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Abstract In this paper, a halogen-free flame retardant with
two different functional components was prepared via a
simple method. The novelty of this work is the combina-
tion of acid source and char-forming agent in one com-
pound simultaneously. And the advantage of this method
lies in effectively avoiding the mixture of several compo-
nents for composites during thermal processing and
improving the flame retardancy of polymers. Besides, the
chemical structure of modified ammonium phosphate
(MAPP) was confirmed by Fourier transform infrared
spectra (FTIR) and X-ray diffraction spectra (XRD),
respectively. The results indicate that thermal decomposi-
tion process of APP after modification is obviously chan-
ged. When polypropylene (PP) is composited with 30 phr
MAPP, the limiting oxygen index value can reach 28.5 %
and pass vertical burning tests (UL-94) V-1 rating.
Simultaneously, thermal gravimetric analysis demonstrates
that the introduction of diethanolamine can improve the
char-forming rate and char residue of PP/APP composites.
Except that, the thermal pyrolysis of MAPP detected by
FTIR spectra deduces that the char-forming process
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happens at 350—400 °C. The analysis on char residue after
combustion indicates that the cross-linking bonds of P-O—
C groups appear. At last, a potential condensed mechanism
was primarily proposed.
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Introduction

Due to the advantages in mechanical properties, thermal
performance, chemical resistance properties, electrical
properties and processing behavior, polypropylene (PP)
materials are widely applied in lots of fields, such as
automotive industry, consumer goods, containers, nonwo-
ven fabrics and electric industry [1-4]. However, the
flammability of PP materials greatly retrains its further
application [5-7]. In this condition, the development on the
flame retardants to solve this problem becomes an urgent
issue. Recently, halogen-free and intumescent flame retar-
dants (IFR) were gradually exploited by many researchers
[8-10]. Camino et al. [11-15] had performed a great deal
of experiments on several IFR systems. During these
investigation, the most representative IFR system is a
combination of ammonium polyphosphate (APP), pen-
taerythritol (PER) and melamine (MEL). Here, they act as
acid source, carbon agent and gas source in IFR system,
respectively. Except that, Camino et al. [16] had deeply
studied the expansion behavior of APP/PER by adopting
pentaerythritol diphosphate (PEDP) as a model compound
and proposed the main expansion mechanism of this sys-
tem [17-19].

Unfortunately, the flame retardant efficiency for APP/
PER/MEL system is not high enough. When this system is
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applied in the actual life, it usually needs a large amount of
flame retardants to achieve the ideal flame retardancy. And
the ternary IFR system may affect the processing procedure
in preparing polymer composites. For this purpose, scien-
tists have exploited many practical methods to solve these
disadvantages. Nowadays, the focus has been concentrated
on preparing the multiple flame retardants in improving the
efficiency. Especially, the combination of acid resource
and char-forming agent in mono-component compound is
the main trend in the field of flame retardants. This idea can
improve the flame retardant efficiency of IFR and simplify
the processing procedure of composites simultaneously.

In this paper, we have prepared modified ammonium
polyphosphate (MAPP) by the introduction of diethanola-
mine onto the side chains of ammonium polyphosphate.
The products can act as acid source and char-forming agent
in IFR system simultaneously. The chemical structure of
MAPP was detected by Fourier transform infrared spectra
(FTIR) and X-ray diffraction spectra (XRD), respectively.
Except that, thermal gravimetric analysis (TG) systemati-
cally investigates the thermal stability and char residue of
PP composites. Furthermore, the thermal pyrolysis process
of MAPP was monitored by FTIR spectra in order to
investigate the changes in chemical structure during dif-
ferent temperature. And the char-forming temperature can
roughly be achieved from the changes in FTIR spectra of
char residue. Finally, the possible flame retardant mecha-
nism of MAPP in PP matrix was proposed by analyzing the
char residue in detail.

Experimental
Materials

Polypropylene (PP, melt flow index, 2.5 g 10 min~"') was
provided by Yangzi Petroleum Chemical Company.
Ammonium polyphosphate (APP) (phase II, the degree of
polymerization >1500; density, 1.88 g cm™>) brought from
Qingdao Haida Chemical Co., Ltd. was under 80 °C vacuum
drying before using. Anhydrous alcohol and diethanolamine
were obtained from Aldrich. The deionized water used in this
experiment was distilled followed by deionization.

Preparation of ammonium phosphate with two
components

The experiments were carried out under nitrogen atmo-
sphere in a 1000-mL four-neck flask equipped with reflux
condenser, mechanical stirrer and dropping funnel were
heated in the water bath. At first, 100 g APP and 54 g
diethanolamine were added into four-neck flask. At the
same time, 350 mL deionized water and 40 mL anhydrous
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alcohol were poured into the system. Then, the system was
sonicated for 15 min in order to promote the homogeneous
dispersion of APP in mixture solvent. The mixture was
heated to 90 °C and kept for 4 h. After that, the system was
cooled down to room temperature and filtrated under vac-
uum. The products were washed with deionized water and
anhydrous alcohol several times and dried at 70 °C for
24 h (Scheme 1).

Preparation of flame-retarded PP composites

PP and flame retardants were melt-mixed in a twin-screw
extruder. Temperatures along the barrel were 110, 190, 190,
190, 190 and 185 °C in the section of heating module in
sequence. When the temperature reaches the default value,
the feeding process was started. The screw rotating and
feeding speeds were set as 30 rpm and 12 rpm, respec-
tively. After the mixing process continues for 15 min, the
composites were injected and cut to particles. Subsequently,
the particles were hot-pressed at 190 °C under 10 MPa for
15 min into sheets of suitable thickness for measurement.
The sample formulations are listed in Table 1.

Characterization
Fourier transform infrared spectra (FTIR)

The infrared spectra of the samples were recorded with an
FTIR SHIMADZU spectrometer at a resolution of 2 cm™".
FTIR spectra of the samples were obtained between 4000
and 400 cm™' on a KBr powder with an FTIR spectrometer.

X-ray diffraction spectra (XRD)

X-ray diffraction spectra of samples were detected by a
SHIMADZU X-ray diffraction spectra instrument. The
scanning speed is 2 ° min~" from 10° to 60°.

Elemental analysis

The carbon, hydrogen, nitrogen and oxygen contents of
APP and MAPP were determined with a Perkin-Elmer 240
analyzer. The analyses were performed with 1 mg of sam-
ple ground and sieved to <0.2 mm. The results were quoted
as the mean of values from four determinations. In all cases,
the experimental error was <0.5 % of the absolute value.

Scanning electron microscope (SEM)

The morphology of char residue after combustion was
investigated by SHIMADZU SSX-550 scanning electron
microscope. The specimens were sputter-coated with a
conductive gold layer. The accelerated voltage was 20 kV.
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Table 1 Results of LOI and UL-94 tests for PP composites
Sample PP/phr APP/phr MAPP/phr LOl/% UL-94
Untreated Treated Untreated Treated
PP 100 0 0 17.0 17.0 No rating No rating
PP/APP 100 30 0 20.0 17.5 No rating No rating
PP/MAPP 100 0 30 28.5 18.0 V-1 No rating

Thermogravimetric analysis (TG)

All of samples were dried overnight before measurement.
The TG curves were recorded on a Pyris Diamond TG/
DTA (Perkin-Elmer) under 50 mL min ! nitrogen flow
ratio from 50 to 850 °C at a heating rate of 10 °C min™".
The sample mass was 5-10 mg.

Limiting oxygen index (LOI)

The LOI tests were carried out by using an XZT-100A
oxygen index test instrument (Chengde Jiande test instru-
ment Co., Ltd., China) based on the standard LOI test,
ASTM D 2863-97. The dimensions of specimens were
127 x 10 x 10 mm®>. The test method is generally repro-
ducible to an accuracy of £0.1 %.

Vertical burning test (UL-94)

The vertical burning test was carried out on a CFZ-2-type
instrument (Jiangning Analysis Instrument Company,
China) according to the UL-94 test standard. The speci-
mens used were of dimensions 130 x 13 x 3 mm®.

X-ray photoelectron spectroscopy (XPS) spectra

The XPS spectra of char residue were recorded with a VG
ESCALABMK 1II spectrometer using Al ka excitation
radiation (hv = 1253.6 eV).

Results and discussion
FTIR spectra of APP and MAPP

FTIR spectra of APP, diethanolamine and MAPP are
shown in Fig. 1. The typical absorption peaks of APP
contain 3200 (-NH), 1256 (P=0), 1075 (P-O symmetric
vibration), 1020 (symmetric vibration of PO, and POj),
880 (P-O asymmetric vibration) and 800 (P—O-P) cm ™!
[20, 21]. For diethanolamine, the absorption peaks of -NH
or —OH groups and —CH,— groups appear at 3100-3400
and 2834 cm_l, respectively. After modification, the new
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Fig. 1 FTIR spectra of APP, diethanolamine and MAPP
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peaks at 3057 and 2834 cm ™ appear in the FTIR spectra of
MAPP. Obviously, these peaks are assigned to —OH groups
and —CH,— groups from diethanolamine even if some shift
occurs for —OH groups. These facts demonstrate the die-
thanolamine has been grafted onto the side chain of APP.
Besides, the main characteristic absorption of APP nearly
keeps unchanged, illustrating that the chemical main chain
of APP is not broken.

XRD spectra of APP and MAPP

The chemical structure of APP and MAPP was also
investigated by XRD spectra, as shown in Fig. 2. It can be
seen that the XRD spectra between APP and MAPP are
very similar. This fact indicates that the whole lattice
structure of APP is nearly not influenced after modification.

Elemental analysis of APP and MAPP

Table 2 presents the results of elemental analysis of APP
and MAPP. Compared with APP, the element content of
MAPP obviously changes after modification. The content
of carbon and hydrogen increases while the content of
oxygen and nitrogen decreases. As we know, the element
content of carbon and hydrogen is large in the molecular
chain of diethanolamine. Thus, it is intuitively observed
that the diethanolamine molecules were introduced into the
molecular chain of APP. Along with FTIR and XRD
spectra, the feasibility for modifying APP is confirmed.

Thermal behavior of APP and MAPP
The thermal behavior of APP and MAPP was investigated

by TG, as shown in Fig. 3. Besides, the derivative ther-
mogravimetry (DTG) of TG curves is also investigated in

APP

Intensity

10 20 30 40 50 60
20/°

Fig. 2 XRD spectra of APP and MAPP
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Fig. 3b. It can be observed that the thermal degradation
curve of APP is mainly composed of two steps. In first step,
APP presents an obvious decomposition at 300-530 °C
with about 20 mass% mass loss, which is attributed to the
release of the volatile products (NH; and H,O) and the
formation of a highly cross-linked polyphosphoric acids
(PPA) [22-24]. With the temperature increasing, the fur-
ther decomposition of PPA leads to the formation of P,Os5
and P,O;y in the second step, which leaves 14 mass%
residual mass. For MAPP, the thermal decomposition
temperature evidently decreases due to the introduction of
diethanolamine onto APP chains. Moreover, the tempera-
ture at maximum decomposition rate of MAPP is about
90 °C higher than that of APP. This is mostly attributed to
the formation of char residue with high thermal stability.
Moreover, the char residue of MAPP is much more than
that of APP when the temperature is 600—800 °C. This fact
is ascribed to the incorporation of diethanolamine onto
APP molecular chains. The thermal interaction between
APP and diethanolamine can produce more char residue
with high thermal stability. When the temperature is above
800 °C, the char residue is destroyed and further starts to
decompose. It leads to that the char residue of MAPP is the
same as the char residue of APP.

Flame retardancy

Generally, limiting oxygen index (LOI) and vertical
burning (UL-94) tests are the most basic methods in
assessing the flame retardancy of materials. As shown in
Table 1, LOI value of pure PP is 17.0 % indicate the
flammability of PP. Besides, PP cannot pass the UL-94
tests because of severe melt dripping phenomenon. When
PP is composited with 30 phr APP, the LOI value of PP/
APP reaches 20.0 %. Due to lack of char-forming agent,
APP is not very effective in flame-retarding PP materials
when used alone. In this condition, PP/APP still cannot
achieve the ratings in UL-94 tests. For PP/MAPP, LOI
value further raises to 28.5 % and obtains a V-1 rating in
UL-94 tests. It illustrates that the flame retardant properties
of PP/APP composites are greatly improved by the incor-
poration of char agent into the system.

Except that, we have investigated the flame retardancy
of PP composites by water treatment. The water treatment
process is carried out by soaking PP composites in 60 °C

Table 2 Elemental analysis of APP and MAPP

Sample C/% H/% O/% N/%
APP - 4.13 49.47 14.45
MAPP 16.03 6.36 42.82 4.68
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Fig. 3 Thermal behavior of APP and MAPP, a TG curves, b DTG curves

water for 24 h. Then, the flame retardancy of PP com-
posites after hot water treatment was measured after the
samples were taken out and dried in room temperature. It
can be obviously seen that the flame retardant properties
greatly decrease for both APP and MAPP. For PP/APP, the
decrease in flame retardancy is ascribed to the weak water
resistance of APP with the hydrophilic groups. After the
introduction of diethanolamine onto APP, the water sen-
sitivity further increases due to the structure of —OH and —
NH groups on MAPP. Thus, when PP/MAPP is exposed to
water, the MAPP particles will completely emigrate from
composites into water. In this condition, the flame retar-
dancy of PP/MAPP nearly disappears that is equivalent to
the transition from PP/MAPP to pure PP. In our future
paper, we will focus on solving this defect of MAPP by
surface modification.

Thermogravimetric analysis of PP composites

The thermal degradation of PP, PP/APP and PP/MAPP in
nitrogen was investigated, as shown in Fig. 4. Besides, the
derivative thermogravimetry (DTG) of TG curves was also
investigated, as shown in Fig. 4b. The detailed data are listed
in Table 3, which includes the temperature at 5 % mass loss
(Ton), the maximum mass loss temperature (7y,,x) and the
residual mass at 500, 600 and 700 °C, respectively. Obvi-
ously, the initial decomposition temperature of PP is 300 °C.
When the temperature is above 450 °C, PP completely
degrades that demonstrates its poor char-forming ability.
Furthermore, this is the main reason for the flammability of
PP materials. As previously reported [25], both T, and T},
values of PP/APP are higher than that of PP. This is ascribed
that the thermal decomposition temperature of APP is higher
than PP itself. Due to the presence of APP, the char residue of
PP/APP is also improved. After chemical modification of

APP, the T, value further increases, indicating that the
thermal stability of PP composites is enhanced. Except that,
the char residue of PP/MAPP is much higher than PP/APP at
high temperature. The char residue for PP/MAPP at 500, 600
and 700 °C is 15.53, 13.15 and 10.89 %, respectively. This
char residue with high thermal stability is feasible to improve
the flame retardancy of PP materials. As shown in Fig. 4 and
Table 3, the R,,,.x value of PP/MAPP is larger than that of PP
and PP/APP. The large R,,.« value is ascribed that the char-
forming rate of PP/MAPP during thermal flow is much faster
than that of PP and PP/APP. In this paper, the inflection point
is the point in the fastest slope change of TG curves when the
main thermal decomposition is near finishing. At this point,
the char-forming process is close to complete. (The thermal
degradation rate of char residue obviously slows down). And it
is approximately equivalent to the “0” value in Y axis of DTG
curves after the peak (R.x). The temperature at inflection
point has been labeled in Fig. 4a. Compared with PP and PP/
APP, it can be obviously found that the degradation temper-
ature region from 7, to inflection point of PP/MAPP is much
narrower than PP/APP. In another word, the temperature
difference of PP/MAPP between initial decomposition and the
main decomposition end for PP composites is less than PP/
APP. In this condition, it is considered that the char-forming
rate of PP/MAPP is faster than that of PP/APP. In this con-
dition, R, value of PP/MAPP was larger than that of PP and
PP/APP. Except that, the large R,,,x value cannot affect the
content of char residue for PP/MAPP in contrast with that of
PP and PP/APP, as shown in Fig. 4 and Table 3.

Thermal oxidative process analysis of MAPP

In order to further study the char-forming process for
MAPP during the thermal degradation, the char residue
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Fig. 4 Thermal behavior of PP composites, a TG curves, b DTG curves
Table 3 Data for the thermal decomposition of PP composites
Sample Ton/°C Tmax/°C Char residue/mass% Runax/% °C™!
500 °C 600 °C 700 °C
PP 300.1 406.8 0 0 0 —0.964
PP/APP 318.6 414.4 19.13 12.54 7.55 —0.924
PP/MAPP 364.5 451.3 15.53 13.15 10.89 —1.324

Ton, the temperature at 5 % mass loss; T« the temperature at maximum mass loss rate; R,,,x, maximum decomposition rate
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Fig. 5 Analysis on thermal pyrolysis process of MAPP

obtained at different thermal pyrolysis temperature was
characterized by FTIR spectra. MAPP was heated in
10 °C min~" heating rate in thermal gravimetric analyzer in
air atmosphere [26]. The residues were obtained by heating
MAPP to 300, 350, 400, 450, 500 and 600 °C in air and
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Fig. 6 Optical photos of char residue for PP composites after
combustion, a PP/APP, b PP/MAPP

maintained 10 min at every temperature, respectively. The
detailed FTIR curves of these residues are shown in Fig. 5.
It can be obviously seen that the FTIR spectra of MAPP at
300 °C are quite different from that at 25 °C. Here, the
characteristic absorption of -NH groups is 3136 cm ™. The
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Fig. 8 FTIR spectra of char residue for PP/APP and PP/MAPP after
combustion

new peak at 1646 cm™' is originated from the appearance
of C = C groups. This indicates that the thermal decom-
position of MAPP occurs. When the temperature raises to
350 °C, the peak at 1258 cm ™' occurs the cleavage into two
peaks. The peak at 1164 cm ™' is ascribed to the absorption
of C—O-C groups. Except that, the characterized absorption
at 2824 cm™ ! that represents —CH,— groups gradually dis-
appears with the temperature. This is caused by the thermal
decomposition of diethanolamine in MAPP. Furthermore,
the new peaks appear at 992 and 887 cm™', which is
originated from the P—O bonds on the P-O-C groups. This
demonstrates that the cross-linking reaction of MAPP pro-
ceeds to generate the char residue. Therefore, it can be
obtained that the main char-forming temperature of MAPP
is 350-400 °C. This can further explain the increase in the
thermal stability for PP/MAPP.

The analysis of PP composites after combustion

To investigate the flame retardant mechanism of MAPP in
PP matrix, the char residue of PP/MAPP after combustion

)

LS
ety

P

— 5um

g. 7 SEM photos of char residue for PP/MAPP after combustion at different magnification, a 100 pm, b 5 pm, b 2 um

was systematically researched by optical photos, SEM,
FTIR spectra and XPS spectra, respectively. Optical photos
demonstrate that the char residue of PP/APP is inconsec-
utive due to the lack of char agent in Fig. 6a. As for PP/
MAPP, the char-forming content obviously increases and
the char residue presents expandable and dense surface due
to the introduction of char agent into APP system. In view
of microscopic morphology, the “bubble-like” intumescent
structure of char residue was obviously observed, as shown
in Fig. 7a, b. Moreover, the surface of char layer is quite
compact and rough. This is mainly ascribed to the chemical
reaction between char-forming section and acid source
section from MAPP. This can restrain both mass and heat
transfer between gas phase and condensed phase and pro-
tect the underlying material from further decomposition.
Furthermore, it can improve the flame retardancy of PP
materials via condensed mechanism. FTIR spectra of char
residue are shown in Fig. 8. As for PP/APP, the peaks at
1001 and 924 cm™" indicate the char residue of PP/APP is
composed of phosphorus oxide. Compared with PP/APP,
the peaks at 3138 and 1402 cm™' for PP/MAPP are
assigned to the absorption of -NH- groups. This may be
originated from the formation of nitrogen-containing
heterocyclic structure [27]. In addition, the characterization
absorption at 3013, 1646 and 1164 cm™! is ascribed to —
OH, C=C and C-O-C groups, respectively. All of them are
generated form the thermal decomposition of MAPP.
Except that, the P-O bonds on P-O-C groups appear at
1001 and 887 cm™"' that confirms the esterifiable cross-
linking reaction between MAPP particles [28, 29]. It can
promote the formation of char layer and further improve
the flame retardancy of PP.

Besides, the surface composition of char residue from
PP/MAPP after combustion was systematically analyzed
by XPS spectra. The char residue spectra of C;g, Oyg, Ny
and P, are shown in Fig. 9. Besides, the detailed assig-
nation of these peaks is recorded in Table 4. In C, spectra,
the peaks at 284.8 and 286.3 eV are assigned to C—C bonds
in aliphatic and aromatic structures and C—O bonds in the
P-O-C groups in ether and phosphate or C—-O—C bond in

@ Springer



Z. Zheng et al.

2020
Cig
284.8 eV
S
533.4 eV
5 S
@ @ 531.9 eV
= =
k%) ‘@
c c
[} [}
IS E
286.3 eV
| L 1 L 1 " 1 s 1 s 1 " | s | L 1 1 L 1 s 1 L | s 1 s 1 s 1 s | L | L
294 292 290 288 286 284 282 280 278 540 538 536 534 532 530 528 526 524
Binding energy/eV Binding energy/eV
N1
L, P2
|" V 134.6 eV P
400.7 ev |||} '5
I |
5 l' h 3
< <
= =
C c
2 \ 2
£ £
i
Il | ] 1 L\
i I
| I_I h Lmnl ! \!.i] | 1” -'!lhllnri"l'\""‘" 'y‘ i
L T ”U’l
L 1 L 1 " 1 L 1 L 1 1 1 1 1 L 1 L 1 1 L 1 " 1 L 1 L 1 L 1 L 1
412 410 408 406 404 402 400 398 396 394 392 142 140 138 136 134 132 130 128 126
Binding energy/eV Binding energy/eV
Fig. 9 XPS spectra of char residue for PP/MAPP after combustion
Table 4 Functional groups identification of char residue from PP/MAPP
Element Element content/% Binding energy/eV Identification
Cis 62.72 284.8 c-C
286.3 C-O or P-O0-C
(O 18.62 531.9 -0-
533.4 Cc=0
Nis 2.85 400.7 Heterocyclic ring
Py, 15.82 134.6 P-O-C

ester and other carbonyl compounds. This fact is well
consistent with FTIR spectra above. XPS spectra of O, at
531.9 and 533.4 eV are attributed to the —-O— and =0-
bonds in C—O-C, P-O-C and C=0 groups [10]. This also
confirms the results of the C;; peak. And Ny spectra at
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400.7 eV are generated from the nitrogen-containing
heterocyclic structure [30, 31]. But the content of N ele-
ment in the char residue is so tiny that it cannot play the
main role in flame-retarding PP. As for P,, spectra, the
band at 134.6 eV demonstrates the cross-linking bands (C—
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O-P) are formed by esterification of MAPP during thermal
decomposition of PP composites [32, 33]. These results can
explain the char-forming process of PP/MAPP and the
main flame retardant mechanism.

Potential char-forming process of MAPP in PP
composites

Based on these facts, the potential char-forming process of
MAPP in PP composites was proposed, as shown in
Scheme 2. First, the inert gases release from APP during
thermal degradation at 300-500 °C. At the same time, the
decomposition of APP produces polyphosphoric acid
(PPA). After that, the further reaction of MAPP was

divided into two procedures. In one hand, the thermal
esterification reaction occurs between hydroxyl groups and
phosphoric acid groups from APP that generates the P-O—
C cross-linking groups. The introduction of diethanolamine
makes the APP particles possess the acid source and char-
forming agent simultaneously; on the other hand, the
dehydration reaction between MAPP forms the ether
groups. These facts were confirmed by FTIR and XPS
spectra, as presented in Figs. 8 and 9. This residue col-
lectively constructs the char layer on the surface of mate-
rials. Besides, the inert gases from the thermal degradation
of APP can promote this char-forming process to produce
the dense, swell and compact surface. This char layer can
greatly protect the underlying substrate from further
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thermal decomposition. Furthermore, this process can
improve the flame retardant properties of PP materials via
the condensed process.

Conclusions

In this paper, the char-forming agent (diethanolamine) was
introduced into the molecular chains of acid source (APP)
that fabricates the “two components in one” pattern flame
retardant (MAPP). FTIR and XRD spectra confirm the
chemical structure of MAPP. The results demonstrate that
when composited with 30 phr MAPP, PP composites can
reach 28.5 % LOI value and UL-94 V-1 rating. Moreover,
thermal gravimetric analysis indicates that the introduction
of MAPP can improve the thermal stability and char resi-
due of PP composites. FTIR spectra on thermal pyrolysis
indicate that the char-forming temperature of MAPP
focuses at 350—400 °C. Except that, the char residue of PP/
MAPP after combustion was systematically investigated by
optical photos, SEM, FTIR and XPS spectra. The fact
illustrates that the dense and intumescent char layer com-
posed of P-O—C groups was generated during combustion.
Finally, the potential char-forming process of MAPP in PP
is proposed.
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