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A novel triazine-rich polymer wrapped MMT:
synthesis, characterization and its application in

flame-retardant poly(butylene terephthalate)
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A novel flame retardant (PTAC-MMT) was prepared by wrapping montmorillonite (MMT) with poly(2,4,6-

triallyloxy-1,3,5-triazine) (TAC) via in situ polymerization, and its structure and properties were
characterized by Fourier transformed infrared (FT-IR) spectroscopy, *H nuclear magnetic resonance (*H
NMR) and ™C NMR, transmission electron microscopy (TEM), X-ray powder diffraction (XRD) and

thermogravimetric analysis (TGA) measurements. The PTAC-MMT and aluminum diethylphosphinate

(AlPi) were then incorporated into poly(butylene terephthalate) (PBT) to improve the flame retardancy.
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The sample containing 1.67 wt% PTAC-MMT and 8.33 wt% AlPi had a LOI value of 36.4% and achieved

UL94 V-0 classification. The wrapping flame retardants exhibited excellent anti-dripping effect in PBT

DOI: 10.1039/c7ra08857d

rsc.li/rsc-advances retardants.

1. Introduction

Polybutylene terephthalate (PBT) is an important thermoplastic
polymer in modern industry, and has been widely used because
of its good mechanical properties, chemical resistance, low
cost, high processability, and moderate recyclability."”
However, they are flammable and tend to drip during burning,
which contributes to fire spread. Therefore, it is a challenging
task and has caused great concern to impart both flame
retardancy and dripping resistance to PBT.*” Although several
commercially available systems for flame retardancy of PBT
consist of a halogen-containing additive and a synergist, they
are persistent, bio-accumulative, toxic, and are prohibited
under various legislations.* ™

To obtain a highly efficient and “safer” flame-retardant PBT,
the syntheses of some new organophosphorous compounds or
phosphorus-nitrogen compounds and inorganic additives have
already been conducted.”"” The improvement of flame retard-
ancy attributed to the formation of network char layer created
by decomposition of triazine-rich polymer, which can hinder
the heat and mass transport.'*?° Montmorillonite (MMT) was
frequently used in many polymer nanocomposites owing to its
particular nano-layer structure.*>* However, the agglomeration
of MMT particles might cause poor dispersion in polymer
matrix, which also deteriorates the flame retardancy efficiency
and mechanical performances.>*?” Therefore, much effort is
necessary devoted to improve the dispersibility of the MMT
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composite. This work could provide a novel way to prepare modified MMT and the as-prepared flame

through organo- or nano-modification of MMT.?*° To design
an efficient triazine-rich flame-retardant and to study the effect
of their wrapped structure on the properties of PBT composites
is of great significance for promoting the development of this
field. For example, higher flame retardancy obtained and the
mechanical properties improved, which can be attributed to the
good interfacial adhesion between wrapped MMT and the
polymer matrix.

This work mainly aims at the reduction of the agglomeration
of MMT layers in PBT nanocomposites, a triazine-rich polymer,
poly(2,4,6-triallyloxy-1,3,5-triazine) (PTAC) wrapped on the
surface of MMT was designed and synthesized by in situ inter-
calation polymerization to obtain PTAC-MMT. The PBT
composite containing a small amount of PTAC-MMT in combi-
nation with AlPi was prepared, and its flammability was charac-
terized. The synergistic flame-retardant effects of PTAC-MMT/
AlPi were also analyzed. This study will focus on exploring
a new route for the efficient use of MMT compared with the
common organo-modified MMT.

2. Experimental

2.1. Raw materials

TAC, 2,4,6-triallyloxy-1,3,5-triazine, were supplied by TCI Shanghai
Huacheng Industrial Development Corp. Ltd., China. The original
montmorillonite (Na-MMT) in this study was provided by Zhejiang
Fenghong Clay Corp. Ltd., China. Aluminum diethylphosphinate
(AlPi) was obtained from Clariant Chemicals (China) Ltd. Poly(-
butylene terephthalate) (PBT) was purchased from Nantong
Xingchen synthetic material CO. Ltd., China. Unless otherwise
indicated, all materials were used as-received.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra08857d&domain=pdf&date_stamp=2017-10-07
http://orcid.org/0000-0002-8865-2737
http://orcid.org/0000-0002-8847-4934
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08857d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007075

Open Access Article. Published on 09 October 2017. Downloaded on 4/6/2026 6:03:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
o S iy
Ve o 0ul@h ‘\

1 — 1
| Kv« e :
1 =
| !
1
1 1
1 1
1 o,,f 1
I 1‘: ‘L:N initiatordispersant it :
: o N,«L.,o 90°C, Polymerization Rk 1
1 7 3 I
1 1
1 TAC PTAC I
| -~ : Montmorillonite (MMT) |
\ @ : 246-Triallyloxy-1,3,5-triazine ( TAC ) PTAC-MMT 1

\\. : Poly 2,4,6-Triallyloxy-1,3,5-triazine ( PTAC) ,,

~

”

e o e e e e e s S

Scheme 1 The schematic illustration of the synthesis procedure of PTAC-MMT and PTAC.

2.2. Preparation of PTAC-MMT and PTAC

The wrapped MMT, designated as PTAC-MMT, were prepared
as follows. 9.00 g TAC and 3.00 g original MMT dissolved in
200 mL water according to the feed ratio (3:1) of polymer
monomers to MMT and even agitation, then placed in an
ultrasonic bath dispersion for 60 min under 60 °C, inserting
TAC in MMT layer using the water solvation effects. Subse-
quently, the solution were fed into a 500 mL three-necked flask
added initiator and dispersant, then the reaction mixture was
maintained under 98 °C for 3 h and stir constantly. Finally,
resulting emulsion colloid PTAC-MMT was filtered to remove
the small molecular weight impurity, and the product was
washed at least three times. The resulting product was dried for
6 h at 110 °C to a constant weight. Moreover, in order to
determine the Cpy, a triazine-rich polymer PTAC was synthe-
sized using the same method without the addition of MMT. The
schematic representation of preparing process of PTAC-MMT
and PTAC are shown in Scheme 1.

2.3. Preparation of flame-retardant PBT resins

The compounds of PBT with PTAC-MMT and AlPi were prepared
using an LABTECH counter-roating twin-screw extruder with
a screw speed of 70 rpm. Before mixing, flame retardants were
dried at 120 °C and PBT resin dried at 140 °C under vacuum for
4 h. The aggregate samples were then transferred to a mold and
preheated at 240 °C for 9 min, then pressed at 10 MPa, and cooled
to room temperature to obtain the composite sheets. All the
details of formulae listed in Table 1.

2.4. Characterizations

Fourier transform infrared (FTIR) spectra was detected on
a Nicolet iN10MX type spectrometer.

Hydrogen-1 nuclear magnetic resonance ("H NMR) and **C
NMR data were obtained using a Bruker 400 MHz WB Solid-
State NMR Spectrometer.

This journal is © The Royal Society of Chemistry 2017

Table 1 The formulae of the PBT samples®

Composition of formulations in 10 wt%

PTAC-MMT
Samples PBT (wt%) (Wt%) AlPi (wt%)
Pristine PBT 100 0 0
AlPi/PBT 90 0 10
1PTAC-MMTY/5AIPi/PBT 90 1.67 8.33
1PTAC-MMT/4AIPi/PBT 90 2 8
1PTAC-MMTY/3AIPi/PBT 90 2.5 7.5
1PTAC-MMT/2AIPi/PBT 90 3.33 6.67
1PTAC-MMT/1AIPi/PBT 90 5 5

“ 1PTAC-MMT/5AIPi/PBT means the weight ratio PTAC-MMT to AIPi
was 1:5.

Morphology of PTAC-MMT were observed with a Talos F200S
transmission electron microscope (TEM) at an accelerating
voltage of 100 kv.

XRD patterns were measured using a RIGAKU Miniflex600 X-
ray diffractometer with Cu Ka radiation (A = 0.1541 nm).

Thermo gravimetric analysis (TGA) was recorded on TA
instrument Q500 IR thermal gravimetric analyzer with a heating
rate of 20 °C min~" from 50 to 700 °C under N, atmosphere.

The limiting oxygen index (LOI) values was performed on
a FTT (Fire Testing Technology, UK) Dynisco LOI instrument
according to ASTM D 2863-97 with sample size of 130 mm x
6.5 mm X 3.2 mm.

The vertical burning test (UL-94) were performed on
FTT0082 instrument according to ASTM D 3801 testing proce-
dure with sheet dimensions of 130 mm X 13 mm X 3 mm.

The fire behavior was characterized on a FTT cone calorim-
eter according to ISO5660 under an external heat flux of
50 kW m~> with sample size of 100 mm x 100 mm x 3 mm.

The morphology images of the residues after cone calorim-
eter test were obtained using a digital camera and Phenom Pro

RSC Adv., 2017, 7, 47324-47331 | 47325
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field emission scanning electron microscope at high vacuum
conditions with a voltage of 5 kv.

3. Results and discussion

3.1. Characterization of PTAC-MMT

Fig. 1 shows the FTIR spectra of TAC, MMT, PTAC and PTAC-
MMT. For MMT, they have few identifiable functional groups. The
characteristic absorption bands at 1636 cm™* and 1038 cm ™ *,
which attributed to H-O-H bending vibration, and Si-O-Si
asymmetric stretching vibration, respectively.** Several charac-
teristic peaks appeared in PTAC-MMT after in situ polymeriza-
tion. In the FTIR spectra of PTAC, it is observed that the strong
absorption peaks at 1567 cm ! are attributed to the vibration of
the triazine ring skeleton. The characteristic peaks centered at
1404 cm ! and 1331 em ™! correspond to C-N and C-O, respec-
tively. The absorption peak at 931 cm™ " indicates the formation of
the RCH=CHR'. Meanwhile, the absorption peak at 1298 cm "
corresponding to the RCH=CH, bond disappear. Therefore, it
can be deduced that the PTAC was successfully synthesized.
Furthermore, these characteristic peaks in the spectrum of PTAC
also appear in the spectrum of PTAC-MMT. It shows that the
polymer PTAC exists in PTAC-MMT.

The "H NMR (a) and "*C NMR (b) spectrum were further used
to investigate the chemical structural of PTAC. As shown in
Fig. 2, in the "H solid-state NMR spectrum, it can be found that
the 'H of -CH, from PTAC resonates at 6 = 1.58 ppm, =CH,
from PTAC resonates at 6 = 4.69 ppm. Another typical peak
observed at 6 = 4.06 ppm, induced by the proton peak of RCH=
groups. From the **C solid-state NMR spectrum, the two typical
absorption peaks at 6 = 33.41 ppm and ¢ = 69.52 ppm were
assigned to carbon atoms in the triazine groups and methylene
groups, respectively. Furthermore, the two typical absorption
peaks at 6 = 118.41 ppm and ¢ = 132.59 ppm were assigned to
carbon atoms in the R,C=CH, and RCH=CHR'. The results of
FTIR and '"H NMR/"*C NMR clearly verified that PTAC was
successfully synthesized.

XRD analysis is a classical method to evaluate whether PTAC
was entered into MMT or not, because the interlayer can be
estimated by measuring the dyy; spacing. Fig. 3 shows the XRD

PTAC-MMT

——~————
MMT
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Fig. 1 The FTIR spectra of (a) TAC, (b) PTAC, (c) MMT and (d) PTAC-
MMT.
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Fig. 2

pattern of original MMT and PTAC-MMT, respectively. At 20 =
7.19°, there is a strong diffraction peak in MMT. The distance
between layers can be calculated according to the Bragg equation.

2d sin § = nA (1)

where d is the average distance between MMT layers, 6 is the
diffraction angle, A is the inlet X-ray wavelength (0.154 nm), and n
is the diffraction number. The calculated distance between MMT
layers is 1.23 nm. As can be seen from the figure, the 26 value of
corresponding XRD peaks decreases with the addition of PTAC
into MMT. The layer distance calculated from eqn (1) increases
from 1.23 nm for original MMT to 1.92 nm for the coated flame
retardant with PTAC content of 25 wt%. It suggested that PTAC
molecules had entered the silicate layers of MMT.

The TEM images of MMT and PTAC-MMT presented in
Fig. 4. One can see a typical TEM of the surface morphology and
aqueous suspensions of the original MMT and PTAC-MMT
hybrid particles. As shown in Fig. 4(a), silicate lamella of MMT
in the forms of aggregation or stack together arbitrary were

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 X-ray diffraction curve of (a) original MMT, (b) PTAC-MMT.

Fig. 4 TEM images of (a) original MMT and (b) PTAC-MMT.

observed. In Fig. 4(b), the bright regions of the photograph at
100 nm magnification represent the domain polymer of PTAC
and the dark lines correspond to the cross section of clay layers.
The surface of MMT became obscure and rough because the
polymer PTAC wrapped on the external surface of MMT.** These
results demonstrated that the PTAC successfully coated onto
MMT surface, which was in good agreement with the XRD
results. Undoubtedly, the TEM images provide further evidence
of the successful wrapping of PTAC-MMT.

Fig. 5 shows the TGA curves of MMT, PTAC, and PTAC-MMT,
which were measured from 50 °C to 700 °C at 20 °C min ™" under
N, atmosphere. Obviously, MMT presented good thermal
stability under N, atmosphere. When the temperature was
increased up to 700 °C, there was no evident decomposition in
MMT, with 96.1 wt% of residue at that temperature. The
synthesized triazine-rich polymer PTAC started to decompose at
318 °C (weight loss 0.5 wt%) and about 8.1 wt% of residue was
left at 700 °C, indicating PTAC had a good char-forming capa-
bility. For PTAC-MMT about 23.9 wt% of residues were left at
700 °C. By comparing the differences in the weight loss between
MMT, PTAC, and PTAC-MMT, the content of the polymer PTAC
in PTAC-MMT was roughly estimated using the following
equation:

Werac-mmt = (1 = Cpm) X Wammt + Cpm X Wprac  (2)

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TGA curves of (a) original MMT, (b) PTAC-MMT and (c) PTAC.
T; = the temperature at which 2 wt% weight loss takes place.

where Wy, Werac, and Wprac-mmr are the residues weight
fractions of MMT, PTAC, and PTAC-MMT at 700 °C, respec-
tively. Cpy, coating rate, denoted the content of the polymer
PTAC in PTAC-MMT.

Considering that the mutual influence on thermal degrada-
tion between PTAC and MMT is possible, the Cpy is only
approximate but not accurate. The calculated Cpy, is 82.0%.

3.2. Structure and morphology of PBT/AIPi/MMT and PBT/
AlPi/PTAC-MMT nanocomposites

The reinforcement potential of PTAC-MMT is remarkably
dependent on the distribution of PTAC-MMT in the PBT matrix.
Therefore, it is necessary to determine the dispersibility of
PTAC-MMT in the PBT matrix. As shown in Fig. 6, the disper-
sion of PTAC-MMT was examined by SEM. The fracture surface
of pristine PBT in Fig. 6(a) was undefiled without nanofillers.
We can see from Fig. 6(b), PTAC-MMT and AlPi particles
showed a good dispersion in the PBT and no obvious aggrega-
tion was observed. After the introduction of PTAC-MMT, the
fracture surface of flame retardant PBT become rough, more-
over, it is hard to distinct PBT from PTAC-MMT, indicating
a strong interaction between PTAC-MMT and PBT matrix.”®
This indicates that the PTAC wrapped on the surface of MMT
could prevent the agglomeration of MMT and improve the
interfacial interactions between PBT and PTAC-MMT.

Fig. 6 SEM images of fracture surfaces of (a) pristine PBT x 1000; (b)
10% 1PTAC-MMT/5AIPI/PBT x 1000.

RSC Aadv., 2017, 7, 47324-47331 | 47327
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XRD patterns of (a) PBT, (b) PBT/AIPi/MMT, (c) PBT/AIPi/PTAC-

Fig. 7 shows the XRD patterns of PBT, PBT/AIPi/MMT and
PBT/AIPi/PTAC-MMT. The PBT/AIPi/MMT mixture did not show
any obvious characteristic MMT peaks, whereas the character-
istic peaks of PBT were still well retained, which might possibly
be related to the dilution effect by the PBT matrix at lower
addition of clay.*® It can be seen from Fig. 7(c), the diffraction
peak of PTAC-MMT at 26 = 4.6° disappeared, which indicated
exfoliation of MMT in the polymer matrix. The other peaks of
MMT in PTAC-MMT cannot be detected, this implies that the
regular and periodic structure of MMT is lost and the MMT
layers are exfoliated.>***

3.3. The flame-retardant performances of the composites

(a) LOI measurement and UL94 vertical burning tests. The
flame retardancy of the PBT composites were detected using
LOI and UL94 vertical burning tests, the corresponding results
and dripping behavior of all the specimens are presented in
Table 2. It can be seen that the presence of AlPi increased the
LOI value of PBT effectively, however, it caused dripping.
Compared the LOI values of 10 wt% PTAC-MMT/AIPi flame
retardant PBT composites, the LOI firstly increased and then
decreased with the increasing of PTAC-MMT. The results can be
related with the weight ratio of PTAC-MMT to AlPi in the PBT.
The wrapped MMT significantly improved the LOI values of PBT
when the mass fractions of PTAC-MMT below 2 wt%. When the
mass fraction of PTAC-MMT was only 2 wt% and 1.67 wt%, the
LOI value of PTAC-MMT increased to 35.2% and 36.4%
respectively. AIPi decomposed mainly through the formation of
diethylphosphinic acid in the gas phase, in the presence of
triazine-rich polymer and MMT, less phosphorus is released
into the gas phase as P-acid, thus, PTAC-MMT promotes its
retention as char in the solid phase.** The LOI of PTAC-MMT/
AlPi/PBT samples were also higher than those of AIPi/PBT
samples when PTAC-MMT below 2.5 wt% and achieved UL94
V-0 classification, this was due to the synergistic effect of PTAC-
MMT and AlPi on the flame retardancy of PBT. However, when
the mass fractions of PTAC-MMT were 5 wt%, the LOI values of

47328 | RSC Adv., 2017, 7, 47324-47331
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Table 2 LOI and UL94 Results of the PBT Samples

Residue (%)

Samples LOI Ul-94  Dripping  at 700 °C
Pristine PBT 20.4 NR Y 4.83
AIPi/PBT 34.1 NR Y 7.48
1PTAC-MMT/5AIPi/PBT 36.4 V-0 N 7.90
1PTAC-MMT/4AIPi/PBT 35.2 V-0 N 7.82
1PTAC-MMT/3AIPi/PBT 33.7 V-0 N 7.69
1PTAC-MMTY/2AIPi/PBT 29.3 V-0 N 7.46
1PTAC-MMT/1AIPi/PBT 27.0 NR Y 7.34

Table 3 The data of pristine PBT and flame retardant PBT investigated
by the cone calorimeter test®

Pristine 10% 10% 1PTAC-MMT/
Samples PBT AlIPi/PBT 5AIPi/PBT
TTI(s) 52 49 41
PHRR 1648.9 714.4 (56.6%)  661.5 (59.8%)
(kW m™?)
THR (MJ m™2) 116.15 67.97 (41.4%)  78.87 (32.09%)
av-EHC (MJ kg™!)  21.26 18.96 (10.8%)  16.32 (23.2%)
Char yield (%) 4.83 7.48 7.90

“ The uncertainty is £10% of reported the TTI, PHRR, THR, av-EHC and
char yield values.

PTAC-MMT/AIPi/PBT only increased from 204 wt% to
27.0 wt%. The addition of AlPi is effective in promoting flame
retardance of PBT in the gas phase, but when the addition of
AlPi below 5 wt%, PTAC-MMT in PBT did not result in extin-
guishing or in preventing flaming dripping and thus got a NR
classification in the UL 94 test. In a word, the wrapped MMT is
obviously improve flame retardancy of PBT than AlPi and had
a good anti-dripping effect when the weight ratio is properly.
(b) Mass loss and cone calorimeter test. Cone calorimeter
test is a fire testing apparatus based on the oxygen consumption
principle and provides a wealth of information on fire proper-
ties and flame retardancy mechanisms of materials.***® The

1600 |- —0o— Pristine PBT
—4—10% AIPi/PBT
——10% 1PTAC-MMT/5AIPi/PBT

1200

800

HRR(kW/m?)

400

0 100 200 300

Time(s)

400 500 600

Fig. 8 The HRR curves of pristine PBT, 10% AlPi/PBT and 10% 1PTAC—
MMT/5AIPi/PBT.

This journal is © The Royal Society of Chemistry 2017
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Fig.9 Normalized mass loss curves of pristine PBT, 10% AlPi/PBT and
10% 1PTAC-MMT/5ALPi/PBT from the TGA under N, atmosphere.

partial characteristic parameters of samples, such as peak of
heat release rate (PHRR), total heat release (THR), average
effective combustion heat (av-EHC), the time to ignition (TTI),
average yield of CO (av-CO Y), average yield of CO, (av-CO, Y)
and the chsar yield, are shown in Table 3 and Fig. 8 and 9.

As shown in Fig. 8, the HRR curves of pristine PBT had
a small shoulder after ignition and before PHRR and represents
non-charring materials.*” The HRR curve of 10% 1PTAC-MMT/
5AIPi/PBT showed a gentle rise after strong initial increase up to
the occurring of PHRR. This was due to the 10% 1PTAC-MMT/
5AIPi/PBT formed a thicker intumescent char, which showed
effective barrier effect. A reduction of ignition time was
observed for the 10% PTAC-MMT/AIPi/PBT nanocomposite, we
can deduced that PTAC-MMT may interact with AlPi and
promote the decomposition of AlPi, the nanocomposite mate-
rials is easier to be ignited and release heat.

The quantitative assessment of flame retardancy can
precisely compare the difference between AlPi and PTAC-MMT
in flame retardant effect. The gas-phase effect and charring are
quantified by the reduction of the effective heat of combustion
of the volatiles (av-EHC) and the increase in residue, respec-
tively. The change of PHRR is attributed to the changes of the
effective heat of combustion, the amount of released fuel and
the barrier effect of the char.*®*

View Article Online
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In Table 3, the av-EHC of 10% AIPi/PBT was reduced to
89.2% compared with that of the pristine PBT. The residue
increased from 4.83% to 7.48%, thus the amount of released
fuel was reduced to 97.2% [(1-7.48%)/(1-4.83%)]. The PHRR
was reduced to 43.3%. This result demonstrates that the gas-
phase effect plays a main role in the flame retardancy of 10%
AlPi/PBT. The method also used for calculation of 1PTAC-MMT/
5AIPi/PBT. The av-EHC was reduced to 76.7% due to the car-
bonication effect of PTAC-MMT. The residue increased to
7.90%, thus the amount of released fuel was reduced to 96.8%.
The PHRR was reduced to 40.1%. The additional reduction of
the PHRR comes from the barrier effect of the intumescent
char. It shows that the barrier effect of the carbonaceous char is
significant for PTAC-MMT/AIPi/PBT.

Numbers in parenthesis represent the percent reduction.

The increased char formation was observed and the evidence
described in the TGA results. Fig. 9 shows the mass loss curves of
the pristine PBT, 10% AIPi/PBT and 10% 1PTAC-MMT/5AIPi/PBT.
The mass loss curve characterizes the reduction of mass of the
material during decomposition. At the end of combustion
(700 °C), the char yield of 1PTAC-MMT/5AIPi/PBT was obviously
more than those of pristine PBT and 10% AIPi/PBT. The amount
of solid residue collected at the end of decomposition corresponds
approximately to the amount of inorganic aluminum phosphates
expected from AIPi decomposition and additional carbonaceous
char. Therefore, the wrapped MMT present better charring.

The differences of flame retardancy mechanisms of 10% AlPi/
PBT and 10% 1PTAC-MMT/5AIPi/PBT are further compared. In
condensed phase, the charring and barrier effects of 10% 1PTAC-
MMT/5AIPi/PBT are stronger than 10% AIPi/PBT, which just
accords with the characteristics of char yield in Fig. 9. The reason
is deduced that the interaction of the products from the pyrolysis
of the triazine-rich polymer and wrapped MMT promoted char-
ring of the PBT matrix and enhanced the barrier effect of the char.
Thus, the reinforced char of 1PTAC-MMT/5AIPi/PBT is more
effective to hinder the heat and mass transport compared with
that of 10% AIPi/PBT. The further evidences in detail will be
provided in the following discussion.

(c) Morphology analysis of residues. The macroscopic and
microscopic morphologies of residues of the pristine PBT, 10%
AIPi/PBT and 10% 1PTAC-MMT/5AIPi/PBT were further inves-
tigated using a digital camera and SEM. The macro-morphology

Fig. 10 Digital photos of cone calorimeter residues of (a) pristine PBT; (b) 10% AlPi/PBT; (c) 10% 1PTAC-MMT/5AIPi/PBT.
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Fig. 11 SEM images analysis of cone calorimeter residues of (a) pristine PBT x 800; (b) 10% AlPi/PBT x 800; (c) 10% 1PTAC-MMT/5AIPi/PBT x

800.

images of the residues after the cone calorimeter test are shown
in Fig. 10. As shown in Fig. 10(a), the residue from pristine PBT
sample reserved only tiny amounts of badly broken char, which
means that pristine PBT almost totally decomposed during
combustion. The residue of 10% AlPi/PBT in Fig. 10(b) pre-
sented the local destruction, and the expansion ratio was not
obvious. However, in Fig. 10(c), the residue of 10% 1PTAC-
MMT/5AIPi/PBT was compact and complete, a preferable intu-
mescent char, which not only effectively hampered the heat and
mass transfer but also increased the char yield.

In order to further explore the charring and barrier effects of
10% 1PTAC-MMT/5AIPi/PBT, SEM images of cone calorimeter
residues are shown in Fig. 11. From direct observations, the
residue of pristine PBT in Fig. 11(a) had a lot of open holes with
different sizes, which provided channels for the combustible
volatiles from the inner matrix and heat feedback from the
flame. In Fig. 11(b), the residue of 10% AIPi/PBT appeared
exterior osteoporosis and porous because the undispersed
network char layer created by decomposition of AlPi was brittle
and easy to be damaged. Obviously, the residue of 10% 1PTAC-
MMT/5AIPi/PBT in Fig. 11(c) was very dense, and few open holes
were found. This can be explained by the facts that, on one
hand, the wrapped MMT formed a continuous network struc-
tured protective layer; on the other hand, the polymer PTAC in
PTAC-MMT generated some products to fill the gap of the
network char layer of MMT to make it denser. Therefore, this
residue structure can effectively seal the combustible volatiles
in the matrix and decrease the combustion intensity.

4. Conclusions

A novel triazine-rich polymer wrapped MMT, PTAC-MMT, have
been synthesized and characterized by FTIR and 'H NMR/**C
NMR, XRD and TEM. The novel flame retardant have matchable
thermal stability with PBT matrix. The combination of PTAC-
MMT and AlPi shows outstanding flame-retardant effect, in
particular anti-dripping property in the UL94 test. The sample
containing 1.67 wt% PTAC-MMT and 8.33 wt% AIPi had a LOI
value of 36.4% and achieved UL94 V-0 classification without any
dripping. The wrapped MMT can significantly improve flame
retardancy of PBT, and has a good anti-dripping effect. It is

47330 | RSC Adv., 2017, 7, 47324-47331

proposed that the wrapping with this triazine-rich flame retar-
dant can improve the dispersibility of the MMT and hence
enhance the flame retardancy simultaneously.
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