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ABSTRACT: Carbon nanotube-polymer nanocomposites
were synthesized and characterized successfully. In this
work, multiwall carbon nanotubes (MWCNT) were
opened using HNO;3;/H,SO, mixture and filled by metal
nanoparticles such as silver nanoparticles through wet-
chemistry method. The oxidized MWCNT were reacted
subsequently with thionyl chloride, 1,6-diaminohexane,
producing MWNT-amine functionalized. Then the
MWCNT containing metal nanoparticles were used as a
monomer with different weight percentages in melt poly-
merization with An and CNCI separately. Furthermore,

the polyamide and polytriazine modified MWCNT were
used for the preparation of metal ion complexes such as
Fe'? and La*>. The structures and properties of nanocom-
posites were evaluated by TEM, DSC, TGA, and FT-IR
methods. The chelating behavior and sorption capacities of
prepared nanocomposites were carried out by using some
metal ions. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118:
113-120, 2010
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INTRODUCTION

Recently, many studies are focused on the prepara-
tion of polymer/CNT composites because of their
unique mechanical, thermal, and electrical proper-
ties. The first report of polymer nanocomposites
using The multi-walled carbon nanotubes (MWCNT)
were by Ajayan et al.' In the past decades, the inor-
ganic clay minerals have been widely used for prep-
aration of polymer nanocomposites because of their
nanoscale size and intercalation/exfoliation proper-
ties.”® However, the unique structure and properties
have also made CNTs’ and their derivatives very
attractive and potential candidates for nano-
composite materials and other applications such as
nanoelectronics, nanolithography, sensors, optical
actuators, biomolecular recognition, and biomedical
applications including DNA-modification, drug
delivery, and gene delivery.‘l_6 Therefore, a number
of research groups have focused recently, on the
functionalization of CNTs and the modified carbon
nanotubes are used to replace clay for the prepara-
tion of the polymer/CNTs nanocomposites.”” Also
covalent functionalized CNTs can also provide a
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means for engineering nanotube/polymer interface
for optimal composite properties. The possibility of
modifying carbon nanostructure using various mate-
rials such as organic molecules like alcohols,
amines,'”"? polymers,'*"” and metals'®*?’ has opened
a wide field of researches. Particularly, the interest is
in those nanotubes containing magnetic particles
because of their potential applications in the areas,
for instance, magnetic recording, nuclear medicine,
and environmental protection. Metal nanocomposites
and nanoparticles are few examples of nano-size
materials, which are made by filling of CNTs (Kim
et al,*’ Ajayan and lijima,* Satishkumar et al.,*
Cao et al.,”* Nian and Teng,25 Gao et al.,?® Lee
et al.” Yang et al.?® Murugesan et al,” Adeli
et al.>"). Clearly, combination of these materials can
lead to the novel nanomaterials with new properties.
For example, conjugation of polymers on the filled
CNTs by metal nanoparticles will lead to novel
nanocomposites containing metal nanoparticles/
CNTs and polymers. Also, there are few reports
about the metal complexes of polymers connected
carbon nanotubes.’’ ™ Accordingly, in the present
research, we report synthesis and characterization of
carbon nanotube-polymer nanocomposites contain-
ing silver nanoparticles and investigation of their
properties. The resulting polyamide-CNTs and poly-
triazine-CNTs nanocomposites were used to prepare
novel metal ions complexes.
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EXPERIMENTAL
Materials

MWCNT thionyl chloride, sulfuric acid (96%), nitric
acid (61%), AgNOs, ethylenediaminetetraacetic acid
(EDTA), 1,6-diaminohexan, cyanuric chloride, etha-
nolamine, Ni(NOs3), - 6H20, Cu(NOs), 6H20,
Cr(NOs3), - 6H20, and Co(NOj3), - 6H20 were pur-
chased from Merck and purified by common
methods.

Analytical measurements

FT-IR spectra were measured on a Shimadzu model
FT-IR-8101M spectrometer. The thermogravimetric
analysis (TGA) was performed using a Dupont
651US. The scan rate of TGA was 10°C/min in air
atmosphere. Transmission electron microscopic
(TEM) analyses were performed by an Philips 200
electron microscope. A differential scanning calorim-
eter STA 625 was used to determine phase-transition
temperatures at the heating and cooling rates of
10°C/min. The metal absorption capacities of poly-
mer nanocomposites were measured by atomic
absorption spectrophotometer AA-3600A shimadzu
and UV-Vis shimadzu-120 spectrophotometer at
room temperatures in aqueous solution.

Opening of CNTs

The CNTs were opened according to the reported
procedures in the literature (Tsang et al, 1994).
Briefly, they were milled and dispersed in a 3 : 1
mixture of H>SO; and HNO; The mixture was
refluxed for 10 h. Then it was cooled, filtered, and
washed by water adjusted at pH 5. The opened
CNTs were dried at 120°C for 6 h.

Filling of CNTs

About 1 g of the opened CNTs was added to a solu-
tion of AgNO; in water/ethanol 10/2 v/v. The mix-
ture was then sonicated at room temperature for 30
min, stirred at room temperature again for 72 h and
filtered. The product was washed several times by
water and dried by vacuum oven at 150°C.

Preparation of CNTs-NH,

The carboxylic acid groups were converted into the
corresponding acylchloride by reaction with SOCI,
at 70°C for 24 h. Then, the excess SOCIl, was
removed by distillation. The CNTs-COCl was im-
mediately reacted without further purification with
1,6-diaminohexane for 48 h at 120°C. Finally, amine-
functionalized CNTs were obtained by repeated fil-
tration and washing.
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Preparation of EDTA dianhydride (1)

EDTA (5 g, 17 mmoL), pyridine (8 mL) and acetic
anhydride (10 mL) were placed in a 100 mL-flask
equipped with a condenser and a magnetic stirrer.
The reaction was carried out at 70°C for 12 h. The
resulting anhydride was filtered off and washed
thoroughly with acetic anhydride and dry diethyl
ether. The white-cream powder was then dried
under vacuum at 40°C (yield 90%).

Synthesis of polyamide (2)

Polyamide was synthesized through the method
given in the literature.®* Briefly, 1,6-diaminohexane
(0.332 g, 2 mmol) was melted under nitrogen atmos-
phere in an oil bath at 80°C. To the molten, dry 1
(0.256 g, 2 mmol) was slowly added and the
obtained mixture was stirred for 5 h. The product
was made in contact with toluene and cold acetone
to purification (yield 80%).

Synthesis of polytriazine (3)

similar
35

Polytriazine was synthesized through
method was given by Li et al. in the literature.
Briefly, cyanuric chloride (0.2 mol) and acetone (150
mL) were fed into a 500-mL flask provided with a
stirrer, a thermometer, reflux condenser, and a drop-
ping funnel. Both solutions of ethanolamine in ace-
tone and of NaOH in water were simultaneously
added dropwise into the flask where and the reac-
tion temperature was kept at 0-5°C. The mixed solu-
tion of both 1,6-diaminohexane (0.4 mol) and NaOH
(0.8 mol) in water was added to the above reactive
system containing Intermediate I. The reaction tem-
perature rose to 40-50°C, and the time was kept at
over 10 h. After cooling, the Intermediate II was fil-
tered, washed, and dried. A white powder (yield:
98%) was obtained. The Intermediate II (0.5 mol)
and a mixed solution of 1,6-diaminohexane (0.5 mol)
and NaOH (0.1 mol) in 200 mL water were added to
the reaction solution was kept under reflux for 10 h.
After the reaction completion followed by filtration,
washing, and drying, a white powder (yield: 87%)
was obtained.

Preparation of MWCNT-polyamide nanocompo-
sites containing silver nanoparticles

All kinds of metal complexes of MWCNTs/polymers
were prepared in the same way, which was shown
in the Schemes 1 and 2. Briefly, to synthesize the
nanotube/polyamide and nanotube/polytriazine
composites, different wt % of nanotubes (0.05, 0.1,
0.5, and 1 wt %) were carried out using the same
procedure, as described for the polyamide and poly-
triazine synthesis.
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Scheme 1 Synthetic route of MWCNT-polyamide nanocomposite.

Preparation of MWCNT-polyamide complex

Quantitative FeSOy(a)/La(NO3)(b) was added to a
stirred DMF solution of products under an argon
atmosphere for 24 h at 80°C. The products were col-
lected by centrifugation, and then the precipitated
complexes were washed successively with water
and ethanol. The final polymeric complexes were
dried under vacuum at 40°C for 24 h.

Metal sorption capacity

A solution of 2 mmol metal salt in 10 mL water was
added to 200 mg of polymer nanocomposite. The
pH of solution was adjusted at 3-5. The mixture was
shaken at 30°C for 24 h. The residue concentrations
of metal ions were measured by atomic absorption
spectrometry.

RESULTS

We report, the synthesis of MWCNT-polymer
nanocomposites based on polyamide and polytri-
azine. The synthetic route leading to MWCNT-
polymer nanocomposites structures is outlined in
Schemes 1 and 2. Polyamide was prepared from
diamine and activated EDTA in the form of dia-

nhydride in a one step polyaddition reaction. The
dianhydride of EDTA was synthesized according to
the method of Tuelue and Geckeler’® at 65-70°C

cl N el NH,CH,CH,0H
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Scheme 2 Synthetic route of MWCNT-polytriazine

nanocomposite.
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Figure 1 FT-IR spectra of (a) opened MWCNT, (b) func-
tionalized MWCNT-NH2, (¢) MWCNT-polyamide nano-
composite, and (d) Fe-complex nanocomposite.

with about 85% yield (Scheme 1). The polyaddition
reactions of dianhydride and hexamethylene dia-
mine were performed in the melt condition
(Scheme 1) by the similar method described in the
literature.>* Polyamide/MWCNT hybrids were pre-
pared from diamine (1,6-diaminohexane and
MWCNT-NH, in different weight ratios) and acti-
vated EDTA in the form of dianhydride in a one
step polyaddition reaction. Polytriazine was syn-
thesized using the similar route reported in the
Ref. 35. The reactions of cyanuric chloride a step-
wise and selective reaction of three symmetric
chlorides in the triazine ring of the modified mela-
mine resins.”’” The amine substitutions were carried
out at different reaction temperatures and solvents
for three individual chlorides in the triazine ring.
The results indicated that the reaction temperature
is an important parameter in controlling the amine
substitution. Under the reaction temperatures of
—55°C, the first chloride in the triazine ring was
selectively substituted by 1 equivalent of amine to
produce a Intermediate I. The substitution at the
second equivalent amines on the second chloride
occurred at about 25°C. Only at higher tempera-
tures such as 130°C does the chloride in the tria-
zine ring by reaction for the third equivalent of

Journal of Applied Polymer Science DOI 10.1002/app
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amine. Polytriazine/MWCNT nanocomposites were
prepared by similar manner used for the prepara-
tion of polyamide/MWCNT hybrids described in
the Scheme 2. For preparation of polyamide/
MWCNT /nanoparticle nanocomposites, the MWCNT
were opened using sulfuric and nitric acid mix-
ture, consequently converted into the correspond-
ing acylchloride Intermediate, and followed by
amidation with the 1,6-diaminohexane under mild
conditions. Figure 1 shows the FT-IR spectra of
the crude and opened CNTs similar to the find-
ings of Adeli et al.*’

The IR spectra of the crude CNTs do not show a
distinguishable absorbance band, but in the IR spec-
tra of the opened CNTs the absorbance bands at
3600-3100, 1700, and 1620, 1500 cm ! are related to
the O—H, C=0, and C=C bonds. The —COOH of
MWCNT was transformed into acyl chloride func-
tionalities by the reaction of thionyl chlorides
(SOCl,) and the distinctive stretching vibration of
—COClI should have been observed. However, the
detection of the stretching vibration of —COCI in the
FT-IR spectrum (operated in air) is extremely diffi-
cult, because the high hydrolytic reactivity of
—COCl in air tended to covert them back into car-
boxylate ions.'* To form the stronger chemical bonds
of NH,, the MWCNT-COCI reacted with 1,6-diami-
nohexane to produce MWCNTs-NH, and result of
FT-IR analysis are shown in Figure 1. The polyaddi-
tion reactions of the compound 1, MWCNT-NH,
and 1,6- diaminohexane in different amounts of
MWCNT-NH, were performed in the melt system.”

35‘00 30‘00 2500 2[;00 15300 10‘00 550
Wavenumber em-1
Figure 2 FT-IR spectra of (a) polytriazine, (b) MWCNT-
polytriazine = nanocomposite, and (c)  Fe-complex
nanocomposite.
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Figure 3 TEM image of (a,b) CNTs filled by silver nanoparticle and (c) MWCNT-polyamide nanocomposite prepared

using with 0.05 wt % of CNT.

The formation of amide functionalities in MWCNT-
polyamide was evidenced by the presence of 1678
cm ™! (C=O0 stretch of amide carbonyl), 1565 cm ™"
(stretch of C—N and bend of N—H in the amide) as
shown in Figure 1. The absorption band in 1678
cm ' for polyamide nanocomposite corresponds to
C=O0 bonding, after complex formation shift to 1663
and 1668 cm™' for Fe** and La*?, respectively with
the sorption of metal on polymer nanocomposite
and the intensity of peak at about 1680 cm ™'
decreased. A shift was observed for C—N stretching
bond from 1565 cm ™' in the parent polyamide nano-
composite to 1553 and 1558 in Fe™ and La™ com-
plexes, respectively. Figure 2 shows the FT-IR spec-
tra for the polytriazine/MWCNT nanocomposites
and their complexes with the metal ions adsorbed
on the surface. Although the overlapping of the
N—H and O—H stretching vibrations usually
forms a broad band region of about 2941-3404 cm ™'
wavenumbers peak shifts from 3404 to 3391 and
3395 cm ™', respectively, were observed when metal
ions complexes were formed. The decrease of the
wavenumber for the peak indicating the existence of

interactions between the Fe™” and La "> ions with the
nitrogen and oxygen atoms in the NH and OH
groups. The peaks at a wavenumber of 1597 cm ™’
were, however, not changed with the complexation
of the metal ions, suggesting that the C=N groups
in the triazine rings were not involved in the com-
plexation of the metal ions.

The cavity of CNTs in this nanocomposite is
empty. It can be used to deliver different materials
for different applications. For example, the cavity
of CNTs can be filled by metal nanoparticles,
which leads to the formation of new nanocom-
posites containing polymer, CNTs, and metal nano-
particles. For preparation of CNT/polmer contain-
ing silver nanoparticles, the CNTs were opened
and filled by silver nanoparticles using wet-chem-
istry method.”® Figure 3(a) shows the TEM image
of the CNTs filled by silver nanoparticles. It
clearly shows the encapsulated silver nanoparticles
in the cavity of the CNTs. The TEM image of the
CNTs-polyamide nanocomposite was prepared
using 0.05 wt % of CNT is shown in Figure 3(b).
Nanocomposites containing polyamide/CNT is of

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Sorption Capacity and Sorption Molar Ratio of MWCNT-Polymer Nanocomposite
Metal sorption capacity (mg/g) Metal sorption capacity (mmol/g)

Polymer complex Cu Ni Cr Co pH Cu Ni Cr Co
Polyamide 213.2 117.5 140.1 181.6 5 34 2.0 2.7 3.1

133.4 88.5 78.9 237.3 3 2.1 1.5 1.5 4.0
P-Am-0.01 CNT 214.6 117.3 141.1 243.1 5 3.4 2.0 2.7 4.1
P-Am-0.05 CNT 2413 126.2 150.3 250.2 5 3.8 2.15 29 42
P-Am-0.1 CNT 252.3 140.6 164.4 258.3 5 39 2.4 32 44
Polytriazine 82.7 46.6 92.4 66.3 5 1.3 0.79 0.18 74
P-Tri-0.01 CNT 88.7 51.7 96.3 72.2 5 1.4 0.89 1.8 1.2
P-Tri-0.05 CNT 97.5 59.9 105.8 79.5 5 1.5 1.0 2.0 1.3
P-Tri-0.1 CNT 108.3 72.6 127.4 91.5 5 1.7 1.2 2.4 1.5

particular interest for the preparation of magnetic
particle complexes.

The novel complexes of CNTs/polymer compo-
sites was reported by Weilin San.>’ These complexes
exhibit an interesting magnetic behavior. Further,
complicated magnetic interaction existed in the sys-
tem. In addition, the cavity of CNTs in the CNT/
nanocomposite is empty, which can be used to
deliver different materials. However, polyamides
and polytriazine in these nanocomposites bearing
EDTA and amine groups in the surface are stable
complexes with heavy metal ions. They are useful in
separation, recovery, and purification of a wide
range of metal ions. The complexion capacity of
functional polymer were determined by the relation
to pH dependency for Cu™?, Ni*?, Cr*?, and Co*?
using atomic absorption method. The findings are
shown in Table 1.

In all cases by increasing the pH values, the
metal sorption capacities of the polymer nanocom-

100.0

10.0

100.0 X X 400.0
Temp [*C]

Figure 4 TGA diagrams of (a) polyamide, (b) MWCNT-
polyamide nanocomposite prepared using with 0.05 wt %
of CNT, (c) 0.1 wt % of CNT, and (d) Fe-complex nano-
composite containing 0.05 wt % of CNT.

Journal of Applied Polymer Science DOI 10.1002/app

posites increased. In higher pH values, the protona-
tion of ligand on the polymer backbone (especially,
in the amine and oxygen groups) decreased, lead-
ing to a higher metal absorption. The maximum
metal sorption was observed for Ni, whereas the
lowest metal content was observed for Cr. Further-
more, by increasing of the percent of CNTs in poly-
mer nanocomposites, the metal sorption capacities
increased.

Thermal properties

To obtain further information, the TGA was per-
formed with 10°C/min "' in air. Figure 4 shows the
TGA diagrams of CNTs-polyamide nanocomposites
prepared using 0.01, 0.05, and 0.1 wt % CNTs. In this
figure, the onset of decomposition is around 300°C.
The rate of decomposition of the nanocomposites

00 100.0 2000 3000 400.0 5000

Temp [*C]

Figure 5 DSC thermograms of (a) linear polyamide (b)
MWCNT-polyamide nanocomposite prepared using with
0.05 wt % of CNT, and (c) 0.1 wt % of CNT.
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Figure 6 TGA diagrams of (a) polytriazine, (b) MWCNT-
polyamide nanocomposite prepared using 0.05 wt % of
CNT, and (c) 0.1wt % of CNT.

decreased when the amount of CNTs ratio in the
nanocomposites increased.

Accordingly, the thermal stability of the nanocom-
posites depends on their CNTs percent so that with
the increasing of CNT percent of the nanocompo-
sites, their thermal stability rises. Figure 5 shows the
DSC thermograms of the linear polyamide and
CNT-nanocomposites prepared using 0.01, 0.05, and
0.1 ratios, where all samples show almost the same
thermal behaviors.

The same thermal behaviors for the nanocompo-
sites, which are also similar to the thermal behavior
of the linear polyamides, show that the role of CNTs
in the thermal behavior of nanocomposites is negli-
gible, probably because of the low-weight percent of
CNTs, so that their thermal behavior does not affect
the nanocomposites thermal behavior. Figure 6
shows the TGA diagrams of the CNTs-polytriazine
nanocomposites prepared using 0.01, 0.05, and 0.1
percentage weight of the CNTs and the correspond-
ing thermogravimetric analytical data are given in
Table II.

CONCLUSIONS

MWCNT-polymers nanocomposites were synthe-
sized using polyaddition reaction under melt condi-
tion. CNTs were opened, functionalized, and filled
by silver nanoparticles and the filled CNTs were
used as a monomer. The TEM images clearly show
the metals in the CNT segments. The synthetic

TABLE II
Thermal Degradation Data by TGA

Sample Tinitial (OC) Tl peak (OC) TZ peak (OC)
Polytriazine 275 335 437
P-Tri-0.01 CNT 299 346 473
P-Tri-0.1 CNT 336 374 482
P-Tri-0.05 CNT 346 395 533

MWCNT-polymer nanocomposites were applied to
prepare the novel metal complexes. These products
have been shown to be effective in metal removal
from the diluted and concentrated solutions, allow-
ing for metal recovery. The MWCNT-polymer nano-
composites are promising materials for preparation
of nanodevices. For example, the MWCNT-polymer
nanocomposite containing Fe nanoparticle, which is
a magnetic nanocomposite can be prepared using
this procedure.
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