/EP composite with
elevated P content, achieving a V-0 rating of the UL-94 test and exhibiting excellent smoke suppression, with substantial reduction of
total heat release and smoke production (by 46.6 and 53%, respectively). In this work, we characterized the flame retardants and the
retardant/EP composites, evaluated their performances, and proposed the mechanisms of flame retardancy and smoke suppression.
The charring layer of the combustion residual was analyzed using SEM and Raman spectroscopy to support the proposed
mechanisms. Our work provides a feasible method for lignin modification and applications of new lignin-based flame retardants.

1. INTRODUCTION
Polymer materials are ubiquitous in our daily lives due to their
excellent mechanical and physicochemical properties.1−3

However, most of these materials are highly flammable and
produce a large amount of heat and smoke during combustion,
limiting their applications when fire resistance is required.4

Therefore, flame retardants and smoke suppressants have
become an emerging focus of research.5,6 Halogen-7 and
petroleum-based8 flame retardants have been developed in the
past, but their development raised concerns about their
negative environmental impacts and consumption of fossil-
based resources. Inevitably, flame retardants based on green
and renewable biomass resources are receiving increased
attention; yet, recent research has plenty of room for
improvement. Currently, flame retardants based on modifica-
tion of biomass resources have been successfully applied to
polymer materials with reasonable effectiveness, such as phytic
acid,9,10 starch,11 castor oil,12 bamboo fiber,13 cardanol,14

cellulose,15,16 and lignin.17,18 Among these, lignin has great
potential due to its abundance in nature and because it is
widely found in supporting tissues of plants such as wood and
bark. With a high carbon content and multireactive functional

groups, lignin has become a promising and environmentally
friendly resource for flame retardants. Its thermal properties
have been studied extensively.19 It is reported that lignin
initiates thermal degradation in a wide temperature range
above 150 °C and forms a thermally stable product (char) at
700 °C.20,21 The charring layer prevents spreading of oxygen
and transfer of heat, thereby inhibiting further combus-
tion.22−24 Although a large amount of lignin was directly
burned as an energy source in the past, research on utilizing
lignin in flame retardants has started to increase recently.25

Two types of preparations for lignin-based flame retardants are
commonly reported. The first type is physical blending,26,27 in
which lignin is added directly into the polymers as a synergist
of other traditional flame retardants, such as APP, melamine,
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and Al(OH)3. A disadvantage of this type of method is uneven
multicomponent mixing, which has a negative impact on flame
retardancy. The second type comprises methods of chemical
modification,28−30 in which desired functional groups are
grafted onto lignin by chemical reactions. Chemically modified
lignin-based flame retardants containing nitrogen and
phosphorus with promising performances have been re-
ported.31 However, lignin-based flame retardants prepared by
the conventional modification route have rarely achieved the
rating of V-0 in the UL-94 flammability standards32 and little
attention was paid to smoke suppression.33 Although reports
show that epoxy resins containing lignin model compounds
can achieve reasonable flame-retardant and smoke-suppression
effects,34,35 these methods are not based on natural lignin
biomass. As an alternative, our work aims to develop effective
flame retardants with superior smoke-suppression properties
using modified pristine lignin, for polymer materials.
We used two components with excellent flame retard-

ancy,36,37 piperazine (PA) and 9,10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO), to prepare the inter-
mediates (PA−DOPO), as described in Scheme S1 in the
Supporting Information. By the Mannich reaction, we grafted
PA−DOPO onto pretreated lignin (Lig-P; see Scheme S2 in
the Supporting Information), which was then chemically
bonded to epoxy resin to form a Lig-M/EP composite. The
UL-94 test shows that the Lig-M/EP composite reaches a
rating of V-1. Further, we grafted DOPO onto Lig-M via the
Atherton−Todd reaction between DOPO and phenol groups,
to obtain Lig-F, which contains a higher content of element
P.38 The Lig-F/EP composite achieves a UL-94 rating of V-0.
Both Lig-M/EP and Lig-F/EP exhibit excellent smoke-
suppression properties (see Section 3.3). The structural
advantages and high phosphorus content of our lignin-based
flame retardants have shown much improved flame-retardant
and smoke-suppression performances.

2. RESULTS AND DISCUSSION
2.1. Characterization of Modified Lignins. FT-IR

spectra of Lig-P, Lig-M, and Lig-F are shown in Figure 1.

For Lig-P, the stretching vibrations for OH groups appear at
3429 cm−1 as a relatively broad band, while the C−H
stretching vibrations for CH−, CH2−, and CH3− are at 2930
cm−1. The peaks for the carbonyl group (CO) appear at
1700 cm−1, characteristic peaks of the aromatic rings are at
1460, 1600, and 1510 cm−1, respectively, and the C−O
stretching vibrations for primary alcohol are at 1020 cm−1; all

of the above peaks are in line with FTIR absorption peaks
reported for pristine lignin.31

Lig-M and Lig-F show the C−H stretching of the grafted-
CH2 group at 3067 cm−1, which is absent on the IR spectra of
Lig-P. The peak for the C−N bond appears at 1153 cm−1, and
that for the P−N bond appears at 762 cm−1. The PO
stretching occurs at 1235 cm−1. The absorption peaks at 1055
and 1276 cm−1 are attributed to the stretching vibrations of P−
O and P−O−CAr, respectively. The absorption band at 974
cm−1 corresponds to the characteristic absorption peak of the
P−O−Ph benzene ring skeleton. These results indicate that
the intermediate, PA−DOPO, has been grafted onto the lignin
successfully. Furthermore, for Lig-F, the unique peak at 1275
cm−1 is the characteristic absorption peak for O−P after the
phenol group is connected to DOPO.39 These results show
that nitrogen and phosphorus have been successfully grafted
onto our lignin-based intumescent flame retardants.
Elemental analysis was performed to determine the contents

of C, H, and N in the modified lignins. As shown in Table 1,

Lig-P has a low content of residual nitrogen (1.46%) due to the
enzymatic hydrolysis process. After PA−DOPO was grafted
onto Lig-P, the nitrogen content of Lig-M increased to 5.42%.
After further DOPO grafting onto Lig-M, the nitrogen content
of Lig-F became 3.09%, which was a relative decrease due to
the introduction of P content.
XPS is used to determine the elemental composition of C,

O, N, and P in lignins. As shown in Figure 2, N and P were not

found in Lig-P, while C and O were found to be 68.0 and 32.0
wt %, respectively. For Lig-M, N (3.0 wt %) and P (3.7 wt %)
were detected in addition to C and O, indicating successful
grafting of PA and DOPO onto Lig-P. For Lig-F, further
introduction of DOPO increased the P content (4.3 wt %),
while the N content decreased (2.2 wt %) relatively. These
results are consistent with IR and elemental analyses,
confirming the successful introduction of N and P into the
lignins via the intermediates PA−DOPO and DOPO.

Figure 1. Infrared spectra of Lig-P, Lig-M, and Lig-F.

Table 1. Contents of C, H, and N in Modified Lignins Based
on Elemental Analysis

carbon (wt %) hydrogen (wt %) nitrogen (wt %)

Lig-P 51.20 5.98 1.46
Lig-M 72.48 5.76 5.42
Lig-F 62.44 5.25 3.09

Figure 2. XPS spectra along with the elemental composition of Lig-P,
Lig-M, and Lig-F.
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Introduction of DOPO increases the P content, which leads to
an optimized fire-retardant effect.
2.2. Thermal Stability. TGA tests were used to determine

the thermal stability of Lig-P, Lig-M, and Lig-F. As shown in
Figure 3 and Table 2, Lig-P starts to degrade at 163 °C (Ti, the

temperature at which 5 wt % mass loss occurs), with maximal
weight loss at about 407 °C (Tmax, the temperatures at which
maximum mass loss occurs); at 800 °C, the residue became
41.0 wt % of the original mass. These values are consistent with
reports in the literature.31

The significant increase of Ti and Tmax confirms the
dehydration action of phosphoric acid derivatives in PA−
DOPO.21 Ti and Tmax of Lig-F are 320 and 455 °C,
respectively, much higher than those of Lig-M (202 and 433
°C, respectively). This shows that Lig-F has better thermal
stability and flame retardancy than Lig-M. However, Lig-M
seems to have slightly better carbonization ability, and the
carbon residue is 41.6 wt % of the original mass, as compared
to 38.2 wt % for Lig-F.
Figure 4 shows the thermal degradation of EP and Lig/EP

composites, and Table 3 shows the data in detail. Compared
with the blank epoxy resin, after adding 10 wt % of Lig-P, Lig-

M, and Lig-F, Ti of the correspondent composites decreased
from 384 to 383, 372, and 354 °C, respectively, and their
carbon residue values increased from 14.8 to 16.5, 18.2, and
20.6%, respectively. Adding 10 wt % of Lig-F led to the
maximum decrease in Ti and the maximum increase of the
carbon residue. As shown by the DTG curve (Figure 4B1),
compared to the Tmax of EP, the Tmax of 10% Lig-P/EP
increased by 3 °C, while the Tmax values of 10% Lig-M/EP and
10% Lig-F/EP decreased by 7 and 30 °C, respectively. The
results shown in Figure 4A2,B2 indicate that, with the increase
of the Lig-F concentration in epoxy resin, there is a decrease in
both Ti and Tmax, and an increase in the amount of carbon
residue. This is because earlier mass loss promotes earlier
carbonization, preventing further combustion.40,41 This is a
result of the excellent performance of Lig-F in flame
retardancy.

2.3. Flame-Retardant and Smoke-Suppression Prop-
erties. As a critical factor that decides people’s survival from
fire incidents, smoke-suppression capability has drawn
attention from researchers of flame retardants. It is also one
of our focal points. The flammability of the samples was tested
through UL-94 rating and LOI, with the results shown in Table
4. For 10 wt % Lig-P/EP, less improvement occurred in UL-94
tests, but the LOI value increased slightly. However, for 10 wt
% Lig-M/EP, V-1 rating in the UL-94 test was achieved.
Meanwhile, 6 wt % Lig-F/EP and 8 wt % Lig-F/EP both
achieved V-1 rating and their LOI values increased to 33.3 and
34.2, respectively. For 10 wt % Lig-F/EP, the UL-94 grade
reached V-0 and the LOI was as high as 34.3, which indicated
that the appropriate N and P contents lead to a better flame-
retardant effect. The excellent flame retardancy of our Lig/EP
composites demonstrates our success in utilizing modified
lignin as flame retardants. The actual UL-94 testing of 10%
Lig-F/EP is shown in the video provided in the Supporting
Information (Video 1).
Cone calorimeter tests were used to determine the heat

release and smoke release of our composite samples. The heat
release rate (HRR) and the total heat release (THR) curves of
EP, 10%-Lig-P/EP, 10%-Lig-M/EP, and 10%-Lig-F/EP
composites are shown in Figure 5. Table 5 includes detailed
cone calorimeter data of EP and three Lig/EP composites.
Among all of the samples, EP was most easily ignited and
burnt, indicated by its shortest time to ignite (TTI) of 66 s and
smallest residue (%) of 8.4%; TTI (s) and residue (%) exhibit
significant increasing trends for the sample sequence from EP
to Lig-P/EP, Lig-M/EP, and Lig-F/MP. In particular, TTI and
residue values of Lig-F/EP are about 170 and 194% of the
correspondent values of EP. The continuous increase of TTI
and residue values indicates that the samples in the sequence
become more difficult to ignite and have more charring
residues after combustion, which is in agreement with the
decrease of AMLR (Lig-F/EP is 61% of AMLR for EP).
Meanwhile, PHRR and av-HRR values show a substantial
decrease for the three Lig/EP composites. For lig-F/EP, they
are 53 and 58% of the correspondent values of EP. The
decreasing trend of PHRR and av-HRR indicates that the heat
isolation capacity of the samples in the sequence is
continuously enhanced. THR follows a decreasing trend
from Lig-P/EP to Lig-M/EP and to Lig-F/EP. Lig-M and
Lig-F composites show THR values smaller than that of EP.
Notably, TSP values of all three Lig-/EP composites are less
than 50% of that of EP; these represent strong evidence of
excellent smoke-suppressing performances of the Lig/EP

Figure 3. TGA (A) and DTG (B) curves for Lig-P, Lig-M, and Lig-F
under nitrogen.

Table 2. Initial Degradation Temperature (Ti), Maximum
Weight Loss Temperature (Tmax), and Carbon Residue
(Char) of Lignin and Modified Lignins

Ti (°C) Tmax (°C) char (%, 800 °C)

Lig-P 163 407 41.0
Lig-M 202 433 41.6
Lig-F 320 455 38.2
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composites. These trends indicate that modified lignin
provides not only effective flame retardancy but is also
environmentally friendly. Notably, the addition of Lig-F offers
the best flame retardancy among all three Lig/EP composites.

Figure 5C,D further shows that the addition of Lig-P, Lig-M,
and Lig-F can effectively reduce the smoke production (TSP)
during combustion of corresponding Lig/EP composites. Lig-P
reduces TSP by 63%. Lig-M/EP and Lig-F/EP reduce TSP
values by 65 and 53%, respectively. Our results indicate that
both Lig-M and Lig-F can improve flame-retardant and smoke-
suppression effects. The slight difference in the smoke-
suppression efficiency of Lig-M and Lig-F seems to be caused
by their difference in element contents (N and P). This is
consistent with the report that N and P contents in flame
retardants can promote formation of stably expanded charring
layers during combustion.42

2.4. Investigation of Char Residues. Figure 6 shows the
morphology of each sample after combustion. The residues of
EP and 10%-Lig-P/EP show the morphology of contraction,
indicating lack of flame retardancy. For Lig-M/EP and Lig-F/
EP, the residues present a morphology of expansion. This is
because the charring layer expands due to formation of NH3
from the thermal decomposition of N-containing groups.43,44

Lig-M/EP, with a UL-94 rating of V-1, exhibits a much
prominent expansion compared to Lig-F/EP, with a UL-94
rating of V-0. There are two reasons. Compared to Lig-F, the
relatively higher N content in Lig-M leads to a larger amount
of released NH3 during the combustion; on the other hand, its
slightly lower flame-retardant efficiency (compared to Lig-F)
extends the combustion time, which further increases the
amount of NH3.
During combustion, nitrogen produces noncombustible gas

and dilutes oxygen, which results in the expansion of the
charring layer; when heated, phosphorus functional groups will
decompose to form phosphoric acid or phosphate ester

Figure 4. (A) TGA and (B) DTG curves: (1) EP, 10%-Lig-P/EP, 10%-Lig-M/EP, and 10%-Lig-F/EP and (2) 2%-Lig-F/EP, 4%-Lig-F/EP, 6%-Lig-
F/EP, 8%-Lig-F/EP, and 10%-Lig-F/EP composites under a N2 atmosphere at a heating rate of 20 °C/min.

Table 3. Initial Degradation Temperature (Ti), Maximum
Weight Loss Temperature (Tmax), and Carbon Residue
(Char) of EP and Lig/EP Composites

sample Ti (°C) Tmax (°C) char (%, 800 °C)

EP 384 389 14.8
10%-Lig-P/EP 383 392 16.5
10%-Lig-M/EP 372 382 18.2
2%-Lig-F/EP 375 386 15.5
4%-Lig-F/EP 371 382 19.0
6% -Lig-F/EP 365 373 19.1
8%-Lig-F/EP 355 365 20.2
10%-Lig-F/EP 354 359 20.6

Table 4. UL-94 Level and LOI of EP and Lig/EP

sample UL-94 level LOI (%)

EP no rating 23.3
10%-Lig-P/EP no rating 24.7
10%-Lig-M/EP V-1 31.6
2%-Lig-F/EP no rating 26.2
4%-Lig-F/EP no rating 28.5
6%-Lig-F/EP V-1 33.3
8%-Lig-F/EP V-1 34.2
10%-Lig-F/EP V-0 34.3
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compounds that prevent the spread of the flame. Lig-M and
Lig-F can form a stable and continuous charring layer during

combustion, which explains their excellent flame-retardant
performance.

Figure 5. (A) Heat release rate, (B) total heat release curves, (C) smoke production rate, (D) and total smoke production rate of typical EP, 10%-
Lig-P/EP, 10%-Lig-M/EP, and 10%-Lig-F/EP composites (100 × 100 × 3 mm3) at a heat flux of 35 kW/m2.

Table 5. Cone Calorimeter Data of EP and Lig/EP Composites

samples TTI (s) PHRR (kW/m2) av-HRR (kW/m2) THR (MJ/m2) residue (%) AMLR (g/s) TSP (m2/m2)

EP 66 1336.7 309.6 103.7 8.4 0.122 93.5
10%-Lig-P/EP 74 996.6 251.3 115.7 9.3 0.091 34.7
10%-Lig-M/EP 81 963.4 210.7 98.0 14.5 0.077 32.3
10%-Lig-F/EP 112 714.4 179.8 95.3 16.3 0.075 44.1

Figure 6. Digital photos of composites for (A) EP, (B) 10%-Lig-P/EP, (C) 10%-Lig-M/EP, and (D) 10%-Lig-F/EP after UL-94 testing.
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SEM was used to obtain microscopic images of the residues
after combustion. With two frame sizes, 5 μm (left) and 20 μm
(right), Figure 7 contains images of the char residues, showing
the morphology of residues after combustion of the
composites. EP residues are tiny and crumby (A1, A2). Lig-
P/EP residues are small, loose particles not aggregating to form
a barrier (B1, B2). Lig-M/EP residues (C1, C2) reveal a
charring layer made of particles aggregated into large blocks,
which serve as a barrier to a certain degree (a limited
improvement compared to EP and Lig-P/EP). Residuals of
Lig-F/EP show formation of an extended and intact charring
layer, a most effective structure in insulating heat and air

during combustion (D1, D2). This explains why Lig-F is the
most efficient flame retardant. From A through D in Figure 7, a
clear trend was observed: the charring layer becomes larger
and more extended, which explains the differences in flame-
retardant properties for the four composites.
Graphitization degrees of the char residues were explored by

Raman spectroscopy. Figure 8 shows the D bands and G bands
of the four composites. The G band is related to the vibrations
of the sp2-hybridized carbon atoms, and the D band is related
to the vibrations of the disordered terminal carbon atoms.45

The intensity ratio of the D band and the G band, ID/IG, is
inversely proportional to the graphitization degree of the

Figure 7. SEM images of the residue char: (A1, A2) for the EP composite; (B1, B2) for the 10%-Lig-P/EP composite; (C1, C2) for the 10%-Lig-
M/EP composite; and (D1, D2) for 10%-Lig-F/EP composites.
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carbon residue. The ID/IG ratio of 10 wt % Lig-F/EP is 2.24
(the lowest), indicating that Lig-F/EP has the highest level of
graphitization (best charring performance). The degree of
graphitization of the charring layer has an increasing trend,
following the order of lignin modification presented previously,
as shown in Figure 8.
It is noticeable in the Raman spectra that both D and G

bands show a slight blue shift from Lig-P/EP to Lig-M/EP,
and to Lig-F/EP. This is related to P bonding with C in the
residuals: an increase of the P content leads to more blue
shift.29 This is consistent with the fact that we have added
more P in Lig-F than in Lig-M, and no P is added in Lig-P.
2.5. Mechanisms: Flame Retardancy and Beyond. The

improvements of flame-retardant properties of the Lig/EP
systems can be explained by several mechanisms working
coherently in both the condensed phase and gas phase. In the
condensed phase, decomposition products of DOPO in the
modified lignin play an important role, including phosphoric

acid, pyrophosphoric acid, and polyphosphoric acid. These
acids promote dehydration reactions of lignin and EP46,47 to
produce carbonaceous materials, which forms a charring layer,
which is capable of reducing heat transfer, isolating oxygen,
and preventing further burning of degraded polymer particles.
Besides, lignin itself has excellent charring capacity during the
combustion process. Its benzene ring and phenol structure
help enhance the compactness of the charring layer and
increase its thermal barrier property. In the gas phase,
nonflammable gases, formed from decomposition of piperazine
during the combustion, will dilute the concentration of O2 in
the combustion zone, delaying the combustion process and
reducing heat release. In addition, the phosphorus-based
radicals formed by the decomposition of DOPO will quench
active radicals and inhibit combustion.48,49 The synergistic
effects in the two phases lead to the excellent flame retardance
of Lig-M and even better performance of Lig-F. The smoke
suppression is also related to formation of the charring layer. In
general, a larger and denser charring layer prevents small, light
particulate matters from leaving the composite and forming
smoke.

3. CONCLUSIONS
We developed a novel method of synthesizing flame retardants
with lignin modified with N and P. The three lignin-based EP
composites Lig-P, Lig-M, and Lig-F were characterized and
tested for their flame-retardant and smoke-suppression proper-
ties. Our results show that these flame retardants are not only
effective but also environmentally friendly. Two of the
composites achieved UL-test grading of V-1 and V-0. In the
meantime, our flame retardants also exhibit excellent smoke-
suppression performance.
We proposed the flame-retarding mechanisms considering

condensed and gas phases, and we believe that the synergistic

Figure 8. Raman spectra of the carbon residue for (a) EP, (b) 10%-
Lig-P/EP, (c) 10%-Lig-M/EP, and (d) 10%-Lig-F/EP composites.

Scheme 1. Synthetic Route of Modified Lignin (Lig-M and Lig-F)
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effect of nitrogen and phosphorus in lignin was responsible for
the improvement of fire-resistant properties. Further, for-
mation of a larger and denser charring layer helps in improving
smoke suppression. This work provides an effective and
environmentally friendly means of achieving flame retardancy
and smoke suppression using modified lignin.

4. METHODS AND MATERIALS

4.1. Materials. Epoxy resin (commercial name: E51) was
purchased from Wuxi Bluestar Resin Factory. Lignin
(enzymatic hydrolysis lignin, 4.1 mmol/g OH, with Mw and
Mn of 3259 and 1385 g/mol) was bought from Shandong
Longli Biotechnology Co., Ltd., Shandong, China. Other
chemical agents such as phenol, terephthalaldehyde, 4,4′-
diaminodiphenylmethane (DDM), DOPO, PA, dimethylfor-
mamide (DMF), dichloromethane (CH2Cl2), carbon tetra-
chloride (CCl4), sodium hydroxide (NaOH), triethylamine
(Et3N), 37% formaldehyde (HCHO), and ethanol were
purchased from Macklin, China.
4.2. Preparation of Lig-M. Lig-P (10 g) and the

intermediate PA−DOPO (27 g) (see Scheme S2 in the
Supporting Information) were dissolved in 200 mL of DMF.
Formaldehyde solution (18 g, 37%) was added dropwise to the
DMF solution at 75 °C, and the reaction mixture was refluxed
for 3 h. Upon completion of the reaction, excess distilled water
was added to obtain the precipitate, which was washed three
times by ethanol and dried under vacuum at 80 °C for 12 h.
The product (yield: 42.0%) was labeled Lig-M.
4.3. Preparation of Lig-F. Lig-M (2.7 g), Et3N (2.72 g),

and DOPO (5.83 g) were dissolved in DMF (50 mL). To the
mixture, CCl4 (4.13 g) was added dropwise at 0 °C under a N2
atmosphere, allowing the reaction to continue for 10 h at 25
°C. The precipitate obtained was washed in the same way as
described in Section 2.2. The product (yield: 46.9%) was
labeled Lig-F, as shown in Scheme 1.
4.4. Composite Fabrication. The lignin-based flame

retardant was added to 20 g of EP and stirred for 1 h; then,
4 g of DDM was added and stirred for another 1 h. The
reaction mixture was poured into a grinding tool and cured at
100 °C for 2 h, and further cured for 2 h at 150 °C. The epoxy
composite was obtained after curing and demolding. The
formulations of all EP composites are listed in Table 6.
4.5. Characterization. FTIR spectra were obtained with a

Bruker VERTEX 80V FT-IR spectrometer. Elemental analysis
(EA) was carried out on a 2400 II (PE, America) elemental
analyzer. X-ray photoelectron spectroscopy (XPS) was
performed on a Shimadzu AXIS Ultra DLD spectrometer

(settings: energy analyzer fixed at 0.48 eV, power at 150 W,
and beam spot at 300 × 700 μm2). Thermogravimetric analysis
(TGA) was conducted on a NETZSCH (Germany) TG 209F1
instrument.
An EP composite sample of 8.0 mg was heated to 800 °C at

a heating rate of 20 °C/min under a N2 atmosphere. The
combustion performance of each Lig/EP composite sample
with a size of 100 × 10 × 3 mm3 was examined on the CFZ-2
Horizontal-Vertical Burning Tester (Jiangsu Institute of
Chemical Industry), to obtain the UL-94 rating (based on
ASTM D3801-19 UL-94 standard). The limiting oxygen index
(LOI) tests of the Lig/EP composite samples were performed
on an HC-2 LOI instrument (Jiangsu Institute of Chemical
Industry), according to the ASTM D2863 standard. Flame-
retardant properties of the samples (100 × 100 × 3 mm3) were
tested at another facility via a cone calorimeter (FTT, U.K.),
using the ISO 5660 protocol, except that samples were tested
only once rather than in triplicate as per the ISO 5660
methodology. Samples were tested with a metal frame and
aluminum foil backing at a heat flux of 35 kW/m2. Since
samples were tested only once, the results of the test can be
referenced. SEM images were obtained using a Quanta 200
(FEI, America) at an accelerating voltage of 5 kV. Raman
spectroscopy was performed on a DXR532 Raman spectrom-
eter (Thermo Fisher Scientific, America) at 780 nm.
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