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碳纳米管 /聚酰胺纳米复合材料的制备及其阻燃和热性能
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摘摇 要:摇 首先通过壬二酸和双(对鄄羧苯基)苯基氧化膦直接缩聚反应得到半芳香聚酰胺(PA),采用溶液共混方法,以多壁碳

纳米管(CNTs)增强 PA 得到新型纳米复合材料。 通过 TG鄄DSC 和微尺度燃烧量热法探讨 CNTs 对复合材料的热性能和可燃

性能的影响。 当 CNT 添加量为 5%时复合材料的失重率比纯 PA 提高 5% ,热分解温度提高 70 益。 与纯 PA 相比,复合材料

的热释放速率降低,这表明 CNTs 能提高 PA 的阻燃性。
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Synthesis of a novel CNT / polyamide composite containing phosphine
oxide groups and its flame retardancy and thermal properties
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Abstract: 摇 A novel composite based on a semi鄄aromatic polyamide (PA) reinforced by multiwall carbon nanotubes (CNTs) was
prepared by a solution mixing method. PA was synthesized through a direct polycondensation between azelaic acid and bis (3鄄amino
phenyl) phenyl phosphine oxide. The effect of the CNT addition on the thermal and flammability properties of the composite were
studied by thermogravimetric analysis, differential scanning calorimetry and microscale combustion calorimetry. The temperature at
which 5% weight loss occurs is increased by over 70 益 by incorporating CNTs into the PA matrix. CNTs improve the flame retar鄄
dancy of PA, which is manifested by a decrease of the heat release rate and the total heat release of the composite compared with
pure PA.
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1摇 Introduction
Carbon nanotube (CNT) / polymer nanocompos鄄

ites have attracted wide scientific and industrial inter鄄
est owing to their improved or / and imparted varied
properties by CNTs. Also, they become increasingly
affordable. Three applications of CNT / polymer com鄄
posites have been discussed recently, including anti鄄
static or conductive materials[1,2], mechanically rein鄄
forced materials[3鄄5] and flame retarded materials[5鄄8] .

Aromatic polyamides are one of the most versa鄄
tile high鄄performance materials and display a wide
range of applications and properties. Their excellent
thermal stability and mechanical properties make them
useful for advanced technologies[9,10] . However, ap鄄

plications of aromatic polyamides are often restricted
by problems in their fabrication such as poor solubility
and high softening or melting temperatures caused by
high crystallinity and high stiffness of the polymer
backbone, leading to difficult process鄄ability of resul鄄
ting polyamides. Many efforts have been made to im鄄
prove solubility and process鄄ability of aromatic poly鄄
amides by structure modification using aliphatic and
aromatic monomers. It is also known that the solubili鄄
ty of polymers is often increased when polar constitu鄄
ents and flexible bonds such as [-O-, -SO2-, -CH2

-] are incorporated into the polymer backbone owing
to the changes of crystallinity and intermolecular inter鄄
actions[11鄄18] . Semi鄄aromatic polyamides are made by
a combination of aromatic and aliphatic functional鄄

摇 第 30 卷摇 第 5 期
2015 年 10 月

新摇 型摇 炭摇 材摇 料
NEW CARBON MATERIALS

Vol. 30摇 No. 5
Oct. 2015

摇



ities. They are generally aimed at filling the perform鄄
ance gap between high price polymers such polyaryle鄄
therketone and aliphatic nylons. They offer a wide
range of properties including transparency, thermal
stability, non flammability, good barrier, and solvent
resistant properties[19鄄21] . These polyamides have been
reinforced with various fillers[22鄄24] . Recently, excel鄄
lent nanocomposites obtained from CNT / polyamide,
organoclay / polyamide and metal oxide and hydrox鄄
ide / polyamide nanocomposites have been repor鄄
ted[25鄄27] . Few investigations have been carried out in
the thermal properties and flame retardancy of CNT /
semi鄄aromatic polyamide / nanocomposites.

Most of the plastic are fabricated from petroleum鄄
based materials. Recently, the productions of bio鄄
based polymers have been a very active research area.
Bio鄄based polymers may be obtained by biotechnolo鄄
gy, chemical modification of natural polymers or pol鄄
ymerization of bio鄄based monomers[28] . Vegetable
oils are an attractive and renewable chemicals for pol鄄
ymers owing to their availability, non鄄toxicity and
their biodegradability. Recently, some monomers
based on various vegetable oil have been used to syn鄄
thesis polymeric materials[29鄄31] . Vegetable oils with
acrylic double bonds exhibit high a reactivity for prep鄄
aration of bio polymeric materials[32] . Oleic acid is a
monounsaturated 18鄄carbon fatty acid mostly found in
animal fats and vegetable oils. The oxidation of un鄄
saturated oleic acid in presence of potassium perman鄄
ganate yields azelaic acid[33] The present study deals
with the synthesis of semi鄄aromatic polyamide (PA)
as a matrix of CNT / PA nanocomposites. Different
properties of the nanocomposite are presented. Inter鄄
esting findings on improvement of flame retardancy
and thermal properties of the nanocomposites are dis鄄
cussed.

2摇 Experimental
2. 1摇 Materials

Oleic acid, N鄄methyl鄄2鄄pyrrolidone ( NMP ),
potassium permanganate (KMnO4), pyridine, triphe鄄
nylphosphine oxide, sulfuric acid, nitric acid, dime鄄
thylformamide (DMF), methanol and triphenyl phos鄄
phite (TPP) from merck were used without further
purification. Commercially available calcium chloride
(CaCl2, Aldrich) was dried under vacuum at 150 益
for 6 h. CNTs (NC7000, Nanocyl S. A. , Sambre鄄
ville, Belgium) have an average diameter 10 nm,
lengths between 5 and 10 滋m and a carbon purity of
90% .

2. 2摇 Monomer synthesis
2. 2. 1摇 Synthesis of azelaic acid

KMnO4 was used to oxidize the double bond of
the oleic acid, forming azelaic acid, according to pro鄄
cedures in the literature[33] .
2. 2. 2 摇 Synthesis of Bis (3鄄amino phenyl) phenyl
phosphine oxide

The diamine containing phosphine oxide was
synthesized according to the procedure reported [34] .
It was synthesized by a three step reaction from the
simple organic compounds such as triphenyl phos鄄
phine. At first, triphenyl phosphinewas oxidized to
triphenyl phosphine oxide, then it was converted to
bis(3鄄nitrophenyl)phenyl phosphine oxide by concen鄄
trated nitric acid in the presence of sulfuric acid. Bis
(3鄄nitrophenyl) phenyl phosphine oxide was reduced
to bis(3鄄aminophenyl) phenyl phosphine oxide with
SnCl2·2H2O.
2. 3摇 Synthesis of PA

PA was synthesized by the following steps.
50 mL round鄄bottom flasks with a stirring bar were
filled with 4. 0 g bis(3鄄amino phenyl) phenyl phos鄄
phine oxide (14 mmol), 2. 7 g azelaic acid
(14 mmol), 0. 5 g calcium chloride (4. 5 mmol),
8. 7 mL triphenyl phosphite (28 mmol), 1 mL pyri鄄
dine and 8 mL N鄄methyl鄄2鄄pyrrolidone (Scheme 1) .
The reaction mixture was heated under reflux in an oil
bath at 60 益 for 2 h, 90 益 for 2 h, and 120 益 for 8
h. Then it was poured into 100 mL of methanol and
the precipitated product was collected by filtration and
washed thoroughly with hot methanol. Finally, the
product was dried at 60 益 for 12 h in a vacuum oven
until the constant weight (Yield =95% ) .

Scheme 1摇 Synthesis route of PA.

2. 4摇 Preparation of CNT / PA nanocomposite
CNT / PA nanocomposite was prepared by a solu鄄

tion mixing method. 0. 02 g CNTs was mixed with
0. 98 g PA in N鄄methyl鄄2 pyrrolidone (NMP), The
mixture was agitated at a high speed at 25 益 over鄄
night and ultrasonically irradiated to disperse CNTs
uniformly in the PA matrix. By casting the suspension
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onto a glass plate and solvent evaporation in a vacuum
oven, the final CNT / PA nanocomposite was pre鄄
pared.
2. 5摇 Characterization

Fourier transform infrared (FT鄄IR) data were re鄄
corded on a Galaxy series FT鄄IR 5000 spectrophotom鄄
eter (England) . For sample preparation, the pow鄄
dered species were mixed with KBr and pressed into
pellets for further characterization.

1H NMR measurements were performed using a
Bruker Avance III 500 spectrometer ( Rheinstetten,
Germany) operating at 500 MHz ( 1 H) . DMSO鄄d6
was used as the solvent and the solvent signal was
used for internal calibration (DMSOd6: 啄 ( 1 H) =
2. 5 ppm) .

Determination of weight鄄average ( Mw ) and
number鄄average (Mn ) molecular weights was per鄄
formed by size exclusion chromatography ( SEC )
using an Agilent Series 1100 ( Agilent ) system
equipped with a pump, degasser and differential re鄄
fractive index (RI) detector. Two Zorbax PSM Tri鄄
modal鄄S 250 mm 伊 6. 2 mm columns ( Rockland
Tech, USA) were used. The measurements were per鄄
formed using a mixed eluent N, N鄄dimethylacetamide
(DMAc) with 2 vol% water and 3 g / L LiCl at a
flow rate of 0. 5 mL / min. The molar mass was calcu鄄
lated after calibration with poly(2鄄vinylpyridine) .

The morphological analysis was carried out using
transmission electron microscopy (TEM) on a LEO
912 microscope operated with an acceleration voltage
of 120 kV at room temperature in bright field illumi鄄
nation mode. For preparing TEM samples, two ap鄄
proaches were used. In the case of CNT, its ethanol
suspension was dropped directly into copper grids.
For the CNT / PA nanocomposite, ultrathin sections of
each sample with a thickness of about 50 nm were
prepared by ultramicrotomy.

The thermal stability of the samples was meas鄄
ured by thermogravimetric analysis (TGA, TA instru鄄
ments Q 5000) in a temperature range between room
temperature and 800 益 at a heating rate of 10 益 / min
in nitrogen atmosphere. The thermal properties of
samples were measured by differential scanning calo鄄
rimetry (DSC, TA instrument Q 1000) in a tempera鄄
ture range between -80 and 230 益 at a heating rate
of 10 益 / min in nitrogen atmosphere.

Microscale combustion calorimeter ( MCC,
FTT) was used to investigate flammability of the
samples[35] .

3摇 Results and discussion
3. 1摇 PA characterization

PA exhibits a number鄄average molecular weight
(Mn) and a weight鄄average molecular weight (Mw)
of 2. 1 伊 104 and 5. 4 伊 104 g / mol, respectively, ac鄄
cording to poly ( vinyl pyridine) ( PVP) standard.
The polydispersity index is 2. 5. Inherent viscosity
(浊inh) of PA is 0. 71 ( dL / g) at a concentration of
0. 5 g / dL in DMF at 25 益.

Fig. 1 shows FT鄄IR spectrum of PA. The ab鄄
sorption band at 1 655 cm-1 詤詤is associated with C O
stretching vibration in the main chain of PA, the ab鄄
sorption band at 3 233 cm-1 is contributed by N鄄H
stretching of amide groups, the bands at 3 051 and
2 925 cm-1 are related to aromatic and aliphatic C鄄H
bond stretching vibrations, respectively, and the band
at 1 165 cm-1 詤詤is ascribed to P O stretching vibration
in the phosphine oxide moiety in the PA backbone.

Fig. 1摇 FT鄄IR spectrum of PA.

摇 摇 The 1H鄄NMR spectrum confirms the chemical
structure of PA as shown in Fig. 2. The aromatic
protons appear in the region of 6. 81鄄7. 96 mg / L. The
protons related to methylene groups appear in the re鄄
gion of 1. 29鄄2. 31 mg / L and the peak in the region of
10. 19 mg / L is assigned to N鄄H amide groups in the
PA backbone.
3. 2摇 Characterization of CNT / PA nanocomposite

TEM is utilized as an effective means to have a
insight into the internal structure and spatial distribu鄄
tion of the various components, through direct visual鄄
ization [36] . In general, the drawbacks related to the
homogeneous dispersion of the CNTs in the polymer
matrix resulted from intrinsic van der Waals attrac鄄
tions between the individual CNT as well as high as鄄
pect ratio and large surface area, make it difficult for
the CNTs to disperse in the polymer matrix.

The dispersion of CNTs in the polymeric matrix
generally depends on the polar interaction between the
nanofillers and the polymer matrix. Fig. 3 shows the
TEM micrographs of CNT and the CNT / PA nano鄄
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composite. Fig. 3a displays a TEM micrograph of
CNTs with an outer diameter of ~ 10 nm. There are
amorphous matters on the CNT surface that can be at鄄
tributed to dispersion of CNTs in ethanol. Ethanol
shows an etching effect on CNTs[37] . From the TEM
results, it can be seen that CNTs have been well dis鄄
persed within PA matrix with very small aggregations
and entanglements of CNTs in the CNT / PA nanocom鄄
posite (Fig. 3b) . The aggregation of CNTs is attrib鄄
uted to the strong van der Waals interaction between
the nanotubes. In the case of the CNT / PA nanocom鄄
posite, interaction between CNTs and PA leads to a
good dispersion.

Fig. 2摇 1H鄄NMR spectrum of PA.

摇 摇 The thermal stability and char yields are very im鄄
portant properties in polymeric materials and normally

they can be reflected by TGA. The thermal properties
of PA and the CNT / PA nanocomposite were investi鄄
gated by TGA and DSC, which are described in Fig.
4 and summarized in Table 1.

The TGA and DTG of PA show two steps in its
thermal decomposition. The main decomposition step
occurs between 350 and 500 益 with a decomposition
peak at around 435 益. The char yield of PA is about
26. 4% .

This indicates that PA containing long aliphatic
chain in its backbone possesses a good thermal stabili鄄
ty and a very high char yield as compared with con鄄
ventional aliphatic polyamides. TGA of CNTs shows
a 2. 5% weight loss up to 800 益. The thermal de鄄
composition behavior of the CNT / PA nanocomposite
shows its first decomposition step occurring at much
higher temperature than the neat PA with a decompo鄄
sition peak at 253 益. The main decomposition peak
is around 426 益, similar to PA. It is noticed that
CNT / PA nanocomposite has a much higher the 5%
weight loss temperature ( T5 ) and the 10% weight
loss temperature ( T10 ) ( over 70 益 ) than those of
PA, indicating that the introduction of CNTs into PA
can significantly improve the thermal stability of PA
and delay the decomposition of PA. CNT / PA nano鄄
composite also has a higher char residue than neat PA
at 800 益.

Fig. 3摇 TEM micrographs of the(a) CNTs and(b) CNT / PA nanocomposite.

Fig. 4摇 TGA and DTG curves of PA, the CNT / PA
nanocomposite and CNTs.

摇 摇 Differential scanning calorimetry (DSC) was
used to determine the glass鄄transition temperature val鄄
ues (Tg) of the samples. The glass transition temper鄄
ature (Tg) of PA is at 142 益 and that of the CNT /
PA nanocomposite is 148 益 (Fig. 5) . The onset of
decomposition temperature of CNT / PA nanocompos鄄
ite is higher than that of PA. Thus, it means that in鄄
corporation of CNTs into PA matrix and interaction
between PA chains and CNTs improve the thermal
stability and increase Tg values of the nanocomposite.
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Table 1摇 Thermal properties of PA and the CNT / PA nanocomposite.
Samples T5(益) a T10(益) a T50(益) a Char yield b Tg

c

PA 190 215 436 26. 4 142
CNT / PA nanocomposite 262 342 438 34. 7 148

摇 Note: a Temperature at which 5% ,10% and 50% weight loss was recorded by TGA at a heating rate of 10 益 / min under N2.
b Weight percentage

of material left after TGA analysis at 800 益. c Glass transition temperature was recorded at a heating rate of 10 益 min-1 in a nitrogen atmosphere.

摇 摇 Fig. 5摇 DSC curves of the PA and CNT / PA nanocomposite.

摇 摇 The microscale combustion calorimeter (MCC)
is a fast and convenient technique developed for the
investigation of the flammability of polymers. The pa鄄
rameters measured from this test are heat release rate
(HRR) and the total heat release (THR) . The HRR
plots for PA and the CNT / PA nanocomposite are
shown in Fig. 6 and the corresponding combustion
data is presented in Table 2. It can be found that the
values of peak HRR (pHRR) in the CNT / PA nano鄄
composite are lower than that of PA. The pHRR val鄄
ue of neat PA is 296. 3 W/ g, and the pHRR of the
CNT / PA nanocomposite is 264. 3 W/ g, indicating
that the nanocomposite has a low flammability. The
THR calculated from the area under the HRR curve is
also an important parameter for fire hazard evalua鄄
tion. The CNT / PA nanocomposite has a lower THR
value of 17. 8 kJ·g-1 than neat PA (19. 7 kJ·g-1) .
It is noted that the THR values of the CNT / PA nano鄄
composite is not much lower than PA. This might be
relevant to the high heat transfer of CNTs. CNTs may
influence the fire behavior of the polymer by changing
energy absorption and heat conductivity[38] . The
CNT / PA nanocomposite has a higher char residue at
high temperatures than neat PA. This could lead to a
better flame retardancy of the nanocomposite. Besides
the char resides have an impact on the flame retardan鄄
cy for both of PA and CNT / PA nanocomposite. An鄄
other possible flame retardant mechanism for the PA
and CNT / PA nanocomposite is that the phosphine ox鄄
ide moieties in PA backbone might release some phos鄄
phorus containing radicals which can capture the H·
and HO·in gas phase, so that the flammability of the
PA and CNT / PA nanocomposites is lowered. All the
above results suggest that the introduction of CNTs

could improve flame retardancy of PA.

Fig. 6摇 HRR curves of the PA and CNT / PA nanocomposite.

Table 2摇 MCC measurement data
Samples pHRR (W/ g) a THR (kJ / g) b

PA 296. 3 19. 7
CNT / PA nanocomposite 264. 3 17. 8

摇 Note: a Peak heat release rate;b The total heat release.

4摇 Conclusions
摇 摇 A novel bio鄄based semi鄄aromatic CNT reinforced
PA nanocomposite was fabricated by a solution mix鄄
ing method. PA was synthesized through polyconden鄄
sation between the phosphorus diamine and bio鄄based
azelaic acid. The introduction of phosphine oxide and
aliphatic groups enhances solubility and improves
glass transition temperature of PA. CNTs have a good
dispersion in PA matrix. Study on the thermal degra鄄
dation of the CNT / PA nanocomposite reveals that the
introduction of CNTs into PA matrix can significantly
increase the thermal stability of PA. The CNT / PA
nanocomposite has also an increased char yield. The
presence of CNTs in PA matrix improves the flame
retardancy of PA by decreasing pHRR and THR val鄄
ues.
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《新型炭材料》2013 年 ~ 2014 年优秀论文评选结果揭晓

摇 摇 经《新型炭材料》编辑、顾问委员会全体成员无记名投票,按得票多少选出《新型炭材料》2013 年 ~ 2014 年优秀论文如下:

2013 年

No 姓 名 所在单位 文 章 标 题 摇 期:页码

1 侯翠岭等 西北工业大学 碳纳米管 /四氧化三铁复合材料的电磁波吸收性能 3: 184鄄190
2 柯义虎等 陕西师范大学 用废弃印刷线路板非金属组分分离物制备多孔炭 2: 108鄄114

3 郑冬芳等 北京化工大学
高性能超级电容器用高比表面积、层次孔结构炭材料的简
便制备

2: 151鄄155

4 丁摇 翔等 清华大学 氧化铜 /石墨烯的制备及其电化学性能 3: 172鄄177
5 张丽芳等 天津大学 石墨烯基宏观体:制备、性质及潜在应用 3: 161鄄171

摇 摇 2014 年

No 姓 名 所在单位 文 章 标 题 摇 期:页码

1 张摇 强等 清华大学 碳质材料在锂硫电池中的应用研究进展 4: 241鄄264
2 徐摇 超等 福州大学 选择性还原氧化石墨烯 1: 61鄄66
3 邓洪贵等 华东理工大学 用于锂离子电池的 Fe3O4 / C 纳米结构的可控制备 4: 301鄄308
4 王旭珍等 大连理工大学 3D 二硫化钼 /石墨烯组装体的制备及其催化脱硫性能 2: 81鄄88

5 骆文彬等
中国科学院金属研
究所

碳纳米管复合磷酸铁锂材料的制备及性能 4: 287鄄294
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