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Abstract Bio-based materials as flame retardants
meet the requirements of green strategy and sustain-
able development. Here nitrogen and phosphorus-
modified bio-based cellulose nanocrystal composite
(NPCNCs) were designed and added to epoxy resin
(EP) to determine fire safety and mechanical proper-
ties. NPCNCs were successfully synthesized using
ice bath polymerization and exhibited a fibrous
appearance with rough surface. When correspond-
ing into EP, NPCNCs endowed EP composite with
excellent flame retardancy. For EP/6NPCNCs, the
LOI value was 27.6% which was higher than that
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of pure EP (23.5%). Compared with pure EP, the
total heat release, peak heat release rate, total smoke
production and peak smoke production rate values
of EP/6NPCNCs decreased by 27.27%, 43.34%,
70.21% and 66.67%. This was attributed to cataly-
sis-dehydration and carbonization, carbon support
of cellulose nanocrystals and gas phase dilution. In
addition, the flame retardant EP composite mechani-
cal properties were basically maintained compared
with the pure EP. This article will provide a new
way for the design bio-based P and N-modified
flame retardants.

Keywords Epoxy resin - Flame retardant -
Cellulose nanocrystal - P/N-modified hybrid

Introduction

Epoxy resins (EP) are widely used in automotive,
electrical, aerospace and other fields (Qi et al. 2023)
for advantages of stable structure, good heat resist-
ance and excellent mechanical properties. However,
the EP’s inherent flammability results in high fire risk
during the real application, which restricted the appli-
cation (Huo et al. 2021). Therefore, flame retardant
modification was particularly important for EP (Zhou
et al. 2017). Adding flame retardants was an impor-
tant flame retardant modification method (Zhi et al.
2022).
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Intumescent flame retardant was one of the most
important additive flame retardants, which was
formed by acid source, carbon source, and gas source.
Due to the synergistic effect of catalytic carboniza-
tion (Chen and Wang 2010), free radical scavenging
(Luo et al. 2020) and gas phase dilution (Peng et al.
2021), intumescent flame retardants showed excellent
flame retardancy. In recent years, a series of green
and renewable biomass materials, such as cellulose,
chitosan, lignin, starch and phytic acid (PA), had been
used to construct intumescent flame-retardant system
(He et al. 2022; Zhi et al. 2022).

Cellulose nanocrystals (CNCs) were nanorods
extracted from natural cellulose, which were impor-
tant flame retardant biomaterials due to their excellent
properties such as high crystallinity, high strength,
high elastic modulus, biodegradability, and abundant
surface active sites (Zhou et al. 2017). CNC@MEL-
PA was prepared from MEL, PA and CNCs to achieve
good thermal stability, char forming properties,
and effective flame retardancy (Zhang et al. 2023).
FCNC hybrid materials was synthesized by func-
tionalizing CNCs using silane coupling agents and
9,10-dihydro-9-oxa-10-phospha-phenanthrene-10-o0x-
ide (DOPO) (Du et al. 2022), which can effectively
improve waterborne polyurethane’s flame retardancy
and mechanical properties. CNC@DPP@Zn was pre-
pared using esterification and transition metal chela-
tion (Suo et al. 2022), when used in EP it formed a
continuous and dense cross-linked composite. When
thermal degradation, CNCs could form a continuous
and dense cross-linked char layer under the synergis-
tic effect with other flame retardants (He et al. 2022;
Zhang et al. 2020), while reducing heat release and
smoke release. Also, as a green natural polymer mate-
rial, CNCs had broad application prospects in green
flame-retardant systems due to their rich carbon con-
tent and high active sites.

PA was a green dehydrating agent from grains,
legumes and other plants with higher phosphorus
content, which exhibited excellent char-forming effect
during combustion and synergistic flame retardancy
(Meng et al. 2020; Mokhena et al. 2022). Phytic acid
doped polyaniline nitride carbon nanosheets were
synthesized to effectively improve the "candle core
effect” of cotton and polyester during thermal decom-
position (Chen et al. 2023a, b). Chitosan/phytate was
deposited onto the surface of polyester/cotton blended
fabrics by layer-by-layer self-assembly to construct a
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bio-based intumescent flame-retardant system (Fang
et al. 2021). When the deposition reached 20 layers,
the LOI value of the blended fabric was 29.2% and
the melting droplet phenomenon of the fabric disap-
peared. A novel intumescent flame retardant PAD
was prepared by combining PA with DOPO, and the
EP/5 wt% PAD showed obvious intumescent behavior
(Yang et al. 2022).

Polyaniline (PANI) is a typical nitrogen-containing
polymer compound. Because of good compatibility,
simple synthesis process, good physical and chemi-
cal stability, and good processability, PANI has been
widely used in the flame retardant field (Li et al.
2014). A multifunctional coating containing graphene
oxide and PANI on the surface of cotton fabric was
constructed through in-situ polymerization and spray-
assisted layer-by-layer assembly (Zeng et al. 2021).
The coating played the molecular interaction between
different layers and the synergistic effect of differ-
ent elements to entrust cotton fabric with excellent
self-extinguishing and flame retardancy. A non-car-
bonized nanostructured aerogel was developed by a
top-down approach, which had electromagnetic inter-
ference shielding, flame retardancy and photothermal
conversion capabilities (Chen et al. 2021).

In this paper, a novel CNC-based intumescent
flame retardant was constructed to use PA and ani-
line as raw materials and utilizing the surface-active
sites of CNCs. Then it was applied to EP to study the
flame retardant, mechanical properties, and the pos-
sible flame retardant mechanisms were revealed by
analyzing the carbon residue in condensed phase and
the pyrolysis products in gas phase.

Experimental
Materials

Cellulose nanocrystals (CNCs) were provided
by Huzhou Sansi New Material Technology Co.,
Ltd.. Aniline (>99.5%) and ammonium persulfate
(APS,>98%) were purchased from Tianjin Fuchen
Chemical Reagent Factory. Phytic acid (PA, 50%) was
obtained from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd.. M-phenylenediamine were offered
by Shanghai MacLean Biochemical Technology Co.,
Ltd. EP resin (E-44) was offered by Sinopec Group
Asset Management Co., Ltd.. All reagents were of
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analytical grade and can be used directly without fur-
ther processing.

Preparation of NPCNCs

NPCNCs was successfully prepared by ice bath
polymerization and the detail procedure was as fol-
lows. 0.625 g of aniline was added to 100 mL H,O
and dispersed for 30 min. Then, 5.5 g of PA was
added to the above solution and mixed uniformly,
and then the suspension of CNCs (1.56 wt%, 10.26 g)
was dropped into the above-mixed solution, and then
ultrasonically treated for 100 min to make the ani-
line monomer self-assemble on the surface of CNCs.
Finally, 0.76 g of APS was added to the mixture
under mechanical agitation and polymerized in an ice
bath for 3 h. After centrifugation, washed with water,
and dried, the dark green product was obtained which
was denoted as NPCNCs.

Preparation of EP/NPCNC composites

The preparation method of the EP composite was as
follows: First, 100 g EP was placed in a suction filter
bottle, then placed in a water bath under 60 °C, and
the air bubbles in the system were removed. After-
ward, 3.0 g CNCs, 3.0 g NPCNCs, 6.0 g NPCNCs
and 9.0 g NPCNCs were added to the EP, and stirred
to fully disperse, respectively. Then, 11.0 g curing
agent m-phenylenediamine was added into the above
mixture. After dispersed evenly, the mixed composite
was quickly poured under the preheated Teflon mold.
Finally, it was transferred to a vacuum oven to cure
at 80 °C for 2 h and recure at 150 °C for 3 h. The
samples were noted as EP/3CNCs, EP/3NPCNCs,
EP/6NPCNCs, and EP/ONPCNCs, respectively.
In comparison, pure EP was prepared in the same
method without flame retardant being added.

Characterization

The morphology was characterized by a scanning
electron microscope and energy dispersive X-ray
spectrometry (SEM-EDS, TM4000, Japan), using
an accelerating voltage of 15 kV and gold spraying
under a vacuum to increase the conductivity before
testing. At the same time, the content of various
elements was determined by spectral line scan and
spectral surface scan (mapping). Also, transmission

electron microscopy (TEM, Tecnai G2 F20 S-TWIN,
USA, accelerating voltage of 200 kV) was used to
characterized the morphology.

The chemical bonding mode of the composites
was studied using Fourier transforms infrared spec-
troscopy (FTIR, TENSOR 27, Bruker, Germany)
and X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Scientific, America). FTIR used the
KBr pellet technique in the range of 4000400 cm™".
XPS used Al Ka excitation radiation (hv=1486.6 eV)
collected in the process.

The structure of the material was characterized
by X-ray diffraction (XRD, D8-ADVANCE, Bruker,
Germany) on the sample powder in the scanning
range of 5-60° with a scanning speed of 0.1 s/0.02°
and Cu Ko radiation at 40 kV.

The thermal stability was analyzed using a thermo-
gravimetric analyzer (TGA, STA449C, NETZSCH,
Germany) under nitrogen and air conditions. The
temperature was raised from room temperature to
800 °C at a heating rate of 10 °C/min.

The limiting oxygen index (LOI) was tested on
the HC-2 oxygen index meter (PX-05-005) using the
GB/T2567-2008 test standard. The size of the sample
tested is 130%6.5x 3.2 mm?>. The combustion behav-
ior of the material was tested using a cone calorimeter
(CCT, iCONE plus, Fire Testing Technology, UK)
according to the ISO 5660 test standard. A sample of
100x 100x 3 mm?> was covered with aluminum foil,
and the combustion test was carried out at a heat flux
of 50 kW/m®.

Raman spectroscopy was performed on the
532 nm laser of the LabRAM HR Evolution Raman
spectrometer. Generally, each carbon residue sample
was collected from three locations, with a test range
of 800-2000 cm™".

The tensile strength was measured by an electronic
universal testing machine (UTM4204, SUNS, China).
The splines were 100X 5x 3 mm? in size according to
the GB/T2567-2008 standard, and the tensile speed
was 50 mm/min. The impact strength was measured
using a pendulum impact tester (ZBC2000-B, Win-
ters Industrial Systems) with an impact bar size of
60x4x10 mm?>. The test specimens for mechanical
properties were all five, and the final data was the
average of the five samples.

Thermogravimetric analysis and Fourier trans-
form infrared spectroscopy (TG-FTIR) were
performed on the composites using an FTIR
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spectrometer (USA-Thermo Fisher-IS50 Infrared) and
a TGA2 thermogravimetric analyzer (Mettler, Swit-
zerland) under nitrogen atmosphere. About 5.0 mg
of the sample was heated from room temperature to
800 °C at a heating rate of 10 °C/min.

Results and discussions
Characterization of NPCNCs

The morphology of prepared flame retardant was
characterized by TEM (Fig. 1(a-b)). The CNCs pre-
sented a fibrous structure with a length of about
200 nm and a diameter of about 20 nm. NPCNCs also
presented fibrous structure coated with spheres which
was the phosphorous nitrogen containing materials.
The EDS and mapping results showed that NPC-
NCs were composed of C, O, N and P elements and
these elements were uniformly dispersed in the pre-
pared material. The XRD patterns of CNCs showed
a broad peak at 15.6°/16.5°, 22.5°and 34.6°, which
were attributed to the overlapped peaks from the
(1-10) and (110) planes, to the (200) planes, and to
the (004) planes, respectively, characteristic of cellu-
lose 1. Also, the peak at 25.2° appeared and the peaks

of the NPCNCs were reduced, indicating the P and N
modification reduced the degree of crystallization.

As shown in the FTIR spectra (Fig. 1(e)), CNCs
showed typical absorption bands~3414 cm™ (-OH
stretching vibration), 2900 cm™' (-CH stretching
vibration), 1633 cm™! (absorbed water), 1435 cm™,
1382-1375 cm™' (C-H bending), 1335-1315 cm™
(O-H bending and CH, wagging), 1278-1285 cm™,
1155 cm™! (C—C stretching in ring structure),
1113 ecm™! (C—O-C glycosidic ether), and 1054 cm™"
(C—O—C stretching in pyranose ring), 902-894 cm™!
(glycosidic linkages) (Kumar et al. 2017). For PANI,
there were signals corresponding to quinoid, ben-
zenoid ring, and N-H vibrations at 1555, 1479, and
1299 cm™!, respectively (Li et al. 2014). The charac-
teristic bands in NPCNCs were red-shifted to 1545,
1478 and 1297 cm™!, respectively, indicating a strong
interfacial interaction between CNCs and PANI. In
addition, new absorption bands appeared at 551 and
798 cm™!, representing the symmetry vibration of
P-O-C and the stretching vibration of P=0, respec-
tively, which was the result of the protonation effect
between PA and PANI (Huang et al. 2021).

The elements and bonding modes of CNCs and
NPCNCs were characterized by XPS. According to
Fig. 2, CNCs had typical peaks C and O. While in
NPCNCs, the existence of N and P elements could be
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Fig. 1 TEM image of (a) CNCs and (b) NPCNCs; (c¢) the element mappings and EDS for NPCNCs; (d) XRD patterns and (e) FTIR

spectra
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Fig. 2 a) XPS spectra of CNCs and NPCNCs, high-resolution (b) N 1 s and (c) P 2p XPS spectra of NPCNCs

observed. In addition, the peaks of N1s and P2p spec-
tra of NPCNCs were divided. There were three peaks
in N1s spectrum, corresponding to C-N (397.9 eV),
-NH- (399.6 e¢V) and C=N (400.83 eV) (Bhoite
et al. 2021). The P2p spectrum contained two peaks
corresponding to P=0O (132.7 eV) and P-O-C/H
(133.4 eV) (Cheng et al. 2021). These results indi-
cated that the synthesis of NPCNCs was successful.
In order to study the thermal stability, CNCs and
NPCNCs were analyzed using TGA in N, atmos-
phere. Figure 3(a) showed that there were two

degradation stages in CNCs: the first stage (below
150 °C) was related to the evaporation of free water;
The second stage occurred at around 220-350 °C
with the dehydration of the sugar ring and the break-
ing of the C—O-C bond of the glycoside (He et al.
2022). NPCNCs had a similar decomposition stage
with CNCs. The initial decomposition temperature
(T54) of NPCNCs was decreased from 253.9 °C (T,
of CNCs) to 125.0 °C, indicating that the addition
of phytic acid and aniline promoted the decomposi-

tion in advance. The maximum mass loss rate (R;,,)
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Fig. 3 a) TGA and (b) DTG curves of CNCs and NPCNCs in N, atmosphere. (¢) 3D TG-FTIR spectra; (d) FTIR spectra of the
pyrolysis products at different temperature; the (e) CO, and (f) NH; release trajectory over time of NPCNCs
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of NPCNCs was reduced to 3.74%/min, compared
with that of CNCs (35.26%/min). And at 800 °C, the
residual mass of CNCs and NPCNCs were 15.72%
and 47.75%, respectively. The results showed that the
NPCNCs have excellent char forming ability, which
can provide an effective physical barrier to isolate
heat, smoke, and combustible gases, thereby inhib-
iting mass and heat transfer during the combustion
process.

The pyrolysis products of NPCNCs during ther-
mal decomposition were evaluated by TGA-FTIR.
According to 3D spectra and the FTIR spectra at dif-
ferent temperature (Fig. 3(c-d)), the bands of O-H
(3710-3850 cm™!) and C,-C,, (1480-1570 cm™)
appeared (Peng et al. 2021) at the first degradation
process, and the production of CO, (2360 cm™),
P=0 (1305-1400 cm™"), P-O-C (669 cm™") and NH;
(929 and 966 cm™!') appeared at the second degra-
dation process (Fang et al. 2020; Wang et al. 2023a,
b). The phosphorous groups can capture H- and OH-
active radicals, terminate the chain combustion reac-
tion, and prevent the combustion in the gas phase
(Xiao et al. 2023). CO, and NH; was nonflammable
gases that can dilute oxygen and gaseous combustible

products, resulting in combustion discontinuation
(Peng et al. 2021).

Thermal behavior of prepared composites

The TGA and derivative thermogravimetry (DTG)
curves of EP composites under N, and air atmosphere
was shown in Fig. 4, and the relevant data were listed
in Table 1. As can be seen under N, atmosphere,
both pure EP and the flame-retardant EP composites
exhibited only one degradation process (300—400 °C),
which was mainly caused by the molecular chains
fracture of EP (Kandola et al. 2022). For pure EP,
the Tsq was 361.4 °C, the R, was -18.09%/min at
376.5 °C (T, and the residual char was 14.22% at
800 °C. The flame-retardant EP composites exhib-
ited similar pyrolysis behavior. And with the addition
amount increasing, the Tsq, and T, ,, value decreased
more obviously. In addition, the residual char of
EP/ONPCNCs reached 25.00%, which was 75.8%
higher than that of pure EP. The results showed that
the addition of NPCNCs promoted the early degra-
dation of EP composites and the formation of char
layers.

Fig. 4 A-b) TGA and AN b)100———=
(c-d) DTG curves of EP ( )1 :EE/CNCS ( ) __:E;/CNCS
composites _ 80 —+—EP/3NPCNCs| . 801 \ —+—EP/3NPCNCs
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= 60 EP/ONPCNCs| = A EP/9NPCNCs
o o)
< v 4
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20 \% T g0
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N . - - T - - r G - - - - - r -
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g:g;;osfﬁzﬂﬂta WFEP Atmosphere  Samples Tey (°C) T,y (°C) R, (%/min)  Chargyec (%)
composites N, EP 361.4 376.5 -18.09 14.22
EP/3CNCs 360.1 374.4 -15.57 15.79
EP/3NPCNCs 340.1 384.1 -11.25 20.19
EP/6NPCNCs 331.5 379.1 -11.10 22.83
EP/9NPCNCs 323.8 369.5 -10.59 25.00
Air EP 367.8 380.9 -20.54 0.79
EP/3CNCs 364.1 379.1 -20.10 1.63
EP/3NPCNCs 346.5 380.2 -10.26 1.97
EP/6NPCNCs 331.3 387.3 -8.67 2.14
EP/9NPCNCs 3253 379.3 -8.98 2.20
Under air atmosphere, there were two degrada- EP/3NPCNCs, EP/6NPCNCs, and EP/9NPCNCs

tion stages for pure EP and EP composites: the first
degradation stage was about the molecular chains
fracture of EP; the second stage (500-700 °C) was
corresponded to the degradation of residual char
(Feng et al. 2018). At the second stage, compared
with pure EP, the EP/NPCNCs degradation tempera-
ture increased and decomposition rate slowed down,
both showing that the addition of NPCNCs can sig-
nificantly improve the thermal oxidation stability of
residual char, then improving the fire resistance of EP
(Xiao et al. 2023).

Flame retardancy tests

The limiting oxygen index (LOI) is the minimum
concentration that supports the combustion of a mate-
rial to describe the flame retardancy (Chen et al.
2023a, b). The LOI values of pure EP and EP/3CNCs
were 23.5% and 23.0%, respectively, indicating that
both were extremely flammable. The LOI values of

were 27.0%, 27.6%, and 26.7%, respectively, indicat-
ing that NPCNCs can improve the flame retardancy
of EP and reduce fire risk.

Cone calorimetry (CCT) is an effective method to
measure the combustion performance, and can pro-
vide some important parameters (Lou et al. 2023).
The related data results were shown in Table 2 and
Fig. 5. As shown in Fig. 5(a-b), pure EP was ignited
at 54 s and reached a peak heat release rate (PHRR)
(1242.79 kW/m?) at 125 s, with a total heat release
(THR) of 116.35 MJ/m?. The EP/3CNCs was ignited
at 49 s, with a slightly decrease in PHRR value
(1242.79 kW/m?) and in THR (119.73 MJ/m?). This
indicated that CNCs promoted the early degradation
of EP materials, but did not play a positive role in the
combustion of EP. With the NPCNCs different addi-
tion, the ignition time of EP composites was advanced
to 39, 42 and 36 s, respectively, indicating that NPC-
NCs can promote the degradation of EP, which was
consistent with the results of TGA. Compared with

Table 2 Correlation data of

. Samples EP EP/3CNCs  EP/3NPCNCs EP/6NPCNCs  EP/9NPCNCs
LOI and cone calorimetry
LOI (%) 23.5 23.0 27.0 27.6 26.7
TTI (s) 54 49 44 43 40
THR (MJ/m?) 116.35 119.73 100.23 94.62 95.17
PHRR (kW/m?) 124279 1139.67 892.55 704.11 694.83
Av-EHC (MJ/kg)  29.77 31.55 26.81 27.51 26.91
Av-SEA (m%kg) 1079.67  1132.58 1046.23 906.42 769.51
TSP (m?) 38.91 39.88 33.00 11.59 24.45
PSPR (m?%kg) 0.39 0.45 0.23 0.13 0.22
tpgpr (8) 120 110 95 110 80
Residue (%) 9.84 7.53 16.59 21.34 20.93
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pure EP, the THR of EP/3NPCNCs, EP/6NPCNC:s,
and EP/ONPCNCs decreased by 13.85%, 27.27% and
18.20%, respectively, and the PHRR decreased by
28.18%, 43.34%, and 44.09%, respectively. This may
be due to the prepared flame retardant promoting the
formation of residual carbon in the matrix during the
combustion process, thereby inhibiting the release of
heat (Wang et al. 2019).

As shown in Fig. 5(c-d), pure EP released a large
amount of smoke during combustion, reaching a
peak PSPR of 0.39 m’kg at 120 s, and with TSP of
38.91 m% The TSP and PSPR of EP/3CNCs slightly
increased. While EP/3NPCNCs, EP/6NPCNCs and
EP/ONPCNCs reached PSPR of 0.23, 0.13 and 0.22
m?/kg at 95, 110 and 80 s, respectively. The related
TSP value decreased by 15.19%, 70.21%, and
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37.16%, respectively. NPCNCs effectively inhibited
the generation of smoke during the combustion pro-
cess of EP composites, improving the fire safety of
EP. The decrease in the Av-SEA value of EP/NPCNC
composites also clearly confirmed this conclusion.
Additionally, the release of CO showed the similar
trend of HRR and SPR. The reduction of smoke and
toxic gases (CO) can improve the fire safety of EP.

In addition, compared with pure EP, the Av-EHC
values of EP/NPCNC composites were all increased,
indicating that NPCNCs played a role mainly in the
condensed phase (Zhang et al. 2017). During the
combustion process, the composite generated a dense
expanded char layer, which played a good role in heat
and oxygen insulation. Then smoke and solid parti-
cles generated during the combustion process need
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Fig. 6 (a-b) Digital photos (¢) SEM of the carbon residue outer surface, (d) SEM of carbon residue inner surface, the EDS of (e) EP

and (f) EP/ONPCNCs

to pass through complex pathways to be released into
the air, and remained inside the char layer (Meng
et al. 2022).

Flame-retardant mechanisms

To study the condensed phase mechanism, the car-
bon residue after CCT test were characterized using
digital camera, SEM, Raman and XRD. In the digital
photos, the carbon residue of pure EP was less and
broken and that of EP/3CNCs was slightly increased

compared to pure EP. With the addition of NPCNCs,
expanded char layers were formed, and the height
increased differently as the amount of NPCNCs
increased.

SEM was used to study the microscopic morphol-
ogy of carbon residue. For pure EP and EP/3CNCs,
there were many holes on carbon residue outer sur-
face because of gas ejection, which made it dif-
ficult to play a role of heat insulation and oxygen
insulation (Shi et al. 2018). EP/NPCNC composites
formed a denser char with fewer pores, which could
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Fig. 7 Raman spectra of (a) EP, (b) EP/3CNCs, (¢) EP/3NPCNCs, (d) EP/6NPCNCs, (e) EP/ONPCNCs and (f) XRD pattern of car-

bon residue after CCT

effectively inhibited heat and mass transfer, avoiding
further combustion and improving flame retardancy.
As can be seen from Fig. 6(d), the inner surface of
the EP/6NPCNCs was denser, and there were vesicu-
lar substances, which may be due to the formation of
pyrophosphate or metaphosphate (Feng et al. 2018;
Xu et al. 2023). In addition, the EDS results showed
that C and O elements were detected in the carbon
residue of pure EP. For EP/ONPCNC:s, there existed
C, O and P elements, while not contained N element.
This indicated that nitrogen containing gases (N, and
NH;) (Zhu et al. 2020) were released during combus-
tion, while phosphorus containing compounds played
a role in the condensed phase of the char layer (Sui
et al. 2020).

Raman was used to characterize the graphitiza-
tion degree of carbon residue. The results showed
that carbon residues showed two peaks as D band
(1351 cm™!, belonged to graphitized carbon) and
G band (1595 cm™!, belonged to amorphous car-
bon) (Wang et al. 2023a, b). The Iy/I; ratios of
carbon residue of EP, EP/3CNCs, EP/3NPCNCs,
EP/6NPCNCs and EP/ONPCNCs were 3.47, 3.38,
3.50, 3.54 and 3.51, respectively. EP/ONPCNCs’ I/
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I ratio was the highest, indicating that it had the
smallest carbonaceous structure and the highest
degree of graphitization. It showed that more stable
carbon layers were formed during the combustion
process, which can well insulate heat and oxygen,
thereby inhibiting combustion, protecting the sub-
strate, and improving fire safety.

The XRD patterns of the carbon residue were
shown in Fig. 7(f). The carbon residue of pure EP
and EP/3CNCs showed one wide diffraction peak at
24.48° and 24.17° with a crystal plane spacing of
0.3633 and 0.3679 nm, indicating the formation of
graphitization during the combustion process (Yu
et al. 2015). While the wide peaks of EP/3NPCNC:s,
EP/6NPCNCs and EP/ONPCNCs shifted to 24.74°,
24.68°, and 24.81° with crystal plane spacing of
0.3596, 0.3660, and 0.3586 nm, respectively. The
results showed that the addition of NPCNCs was
conducive to the formation of a denser semi-focal
layer (Shao et al. 2018). The results were consistent
with digital photographs of carbon residues.

The pyrolytic products and toxic gases gener-
ated during the degradation of EP and its com-
posites were characterized by TG-FTIR. 3D
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Fig. 8 (a-b) 3D TG-FTIR and (c¢) FTIR spectra at the maxi-
mum decomposition rate; FTIR spectra of pyrolysis products
at different temperature: (d) EP; (e) EP/ONPCNCs; (f) total

TG-FTIR (Fig. 8(a-b)) and FTIR (Fig. 8(c)) spec-
tra at the maximum decomposition rate showed
that the absorption intensity of EP/9NPCNCs

Time (s)

Time (s)

pyrolysis products; (g) Hydrocarbons; (h) carbon dioxide; (i)
aromatic compounds; (j) CO and (k) CO,

reduced compared to that of pure EP. And the
infrared spectra of gaseous decomposition prod-
ucts of EP composites mainly included water
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Fig. 9 The flame-retardant
mechanism

Dilution effect

Carbon support effect

or phenol (3500-4000 cm™'), hydrocarbons
(2750-3200 cm™!), CO, (2200-2400 cm™'), car-
bonyl compounds (1750-1900 cm™"), and aromatic
ring containing compounds (1250-1600 cm™',
600-1000 cm™") (Qiu et al. 2017). Compared with
pure EP in Fig. 8(f), the absorption intensity of
EP/ONPCNCs was shorter and thinner, indicating
that NPCNCs had an inhibitory effect on the release
of precipitated gas in the thermal decomposition

Catalysis-charring

process of EP composites (Fu et al. 2022; Li et al.
2022). The main sources of smoke particles during
combustion were organic volatile products, such as
hydrocarbons, carbonyls, and aromatic compounds
(Li et al. 2020; Liu et al. 2021). The absorption
intensity at 2975 cm™! (hydrocarbons), 1737 cm™!
(carbonyl compounds), 1510 cm™! (aromatic com-
pounds), 2150 cm™! (CO) and 2360 cm™! (CO,)
of EP/ONPCNCs were significantly reduced (Hong
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Fig. 11 SEM images of cryofracture sections: (a) EP; (b) EP/3CNCs; (¢) EP/3NPCNCs; (d) EP/6NPCNCs and (e) EP/ONPCNCs

et al. 2022) compared with that of pure EP. The
reduction of these volatiles helped to suppress the
release of smoke, which was conducive to improv-
ing fire safety (Liang et al. 2023; Rao et al. 2023).
The mechanism was proposed (Fig. 9). The intro-
duction of phosphorus and nitrogen elements into
CNCs can endow excellent flame retardancy to EP.
CNCs served as templates and carbon to provide sup-
port and source for carbon residue; The addition of
PA containing phosphorus compound can promote
the carbonization and dehydration of CNCs and EP
matrix during combustion, thereby greatly improv-
ing the yield of carbon residue; Nitrogen-containing
PANI can produce incombustible gases during com-
bustion. In summary, in the condensed phase, due to

the catalytic and dehydration carbonization effects
of phosphorus containing compounds, as well as
the good support effect of fibrous CNC templates,
EP composite materials generated a more stable and
dense char layer during combustion (Wang et al.
2022, 2024). Moreover, phosphorus and nitrogen ele-
ment collaborative improved carbon residue stability,
avoided further oxidation, prevented the collapse, as
well as the formation of pores and cracks. The char
layer acted as a physical barrier to reduce mass and
heat transfer and prevented volatiles from escaping.
In the gas phase, non combustible gases such as NH;
and CO, generated by NPCNCs diluted the concen-
tration of combustible gases and oxygen, thereby pre-
venting combustion.

Table 3 Mechanical

Samples Elongation at break (%) Tensile strength (MPa) Impact
propert)‘f data of EP toughness
composites (KJ/m?)

EP 11.63+3.41 65.05+0.58 16.67+0.72

EP/3CNCs 10.64 +2.81 68.59+0.83 20.59+0.64

EP/3NPCNCs 14.32+2.99 61.41+0.73 21.54+0.89

EP/6NPCNCs 11.77+3.60 62.07+0.52 20.92+0.68

EP/ONPCNCs 8.18+3.36 42.94+0.64 19.95+0.93

@ Springer



6810

Cellulose (2024) 31:6797-6813

Mechanical performance

The mechanical properties of EP composites were
explored (Fig. 10). Pure EP has an elongation at
break (EB) of 12.37% and a tensile strength (TS) of
65.01 MPa. For EP/3CNCs the EB value was slightly
decreased and TS value was slightly increased,
indicating the tensile properties remained basi-
cally. Compared to pure EP, the tensile properties of
EP/3NPCNCs and EP/6NPCNCs increased. And EB
value of EP/3NPCNCs increased to 14.32%, which
was 23.13% higher than that of pure EP. While the
EB and TS values of EP/ONPCNCs decreased sig-
nificantly. The impact toughness (IT) of pure EP
was 16.67 kJ/m2. After adding CNCs and NPCNCs,
the IT value of EP composites increased by differ-
ent degrees. For EP/3NPCNCs, the IT value was
21.54 kJ/m?, which increased by 29.21% compared to
pure EP (Table 3).

The cross-section of the composite was character-
ized by SEM to study the dispersion characteristics
of prepared flame retardant in EP (Fig. 11). SEM
results showed that pure EP had a typical brittle frac-
ture behavior, with neat and smooth cross sections
(Jiang et al. 2023). The cross-section of EP/3CNCs
became rough and has no obvious agglomeration
phenomenon in the cross-section. When NPCNCs
amount was added, the roughness of the fracture sur-
face increased, and certain aggregates appeared in the
fracture surface. Due to its strong hydrogen bonding
characteristics, NPCNCs tended to aggregate in the
matrix, which led to the formation of a permeable
network, resulting in a significant increase in rough-
ness and more pronounced wrinkles.

Conclusion

Phosphorus nitrogen modified CNC hybrid flame
retardant was successfully prepared by ice bath
polymerization. The effect of prepared NPCNCs
on the flame retardant and mechanical properties
of EP composite was investigated. Combined with
TEM, XRD, FTIR, XPS, it was proved that NPC-
NCs were successfully synthesized and exhibited
a fibrous structure with a rough surface. NPCNCs
endowed EP excellent flame retardancy. Compared
with pure EP, the THR, PHRR, TSP, and PSPR
values of EP/6NPCNCs were reduced by 27.27%,
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43.34%, 70.21%, and 66.67%, respectively. The addi-
tion of NPCNCs allowed EP to generate a denser
carbon layer during the combustion process, thereby
blocking the release of oxygen, heat, and smoke. In
the gas phase, on the one hand NPCNCs generated
incombustible gases to dilute combustible gases, and
on the other hand the addition of NPCNCs inhib-
ited the release of volatile combustible compounds
such as hydrocarbons, carbon groups, and aromatic
molecules, thereby reducing the release of heat and
smoke. In addition, NPCNCs basically maintained
the mechanical properties of EP.
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