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A flame retardant containing multiple antiflaming elements usually exhibits high-efficient flame retar-
dancy. Here, a novel P/N/Si-containing ammonium polyphosphate derivative (APTES-APP) is synthesized
from ammonium polyphosphate (APP) and silane coupling agent (3-aminopropyl)triethoxysilane (APTES)
via cation exchange, which is quite different in the chemical structure from APTES-modified APP for
retaining silicon hydroxyls. APTES-APP is highly efficient for the epoxy resin. 8% (mass) APTES-APP
imparts excellent flame retardancy to the epoxy resin, with a V-0 rating at the UL-94 test (1.6 mm)
and an LOI value of 26% (vol). The peak heat release rate and total smoke production of the flame-
retardant epoxy resin are decreased by 68.1% and 31.3%, respectively. The synergy of P/N/Si contributes
to the well-expanded char residue with a strong and dense surface layer, which is a very good barrier
against heat and mass transfer. Besides, there is no significant deterioration in the mechanical properties
of flame-retardant epoxy resin thanks to silicon hydroxyls forming hydrogen bonds with epoxy mole-
cules. Meanwhile, other molecules can be grafted onto APTES-APP via these silicon hydroxyls, if needed.
Briefly, this work has developed a new strategy for amino silane as flame retardants. In conjunction with
a low-cost and simple preparation method, APTES-APP has a promising prospect in the high-performance
flame-retardant epoxy.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction create a synergistic effect to extinguish fires based on chemical
Epoxy (EP) resins are widely used in electronics, aerospace, and
high-performance coatings under their excellent mechanical prop-
erties, chemical resistance, and durability [1–3]. Whereas pristine
epoxy resins are highly combustible, their flame retardancy needs
to be improved to reduce fire risk [4–6]. Therefore, it is particularly
important to improve the flame retardant properties of EP with
suitable techniques while retaining its inherent properties [7].

Among those studies on flame retardants for EP, the popular
strategies are structural modification by introducing functional
groups with flame retardancy into the molecular structure of EP
and blending modification with flame-retardant fillers [8]. Two
types of flame retardants are commonly used, nano flame retar-
dants and intumescent flame retardants (IFRs). Nano flame retar-
dants such as nanoclays and other nanocarbon materials enhance
flame retardancy based on their geometric hindrance [9–13]. IFRs
reactions. IFRs consist primarily of inorganic acids or acid sources
that produce acids when heated, blowing agents that decompose
gases to cause intumescence under the right conditions, and char-
ring agents (CA) [14]. IFRs are non-toxic, non-halogenated materi-
als that are very effective in epoxy resins [8].

Ammonium polyphosphate (APP) has attracted great attention
in the field of flame retardants due to its high phosphorus (acid
source) and nitrogen (blowing agent) content [15], cost-
effectivity, and ease of application in various polymeric matrices
[8,16–18]. In the combustion process of resins comprising APP,
incombustible gases released from APP can effectively inhibit the
gas-phase combustion reaction; nevertheless, in the condensed
phase, APP cannot directly provide a CA to form a high-quality
insulating char layer, thus its flame retardancy requires improve-
ment with other substances [19]. It is worth noting that the poor
compatibility of APP with polymer matrix results in severe deteri-
oration of the mechanical properties [8]. Compared with physical
blending [20,21], encapsulation not only promotes the reaction
between APP and CA but also improves the compatibility of APP
with the matrix [22,23]. Qiu et al. [22] prepared a novel multifunc-
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tional organic-inorganic hybrid, melamine-containing polyphosp-
hazene wrapped ammonium phosphate (PZMA@APP) by a poly-
condensation reaction. PZMA@APP with active amino groups was
a highly efficient flame retardant for EP. This hybrid structure pre-
sented a multi-functional effect on improving the flame retardant
and mechanical performance of EP composites. In addition, graft-
ing small molecules containing flame-retardant elements to APP
is much more efficient in the quick formation of a crosslink char
during combustion. Kim et al. [24] selected 4,40-
diaminodiphenylmethane (DDM) as the curing agent and charring
agent for the surface modification on the APP, which was applied
to epoxy composites. The addition of amine-modified APP (mAPP)
accelerated the curing of epoxy composites, contributed to the for-
mation of cross-linked structures, and promoted the formation of
compact carbonaceous char structures, so the mechanical proper-
ties, thermal degradation, and flame retardancy of the epoxy com-
posites were all improved.

Si-containing flame-retardant structures are more likely to be
retained in the condensed phase during burning, thus improving
the stability and yield of residues at high temperatures [25]. There-
fore, we decide to use a silane coupling agent to achieve this goal.
Abundant chemical groups of silane coupling agents offer the pos-
sibility to develop our thoughts. Alkoxysilane groups at one end of
silane molecules enable reactions on hydroxyl-rich surfaces, and
various functional groups (e.g., amino, vinyl, and mercaptan) at
the other end are capable of linking to diverse substances [26].
Usually, the silanol groups (SiAOH) formed from alkoxy groups
of silane were used to modify the surface of the fillers, improving
their compatibility with the polymer matrix [26–28]. In this case,
silane serves as a ‘‘molecular bridge” at the interface, and its
dosage is generally 0.1%–2% (mass) of the filler. In addition, it has
been demonstrated that silane-modified APP can enhance the per-
formance of composites in terms of thermal stability and limiting
oxygen index, but other synergists are still needed to enhance
the flame resistance [29,30]. In this work, however, the silane cou-
pling agent grafts onto APP molecules via ANH2 groups that react
with NH4

+, while SiAOH groups are kept for dehydration at high
temperatures. Importantly, elements P, N, and Si in one molecule
are beneficial to the maximum of their synergy.
Fig. 1. The synthetic ro
Herein, (3-aminopropyl)triethoxysilane (APTES) was bonded to
APP molecule, forming an all-in-one IFR molecule (APTES-APP)
which is highly efficient for epoxy resin (EP) at an 8% (mass) addi-
tion. The obtained APTES-APP was characterized by different mea-
surements to confirm its structure, and the flame retardancy and
mechanical properties of the EP/APTES-APP composites were
investigated. In addition, the corresponding flame-retardant mech-
anism was discussed.

2. Experimental

2.1. Materials

Commercial ammonium polyphosphate (APP, n = 1500) was
supplied by Hefei WanRan New Material Technology Co., Ltd.
(China). (3-Aminopropyl)triethoxysilane (APTES) was purchased
from Beijing Chemical Reagents Co., Ltd. (China). Sodium hydrox-
ide (NaOH, AR), ethylene glycol (AR), and absolute ethyl alcohol
(AR) were received from Tianjin DaMao Chemical Reagents Factory
Co., Ltd. (China). Epoxy resin (E-44) and a polyamide curing agent
(651) were obtained from Jinan TianMao Resin Chemical Co., Ltd
(China).

2.2. Synthesis of APTES-APP

At room temperature, 70 ml of sodium hydroxide solution
(NaOH, 0.5 mol�L�1) was mixed well with 420 ml of ethylene glycol
under continuous stirring. Afterward, APTES (16.8 ml) and APP
(7 g) were added sequentially. The reaction system was kept stir-
red at 600 r�min�1, 50 �C for 5 h. After vacuum filtration, APTES-
APP powder was obtained after being rinsed with ethanol three
times and then dried under vacuum at 80 �C. The synthesis mech-
anism of APTES-APP is shown in Fig. 1.

2.3. Preparation of EP composites

First, 8.00 g of APTES-APP and 61.34 g of EP were homogenized
in a dispersion machine at 1500 r�min�1. Next, 30.66 g of polya-
mide curing agent was put into the previous mixture and stirred
ute of APTES-APP.
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for 10 min. Lastly, the resulting mixture was poured into different
preheated molds. The specimens were cured at room temperature
for 2 h and then at 80 �C for another 3 h. Additionally, EP and EP/
APP were prepared as control specimens. The relevant formula-
tions are listed in Table 1.

2.4. Characterization and testing

Fourier transform infrared (FTIR) spectra were recorded by a
Nicolet-710 spectrometer (Nicolet, America) using the KBr disk.
X-ray diffraction (XRD) was employed on an X-ray diffractometer
(X’Pert PRO MPD, Holland), using Cu Ka radiation (k = 0.15418 n
m), at a scanning rate of 4 (�)�min�1. X-ray photoelectron spec-
troscopy (XPS) spectra were monitored by an ESCALAB 250 XI
(Thermo Scientific, America) using Al Ka excitation radiation
(hv = 1486.6 eV). The surface morphologies of the samples were
observed by a JEOL JSM 5900 L V scanning electron microscopy
(SEM) (JEOL, Japan) at the accelerating voltage of 15 or 200 kV.
The particle size and particle size distribution of the powders were
tested using a laser particle sizer (Mastersizer 3000, United King-
dom). Thermogravimetric analysis (TGA) was carried out on an
STA-409 thermal analyzer (Netzsch, Germany), at a heating rate
of 10 �C�min�1 under the nitrogen flow of 50 ml�min�1 in the tem-
perature range from room temperature to 800 �C.

The limiting oxygen index (LOI) values were tested on a digital
oxygen index meter (ZR-01, China) with sheet dimensions of
125 mm � 10 mm � 4 mm according to ASTM D2863-19. The
UL-94 vertical burning level was measured on an instrument (JR-
SSC-A, China) according to ASTM D3801-19, and the dimension
of all specimens was 125 mm � 13 mm � 1.6 mm. The LOI values
and UL-94 ratings of each sample were repeated 5 times. The ten-
sile properties of the EP composites were measured at room tem-
perature using an electronic tensile tester (RH-10kN, China) at an
extension rate of 1 mm�min�1 following the test standard ASTM
D638-14. The notched impact behavior was measured with a can-
tilever beam impact tester (RH-6050, China) in line with ASTM
D256-10 with a sample size of 10.2 mm � 12.7 mm � 3.2 mm.
Samples for both tensile and impact tests were operated five times
and the average values were reported. Cone calorimeter tests (CCT)
were employed to investigate the fire performance of EP and its
composites based on ISO5660-1: 2015, the specimens
(100 mm � 100 mm � 3 mm) were measured horizontally under
a heat flux of 50 kW�m�2 and three specimens were tested for each
formulation. The volatile gases produced during the thermal degra-
dation of specimens were tested using a thermogravimetric ana-
lyzer (STA-409, Germany) and a Fourier transform infrared
spectroscopy (Nicolet-710) at a heating rate of 10 �C�min�1 under
a nitrogen flow of 20 ml�min�1. Laser Raman spectroscopy mea-
surement was carried out at room temperature with Lab RAM
HR800 laser Raman spectrometer (SPEXCo, America) using a
514 nm argon-ion laser.

3. Results and Discussion

3.1. Characterization of APTES-APP

APP of a low and high degree of polymerization were both used
in this work. The former is soluble in hot water, making the prepa-
Table 1
The formulations of IFR-EP and the LOI and UL-94 results

Item Epoxy resin/g Curing agent/g

EP 61.34 30.66
EP/APP 61.34 30.66
EP/APTES-APP 61.34 30.66
ration convenient. But 10% (mass) of the synthesized compound
did not have EP pass V-0 rating at UL-94 test. It can be inferred that
low degree polymerized APP is of low thermal stability. So high
thermal-stable APP (n = 1500) was selected to prepare APTES-
APP. NaOH solution was employed to promote the dissolution of
APP for the homogeneous reaction [31]. Simultaneously, APTES
rapidly hydrolyzed in an alkaline environment to form silanols
[32]. The presence of ethylene glycol aimed to avoid the self-
condensation of silanols, thus ensuring silanols were retained in
APTES-APP molecules. When NaOH was gradually consumed by
APP, the silanols took the chance to be protonated, and then
APTES-APP formed via ion exchange with NH4

+ [24,33–35].
The APP and the resulting product were subsequently charac-

terized. APTES-APP has similar FTIR spectra as APP except for
new characteristic peaks of the asymmetric deformation of NH3

+

(1665–1600 cm�1) and stretching of AOH (3645–3300 cm�1)
(Fig. 2(a)) [17,24,36]. The wide-scan spectra of XPS show that
APTES-APP contains Si and Na elements that are not found in
APP (Fig. 2(b)). Besides, the N 1s spectrum of APP only contains
NH4

+ (401.5 eV) and APANHAPA (399.6 eV), while that of APTES-
APP presents a new peak at 400.9 eV belonging to NAH in NH3

+

(Fig. 2(c), (f)) [36]. The binding energy in the O 1s spectrum of
APTES-APP near 534.9 eV corresponds to the O in SiAOH (Fig. 2
(d), (e)) [37]. These sufficiently demonstrate the APTES-APP is in
line with the expected target structure shown in Fig. 1. Fig. S1
(in Supplementary Material) shows a wide distribution of particle
sizes of APP and APTES-APP, both ranging from 3 to 110 lm. Their
volume average particle sizes are close, APTES-APP (25.6 lm) and
APP (26.8 lm).

The SEM images of APP and APTES-APP show no great differ-
ence in their morphologies (Fig. 2(g), (i)); the energy dispersive
spectrometer (EDS) mappings exhibit that APTES-APP contains ele-
ments P and N from APP, as well as element Si from APTE, and ele-
ment Si are uniformly distributed between P and N (Fig. 2(h), (j)).
Furthermore, a new small diffraction peak (in the circle) appears in
the XRD pattern of APTES-APP (Fig. 2(k)), and the other peaks
remain the same as those of APP, suggesting no big change in crys-
talline structure for these two. It is observed from TG curves (Fig. 2
(l)) that APTES-APP and APP begin to decompose at 300 �C. APTES-
APP starts to cleave slightly earlier than APP, probably because of
an earlier release of ammonia and the silanols dehydration. At
800 �C, however, the residue of APTES-APP is 10% heavier than that
of APP.
3.2. Mechanical properties of EP and its composites

It is well-known that flame-retardant fillers may cause damage
to the mechanical properties of polymers [38]. Therefore, the ten-
sile strength and impact strength of EP composites were tested
(Fig. 3), and the results are listed in Table 2. Fig. 3(a) indicates that
the tensile strength of EP/APP is 37.6 MPa, with a 16.1% decrease
compared to that of pure EP. While EP/APTES-APP has a 5.8%
increase in the tensile strength compared to EP/APP. The impact
strength of EP/APTES-APP is 3.4% greater than that of pure EP
(Fig. 3(b)). This slight improvement can be attributed to the SiAOH
in APTES-APP improving its compatibility with the EP matrix via
hydrogen bonds.
APP/g APTES-APP/g LOI
/% (vol)

UL-94
(1.6 mm)

– – 18.2 No rating
8 – 25.2 No rating
– 8 26.0 V-0



Fig. 2. FTIR spectra (a), XPS spectra (b–f), SEM images (g, i), EDS mapping (h, j) (orange-P, green-N, blue-Si), XRD patterns (k), and TG curves (l) of APP and APTES-APP.
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The FTIR spectra of EP and EP/APTES-APP (Fig. 4(a)) show that
some characteristic peaks of EP, including the hydroxyl (AOH)
peak at 3410 cm�1, the CAN peak of tertiary amide at
1245 cm�1, and the out-of-plane bending peak at 940 cm�1 attrib-
uted to carboxylic acid CAOH from curing agent, are changed after
the addition of APTES-APP to EP. This is because of hydrogen bonds
formed between the EP matrix and the SiAOH of APTES-APP. The
cross-section micromorphology of the EP/APTES-APP after the ten-
sile strength test (Fig. 4(b)) further demonstrates the good disper-
sity and compatibility of APTES-APP in the EP matrix, with no
aggregation and obvious gaps around particles (holes left by parti-
cle pullout). SEM images of fractured surfaces of EP and EP/APP
(Fig. S2) exhibit that the fractured surface of pure EP is relatively
smooth, but the fractured surface of EP/APP is very rough and
has some aggregation of particles. That is why the mechanical
properties of EP/APTES-APP are better than those of EP/APP.

3.3. Flame retardancy of EP and its composites

The flame resistance of EP composites is evaluated by the limit-
ing oxygen index (LOI) and UL-94 vertical burning level as shown
in Table 1. EP is flammable, with an LOI value of 18.2 %(vol) and
no UL-94 rating (Fig. S3(a)). With 8% (mass) of APP added, the
LOI value of EP/APP increases to 25.2% (vol), but the UL-94 test



Fig. 3. The tensile (a) and impact (b) strengths of EP, EP/APP, and EP/APTES-APP.

Table 2
Mechanical parameters of EP, EP/APP, and EP/APTES-APP

Items EP EP/APP EP/APTES-APP

Tensile strength/MPa 44.8 ± 1.3 37.6 ± 3.9 39.8 ± 3.7
Impact strength/kJ�m�2 22.8 ± 5.3 17.5 ± 2.1 23.6 ± 4.0
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result is still disappointing (Fig. S3(b)). At the same loading of 8%
(mass), APTES-APP enhances the LOI value of EP to 26.0% (vol),
and the UL-94 rating achieves the V-0 level (Fig. 5). 8% (mass) is
the lowest loading amount for EP/APTES-APP passing the V-0
rating.

Cone calorimetry testing (CCT) is widely used for fire hazard
assessment of engineering plastics during real combustion condi-
tions [39,40]. It can provide useful information related to fire, such
as heat release, mass loss, smoke, etc. Therefore, EP/APTES-APP was
taken to conduct a controlled trial on CCT with EP and EP/APP
(Video S1). The curves of heat release rate (HRR), total heat release
(THR), mass loss (ML), smoke production rate (SPR), and total
smoke production (TSP) are illustrated in Fig. 6. The detailed CCT
results are presented in Table 3.

The peak of HRR (PHRR) and THR are key parameters of the
flame propagation capability in a fire, so their reduction is critical
for fire safety [41]. According to Fig. 6 and Table 3, for pure EP, the
time to ignition (TTI) is 28 s, the PHRR (1085.4 kW�m�2) is at 105 s,
and the THR at the end is 91.1 MJ�m�2. While the TTI and the time
Fig. 4. FTIR spectra (a) of EP and EP/APTES-APP and the micr
to PHRR (tPHRR) of EP/APTES-APP are delayed by 9 s and 25 s, and
its PHRR and THR are reduced by 68.1% and 34.0%, respectively. All
these performances of EP/APP are inferior to those of EP/APTES-
APP.

The fire growth rate index (FIGRA = max [HRR(t)/t]) is usually
used for predicting the degree of fire danger [19,42]. The FIGRA
for EP/APP and EP/APTES-APP decreases to 4.51 and 3.80 kW�m�2-
�s�1, respectively, far below 10.34 kW�m�2�s�1 for EP. It should be
known that a lower FIGRA value means that people have more time
to escape from the fire field. Besides, the ML curves further prove
that EP/APTES-APP is superior to EP/APP. Besides heat, smoke is
also an important factor that threatens human life in a fire [43].
EP/APTES-APP exhibits stronger smoke suppression than EP/APP,
with a 44.2% reduction in PSPR and 31.3% in TSP compared to EP.
In a word, EP/APTES-APP performs well in fire and smoke
suppression.
3.4. Char residue of EP/APTES-APP composite

The intumescent and dense char layer can isolate the heat and
oxygen transfer between its surface and bottom, which is signifi-
cant to improve the flame-retardant efficiency [44]. The digital
photographs of residues of EP, EP/APP, and EP/APTES-APP are
shown in Fig. 7. EP burned out with little residue left. EP/APP
expanded vertically up to 3.2 cm, but its surface was full of holes
that did not cut off the inward transfer of heat and oxygen. But
omorphology of the cross-section for EP/APTES-APP (b).



Fig. 5. The digital photos of EP/APTES-APP at the UL-94 test.

Fig. 6. HRR, THR, ML, SPR, TSP curves of EP, EP/APP, and EP/APTES-APP.

Table 3
CCT data of EP, EP/APP, and EP/APTES-APP

Item TTI
/s

PHRR
/kW�m�2

tPHRR
/s

THR
/MJ�m�2

PSPR
/m2�s�1

TSP
/m2

Residue
/% (mass)

FIGRA
/kW�m�2�s�1

EP 28 1085.4 105 91.1 0.231 23.9 1.0 10.34
EP/APP 30 469.3 120 65.0 0.181 20.8 11.3 4.51
EP/APTES-APP 37 345.7 130 60.1 0.129 16.5 23.0 3.80
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for EP/APTES-APP, it expanded too high beyond the upper frame of
the instrument, so the top of the char residue was chipped off
while being moved out (Video S2). Even so, the height of char with-
out the top layer reached 6.5 cm, twice higher than that of EP/APP.
This suggests that the top surface layer was compact enough to
hold more gases inside. Moreover, the well-expanded char was
so strong without getting broken when the bottom was turned
over, as shown in the rightmost photograph.

SEM images and Raman spectra (Fig. 8) of char residue from EP/
APTES-APP after CCT further demonstrate its high-quality
microstructure. Surprisingly, SEM images (Fig. 8(a), (b)) exhibit
that the surface and bottom char layers are pretty compact, contin-
uous, and smooth, which are distinct from reported literature
about the APP-based flame retardant system. As shown in Fig. S4
(a), (b), the microstructure of the char residue of EP/APP after
CCT is full of pores, which can not well insulate from heat and oxy-
gen transfer. Raman spectra (Fig. 8(c), (d)) serve to characterize the
order degree of chars, and these spectra show two characteristic
bands: D-band (about 1366 cm�1, caused by the vibrations of
amorphous char) and G-band (about 1590 cm�1, caused by the
vibrations of sp2-hybridized carbons) [45–47]. The degree of
graphitization of chars can be measured by the ratio of the inte-
grated intensity of D- and G-band (ID/IG); the lower the ID/IG value,
the higher the degree of graphitization of the char. Graphitized
char is an excellent flame-retardant barrier that facilitates fire
retardation [48]. For EP/APTES-APP, the ID/IG values of the surface



Fig. 7. Digital photographs of char residues of EP, EP/APP, and EP/APTES-APP (the rightmost one showing the bottom up).

Fig. 8. SEM images and Raman spectra of char residues of EP/APTES-APP after CCT (surface: (a), (c); bottom: (b), (d)).

Q. Sun et al. / Chinese Journal of Chemical Engineering 55 (2023) 137–147 143
and bottom char layers are 1.14 and 1.03 (Fig. 8(c), (d)), while these
values are 1.22 and 1.24 for EP/APP (Fig. S4(c), (d)). Therefore,
APTES-APP enhances the degree of graphitization of char, having
better performance in the condensed phase than APP. Si element
may contribute to the formation of high-quality char, which cuts
off the heat and mass transfer and provides excellent fire protec-
tion for EP resin.
3.5. Flame retardant mechanism

XPS spectra are available to detect the composition of char resi-
due to illustrate the mechanism of char formation (Fig. 9). In the C
1s spectra, peaks near 284.7 eV are attributed to aliphatic CAC/
CAH and aromatic C@C, while peaks at 286.1, 288.3, and
291.4 eV are assigned to CAOAC, OAC@O, and plasmon, respec-
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tively [49–51]. The peak of CASi (284.4 eV) appears in the C1s spec-
trum; likewise, SiAC is observed in the Si 2p spectrum at 102.0 eV
[19]. Although the Si content in char is low, the SiAO (103.1 eV)
peak can still be easily identified in Si 2p spectra [49,52,53]. The
P 2p peak at 134.5 eV is attributed to PO4

�. In conjunction with
the peak of NH3

+ at 401.1 eV and APANHAPA at 399.7 eV in N1s

spectra of the bottom, it is reasonable to believe that the effective
Fig. 9. The wide-scan, C 1s, N 1s, O 1s, P 2p, and Si 2p XP
components of APTES-APP still stay in the bottom residue. As a
result of sustained irradiation, SiAN (398.5 eV) in the N1s spectrum
and O@PAOAC (134.7 eV) in the P 2p spectrum indicate more
cross-linked structures forming in the upper char [54,55]. These
can be supported by the O 1s spectra. While PAOAP and P@O dom-
inate the O 1s spectrum of the bottom char, the CAOAC structure is
visible in the surface residue because of the gradual decomposition
S spectra of char residues of EP/APTES-APP after CCT.
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of phosphate. Besides, theASiAOA (536.1 eV) structure is also pre-
sent in O 1s spectra, resulting from the dehydration cross-linking
of SiAOH in APTES-APP. It is noteworthy that the peak at
531.9 eV in the O 1s spectrum of the surface char is ascribed to
the carbonate C@O while Na is the only metallic element present
in chars, and this suggests some sodium carbonate (Na2CO3) gener-
ating in the process [56]. Both the SiAO structure and Na2CO3 are
essential for making glass, which may explain the strong char resi-
due of EP/APTES-APP with a microscopic ‘‘glassy” appearance [57].
Furthermore, the discussion on the FT-IR spectra of char residue
from EP/APTES-APP after CCT proves the crosslinking structure:
PAOAC/SiAOASi/SiAOAP/SiAC/SiAN char residues (Fig. S5).

To further illustrate the flame-retardant mechanism, the pyrol-
ysis of different samples was studied using thermogravimetric-
infrared (TG-IR) analysis, as shown in Fig. 10. The initial decompo-
sition temperature (at 5% mass loss, T5%), the temperature of max-
imum decomposition rate (Tmax), and char yield (CY) at 800 �C are
listed in Table 4. To avoid the interference of oxygen and other air
impurities, the samples underwent pyrolysis in a nitrogen flow. In
the TG-DTG curves (Fig. 10(a)), EP/APTES-APP and EP/APP degrade
before pure EP at about 310 �C because the flame retardants start
to decompose. Over 500 �C, the samples’ residual weights tend to
be stable. EP almost has nothing left, while EP/APTES-APP and
EP/APP retain about 13% (mass) of residues. In the range of 250–
400 �C, EP/APTES-APP and EP/APP are in the first stage of decompo-
sition. Since APTES-APP and APP start to decompose at 300 �C, the
Fig. 10. TG, DTG curves (a) and FTIR spectra of gaseous products released from EP (b
degradation.
degradation of the EP matrix is triggered in advance. The FTIR spec-
tra of the pyrolysis gaseous products (Fig. 10(b), (c), (d)) further
reveal that water vapor (3500–4000 cm�1) and ammonia (930–
970 cm�1) are detected at around 300 �C for EP/APTES-APP, while
the corresponding peaks appear at around 350 �C for EP/APP
[55,58]. It is because APTES-APP starts the cleavage slightly earlier
than APP, releasing ammonia and undergoing the SiAOH dehydra-
tion condensation reaction. Then at around 350 �C, EP/APTES-APP
again produces P@O (1258 cm�1) volatiles earlier than EP/APP,
which are considered as free radical scavengers with excellent
quenching effect on flame suppression in the gas phase [59,60].
Subsequently, from 400 to 500 �C, EP/APTES-APP and EP/APP enter
the second stage of decomposition. The DTG curve of EP/APTES-
APP exhibits more variation at this stage, suggesting that it has
diverse cleavage routes. The characteristic signals of other pyroly-
sis gaseous products of the EP matrix are also recorded. These
products are easily identified by their characteristic absorbances,
such as alkanes (2800–3000 cm�1), CO2 (2200–2400 cm�1), phenyl
(1500 and 1600 cm�1), aldehyde RCHO (1172 cm�1), and NH3

(827 cm�1) [61,62].
Based on the above discussion, we propose a possible flame

retardancy mechanism of APTES-APP, as shown in Fig. 11. APTES-
APP first releases trace amounts of H2O from silicon hydroxyl
groups and NH3 by thermal decomposition, followed by the forma-
tion of polyphosphoric acid. During the dehydration and the
release of NH3, a lot of cross-linked structures form ‘‘glassy” char,
), EP/APP (c), and EP/APTES-APP (d) at different temperatures during the thermal



Fig. 11. The flame retardancy mechanism of APTES-APP.

Table 4
TGA results of EP and its composites from the TG-IR test

Item T5%/�C Tmax1/�C Tmax2/�C CY/% (mass)

EP 345 386 – 4.5
EP/APP 312 349 433 13.1
EP/APTES-APP 307 348 425 12.0
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including SiAOASi, SiAOAP, PAOAC, SiAC, and SiAN. The
advanced decomposition of APTES-APP contributes to the rapid
formation of the char layer [63]. A highly cross-linked strong char
layer serves as a good barrier for heat and mass transfer. Simulta-
neously, CO2, H2O, and NH3 generated from the system dilute the
oxygen concentration around the char layer [64]. Therefore, the
combined effects in the gaseous and condensed phases inhibit
the combustion, suppress the smoke generation, and keep more
char residue left.

4. Conclusions

In summary, APTES-APP intumescent flame retardant with
active SiAOH groups was prepared based on the cation exchange
reaction of ANH2 in silane coupling agent APTES with APP. With
8% (mass) of APTES-APP, EP/APTES-APP exhibits an all-round
improvement in the flame retardancy in comparison with pure
EP, with the V-0 rating at UL-94 test, the LOI value up to 26.0%
(vol), 68.1% and 31.3% decreases in PHRR and TSP, and longer time
to ignition. The APTES-APP containing P, N, and Si can play three
roles (acid source, blowing agent, and charring agent) in one mole-
cule, and the formed high-quality intumescent char layers can
effectively protect the underlying material. Moreover, the retained
SiAOH groups can improve the compatibility of APTES-APP with EP
by hydrogen bonds. Interestingly, this all-in-one APTES-APP can
not only be used alone as a flame retardant but also serve as an
intermediate to prepare new flame retardant by using its SiAOH
groups.
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