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1. Introduction

Bio-based arginine surface-modified ammonium
polyphosphate: an efficient intumescent flame
retardant for epoxy resint

Chen Cheng,? Yi Wang,? Yanling Lu,® Shaojie Li,® Hua Li,® Jun Yan*c
and Shiguo Du @ *2

In this work, ammonium polyphosphate (APP) was surface-modified by bio-based arginine (Arg) for the first
time to enhance its flame retardance for fire-safety epoxy resin (EP). The structure of Arg modified APP (Arg-
APP) was characterized by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), *H nuclear magnetic resonance (*H-NMR), and scanning electron microscopy (SEM).
The results illustrated that Arg was attached on the surface of APP through a cation exchange reaction.
With Arg acting as the efficient carbon source, the char-forming ability of Arg-APP was significantly
improved as illustrated by thermogravimetric analysis (TGA). The flame retardance of EP/APP and EP/
Arg-APP composites was evaluated using the limit oxygen index (LOI), vertical burning tests (UL-94), and
cone calorimeter tests (CCT). The results showed that at the same weight loading (15 wt%), Arg-APP had
better flame retardance and smoke suppression performance compared with pristine APP, which can be
attributed to Arg-APP constituting an integrated intumescent flame retardant (IFR) and facilitating
formation of char residues with significantly expanded structures and higher carbonization degrees.
When the weight loading of Arg-APP reached 25 wt%, the EP/Arg-APP composite could achieve an LOI
value as high as 34.7%, pass V-0 requirements in UL-94 tests, and decrease the peak heat release rate
and total smoke production by 83.5% and 61.1% compared with neat EP in CCT, respectively, indicating
the superior flame retardance performance of Arg-APP. Finally, the effects of the flame retardant
additives on the mechanical properties of EP were evaluated by the differential scanning calorimetry
(DSC) tests and tensile-strain tests. At the same additive weight loading (15 wt%), the EP/Arg-APP
composite showed higher glass-transition temperature and better tensile-strain properties compared
with EP/APP composite, which can be attributed to the Arg shell structure improving the compatibility
between APP and the organic substrate. In conclusion, this work presents a convenient and
environmentally friendly method to improve the practical performance of APP.

In recent years, the halogen-free intumescent flame retar-
dants (IFRs) are widely used for EP flame-retardant treatment

In the modern polymer industry, epoxy resins (EPs) are widely
used in many fields such as transportation, aerospace, elec-
tronic packing materials, and coatings owing to their superior
tensile strength, chemical stability, and strong cohesiveness.'™
However, neat EP with high flammability can easily result in
a fire risk, which restricts its use in specific fields. Hence, it is
important to reduce the fire risk of EP to further broaden its
engineering applications.®
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owing to the low toxic smoke emission and high flame retard-
ance efficiency.*® A typical IFR system is constituted by three
elementary components, namely an acid source, a carbon agent,
and a blowing agent. In the fire scene, the acid source promotes
the char-forming process of the carbon agent, then the chars
will be further expanded by the gases emitting from the blowing
agent.'”™ The intumescent char residuals are supposed to
interrupt the transfer of oxygen and heat efficiently, thus
breaking down the burning process.

Ammonium polyphosphate (APP) is one of the most widely-
used components for IFRs at present. Due to the abundant
phosphorus contents and NH,  functional groups in the
molecular structures, APP can act as the acid source and
blowing agent simultaneously."” Nevertheless, as an inorganic
additive, pristine APP tends to migrate and cause phase sepa-
ration in the organic substrates, which may lead to a negative
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effect on the mechanical properties of the composites.** Addi-
tionally, to improve the quality of the chars, APP generally needs
to be blended with efficient carbon sources in practical use.****
In some cases, the blowing agents are also requested to further
expand the char residuals.'*'” Owing to the synergistic effects of
the components, the APP-based IFR systems possess better
flame retardance performance compared with pristine APP. To
overcome the aforementioned drawbacks and improve the
practical performance of pristine APP simultaneously, the
microencapsulation technology is widely used to modify APP
before it can function as an applicable flame retardant. After
surface modification, the integrated organic shell structures
can be formed on the surfaces of APP, which are supposed to
enhance the compatibility between the additives and the
organic matrices. Meanwhile, because the organic shell struc-
tures are generally rich in carbon, the microencapsulated APP
(MAPP) samples constitute the integrated IFR systems with the
shells as the efficient carbon agents. For now, various materials,
such as melamine-formaldehyde resin,"® polyurea,” epoxy
resin,* and different kinds of amino-containing modifiers,*>*
have been applied as the shell structures for MAPP. The as-
prepared flame retardants showed good compatibility and
flame retardance performance when incorporated with the
organic matrices. However, it is worthwhile to note that the
monomers for the shells are all derived from petroleum mate-
rials, some of which are even toxic, thus the extensive use may
do potential harm to the environment. From the perspective of
environmental protection, it is meaningful to apply “green”
shell materials for MAPP.

In recent years, the investigation of environmentally friendly
flame retardants has caught the attention of researchers all over
the world. For now, diverse bio-based materials, such as poly-
dopamine,* ethyl cellulose,*® beta-cyclodextrin,” tannic acid*®
and chitosan,?*° have been used as shell structures for MAPP. It
was reported that MAPP with “green” shell structures can get
enhanced compatibility and flame retardance performance
simultaneously, which verified the feasibility of substituting
traditional shell materials with more environmentally friendly
ones. Amino acids are a category of bio-based materials that are
widely used in biochemistry, pharmaceutical science, and
agriculture at present.*** In the flame-retardant fields, amino
acids generally act both as the carbon agent and blowing agent
for IFR due to the carbon chains and amino groups in the
molecular structures. Fang et al. synthesized three novel flame
retardants based on the reactions between H;PO; and urea with
amino acids.** The cotton fabrics were phosphorylated by these
flame retardants to prevent the formation of levoglucosan and
promote the dehydration and charring process. He et al
prepared fully bio-based phytic acid-basic amino acid salts for
flame-retardant polypropylene.** The characterization results
showed that the phytic acid and the basic amino acids consti-
tuted integrated IFR systems, which endowed polypropylene
with a fire-safety function under different burning scenes. In
our previous study, lysine (Lys) was applied to modify APP
through cation exchange reaction for the first time to reduce the
potential harm to the environment caused by the traditional
amino-containing modifiers.*® The obtained Lys modified APP
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exhibited both improved flame retardance and smoke
suppression performance, indicating the capacity of amino acid
for acting as a “green” flame retardant. Though there are
various amino acids at present, it should be noted that the basic
amino acids are more suitable for APP surface modification.
This is because the basic amino acids possess high isoelectric
points and are positively charged throughout a wide pH range,
making the cation exchange interaction with the negatively
charged substrates feasible.

In this work, to further broaden the application of environ-
mentally friendly amino acids in the flame retardant field, the
arginine (Arg) modified APP (Arg-APP) was prepared through
cation exchange reaction and applied as flame retardant for EP.
Derived from the nut fruits, Arg is a typical basic amino acid as
Lys. However, Arg possesses a higher isoelectric point (10.76)
compared with Lys (9.75), thus the cation exchange reaction
between Arg and APP can be performed conveniently, and the
prepared Arg-APP tends to keep stable in a wider pH range in
theory. Additionally, the nitrogen contents of Arg (32.1%) are
higher than Lys (19.1%), meaning that more inert gaseous prod-
ucts can be emitted by Arg during the burning process. Hence, Arg
is supposed to perform as a more efficient gas agent in the IFR
system. In this article, the chemical composition and morphology
of Arg-APP, as well as its thermal decomposition behavior and
flame retardance performance were comprehensively investi-
gated. Furthermore, based on the characterization results of the
char residuals and volatile components, the possible flame
retardance mechanism of Arg-APP was also proposed.

2. Experimental
2.1 Materials

APP (form II, n > 1000) was purchased from Guangzhou Xijia
Chemical Co., Ltd, China. Arg (purity: 98%) was supplied by
Aladdin Chemical Reagent Co., Ltd, China. Ethyl alcohol
(purity: 99.8%) was obtained from Tianjin Yongda Chemical
Reagent Co., Ltd, China. Diglycidyl ether of biphenol A (E-44,
epoxy equivalent = 0.44 mol/100 g) was supplied by Shandong
Deyuan Epoxy Resin Co., Ltd, China. Diethylenetriamine-butyl
glycidyl ether (amine value = 600-700 mgKOH per g),
supplied by Shandong Deyuan Epoxy Resin Co., Ltd, China, was
applied as the hardener for the epoxy resin matrix.

2.2 Preparation of Arg-APP

At room temperature, a solution of ethyl alcohol (200 mL) and
deionized water (10 mL) was poured into a three-neck flask.
Stirring for 30 min, Arg (4.0 g), and APP (8.0 g) were added into
the mixture. The cation exchange reaction between Arg and APP
was performed in the N, atmosphere at 80 °C. After gentle
mechanical stirring for 4 h, the mixture was cooled down to
room temperature and filtered to remove the extra solvent. The
residues were washed with ethyl alcohol three times and dried
overnight at 60 °C in vacuum. Finally, the obtained white
powder was labeled as Arg-APP. The possible preparation
mechanism and chemical structure of Arg-APP were presented
in Scheme 1. In theory, the side-chain-amino group and o-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation procedure of Arg-APP.

amino group can both perform cation exchange reaction with
APP. However, it should be noted that the pK, value of a-COOH
in Arg is 2.17, meaning that the carboxylic function group is
negatively charged during the preparation procedure.*” Hence,
considering the electrostatic repulsion, the side-chain amino
group may be more likely to conduct the cation exchange
reaction with APP.*®

2.3 Preparation of flame-retardant EP

Firstly, the pre-weighed flame retardant additives (APP or Arg-
APP) and hardener were added into uncured epoxy under
continuous mechanical stirring and ultrasonic treatment. The
detailed ingredients were presented in Table 1. Stirring for
30 min, the homogeneous mixtures were poured into the Teflon
molds and precured at room temperature for 24 h. Finally, after
post-cured at 80 °C for 4 h, the flame-retardant EP composites
were obtained.

2.4 Characterization

The Fourier transform infrared tests (FTIR) were performed by
TENSOR II spectrometer (Bruker, Germany) in KBr disk. The
wavenumber range was set from 4000 cm ™" to 500 cm™ .

X-ray photoelectron spectroscopy (XPS) was obtained on
ThermoFischer ESCALAB 250 Xi spectrometer (Thermo Fisher
Scientific, USA) equipped with Al Ka excitation radiation (v =
1486.6 eV).

'H nuclear magnetic resonance (1H-NMR] spectra were
recorded by Bruker 400M spectrometer (Bruker, Germany) with
D,O applied as the solvent.

Scanning electronic microscopy (SEM, JEOL JSM-7800F,
Japan) was applied to observe the microstructures. The energy

Tablel The compositions of neat EP and flame-retardant EP samples

Parts per hundred (phr.)

Sample Epoxy Hardener APP Arg-APP
EP 100 20 — —
EP/APP15 100 20 15 —
EP/Arg-APP15 100 20 — 15
EP/Arg-APP20 100 20 — 20
EP/Arg-APP25 100 20 — 25

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dispersive spectrometer (EDS) connected to SEM was recorded
by Oxford X-Max 20 EDS (Oxford Instrument Co., UK) to inves-
tigate the elemental composition of char residuals.

Thermogravimetric analysis (TGA) tests were performed on
an X70 apparatus (Netzsch, Germany). APP and Arg-APP
samples were heated in nitrogen with the heating rate set as
15 K min~ ",

The limiting oxygen indexes (LOI) of EP composites were
measured by an LOI meter (HC-2, Jiangning Analytical Instru-
ment Co. Ltd., China). According to ASTM D2863, the sample
dimension was prepared as 130 x 6.5 x 3.2 mm?®. The vertical
burning (UL-94) tests were conducted on a vertical burning
tester (CZF-2, Jiangning Analytical Instrument Co. Ltd., China)
with a sample dimension of 130 x 13 x 3.2 mm? according to
ASTM D3801.

Cone calorimeter tests (CCT) were performed on a calorimeter
(Stanton Redcroft Type, England) under a heat flux of 35 kW m 2.
In accordance with ISO 5660, the dimension of samples was
prepared as 100 x 100 x 3 mm?>.

The carbon degree of chars was obtained by a LabRAM HR
Evolution laser Raman spectrometer (HORIBA Jobin Yvon,

g APP
; ¢ 52943 28633
\(_“', 2960 25940 2920 2900 2880 2:360
8 Wavenumber (cm-1) /—V\_\_\’\ 1020
S A\,_/ Arg-APP \
= 3200 V1075
= i 1256 sgo 800
» |
§ H
= | Ar
7 o
1498
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Fig.1 FTIR spectra of APP, Arg and Arg-APP.
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France). The excitation was provided by a 532 nm argon laser
line in backscattering geometry.

TGA-infrared spectrometry (TG-IR) was performed on a ther-
mogravimetric analyzer (X70, Netzsch, Germany) linked to an
FTIR spectrometer (Bruker, TENSOR27) in nitrogen to charac-
terize the volatile components of EP composites. The heating
rate was set as 15 K min ™",

Differential scanning calorimetry (DSC) tests were conducted
on the SDT Q20 DSC analyzer (TA Instrument, USA). The heat-
ing rating was set to 10 K min™".

Tensile tests were performed using an electronic universal
mechanical testing machine (Instron 5892, Instron Co. USA).
Based on ISO 527.2, the tests were carried out at room

temperature with a constant crosshead speed of 1 mm min~".

3. Results and discussion
3.1 FTIR spectra

The FTIR spectra of APP, Arg-APP and Arg were presented in
Fig. 1. The typical characteristic peaks for APP can be found in
the FTIR spectrum, such as the peaks corresponding to N-H
(3200 em™"), P=0 (1256 cm™ '), P-O symmetric stretching
(1075 em™"), symmetric vibration of PO, and PO; (1020 cm ™),
P-O asymmetric stretching (880 cm ™), and P-O-P (800 cm ™).
Compared with APP, some new peaks exhibited in the spectrum
of Arg-APP at 2943 cm ' and 2863 cm ' (C-H groups),
1623 ecm ! (COO™ stretching vibrations), 1544 em ' (NH;"
symmetric deformation of the side-chain amino group) and
1498 cm ' (NH;" symmetric deformation of the o-amino
group).** These emerging characteristic peaks can all be found
in the spectrum of Arg, which confirmed that Arg was incor-
porated well with APP.

3.2 XPS spectra

XPS analyses were performed to further characterize the surface
elements of APP samples. As shown in Fig. 2(a), pristine APP
exhibited distinct P,, and P,, peaks at 134.7 eV and 190.9 eV,
respectively, while the two peaks can hardly be observed in the
Arg-APP XPS spectrum. Additionally, as illustrated in Table 2,
Arg-APP showed decreased N, O, and P atomic concentration,
nevertheless the C content was increased dramatically. The
changes in surface element concentration can be attributed to

View Article Online
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Table 2 The atomic concentration of APP and Arg-APP
Sample C (at%) N (at%) O (at%) P (at%)
APP 18.73 23.69 43.81 13.77
Arg-APP 72.45 10.00 16.66 0.89

the fabrication of organic layers on the surfaces of APP since the
C element in Arg is much higher than that in APP. The XPS
survey spectra confirmed the core-shell structure of Arg-APP.

Fig. 2(b) and (c) presented the N, high-resolution spectra of
APP and Arg-APP, respectively. In Fig. 2(b), the Ny spectrum of
APP was deconvoluted into two characteristic peaks corre-
sponding to NH," (401.6 €V) and -P-NH-P- (399.4 €V), respec-
tively. This result was consistent with the previous studies.?**!
However, after Arg modification, the area ratio of NH," was
decreased significantly, and two new characteristic peaks can be
additionally observed at 401.1 eV and 399.1 eV as shown in
Fig. 2(c), which can be attributed to the nitrogen in -NH;" and
-O-NH;"'-C~/-C=NH, respectively.?»** The obvious changes of
N, spectra indicated that the cation exchange reaction between
Arg and APP has been performed successfully.

3.3 'H-NMR spectra

"H-NMR was performed to confirm the chemical structure of
Arg-APP. For the spectrum of APP shown in Fig. 3(a), only one
main characteristic peak corresponding to D,O can be observed
at 4.70 ppm. In Fig. 3(b), Arg presented similar "H-NMR spectra
as the previous study.** Compared with pristine APP, four new
resonance peaks presented at 3.50 ppm, 3.08 ppm, 1.70 ppm,
and 1.53 ppm in the "H-NMR spectrum of Arg-APP, which can
be corresponding to the protons of CH, (H-a), CH (H-d), CH, (H-
b) and CH, (H-c), respectively. Furthermore, in Fig. 3(c), it can
be observed that the peaks “a” and “b” showed distinct down-
field shifts after the cation-exchange reaction, which can be
attributed to the enhanced electron absorption capacity caused
by the cationization of amino groups. Generally, the cationic
amino groups are electrophilic and can decrease the electron
cloud density of H protons, causing the downfield shifts of the
characteristic peaks. However, the anionic carboxyl groups in
the molecular structures significantly weakened the electron-

(a)

Intensity (a.u.)
Intensity (a.u.)

Arg-APP

()

-P-NH-P-/C-N

Intensity (a.u.)

T T T T T T T T
400 600 800 1000 1200 408 406 404

Binding energy (eV)

T
402

Binding energy (eV)

T T T T
402 400 398 396

Binding energy (eV)

T T T T ]
400 398 396 394 408 406 404 394

Fig. 2 XPS spectra of APP and Arg-APP: (a) survey spectra; (b) Nis spectrum of APP; (c) N5 spectrum of Arg-APP.
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Fig. 3 'H-NMR spectra of (a) APP, (b) Arg and (c) Arg-APP.

withdrawing ability of the a-amino groups, hence the downfield
shifts of the peaks may be mainly caused by the side-chain
amino groups. Additionally, the electron-withdrawing effects
of the amino groups can be weakened with the elongation of the
carbon chains. Because H-a and H-b were closer to the amino
groups of the side chain, they were affected significantly and
showed distinct downfield shifts. The "H-NMR results further
demonstrated the successful synthesis of Arg-APP.

3.4 SEM micrographs

SEM micrographs were taken to intuitively observe the changes
in morphology. As shown in Fig. 4(a,) and (a,), the commercial

Chemical shift (ppm)

Chemical shift (ppm)

APP was rod-like and exhibited a smooth surface. However, in
Fig. 4(b,) and (b,), Arg-APP presented a spherical overall
appearance with rougher surficial morphology after the cation
exchange reaction, and some tiny particles caused by the
aggregation of Arg were additionally observed on the surfaces.
The average particle size of Arg-APP was larger than pristine APP
as shown in Fig. S1 and Table S1 of the ESL{ Furthermore,
unlike the accumulation of APP particles in Fig. 4(a,), it is
interesting to observe the bridge-like structures among Arg-APP
in Fig. 4(b,), which were made by excess organic Arg films on
APP surface and resulted in the aggregation of the Arg-APP
particles. During the preparation process, partial a-amino

Fig. 4 SEM micrographs of (a;) and (a) APP and (b;) and (b,) Arg-APP.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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groups may also conduct cation exchange reaction with APP,
thus the Arg can act as the “bridge” and make the particles stick
together. The changes of the external surfaces further proved
the successful coating of APP by Arg.

3.5 TGA of APP and Arg-APP

The decomposition processes of APP and Arg-APP were inves-
tigated by TGA, and the corresponding data were presented in
Fig. 5 and Table 3. The TG and DTG curves showed that pristine
APP went through two main degradation steps at 300-450 °C
and 500-750 °C, respectively. The former weight-loss step was
mainly attributed to the thermal removal of H,O and NH3, while
the latter one was caused by the volatilization of phosphorus-
containing acids at high temperatures.”> However, owing to
the incorporation of less thermally stable Arg shell structures,
Arg-APP started to decompose prior to pristine APP, which
caused lower Tonese (temperature corresponding to 5% weight
loss) and higher mass-loss rate at Ty,.xq (temperature for the
first maximum mass loss rate) as shown in Table 3. At this
degradation step, Arg shells started to decompose and generate
NH;. Compared with the reported Lys modified APP, the mass
loss rate of Arg-APP at Tha.xq Was much higher, indicating the
more rapid NH; release rate of Arg-APP in this temperature
range.>®> With the temperature increasing, the released phos-
phorus acids tended to react with Arg instead of volatilizing.
Therefore, at Ty (temperature for the second maximum mass
loss rate), Arg-APP got a lower degradation rate compared with
pristine APP. The reaction made more phosphorus contents
available for the fabrication of char residuals, resulting in the
increased residual mass of Arg-APP at 750 °C. The TGA results
demonstrated that the char-forming ability of APP was signifi-
cantly improved by the Arg shell structures.
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3.6 LOI and UL-94 tests

LOI and UL-94 tests were performed to evaluate the flame
retardance of EP composites. The obtained data were presented
in Table 4. Owing to the inferior flame retardance performance,
neat EP showed a relatively low LOI value (18.6%) and displayed
no rating in the UL-94 tests. Because APP is efficient in flame
retarding, EP/APP15 showed increased LOI value (28.9%) and
passed V-0 degree in the UL-94 tests. However, at the same
weight loading, Arg-APP can endow EP with a higher LOI value,
indicating its better flame retardance performance. This
phenomenon can be mainly attributed to the IFR system
constituted by Arg-APP, which tended to fabricate thermally
stable char residuals in the tests to interpret the burning
behavior. With the weight loading of Arg-APP increasing, more
char residuals can be generated to provide efficient protection
for EP, hence the highest LOI value was got by EP/Arg-APP25.
The LOI and UL-94 tests indicated that Arg-APP was efficient
in improving the flame retardance and anti-dripping property of
EP.

3.7 Cone calorimeter tests

Based on the oxygen consumption principle, CCT are widely
used to simulate the combustion behavior of composites in the
real fire scene. The primary data of EP composites in CCT, e.g.,
heat release rate (HRR), total heat release (THR), time to igni-
tion (TTI), time to peak heat release rate (TTP), smoke produc-
tion rate (SPR), and total smoke production (TSP) were shown in
Fig. 6 and Table 5. As presented in Fig. 6(a), neat EP displayed
a relatively sharp HRR curve with the peak heat release rate
(PHRR) reaching 1416.1 kW m~?, indicating its violent burning
behavior. APP and Arg-APP can both decrease the PHRR value of
EP to a certain degree. However, EP/Arg-APP15 showed lower

(a)

100

80

9
£ 60
R
(]
N il
1 ——Arg-APP

20

(b)

-0.6
-0.5 4
0.4

——APP
—— Arg-APP

-0.3 4

-0.2

Derivation weight (%/°C)

-0.1 4

0.0 4

T T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 5 (a) TG and (b) DTG curves for APP and Arg-APP.

Table 3 TGA data for APP and Arg-APP

200 300 400 500
Temperature (°C)

T
100 600 700

Degradation rate Degradation rate Char mass
Sample Tonset (°C) Tiaxa (°C) Timaxz (°C) at Traxa (%/°C) at Tnaxe (%/°C) (%)
APP 3471 357.2 642.2 0.16 0.64 25.1
Arg-APP 252.4 339.9 529.9 0.53 0.32 36.4
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Table 4 LOI and UL-94 test results of EP samples

UL-94 rating

Samples LOI (%) Rating Dripping
EP 18.6 No rating Yes
EP/APP15 28.9 V-0 No
EP/Arg-APP15 31.1 V-0 No
EP/Arg-APP20 33.2 V-0 No
EP/Arg-APP25 34.7 V-0 No

PHRR compared with EP/APP15, and with the weight loading of
Arg-APP increasing, the lowest PHRR value (233.7 kW m™?) was
got by EP/Arg-APP25. Additionally, as shown in Fig. 6(b) and

(@)

1400 -
<1200 -
1000
800 -
——FEP
600 4 —s— EP/APP15
—— EP/Arg-APP15
400 —~— EP/Arg-APP20
—— EP/Arg-APP25
200 4
04
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Table 5, EP/Arg-APP25 possessed the lowest THR value and
highest residual weight ratio, meaning that a large portion of EP
substrates were protected and transferred into char residuals
instead of burning up.

The effective heat of combustion (EHC) discloses the
burning degree of volatile gases in the gaseous phase during the
burning process. As shown in Table 5, the incorporation of
flame retardants decreased the EHC of pristine EP. This was
because APP and Arg-APP can release non-flammable gases, i.e.,
NH;, to the gaseous phase and dilute the concentration of
flammable volatiles, resulting in the incomplete burning
behavior. Furthermore, because the nitrogen contents of Arg
were higher than APP, Arg-APP tended to emit more NH; at the

—— EP/APP15
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—v— EP/Arg-APP20
—+— EP/Arg-APP25
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Fig. 6 (a) HRR, (b) THR, (c) SPR, and (d) TSP curves of EP composites.
Table 5 CCT results of EP composites
Sample EP EP/APP15 EP/Arg-APP15 EP/Arg-APP20 EP/Arg-APP25
PHRR (kW m™?) 1416.1 484.5 391.2 283.3 233.7
THR (MJ m ?) 74.1 43.9 38.7 35.8 33.9
TTI (s) 47 60 61 64 68
TTP (s) 100 90 90 90 95
Residual mass (wt%) 2.6 12.7 22.1 31.5 40.6
EHC (MJ kg™) 22.10 18.02 17.12 16.83 16.65
FPI (s m* kW™ 1) 0.033 0.124 0.156 0.226 0.291
FGI (kW (m>s™ 1) 14.16 5.38 4.34 3.15 2.46
PSPR (m*s™7) 0.448 0.221 0.178 0.136 0.124
TSP (m?) 30.21 19.69 16.61 15.36 11.74
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same weight loading, leading to the even lower EHC of the EP/
Arg-APP composites. The decreased EHC of EP/Arg-APP indi-
cated that Arg-APP can exhibit good flame retardance in the
gaseous phase.

To assess the fire hazard accurately, the fire propagation
index (FPI, the proportion of TTI and PHRR) and fire growth
index (FGI, the proportion of PHRR and TTP) were calculated
with the obtained results shown in Table 5. Generally, larger FPI
is obtained from the material which is hard to get flashover, and
smaller FGI means that it will take a longer time before the
material reaches PHRR.** As shown in Table 5, EP/Arg-APP25
got the highest FPI and lowest FGI value, which demonstrated
its relatively low fire risk.

In a real fire scene, the toxic smoke is a fatal threat to
personnel. The curves of SPR and TSP were shown in Fig. 6(c)
and (d), respectively. It can be observed that Arg-APP possessed
better smoke suppression performance compared with APP at
the same weight loading (15 wt%). Moreover, EP blended with
25 wt% Arg-APP decreased the peak smoke production rate
(PSPR) and TSP by 72.3% and 61.1% compared with neat EP,
respectively. Based on this, it was verified that Arg-APP can
significantly reduce the danger of asphyxiation in the real fire
scene.

3.8 Analyses of char residuals

Fig. 7 portrayed the overall appearance of char residuals
generated in CCT. Pristine EP was burned up with almost no
residual left. APP and Arg-APP catalyzed the carbonization
process, thus the char residuals were formed by the flame-
retardant EP composites. However, as shown in Fig. 7(b;) and
(by), the char residuals formed by EP/APP15 presented a frag-
mentary overall appearance, which may do harm to the shield
effect. Arg-APP constituted an integrated IFR system, hence the
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EP/Arg-APP composites fabricated intumescent and integral
char residuals after CCT. In practical application, the intu-
mescent char residuals can protect the EP substrates from the
attack of heat, as well as impede the transfer of oxygen and
flammable volatiles, thus breaking down the burning process.

SEM photographs were taken to observe the microstructures
of char residuals. As shown in Fig. 8(a), EP/APP15 generated
relatively porous char residuals after CCT, while the structures
of the char residuals formed by EP/Arg-APP15 were better, since
some one-piece chars can be observed in Fig. 8(b). With the Arg-
APP weight loading increasing, besides the microstructures of
chars being more compact and continuous, some bubble-like
structures can be additionally observed in Fig. 8(c) and (d).
The reasons for the transformation of the morphology were as
follows. Under high temperatures, the EP substrates tended to
decompose and generate a mass of gaseous products. Mean-
while, APP catalyzed the formation of char layers, which were
supposed to retard the emission of the volatiles. If the carbon
layers were not strong enough, the gaseous products can break
up the barriers and form a large number of paths for the mass
transfer, which eventually fabricated porous char residual
microstructures as EP/APP15 did.** However, the incorporation
of Arg carbon agent enhanced the strength of carbon layers,
hence EP/Arg-APP15 formed char residuals with better struc-
tures. With the Arg-APP weight loading increasing, there were
enough phosphorus contents and carbon agents to fabricate
char residuals with good strength, which can efficiently retard
the emission of volatile products instead of being broken up,
hence the bubble-like structures were formed eventually. In the
practical application, the continuous char residuals can slow
down the transfer of volatiles and prevent the underlying
substrates from contacting oxygen, thus endowing EP
composites with enhanced fire safety.

Fig.7 Digital photographs of chars formed by (a;) and (a;) EP, (b)) and (b,) EP/APP15, (cy) and (c,) EP/Arg-APP15, (d,) and (d,) EP/Arg-APP20, and

(e)) and (e») EP/Arg-APP25.
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Fig. 8(e)-(h) presented the EDS results of the char residuals.
The flame-retardant EP composites all fabricated phosphorus-
containing char residuals after CCT, which verified that APP
has participated in the carbonization process. Additionally, as
shown in Fig. 8(e) and (f), EP/Arg-APP15 formed char residuals
with higher phosphorus concentration compared with EP/
APP15, meaning that Arg-APP made more P contents available
for the fabrication of char residuals. No wonder that the char
residuals formed by EP/Arg-APP25 got the highest P concen-
tration, which can be regarded as the primary reason for its
compact char residual microstructures.*

The structures of char residuals were further characterized
by Raman spectroscopy. As shown in Fig. 9, all the char resid-
uals exhibited typical two overlapping peaks at 1590 cm ™" (G
band) and 1360 cm " (D band), which were corresponding to
the graphitic structure and disordered graphite carbons,
respectively. Generally, the graphitization of carbon materials
can be reflected by the integrated peak intensity ratio of the D
band to G band (Ip/Ig). Lower Ip/I; indicates better carbon
structures and thermal-oxidative stability.*® Obviously, the Ip/I
value followed the sequence of EP/APP15 > EP/Arg-APP15 > EP/
Arg-APP20 > EP/Arg-APP25, meaning that Arg-APP can facilitate
EP to fabricate char residuals with a higher graphitization
degree.

Comipagt
pieces

Element Wt% Element
(€ 68.2 o C
0 20.7 : 0
P P
N 15 N
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XPS analyses were conducted to further investigate the
chemical bond information of the char residuals formed by EP,
EP/APP15 and EP/Arg-APP25. As shown in Fig. 10(a), the P,; and
P,, characteristic peaks can be found in the survey spectrum of
EP/APP15 and EP/Arg-APP25, which verified that APP and Arg-
APP have participated in the char-forming processes. Addi-
tionally, it can be observed that the P,, and P, peak intensities
of EP/Arg-APP25 were stronger compared with EP/APP15. This
phenomenon was consistent with the results of EDS mentioned
above. For the C;; spectra in Fig. 10(b), the peaks of EP that were
located at 288.3 eV, 286.2 €V, 285.0 eV and 284.4 eV can be
attributed to the chemical bonds of C=0 in ester groups, C-O/
C-N, C=C, and C-H/C-C in aliphatic groups, respectively. EP/
APP15 exhibited similar C;5 high-resolution spectra as pristine
EP. However, it is interesting to note that the characteristic peak
for C=0 cannot be found in the C;5 spectrum of EP/Arg-APP25.
Furthermore, as shown in Table S2 of ESI,} the total area ratio of
the non-oxidation carbons (C-C, C-H, C=C) followed the
sequence of EP/Arg-APP25 (90.5%) > EP/APP15 (80.5%) >EP
(68.3%), which indicated that the char residuals formed by EP/
Arg-APP25 were highly graphitized.*” For the O, spectra of EP/
APP15 and EP/Arg-APP25 in Fig. 10(c), it can be observed that
the peak intensities ascribed to P-O-P/C-O-P (533.1 eV) and
C=0/P=0 (531.6 eV) were enhanced dramatically compared
with neat EP, which can be attributed to the fabrication of
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Fig.8 SEM micrographs of char residuals formed by (a) EP/APP15, (b) EP/Arg-APP15, (c) EP/Arg-APP20, and (d) EP/Arg-APP25; EDS results of the
char residuals formed by (e) EP/APP15, (f) EP/Arg-APP15, (g) EP/Arg-APP20, and (h) EP/Arg-APP25.
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Fig. 9 Raman spectra of char residuals fabricated by (a) EP/APP15, (b) EP/Arg-APP15, (c) EP/Arg-APP20, and (d) EP/Arg-APP25.
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Fig.10 XPS spectra of char residuals formed by EP, EP/APP15 and EP/Arg-APP25: (a) survey spectra and high-resolution spectra of (b) Cys, (c) Oy,

(d) Nyg, and (e) Pyp.

organophosphorus carbonaceous char residuals. The Njg
spectra also confirmed the formation of phosphorus-containing
chars since the strong peaks corresponding to the P-N-P bond
emerged in the spectra of EP/APP15 and EP/Arg-APP25. For the
P,, spectra, the peaks at 134.5 eV can be ascribed to the
chemical bonds of P-O-C, P-O-P, and PO; ", which verified the
formation of cross-structured pyrophosphate and poly-
phosphate complexes in the chars of the flame retardant
composites.

3.9 Thermal stability and pyrolysis products analyses

TG-IR tests were conducted to analyze the volatile products
generated by EP composites during TGA. Fig. 11 presented the
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Fig. 11 (a) TG and (b) DTG curves of EP samples.
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TG and DTG curves of EP samples. Pristine EP exhibited one-
step decomposition at 350-500 °C with a relatively high
maximum weight loss rate. However, EP blending with APP or
Arg-APP showed a typical two-step weight loss behavior, which
was consistent with the previous studies.** As illustrated in
Table 6, EP/APP and EP/Arg-APP composites exhibited lower
Tonsets T30 (temperature corresponding to 30% weight loss) and
Tmax compared with pristine EP, indicating the earlier decom-
position behavior of the flame retardant samples. Furthermore,
due to the prior decomposition of Arg shell structures, the Ty et
of EP/Arg-APP was even lower than that of EP/APP15. To eval-
uate the thermal stability of the composites, the heat resistance
index temperature (Tygr;) was calculated using the following
formula.***

251 (b)
8 2.0
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THRI =0.49 x [Tonset + 0.6 x (TSO - Tonset)]

As shown in Table 6, owing to the significantly decreased
Tonset and T3¢, EP/APP and EP/Arg-APP composites presented
lower Tyg; compared with EP, indicating that the flame retar-
dant composites were more easily to decompose at high
temperature. This phenomenon was also presented by other
phosphorus-containing flame retardants, and the explanation
is as follows.>>** At high temperature, APP decomposed and
generated various phosphorus-containing acids, which can
further react with the EP substrates. On the one hand, this
reaction accelerated the decomposition behavior of EP thus
causing the lower Tonset, T30 and Tiax. On the other hand, in this
process, partial EP substrates were carbonized by the
phosphorus-containing acids instead of gasifying, which led to
the lower decomposition rate at Ty,.x and a higher residual
weight ratio. In practical application, this process can be
regarded as a positive effect for flame retardance performance
because more EP substrates can be protected instead of burning
up. Additionally, the incorporation of efficient Arg carbon
agents made more carbon residuals generated during TGA,
hence EP/Arg-APP composites possessed lower degradation rate
at Thmax and higher char residuals weight ratio at 800 °C
compared with EP/APP15.

Fig. 12 exhibited the FTIR spectra of the volatile components
produced by EP, EP/APP15 and EP/Arg-APP25 at a series of
temperatures. It can be observed that the three samples
generated approximately the same main gaseous products, ie.,
water vapor or phenol, hydrocarbons, CO,, carbon compounds,
and aromatic compounds. This phenomenon indicated that the
EP substrates were the main sources of the pyrolysis products.

Table 6 Data of TGA for EP and flame-retardant EP composites
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However, in the spectra of EP/APP15 and EP/Arg-APP25, two
new characteristic peaks that correspond to NH; were addi-
tionally observed at 964 cm ™" and 930 cm ™', which can be
ascribed to the degradation of APP and Arg-APP during TGA.>*

Fig. 13 presented the absorbance intensities of pyrolysis
products versus temperature relationships. As shown in
Fig. 13(a)-(f), EP/APP15 and EP/Arg-APP25 showed decreased
maximum absorbance intensities of the total gas emission and
the main pyrolysis products compared with pristine EP, indi-
cating the significantly suppressed gas release of the flame-
retardant composites. This phenomenon can be attributed to
that a portion of EP substrates were carbonized by APP and Arg-
APP instead of decomposing to generate volatile products. In
the real fire scene, most of the volatile products can function as
the fuel agents in the gaseous phase, therefore the suppressed
emission of flammable gaseous products can be deemed as an
important flame retardance mechanism of the flame retardants.
However, because of the degradation of the flame retardant
additives, EP/APP15 and EP/Arg-APP25 showed stronger absor-
bance intensities for NH; in Fig. 13(g). In the solid phase, NH;
can promote the swelling of the chars to generate intumescent
char residuals. Within the flaming region, the non-flammable
NH; can dilute the concentration of oxygen and flammable
volatile products thus disturbing the burning process. Addi-
tionally, it can be observed that EP/Arg-APP25 showed earlier
and larger NH; release compared with EP/APP15, which can be
attributed to the prior degradation and high nitrogen contents
of the Arg shells. The rapid NH; release rate can be regarded as
an important factor for the superior flame retardance perfor-
mance of Arg-APP.

Mass loss rate Residual mass

Sample Tonset (°C) T30 (°C) Timax (°C) Tar (°C) at Tay (%/°C) at 800 °C (wt%)
EP 411.2 432.9 440.2 207.9 2.44 10.64
EP/APP15 372.3 392.3 394.8 188.4 2.12 20.36
EP/Arg-APP15 362.6 387.6 387.6 185.0 1.79 24.23
EP/Arg-APP20 357.0 384.5 382.1 183.0 1.71 27.67
EP/Arg-APP25 347.4 382.4 379.9 180.5 1.66 28.71
a b
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Fig. 12 FTIR spectra of the gaseous products generated by (a) EP, (b) EP/APP15 and (c) EP/Arg-APP25.
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3.10 Flame retardance mechanism

Based on the aforementioned characterization results, the
possible flame retardance mechanism of Arg-APP was demon-
strated in Scheme 2. Arg-APP itself constituted an integrated IFR
system. In the fire scene, the APP cores can be decomposed to
generate phosphoric acid and its poly/pyro/ultra-derivatives,
which will further react with Arg shell structures and generate
a mass of phosphorus-containing char residuals with good
thermal stability. Furthermore, during the burning process,
a mass of nonflammable NH; can be emitted by Arg-APP. In
addition to diluting the concentration of oxygen and flammable
gaseous products in the gas phase, NH; can also expand the

View Article Online
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structures of the char residuals. The intumescent and thermally
stable char residuals on the surface of EP are supposed to
protect the EP substrates from contacting with heat and oxygen,
as well as suppress the emission of flammable gaseous prod-
ucts, thus endowing the composites with superior flame
retardance performance.

3.11 Mechanical properties

DSC was applied to evaluate the glass-transition temperatures
(T,) of EP samples. No obvious exothermic peak showing in the
DSC curves indicated that all of the composites were cured
completely.®® The APP particles decreased the crosslink density
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Scheme 2 Flame retardance mechanism of Arg-APP.
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Fig. 14 (a) DSC curves, (b) typical tensile-strain curves and (c) elongation at break and tensile strength results of EP composites.

Table 7 Detail data of tensile strain tests

Elongation at

Sample break (%) Tensile strength (MPa) Young's modulus (GPa)
EP 9.78 + 0.66 58.25 £+ 1.02 1.474 + 0.029
EP/APP15 3.37 £ 0.22 38.14 £+ 1.58 1.392 £ 0.021
EP/Arg-APP15 4.01 £ 0.37 40.05 + 1.82 1.411 £ 0.016
EP/Arg-APP20 3.40 + 0.28 34.41 £1.27 1.352 + 0.019
EP/Arg-APP25 2.91 + 0.13 32.70 £ 1.65 1.332 £ 0.017

of EP, hence EP/APP15 showed lowered T, compared with
pristine EP.** However, it can be observed that the T, of EP/Arg-
APP15 was higher than that of EP/APP15. This may be because
the Arg shell structures enhanced the compatibility between
Arg-APP and polymer, which restricted the mobility of EP chains
near Arg-APP particles. With the Arg-APP weight ratio
increasing, the crosslink density of EP was even lower, thus EP/
Arg-APP20 and EP/Arg-APP25 got lower T, compared with EP/
Arg-APP15.

Fig. 14(b) and (c) and Table 7 presented the tensile test
results of EP composites. Pristine EP exhibited the highest value
of elongation at break, tensile strength, and Young's modulus,
indicating its superior mechanical properties. However,
blending with flame retardant additives may cause numerous
defects in EP matrices and decrease the crosslinking density
significantly, hence the flame-retardant EP composites, espe-
cially EP/Arg-APP25, showed deteriorated tensile strain proper-
ties and decreased Young's modulus. Even so, it should be
noted that at the same weight loading (15 wt%), Arg-APP
possessed less negative effect on the mechanical properties of
EP, which can be attributed to the improved compatibility
between Arg shells and substrates. The weakened adverse effect
on the mechanical properties, together with the improved flame
retardance performance, indicated that Arg-APP was more
suitable for practical use.

4. Conclusions

In summary, this work proposed a convenient and environ-
mentally friendly method to fabricate Arg surface-modified APP
via cation exchange reaction for flame-retardant EP. Arg-APP

© 2022 The Author(s). Published by the Royal Society of Chemistry

constituted an integrated IFR system and showed better flame
retardance performance than pristine APP. With the conjuga-
tion of 25 wt% Arg-APP, the LOI value of the flame retardant EP/
Arg-APP composite increased to 34.7%, and a UL-94 V-0 rating
was also achieved. Additionally, in CCT, EP/Arg-APP25
decreased the PHRR and TSP by 83.5% and 61.1% compared
with neat EP, respectively, demonstrating the outstanding flame
retardance and ameliorated smoke suppression. Afterwards, the
flame retardance mechanism of Arg-APP were investigated. The
results of SEM, XPS, Raman spectra and TG-IR indicated that
Arg-APP showed good flame retardance both in the condensed
phase and gaseous phase. With Arg shell acting as efficient
carbon agent and blowing agent, EP/Arg-APP composites
fabricated the continuous, intumescent and thermally stable
phosphorus-rich graphitized protective char residuals, which
protected the underlying EP substrates from the attacking of
oxygen and heat. Additionally, in the gaseous phase, the non-
flammable NH; diluted the concentration of flammable vola-
tile products thus decreased the combustion efficiency.
Furthermore, because Arg shell enhanced the compatibility
between APP and the substrates, Arg-APP additives caused less
damage to the mechanical properties of EP. Thus, this work
improved the flame retardance and compatibility of APP
through a convenient and “green” method.

Together with the previously reported Lys modified APP, this
work further illustrated the feasibility of amino acids acting as
the efficient flame retardants. However, the higher nitrogen
contents and isoelectric point of Arg indicate that it may be
more efficient in acting as the blowing agent and more suitable
for further modification. In this work, the flame retardance
performance of Arg-APP was compared with APP preliminarily.
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To promote the practical use of Arg-APP, more detailed contrast
experiments with pristine APP and other APP-based flame
retardants are needed in future work.
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