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Editorial corner — a personal view
Sunlight stimulated repeated self-healing

M. Q. Zhang”

Materials Science Institute, Sun Yat-sen (Zhongshan) University, Guangzhou 510275, P. R. China

The sun provides limitless power for earth. Solar
energy has been harnessed in many aspects. For
example, plants live on photosynthesis induced by
sunlight. With respect to the products made from
polymers, however, sunlight is recognized to be an
undesirable factor responsible for aging.
Fortunately, anything which is negative can be
turned to positive. In case photoreversible bonds
are introduced to macromolecular chains, damages
in polymers can be self-healed under sunlight stim-
ulus. Because the use of light is clean, cheap and
readily available, such an unconscious way of
remending is obviously advantageous.

In a recent proof-of-concept experiment of our labo-
ratory [J. Mater. Chem., DOI: 10.1039/C1JM13467A],
a novel coumarin derivative was synthesized and
attached to a conventional covalently bonded poly-
mer (i.e. polyurethane) as photosensitive crosslinker.
Upon mechanical damage, the crosslinkages (i.e.
coumarin dimers) of polyurethane network prefer-
entially cleave returning to original coumarin moi-
eties. Then, these coumarin moieties can be recon-
nected by illumination of 350 nm UV light (a major
component of sunlight). The entire cycle is fully
reversible. By using this habit, broken polyurethane
are repeatedly re-bonded under sunlight, without
the necessity of any catalyst, healing agent or sur-
face treatment.

The research on photochemical self-healing has only
just begun and is still in infancy. In principle,
reversible photochemical reaction is hard to pro-
ceed in solid polymer for structural application
because molecular motion is restricted. The key
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issues seem to be that (i) the photosensitive seg-
ments on the fractured surface should be mobile
enough, which favors wetting and diffusion of mol-
ecules at the solid-solid contact of the damaged
parts to meet the molecular level movement require-
ment of crack healing; and (ii) macroscopic flow of
the material should be prohibited during crack heal-
ing, maintaining load-bearing capacity of the mate-
rial.

Repeated damages are very common in daily life,
like scratches on cars made by automatic brush
washing and those on touch screens by fingernails.
Although exterior paint that obscures scratches was
developed by automotive industry, it works due to
heating of the sun rather than photochemistry. Only
fine scratches appearing in the form of plastic
deformation can be recovered. In contrast, the sun
stimulated photoreversible reaction is able to re-
bond completely damaged polymeric materials,
despite the healing efficiency in terms of mechani-
cal strength restoration is not that satisfactory for
the moment. Evidently, the strategy is promising for
developing a variety of next generation coatings,
films and sheets to meet aesthetic, structural and
functional requirements.

Prof. Dr. Ming Qiu Zhang
Member of International Advisory Board
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Abstract. Multi-walled carbon nanotubes (MWCNTs) were oxidized by two different acid treatments and further function-
alized with itaconic acid (IA). The functionalized MWCNTs were used to fabricate Poly(ethylene terephthalate) (PET)
composites by melt mixing. The presence of functional groups on the surface of the treated MWCNTs was confirmed by
infrared spectroscopy and thermogravimetric analysis. The MWCNTs oxidized with a concentrated mixture of HNO3 and
H,S04 exhibited more oxygen containing functional groups (OH, COOH) but also suffer larger structural degradation than
those oxidized by a mild treatment based on diluted HNOj followed by H,O,. PET composites were fabricated using the
oxidized-only and oxidized followed by functionalization with IA MWCNTs. PET composites fabricated with MWCNT
oxidized by mild conditions showed improved tensile strength and failure strain, while harsh MWCNT oxidation render
them overly brittle.
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1. Introduction erties that are not present in conventional polymer
Poly(ethylene terephthalate) (PET) is a semicrys- matrix composites. Because of their high aspect
talline polymer which has good mechanical proper-  ratios, adding low concentrations of carbon nano-
ties, chemical resistance, thermal stability, melt vis-  tubes (CNTs) into a polymer matrix can improve
cosity, and spinnability (ability to be spun, e.g. in  the mechanical, thermomechanical and electrical
the form of fibers). PET has been used in diverse  properties of these polymer composite materials [3,
fields such as food packaging, film technology, 4]. Two key issues necessary to achieve superior
automotive, electrical, beverages and containers, performance in CNT filled polymer composites are
and textile fiber industries, and even in the biomed- an homogeneous distribution and dispersion of the
ical field as Dacron [1, 2]. A way to further improve ~ CNTs inside the polymer matrix and a strong inter-
the properties of this commodity polymer is through action between the CNTs and matrix. One of the
the formation of a nanocomposite, which can be most common methods used to disperse CNTs in a
achieved by the addition of nanoclays, carbon nan-  thermoplastic polymer matrix is melt blending [5].
otubes or other nanostructures. Nanocomposite mate-  Melt blending is a convenient method to produce
rials often possess a combination of physical prop- CNT based composites given its cost effectiveness
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and ease of production, with the additional advan-
tage of being a solvent-free process [6, 7]. The use
of this polymer processing technique to fabricate
CNT-polymer composites has been reported for a
large variety of polymers, including PMMA, poly-
olefins (PE, PP), polyamides, polyesters (PET, PBT),
polyurethanes, and polystyrene [8§—10]. Melt blend-
ing, however, may be limited to low CNT concen-
trations due to the high viscosity of the composites
at high nanotube loadings and problems of dispers-
ing the nanotubes for high CNT concentrations
[11]. Regarding the issue of promoting interfacial
interactions between the CNT and thermoplastic
polymer matrices, the most common procedures
used for covalent attachment of reactive groups to
the CNT surface are treatments based on inorganic
acids [5, 12]. Usually, the nanotubes are refluxed
with a nitric acid solution or a mixture of nitric and
sulfuric acid, sometimes concurrently with the appli-
cation of high power sonication [5, 13, 14]. These
oxidative treatments usually result in formation of
surface reactive groups, such as hydroxyl, carbonyl
and carboxylic acid, with the drawback of produc-
ing CNT structural damage and length shortening
[15]. Oxidation of multiwalled carbon nanotubes
(MWCNTs) starts at the tips and gradually moves
towards the central part of the tube, but, if the acid
concentration is too high or the exposure time is
long, some of the layers can be substantially rough-
ened or even removed successively [15—17]. Another
method which has been less explored to promote
chemical bonding between CNTs and thermoplastic
polymers is CNT functionalization with organic
acids [18, 19]. For the case of MWCNT/PET com-
posites, only scant research has been conducted on
the functionalization of carbon nanotubes with
organic acids and compounds [20-22]. Jin and
coworkers [21] functionalized MWCNTs with acetic
anhydride, which resulted in good dispersion of
MWCNTs in a PET matrix, as well as an increased
tensile strength and elastic modulus. Yoo ef al. [22]
functionalized MWCNTs with benzyl and phenyl
isocyanates, and found that the resulting nanocom-
posites showed improved dispersion of nanotubes
in the PET matrix. Improved mechanical properties
were found in the nanocomposites fabricated with
MWCNT-phenyl isocyanate because of the favor-
able presence of m—m interaction. Regarding ita-
conic acid, this organic compound has been used as
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compatibilizer for blends of thermoplastic polymers
[23, 24]. Yazdani-Pedram et al. [23] used PP func-
tionalized with itaconic acid as compatibilizer in
blends of PP/PET. They found that the presence of
modified PP improves the tensile mechanical prop-
erties of PP/PET blends. Sailaja and Seetharamu
[24] used grafted low density polyethylene (LDPE)
with itaconic acid in mixtures of LDPE/starch and
found that LDPE/starch blends compatibilized by
itaconic acid exhibited better mechanical properties
as compared to their uncompatibilized counterparts.
Research on functionalization of CNTs with ita-
conic acid for polymer composites was not found in
the literature search conducted by the authors.
Therefore, the aim of the present work is to modify
the surface of MWCNTs by the introduction of
hydroxyl groups through treatments based on nitric
and sulfuric acids, as well as itaconic acid (IA). In
particular, the influence of a mild and an aggressive
acid oxidation and the effect of a subsequent func-
tionalization of the MWCNTs with 1A on the tensile
mechanical properties of MWCNT/PET composites
is investigated.

2. Materials and methods

2.1. Materials

The MWCNTs used in this work were purchased
from Bayer MaterialScience (Leverkusen, Ger-
many). The CNT product (Baytubes C150P®) con-
sist of MWCNTs synthesized by chemical vapor
deposition with high purity (~95%), an outer mean
diameter of 13—16 nm, inner diameter of ~4 nm and
average length of 1-4 um [15]. Nitric acid (HNOs3,
68% v/v), sulfuric acid (H>SOg4, 98% v/v) and ita-
conic acid were purchased from Sigma Aldrich
Corporation (Milwaukee, USA). The polymer used
in this work is CLEARTUF 8006 Polyester Resin
(‘M & G Group’ Polymers USA, LLC). CLEARTUF
8006 is a high molecular weight polyethylene tereph-
thalate thermoplastic polymer with intrinsic viscos-
ity of 0.80 dl/g and a melting point of 250°C.

2.2. Oxidation of MWCNTs

Chemical oxidation was carried out using two acid
treatments, one (‘mild’) which is expected to be
gentle with the MWCNTSs surface and cause mini-
mum structural damage and a second one which is
significantly more aggressive. The ‘mild’ treatment
consisted of oxidizing the nanotubes with nitric
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Table 1. Identification of chemical treatments investigated
in this work

Label Treatment
A Untreated (as-received)
B HNO;3 (3.0 M) followed by H,O, (30% v/v)
C Mixture of HNO;3 (68% v/v) and H,SO4 (98% v/v)
D Treatment B + Itaconic acid
E Treatment C + Itaconic acid

acid (3.0 M) followed by hydrogen peroxide [14].
The ‘aggressive’ treatment was conducted using a
concentrated combination of nitric (68% v/v) and
sulfuric (98% v/v) acids. Table 1 illustrates the
treatments carried out. Label ‘A’ is used for as-
received (untreated) MWCNTs, taken as a refer-
ence. Treatment ‘B’ is used for MWCNTs treated
with nitric acid (3.0 M) followed by H,0,. This
treatment was conducted by mechanically stirring
the CNTs in the nitric acid for 15 min, and then son-
icating the CNTs/HNOj; solution for 2 h in a con-
ventional ultrasonic bath. After exhaustive washing
of the CNTs with distilled water, the nitric acid was
replaced with hydrogen peroxide (30% v/v) and the
process was repeated. For treatment ‘C’, the as-
received MWCNTs were mixed with sulfuric (20 ml)
and nitric (20 ml) acids, in concentrations of 98 and
68% v/v respectively, and initially sonicated for
10 min. The mixture was then refluxed for 1 h at
140°C. Acid oxidized MWCNTs were finally
obtained by washing and filtering the mixture with
distilled water and then drying in a vacuum oven at
60°C for 48 h.

2.3. Functionalization with itaconic acid

The oxidized MWCNTs (treatments B and C in
Table 1) were further functionalized with itaconic
acid as follows. First, oxidized MWCNTs were dis-
persed in 20 ml of acetone for 10 min in a conven-
tional ultrasonic bath. After 10 min, itaconic acid
(3.0 g), p-toluenesulfonic acid as catalyst (0.2 g)
and 80 ml of acetone were added to the initial
MWCNT/acetone mixture and stirred under reflux
for 3 h at 60°C. After this, the functionalized nan-
otubes were washed, filtered with acetone and then
dried at 60°C in a vacuum oven to constant weight.
An identical procedure with IA was conducted for
MWCNTs that were previously oxidized by treat-
ments B and C. The MWCNTs functionalized by 1A
that had been previously oxidized by treatment B
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Figure 1. Proposed reaction between IA, MWCNTs and
PET
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were labeled as ‘D’, while those that were previ-
ously oxidized by treatment C were labeled as ‘E’
(see Table 1). A schematic of the proposed reaction
between the CNT, IA and PET is shown in Figure 1.
Overall, it is expected that the COOH groups gener-
ated on the CNT surface are more prone to form
strong bonding with the C=0O groups of PET than
the OH ones, due to their ability to induce dimer
formation. However, ester formation is also possi-
ble.

2.4. Preparation of MWCNT/PET composites
MWCNT/PET composites were fabricated by melt
blending. Initially, PET powder was dried at 120°C
for 24 h in a convection oven. Nanocomposites of
0.5 wt% were prepared by melt mixing the MWCNTs
and PET powder in a Banbury mixing chamber
(Plasticorder PL330, G.W. Brabender, Hackensack,
NJ, USA.), with a volumetric capacity of 50 cm? at
250°C. The mixing process was performed in two
continuous steps. First, the MWCNT/PETs powder
material was placed inside the chamber and mixed
for 5 min at 20 rpm. The mixing speed was then
increased to 60 rpm for 5 min more. The PET/
MWCNTs composite material was then laminated
by compression molding into thin sheets of 110 x
110x 1.0 mm. The lamination process was per-
formed at 270°C in a laboratory press with tempera-
ture control (Carver Laboratory Press) using 2 tons
of pressure for 20 min and then water-cooled down
to room temperature. After lamination, dog-bone-
shaped tensile samples were cut from the 1 mm
thick sheet with the geometry according to ASTM
D638 standard [25].
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2.5. Characterization
2.5.1. Characterization of functionalized
MWCNTs
Infrared spectroscopy of as-received and chemi-
cally functionalized MWCNTs was conducted using
a Fourier transform infrared spectrometer (FT-IR)
Nicolet-Protege 460, in the spectral range from
4000 to 500 cm™!. FT-IR spectra were obtained
using KBr discs containing a very small amount of
MWCNTs.
Thermogravimetric analysis (TGA) was conducted
in nitrogen atmosphere with a heating rate of
10°C/min using a Perkin—Elmer TGA7 equipment
within a temperature range of 50-750°C. The TGA
was repeated three times to yield reproducible
results.
The morphology of the acid-MWCNTSs was observed
using an FEI-TITAN transmission electron micro-
scope (TEM) operated at 300 kV and registered
near the Scherzer focus. TEM samples were pre-
pared on lacey carbon grids using dispersion in an
ultrasonic bath for 30 minutes.

2.5.2. Characterization of nanocomposites
Tensile properties of MWCNT/PETs composites
were determined according to the ASTM D638
standard using type IV specimens [25]. Tensile tests
were conducted in a Shimadzu AGI-100 universal
testing machine equipped with a 500 N load cell
and using a cross-head speed of 5 mm/min. Ten
replicates for each nanocomposite material investi-
gated were tested.

The fracture surfaces specimens of the tested nano-
composites were examined by using a JEOL
6360LV scanning electron microscope (SEM), after
coating the surface with a thin layer of gold.

3. Results and discussion

3.1. Characterization of MWCNTs

3.1.1. FT-IR spectroscopy

FTIR spectroscopy was used to confirm the pres-
ence of hydroxyl, carboxyl as well as itaconic acid
units on the surface of MWCNTs. As seen in Fig-
ure 2A, the IR spectrum of as-received MWCNTs
shows characteristic bands due to O—H stretching
vibration at 3440 cm™!, C=C stretching at 1629 cm™!
as well as O-H bending (~1400 cm™!) and C-O
stretching (~1116 cm™). The spectrum of oxidized
MWCNTs by using the mild treatment (Figure 2B)
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shows additional absorption bands at 1736 cm™
due to carbonyl stretching vibration of hydrogen
bonded -COOH groups as well as an increase of the
relative intensity of OH groups, confirming the
presence of different type of hydroxyl groups on the
surface of the MWCNTs. The spectrum of MWCNTs
oxidized by treatment C (Figure 2C) is similar to
that of the mild treatment (Figure 2B) but the band
corresponding to C—O stretching is more intense
and better resolved. This suggests that although the
same functional groups are generated for both oxi-
dation treatments (B and C), a larger number of
such functional groups should be present in the
MWCNTs oxidized by the method C. Functional-
ization of oxidized MWCNTs by itaconic acid (Fig-
ures 2D and 2E) show an increase in the relative
intensity of the band in the region 3130 cm™' due to
—OH groups. The C=0 absorption bands character-
istic of carboxyl functional groups (~COOH) of ita-
conic acid is now markedly observed around 1707—
1730 cm™', which confirm the success of the
functionalization treatment with itaconic acid.

3.1.2. Thermogravimetric analysis

TGA in nitrogen atmosphere was conducted for all
MWCNTs examined in Table 1, as well as for IA.
The thermograms obtained are presented in Fig-
ure 3. It is observed that the most thermally stable
material is the as-received MWCNTs (A), which
loses only about 1% weight after being heated to
750°C. This high thermal stability is due to the low
content of amorphous carbon in the as-received
material. When a mild oxidation is conducted on the
MWCNTs (B), the amount and rate of weight loss is
very similar to that of the as-received material, indi-
cating that no or very few amorphous carbon has
been generated because of the acid treatment. The
harsh oxidation treatment (C), on the other hand,
significantly degrades the graphitic structure of the
MWCNTs by converting it to amorphous carbon,
which is evident by the pronounced weight loss
observed early in its TGA curve. Below 150°C evap-
oration of adsorbed water is expected. The pro-
nounced weight loss observed between ~150 and
350°C are attributed to elimination of hydroxyl and
carboxylic functionalities present on the surface of
the oxidized MWCNT probably due to dehydration
and decarboxilation [16, 17]. The fact that the weight
loss in this temperature range is markedly greater
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Figure 2. FT-IR spectra of MWCNTs. Treatment A, B, C, D and E refer to Table 1.

for sample C than B indicates that a larger number
of functionalities are present in the MWCNTSs oxi-
dized by the aggressive treatment, with respect to
the ones oxidized under mild conditions. For tem-
peratures above 350°C, a large amount of weight is
lost by MWCNTs oxidized by treatment C, which
indicates that this treatment has converted part of
the CNT graphitic structure to amorphous carbon,
which is thermally oxidized slightly above 350°C.

The MWCNTs that were functionalized by IA after
oxidation present a distinctive behavior. For the
MWCNTs previously oxidized by treatment B and
then functionalized by IA (D), a marked weight loss
occurs around 200°C, which matches with the
decomposition of the IA (see curve for IA in Fig-
ure 3). After thermal decomposition of the 1A
bonded to the CNT, the curve of sample D follows a
slope (rate of weight loss) similar to that of the

100
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Figure 3. TGA curves of MWCNTs samples. Labels refer to Table 1.

curve corresponding to the sample that was only
oxidized with the same treatment (B). The behavior
of the MWCNTs that were functionalized with 1A
after oxidation with an aggressive acid treatment
(samples E) was different. In this case, a larger
weight loss was observed with respect to samples
oxidized by treatment D for all temperature ranges
examined. The rate of weight loss (slope of the
curve) is markedly smaller for samples E than for C
before 350°C, but after 350°C both slopes were
similar. The smaller mass loss of sample E com-
pared to sample C may suggest that some of the
amorphous carbon generated during the harsh CNT
oxidation by method C is physically removed dur-
ing the subsequent treatment with IA. This will be
further examined in connection to the mechanical
properties of the composites in section 3.2.1.
Therefore, from the TGA analysis it is concluded
that an aggressive acid oxidation treatment (such as
C) generates a larger concentration of functional
groups on the surface of the MWCNTs with respect
to a milder oxidation treatment (B), but also destroys
a great deal of the graphitic structure converting it
to amorphous carbon. The TGA curves of MWCNTs
that were functionalized with IA confirm the pres-
ence of IA on the CNT, which is indicative of an
adequate functionalization process.

3.1.3. Transmission electron microscopy

TEM analysis of the as-received (A) and oxidized
samples (B and C) is shown in Figure 4. No images
are presented for treatments with A since no new
particular features are expected after functionaliza-
tion with IA. Figure 4a reveals the morphology of
an individual as-received multi-walled carbon nan-
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otube. The as-received material is featured by the
characteristic graphitic layers arranged in a coaxial
cylindrical fashion. Some amorphous carbon is
observed at the outermost layers and structural
defects are also present in the as-received material.
The morphology of the MWCNTs oxidized by a
sequential treatment based on diluted HNOj5 fol-
lowed by H,O, (treatment B, Figure 4b) is similar
to that of the as-received MWCNTs, indicating that
structural damage is either absent or small. For the
MWCNTs oxidized by the concentrated mixture of
HNO; and H,SO4 (treatment C), the CNTs exhibit
severe structural damage, as shown in Figure 4c.
This concentrated mixture of acids causes conver-
sion of the original graphitic structure to amorphous
carbon with the consequent increase in CNT rough-
ness and waviness as observed in Figure 4c. In this
case, the damage reaches even the inner nanotube
walls. Treating the MWCNTs with a concentrated
mixture of HNO3 and H,SOj4 causes severe etching
of the graphitic surface of the CNT, leading to defec-
tive tubes with a large population of disordered
sites and amorphous carbon. These TEM observa-
tions are consistent with the thermal degradation
evidenced by the thermogram of treatment C in Fig-
ure 3. On the other hand, the MWCNT oxidation
with a mild treatment such as B yielded no or few
structural damage, which is also consistent with the
TGA findings. However, FT-IR analysis (Figure 2)
suggests that more functional groups are present on
MWCNTs oxidized by treatment C than for B. For
the improvement of the composite mechanical prop-
erties, structurally pristine CNTs with a large den-
sity of functionalities are desirable. In our case,
MWCNTs oxidized by treatment C have a large
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number of OH and COOH functionalities, but also
are severely damaged. On the other hand, the
MWCNTs oxidized by treatment B were not severely
damaged by the oxidizing treatment, but they also
have less density of functional groups than those
oxidized by treatment C. The effect of these com-
peting factors on the mechanical properties of the
composites fabricated with these MWCNTs will be
examined in the next section.

3.2. Characterization of nanocomposites

3.2.1. Tensile properties

The tensile stress-strain curves of pure PET and the
examined MWCNT/PET composites at 0.5 wt%
loading are presented in Figure 5. Table 2 presents a
summary of the measured mechanical properties,
where average and standard deviations are reported.
The stress-strain curves and measured mechanical
properties (Table 2) are similar for MWCNT/PET
composites which used as-received MWCNTs
(MWCNT/PETs-A) to those of PET, motivating the
need of CNT functionalization. The absence of sig-
nificant improvements in the mechanical properties

Table 2. Mechanical properties of tested MWCNT/PET

composites
Tensile Elastic .
Failure
Sample strength modulus strain [%)]
[MPa] [GPa] ¢
PET 33.9+7.06 1.54+0.04 | 2.22+0.49

MWCNT/PETs-A 34.1+6.48 1.47+0.09 2.35+0.43

MWCNT/PETs-B 50.0+£5.30 1.58+0.06 3.45+0.45

MWCNT/PETs-C

MWCNT/PETs-D 23.4+6.32 1.39+0.15 2.40+0.93

MWCNT/PETs-E 26.9+5.16 1.48+0.14 2.43+0.72

— = Not possible to measure

60
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_ 40
a
=
w 30
0w
[
7]
27r —o— Neat PET
—— A
—t— B
10 C
—— D
U L L L 'l L
0 1 2 3 4

Strain [%]

Figure 4. TEM of MWCNTs. a) As-received (A), b) oxi-
dized by HNOj followed by H,O, (B), c¢) oxi-  Figure 5. Representatives stress-strain curves for PET and
dized by a concentrated mixture of HNOj and PET nanocomposites. Labels A to E refer to
H,S04 (C). Table 1.

102



May-Pat et al. — eXPRESS Polymer Letters Vol.6, No.2 (2012) 96106

of the as-received CNT composites may be the
result of aggregation, as well as poor interfacial
interaction between the as-received MWCNTs and
PET. Quite different properties are obtained for the
composites whose CNTs were only oxidized by
HNO; followed by H,O, (MWCNT/PETs-B). With
respect to neat PET, these composites showed an
increase in the strength and failure strain of 47 and
55% (based on averages) respectively, although the
improvement in elastic modulus may not be statisti-
cally significant. The large improvement in the ten-
sile properties of the MWCNT/PETs-B composites
is attributed to the improved dispersion of MWCNTSs
inside the matrix (which will be further examined
by SEM) and improved interactions between the
MWCNTs and PET mostly by hydrogen bonding,
enhancing the interfacial bonding. The PET-com-
posites that utilized MWCNTs treated by the con-
centrated mixture of nitric and sulphuric acids
(treatment C) were not possible to manufacture in
the form of tensile coupons (indicated by dash lines
in Table 2). These composites were very brittle and
cracked in many pieces immediately after releasing
from the press used for compression molding. This
behavior, which was very distinctive from the rest
of the composites, confirms that the MWCNTs
treated by treatment C contain a large number of
(COOH) functionalities and that such functionali-
ties are interacting with the PET matrix (through
C=0) to render the composites increased brittleness
and affecting its processability. These composites
may also be more thermally conductive (which
influence the processing parameters), since it has
been shown that MWCNTs treated by strong mix-
tures of nitric and sulfuric acids generate a large
number of hydroxyl and carboxyl functional groups
which increases the thermal conductivity of the
CNTs and their composites [26]. The nucleating
effect of the functionalized nanotubes during the
PET melt compounding [27] may also be a con-
tributing factor for its brittleness.

The composites prepared with IA-functionalized
MWCNTs (D and E) did not show improvements in
their mechanical properties with respect to the neat
PET. With respect to PET, the tensile strength of
both composites (D and E) reduced, and the elastic
modulus and failure strain remained practically
unchanged, see Table 2. The decrease in tensile
strength (and decreasing trend in elastic modulus)

—OH
Il
—OH  A_
: C=CH
_C-0— C=0
¢ —o
HC=¢  Ho— I -COOH
C-0——
o] ~ )1+-OH
MWCNTs-Ox-1A

Figure 6. Possible ester formation on IA functionalized
MWCNTs

of these composites could be explained by reduced
interactions between the functionalized CNTs and
the PET matrix and the presence of agglomerations.
This would mean that a second scenario to that ini-
tially proposed in Figure 1, is also possible, which
is depicted in Figure 6. Accordingly, the itaconic
acid may react with the hydroxyl groups present on
the acid oxidized surface of the CNT by forming
ester bonds. This reduces the effective number of
hydroxyl functionalities available for bonding the
CNT to the polymer, leaving a hydrophobic CNT
which is difficult to disperse in the hydrophilic
PET.

3.2.2. Scanning electron microscopy

Figure 7 shows SEM fracture surfaces of MWCNT/
PET composites whose CNTs were functionalized
by treatments A, B, D and E. The CNTs seem mod-
erately well dispersed in all composites in Figure 7.
Although clear differences are difficult to discern
among the figures, some particular features were
observed depending on the treatment. For the non-
treated composites (MWCNT/PETs-A), Figure 7a,
a few small aggregates of MWCNTSs appeared sys-
tematically during the SEM analysis. For this com-
posite, MWCNTs are also seen protruding the frac-
ture plane (plane of the SEM image) suggesting a
large occurrence of CNT pullout, which is consis-
tent with a weak interfacial bonding between the
nanotubes and PET. The scenario was different for
MWCNT/PETs-B composites, Figure 7b. For these
composites, imaging the MWCNTs in the compos-
ite was markedly more difficult than for the rest of
the samples, and the few CNTs that could be imaged
appeared covered by the polymer, as seen in Fig-
ure 7b. We believe that this particular feature relates
to a better dispersion into the PET matrix, as a con-
sequence of the oxidative treatment used. MWCNTs
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d)

Figure 7. SEM images of fractured nanocomposites. (a) MWCNT/PETs-A, (b) MWCNT/PETs-B, (¢) MWCNT/PETs-D,

(d) MWCNT/PETs-E. Labels refer to Table 2.

oxidized by treatment B also appeared wrapped by
the PET matrix, which suggests good interfacial
bonding. This finding is consistent with the results
of the tensile tests, where enhanced mechanical
properties were obtained for this treatment. Fig-
ures 7c¢ and 7d show fracture surfaces of MWCNT/
PET composites which used MWCNTs functional-
ized by IA after acid oxidation by mild (Figure 7¢)
and harsh (Figure 7d) conditions (treatments D and E
in Table 2). For both cases, MWCNTs are seen
clearly and moderately well dispersed into the PET
matrix, but not covered by the polymer as in the
case of Figure 7b.

4. Conclusions

The influence of two acid oxidation methods and
further functionalization with itaconic acid to func-
tionalize the surface of MWCNTs and improve the
mechanical properties of PET composites has been
examined. Two routes for acid oxidations employ-

ing inorganic acids were examined, a mild one based
on a sequential treatment of diluted nitric acid and
hydrogen peroxide, and an aggressive one based on
a concentrated mixture of nitric and sulfuric acids.
Oxidizing by the mild experimental conditions pro-
posed herein generate hydroxyl and carboxyl func-
tional groups on the CNT surface with minimum
CNT damage, which produces enhanced mechani-
cal properties of MWCNT/PET composites. When
the oxidation uses concentrated acids, a larger den-
sity of functional groups is generated, with the con-
comitant damage of the CNT structure. The com-
posites manufactured using the MWCNTs oxidized
by this aggressive route are overly brittle, to the
extent that compromises its practical use.

For PET composites, sequential functionalization
of the MWCNTs with A after CNT oxidation is not
recommended, since the OH groups of the IA may
bond to similar acidic groups existent on the oxi-
dized MWCNTs, reducing the density of function-
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alities available on the MWCNT surface for hydro-
gen bonding with the ester groups of PET. A simple
oxidation of the MWCNTs using nitric acid and
hydrogen peroxide in mild experimental conditions
is enough to significantly improve the tensile prop-
erties of the composite.

Acknowledgements

This work is part of an international project between Mex-
ico and Chile (CIAM) sponsored by CONACY T-Mexico
(projects No. 105567 and 79609) and CONICYT-Chile
(project FONDECYT No.1090260). The authors also wish
to thank Santiago Duarte and Dr. Arturo Ponce for the SEM
and TEM analyses.

References

[1] Van Krevelen D. W.: Properties of polymers, Elsevier,
Amsterdam (1997).

[2] Cowie J. M. G.: Polymers: chemistry and physics of
modern materials. Taylor and Francis Group, Boca
Raton (2008).

[3] Kim J. K., Park H. S., Kim S. H.: Multiwall-carbon-
nanotube-reinforced poly(ethylene terephthalate) nano-
composites by melt compounding. Journal of Applied
Polymer Science, 103, 1450-1457 (2007).

DOI: 10.1002/app.25377

[4] Zhu Z., Wang R., Dong Z., Huang X., Zhang D.: Mor-
phology, crystallization, and mechanical properties of
poly(ethylene terephthalate)/multiwalled carbon nan-
otubes composites. Journal of Applied Polymer Sci-
ence, 120, 3460-3468 (2011).

DOI: 10.1002/app.33438

[5] Ma P-C., Siddiqui N. A., Marom G., Kim J-K.: Disper-
sion and functionalization of carbon nanotubes for
polymer-based nanocomposites: A review. Composites
Part A: Applied Science and Manufacturing, 41, 1345—
1367 (2010).

DOI: 10.1016/j.compositesa.2010.07.003

[6] Jin Z., Pramoda K. P., Goh S. H., Xu G.: Poly(vinyli-
dene fluoride)-assisted melt-blending of multi-walled
carbon nanotube/poly(methyl methacrylate) compos-
ites. Materials Research Bulletin, 37, 271-278 (2002).
DOI: 10.1016/S0025-5408(01)00775-9

[7]1 Anoop A. K., Agarwal U. S., Rani J.: Carbon nan-
otubes-reinforced PET nanocomposite by melt-com-
pounding. Journal of Applied Polymer Science, 104,
3090-3095 (2007).

DOI: 10.1002/app.25674

[8] Du J-H., Bai J., Cheng H-M.: The present status and
key problems of carbon nanotube based polymer com-
posites. Express Polymer Letters, 1, 253-273 (2007).
DOI: 10.3144/expresspolymlett.2007.39

105

[9] Sorrentino A., Vertuccio L., Vittoria V.: Influence of
multi-walled carbon nanotubes on the § form crystal-
lization of syndiotactic polystyrene at low tempera-
ture. Express Polymer Letters, 4, 339-345 (2010).
DOI: 10.3144/expresspolymlett.2010.43

[10] Jin Z., Pramoda K. P., Xu G., Goh S. H.: Dynamic
mechanical behavior of melt-processed multi-walled
carbon nanotube/poly(methyl methacrylate) compos-
ites. Chemical Physics Letters, 337, 43—47 (2001).
DOI: 10.1016/S0009-2614(01)00186-5

[11] Bikiaris D., Vassiliou A., Chrissafis K., Paraskevopou-
los K. M., Jannakoudakis A., Docoslis A.: Effect of
acid treated multi-walled carbon nanotubes on the
mechanical, permeability, thermal properties and
thermo-oxidative stability of isotactic polypropylene.
Polymer Degradation and Stability, 93, 952-967
(2008).

DOI: 10.1016/j.polymdegradstab.2008.01.033

[12] Pétschke P., Bhattacharyya A. R., Janke A.: Carbon
nanotube-filled polycarbonate composites produced
by melt mixing and their use in blends with polyethyl-
ene. Carbon, 42, 965-969 (2004).

DOI: 10.1016/j.carbon.2003.12.001

[13] Saito T., Matsushige K., Tanaka K.: Chemical treat-
ment and modification of multi-walled carbon nan-
otubes. Physica B: Condensed Matter, 323, 280-283
(2002).

DOI: 10.1016/S0921-4526(02)00999-7

[14] Avilés F., Cauich-Rodriguez J. V., Moo-Tah L., May-
Pat A., Vargas-Coronado R.: Evaluation of mild acid
oxidation treatments for MWCNT functionalization.
Carbon, 47, 2970-2975 (2009).

DOI: 10.1016/j.carbon.2009.06.044

[15] Avilés F., Ponce A., Cauich-Rodriguez J. V., Martinez
G. T.: TEM examination of MWCNTs oxidized by
mild experimental conditions. Fullerenes, Nanotubes
and Carbon Nanostructures, 20, 4955 (2012).

DOI: 10.1080/1536383X.2010.533308

[16] Datsyuk V., Kalyva M., Papagelis K., Parthenios J.,
Tasis D., Siokou A., Kallitsis I., Galiotis C.: Chemical
oxidation of multiwalled carbon nanotubes. Carbon,
46, 833-840 (2008).

DOI: 10.1016/j.carbon.2008.02.012

[17] Rosca L. D., Watari F., Uo M., Akasaka T.: Oxidation
of multiwalled carbon nanotubes by nitric acid. Car-
bon, 43, 3124-3131 (2005).

DOI: 10.1016/j.carbon.2005.06.019

[18] Wang M., Pramoda K. P., Goh S. H.: Enhancement of
interfacial adhesion and dynamic mechanical proper-
ties of poly(methyl methacrylate)/multiwalled carbon
nanotube composites with amine-terminated poly(eth-
ylene oxide). Carbon, 44, 613—617 (20006).

DOI: 10.1016/j.carbon.2005.10.001



http://dx.doi.org/10.1002/app.25377
http://dx.doi.org/10.1002/app.33438
http://dx.doi.org/10.1016/j.compositesa.2010.07.003
http://dx.doi.org/10.1016/S0025-5408(01)00775-9
http://dx.doi.org/10.1002/app.25674
http://dx.doi.org/10.3144/expresspolymlett.2007.39
http://dx.doi.org/10.3144/expresspolymlett.2010.43
http://dx.doi.org/10.1016/S0009-2614(01)00186-5
http://dx.doi.org/10.1016/j.polymdegradstab.2008.01.033
http://dx.doi.org/10.1016/j.carbon.2003.12.001
http://dx.doi.org/10.1016/S0921-4526(02)00999-7
http://dx.doi.org/10.1016/j.carbon.2009.06.044
http://dx.doi.org/10.1080/1536383X.2010.533308
http://dx.doi.org/10.1016/j.carbon.2008.02.012
http://dx.doi.org/10.1016/j.carbon.2005.06.019
http://dx.doi.org/10.1016/j.carbon.2005.10.001

May-Pat et al. — eXPRESS Polymer Letters Vol.6, No.2 (2012) 96106

[19] Lee S. H., Cho E. N. R, Jeon S. H., Youn J. R.: Rheo-
logical and electrical properties of polypropylene
composites containing functionalized multi-walled
carbon nanotubes and compatibilizers. Carbon, 45,
2810-2822 (2007).

DOI: 10.1016/j.carbon.2007.08.042

[20] Gao Y., Wang Y., Shi J., Bai H., Song B.: Functional-
ized multi-walled carbon nanotubes improve non-
isothermal crystallization of poly(ethylene terephtha-
late). Polymer Testing, 27, 179—188 (2008).

DOI: 10.1016/j.polymertesting.2007.09.012

[21] Jin S. A., Yoon K. H., Park Y-B., Bang D. S.: Proper-
ties of surface-modified multiwalled carbon nanotube
filled poly(ethylene terephthalate) composite films.
Journal of Applied Polymer Science, 107, 1163-1168
(2008).

DOI: 10.1002/app.27153

[22] Yoo H. J., Jung Y. C., Cho J. W.: Effect of interaction
between poly(ethylene terephthalate) and carbon nan-
otubes on the morphology and properties of their
nanocomposites. Journal of Polymer Science Part B:
Polymer Physics, 46, 900-910 (2008).

DOI: 10.1002/polb.21424

106

[23] Yazdani-Pedram M., Vega H., Retuert J., Quijada R.:
Compatibilizers based on polypropylene grafted with
itaconic acid derivatives. Effect on polypropylene/
polyethylene terephthalate blends. Polymer Engineer-
ing and Science, 43, 960-964 (2003).

DOI: 10.1002/pen.10079

[24] Sailaja R. R. N., Seetharamu S.: Itaconic acid — grafted
— LDPE as compatibilizer for LDPE — plasticized
Tapioca starch blends. Reactive and Functional Poly-
mers, 68, 831-841 (2008).

DOI: 10.1016/j.reactfunctpolym.2007.12.003

[25] ASTM D638-10: Standard test method for tensile
properties of plastics (2002).

[26] Wang J., Xie H., Xin Z., Li Y.: Increasing the thermal
conductivity of palmitic acid by the addition of carbon
nanotubes. Carbon, 48, 3979-3986 (2010).

DOI: 10.1016/j.carbon.2010.06.044

[27] Anoop-Anand K., Agarwal U. S., Jospeh R.: Carbon
nanotubes induced crystallization of poly(ethylene
terephthalate). Polymer, 47, 3976-3980 (2006).

DOI: 10.1016/j.polymer.2006.03.079



http://dx.doi.org/10.1016/j.carbon.2007.08.042
http://dx.doi.org/10.1016/j.polymertesting.2007.09.012
http://dx.doi.org/10.1002/app.27153
http://dx.doi.org/10.1002/polb.21424
http://dx.doi.org/10.1002/pen.10079
http://dx.doi.org/10.1016/j.reactfunctpolym.2007.12.003
http://dx.doi.org/10.1016/j.carbon.2010.06.044
http://dx.doi.org/10.1016/j.polymer.2006.03.079

eXPRESS Polymer Letters Vol.6, No.2 (2012) 107-119
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2012.12

Jboi ymecr Letters

Analysis of car shredder polymer waste with Raman
mapping and chemometrics

B. Vajna', B. Bodzay', A. Toldy?, I. Farkas', T Igricz', Gy. Marosi'*

"Department of Organic Chemistry and Technology, Faculty of Chemical Technology and Biotechnology, Budapest
University of Technology and Economics, H-1111 Budapest, Budafoki ut 8., Hungary

’Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and
Economics, H-1111 Budapest, Miiegyetem rkp. 3., Hungary

Received 15 June 2011, accepted in revised form 29 August 2011

Abstract. A novel evaluation method was developed for Raman microscopic quantitative characterization of polymer
waste. Car shredder polymer waste was divided into different density fractions by magnetic density separation (MDS) tech-
nique, and each fraction was investigated by Raman mapping, which is capable of detecting the components being present
even in low concentration. The only method available for evaluation of the mapping results was earlier to assign each pixel
to a component visually and to count the number of different polymers on the Raman map. An automated method is pro-
posed here for pixel classification, which helps to detect the different polymers present and enables rapid assignment of
each pixel to the appropriate polymer. Six chemometric methods were tested to provide a basis for the pixel classification,
among which multivariate curve resolution-alternating least squares (MCR-ALS) provided the best results. The MCR-ALS
based pixel identification method was then used for the quantitative characterization of each waste density fraction, where
it was found that the automated method yields accurate results in a very short time, as opposed to manual pixel counting

method which may take hours of human work per dataset.

Keywords: recycling, micro-Raman, hyperspectral imaging, chemometrics, polymer waste

1. Introduction

Shredder wastes, even after thorough separation
processes, consist of various components, the iden-
tification of which needs advanced analytical
approach. The main components can be analysed by
conventional spectroscopic methods, however, these
provide only bulk information [1]. The quantitative
determination of the composition and identification
of the minor components destroying the process-
ability and/or stability of the material needs addi-
tional efforts. It is of great importance to determine
the sites where the degree of degradation is high
and such components are present that induce
mechanical and/or chemical deterioration. For these
purposes the so-called hyperspectral chemical

*Corresponding author, e-mail: gmarosi@mail.bme.hu
© BME-PT

imaging techniques are promising extensions of the
currently used methods.

Chemical imaging is a rapidly emerging analytical
method gaining importance in multiple fields, such
as food industry [2], pharmaceuticals [3—6], foren-
sics [7] and polymers [8]. This group of techniques
combines vibrational (mostly MIR, NIR or Raman)
spectrometry with the spatial resolution of an opti-
cal system (usually a microscope). Either images at
certain wavelengths are stacked together (global
imaging), or distinct spectra are collected from a pre-
determined grid on the sample surface (point/line
mapping), three-dimensional datasets are formed in
a way that a vibrational spectrum corresponds to
each point of the sample surface. Although the
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terms ‘mapping’ and ‘imaging’ originally refer to
different instrumental set-ups, their use is often
considered interchangeable and ‘imaging’ is used as
a general term to describe both approaches [3-5].
Similarly, in the present study, these terms are used
as synonyms.

A large variety of questions can be answered using
Raman chemical imaging, by utilizing the spatial
information as well as the spectral signals. The mis-
cibility of different binary polypropylene/poly-
urethane [8], polyethylene/polypropylene [9-11],
polyamide/polytetrafluoroethylene [12] and ternary
[13] polymer blends and their spatial structure can
be studied using chemical imaging methods. Differ-
ent types of heterogeneities (compositional, struc-
tural and morphological) can be defined and sepa-
rately analysed [14]. Phase separations in polyfluo-
rene have also been studied by Raman mapping
[15], while other authors have investigated the
effect of fillers on phase separation [16]. Material
defects leading to deteriorated fatigue behaviour
can be revealed [17], besides, surface characteris-
tics and the effect of coating processes can also be
monitored [18, 19]. Due to the sharp and selective
Raman peaks, crystallinity and solid state character-
istics can be investigated with good efficiency [9,
20]. Raman chemical imaging of polymers is becom-
ing especially popular in the field of pharmaceuti-
cals [21, 22].

It has been proven that the evaluation of vibrational
chemical images can be greatly enhanced with mul-
tivariate data analysis techniques. Several questions
can be answered by such methods: component detec-
tion and identification, object classification, and
quantitative determination of certain features (e.g.
concentration of components).

When unknown samples are investigated, the spec-
tra of the pure components may not always be
available. However, the huge amount of data stored
in the hyperspectral images make it possible to pre-
dict or estimate the pure component spectra and to
determine the spatial distribution of components
even when no or only limited a priori information is
present about the samples. Sample-sample two-
dimensional correlation spectroscopy has been
applied by Sasié et al. [23] to analyze multiple poly-
mer blends. The visualization of polymer distribu-
tions was enhanced by principal component analy-

sis (PCA) in the study of Stellman et al. [24] and by
cosine correlation approach in the study of Morris
et al. [19]. Multiple curve resolution methods have
also been compared based on experiments with
model samples in the fields of polymers [25] and
pharmaceuticals [26, 27].

The analysis of waste materials is also an emerging
issue where vibrational spectrometry and chemical
imaging are very promising [28-34]. IR spectra,
Raman spectra and hyperspectral images in the vis-
ible and NIR range enable the identification of post-
consumer glasses [28], polymers [29], composts [30]
and their contaminants [29, 30] via logical recogni-
tion rules [29] and multivariate image analysis [30].
On-line identification of polymer waste compo-
nents can also be carried out with NIR imaging by
using supervised classification methods if an appro-
priate training set (containing every polymer to be
identified) is investigated previously [32, 33]. These
two NIR studies showed that a NIR image can be
taken from the intact polymer waste and the differ-
ent plastic objects can be immediately identified via
chemometric spectrum classification. It has also
been proven that chemical imaging is suitable for
quantitative analysis based on the number of classi-
fied pixels in each class [34]. However, chemomet-
ric processing of vibrational chemical images have
not yet been studied for quantitative analysis of
polymers (in an earlier study carried out by Vajna et
al. [34] the classification of Raman spectra was car-
ried out manually, which is an extremely time-con-
suming procedure).

The aim of this study was to compare different
chemometric methods in the quantification of dif-
ferent density fractions of car shredder polymer
waste by Raman mapping. As waste materials often
contain unknown substances, unsupervised classifi-
cation and curve resolution techniques were tested
that can be applied without using any kind of train-
ing sets or reference spectra. Since real-life samples
were analyzed, the most prominent challenge in this
case was the poor quality of the measured datasets
(highly varying and often low signal-to-noise ratio,
high fluorescent background and high number of
outliers due to various other effects, such as detec-
tor saturation and the presence of dyes or other
additives).
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2. Materials and methods

2.1. Materials

The analyzed car shredder polymer waste (CSPW)
originated from a car shredder plant (Alcufer Ltd,
Hungary), where cars and large household appli-
ances are processed. At first, dust was removed
with dry and wet processes, and then the magnetic
metals were removed with a magnet, while the non-
magnetic metals were separated with a vortex sepa-
rator. The remaining material, consisting of mainly
polymers, was then separated to pre-defined density
fractions by inverse magnetic density separation
technique [35]. Four density fractions were sepa-
rated for analysis, which are shown in Table 1.

Table 1. Acquired density fractions of car shredder polymer
waste (CSPW) for Raman mapping analysis

Density Sample code
p<0.9 g/lem’ CSPW <0.9
0.9 g/em®*<p <1 g/em? CSPW 0.9-1
1 g/em’ <p < 1.05 g/em’ CSPW 1-1.05
1.05 g/em’ < p < 1.3 g/em? CSPW 1.05-1.3

2.2. Raman mapping experiments

Raman mapping spectra were collected using a
LabRAM system (Horiba Jobin-Yvon, Lyon, France)
coupled with an external 785 nm diode laser source
(Sacher Lasertechnik, Marburg, Germany) and an
Olympus BX-40 optical microscope (Olympus,
Hamburg, Germany). Objectives of 10x magnifica-
tion were used for optical imaging and spectrum
acquisition. The laser beam is directed through the
objective, and backscattered radiation is collected
with the same objective. The collected radiation is
directed through a notch filter that removes the
Rayleigh photons, then through a confocal hole and
the entrance slit onto a grating monochromator
(950 groove/mm) that disperses the light before it
reaches the CCD detector. The spectrograph was
set to provide a spectral range of 550-1750 cm™!
and 3 cm™! resolution.

The shredded polymer waste sample was ground in
a liquid N,-cooled grinder to reduce the particle
size to microscopic scale. The ground particles were
pressed with a hydraulic press at 200 bar to provide
60 mm x 60 mm flat surface for the Raman analysis.
The measured area was 29 X 29 points in each case.
Step size of 500 um x 500 um was chosen between
the adjacent points in order to minimize depend-
ence between adjacent points. The spectrum acqui-

sition time was 3 s per spectrum. 20 spectra were
accumulated and averaged at each measured point
(further also referred to as: ‘pixel’) to achieve
acceptable signal-to-noise ratio.

2.3. Data analysis

Before chemometric evaluation, fluorescent back-
ground was removed using piece-wise linear base-
line correction with manually chosen baseline points.
The measured spectra were then normalized to unit
area in order to eliminate the intensity deviation
between the measured points (pixels). The Raman
maps were then unfolded to a two-dimensional
matrix form (X) of 841 rows (number of measured
spectra in a map) and 1000 columns (number of
wavenumber channels). A measured spectrum of
the Raman map (a row in X) can be considered as a
vector in the 1000 dimensional (spectral) vector
space.

K-means clustering was carried out with Statistica
9.0 software (StatSoft, USA). All other calculations
described in Sections 2.3.1.— 2.3.6. were performed
in MATLAB 7.6.0 (Mathworks, Natick, USA) with
PLS Toolbox 6.0.1 and MIA Toolbox 2.0.1 (Eigen-
vector Research, Seattle, USA). The chemometric
methods were tested on the Raman map of the
CSPW 1.05-1.3 density fraction and the best one
selected was used on all other fractions.

2.3.1. Manual classification via visual inspection
of spectra

Reference classification was carried out manually
by visual inspection of the spectra in the Raman
chemical image. Each measured spectrum (further
also referred to as ‘object’) was visually identified
(using spectral library search when needed) and
classified accordingly. Spectra containing no useful
information were considered as unclassified (bad)
spectra.

2.3.2. Principal component analysis (PCA)

PCA [36] is a factor-analysis based method that
extracts the most important factors describing the
information broadly distributed in a dataset. The
data matrix X can be resolved into three matrices by
performing singular value decomposition (Equa-
tion (1)):

X = UAVT (D
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Theoretically, the first few loading vectors (first
few rows in VT) hold important spectral features,
the others mainly consist of deviations and noise.
The product of U and A provides the score matrix T.
These scores can be visualized in the principal com-
ponent subspace (which is a subspace of the spec-
tral vector space described in Section 2.3.) and
allow visual separation of groups of objects. PCA
was performed with the pca command of MATLAB
PLS Toolbox. In every case, the first 20 principal
components were calculated.

2.3.3. K-means clustering

Clustering [37] is the most common algorithm in the
family of unsupervised classification models. It is
based on the fact that each object can be repre-
sented with a point in the spectral vector space, the
position of which is described by the corresponding
row vector in X. If these points form groups in the
vector space, these groups can be found by cluster-
ing algorithms.

K-means clustering groups the objects into a given
number of clusters (pre-determined by the user).
Cluster sizes and positions are iteratively calculated
in a way that within-cluster distances are minimized
and between-cluster distances are maximized. Some
elements may not be successfully included in any of
the clusters.

Two types of initializations were tried for the calcu-
lations. In the first one (init1), the distances among
the initial cluster positions were maximized. In the
second one (init2), initial cluster positions were
chosen in a way that they would evenly span the
spectral space (object distances were sorted and
objects were taken at constant intervals). In each
case, number of clusters was set to 20 and Euclid-
ean distance was used for the iterations.

In order to improve the performance of clustering,
the effect of an additional data preprocessing step
(column standardization [38], i.e. subtracting the
mean from each column and dividing each value
with the standard deviation) was also tested.

2.3.4. Classical least squares (CLS)
Classical Least Squares method [38] uses the assump-
tion of a bilinear model (Equation (2)):

X=CST+E )

ST (k-7) is the set of reference (pure component)
spectra, each spectrum consisting of / intensity val-
ues and forming a row in the matrix. X (p-4) is the
matrix containing the mapping spectra, and C (p- k)
contains the vectors of spectral concentrations
(each row in C contains the concentrations of the &
ingredients). The matrix E represents the residual
noise. The alignment of the above mentioned matri-
ces is visually illustrated in reference [4].

The spectral concentrations were estimated by
Equation (3):

C = XS(8TS) ! 3)

Using CLS with all reference spectra of the expected
polymers present, this method calculates the (spec-
tral) concentration of each component (each possi-
ble polymer) in each pixel. As the particle sizes
greatly exceeded the sampling volume during spec-
trum acquisition, in this case one measurement
point was expected to correspond to only one poly-
mer. Thus, if the calculated spectral concentration
of a certain polymer reached a certain threshold
level, the object was classified to the group of that
particular polymer. Numerous threshold levels were
tested to achieve the best results.

2.3.5. Self-modelling mixture analysis (SMMA)

SMMA [39] aims to find the purest variables (wave-
length channels) by the statistical evaluation of the
columns of the X matrix. The ‘length’ and ‘purity’ of
these columns (i.e. wavenumbers) are determined
based on the mean and standard deviation of the
intensity values. After selecting the purest vari-
ables, the corresponding columns are used as a
guess for the concentration matrix, and the pure
component spectra are estimated by Equation (4).

ST=(CTc)y'Cc™X 4)

The calculations were carried out with the ’Purity’
option in PLS Toolbox at a very high offset level
‘40’. (This corresponds to a =0.4-(maximum inten-
sity) offset value in the original SMMA method
proposed by Windig and Guilment [39]).

2.3.6. Multivariate curve resolution —
alternating least squares (MCR-ALS)

This method, as its name also implies, is an iterative

approach with repeated, consecutive estimations of
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C from ST, and vice versa [40]. Physical constraints
can be applied between the steps, such as non-nega-
tivity of spectral concentrations and intensities, clo-
sure of concentration values (their sum is fixed to 1),
normality of spectra, unimodality, etc. MCR-ALS
needs an initial guess for either the concentrations
or the spectra to start the iteration.

The iterations were performed with the mcr com-
mand of PLS Toolbox, applying only non-negativ-
ity constraints (for both spectra and concentrations)
and allowing 300 iteration steps. Two types of ini-
tial guesses were used: estimated spectra by SMMA
without any offset, and the loadings calculated at
offset ‘40’ as described in Section 2.3.5.

2.3.7. Positive matrix factorization (PMF)

The algorithm originally developed by Paatero [41]
aims to minimize the error (E) matrix of Equa-
tion (1) in a gradient-based manner. The errors can
be weighted by the uncertainties at the different
positions of the X matrix, but this feature was not
used in this study since it was unnecessary with the
experimental setup shown here.

PMF was carried out using the PMF-2 program.
The default pseudorandom numbers were used as
initial guesses for the pure spectra. The input error
level (aij) was set to 0.03 according to a thumb rule
described in a guide to the PMF method [42].

2.3.8. Simplex identification via split augmented
lagrangian (SISAL)

The method can be geometrically interpreted by
finding the smallest simplex in the data space that
encloses all measured spectra [43]. The apices of
this simplex correspond to the pure component
spectra, as all measured points are a mixture of
these.

SISAL was carried out by the MATLAB implemen-
tation downloaded from the source given in the
study of Lopes et al. [43]. Numerous different / val-
ues (which is signed 7 in the MATLAB code) were
tried to achieve the best resolution. Best results
were achieved with 4 =1 and 200 iteration steps.

2.4. Data evaluation and visualization

The estimated pure spectra (further also referred to
as ‘loadings’) were visually compared to library
reference spectra. The obtained scores or spectral

111

concentrations of the meaningful loadings were re-
folded into a 2D array according to the spatial infor-
mation in the original dataset. Object classification
was carried out in the same way as described in
Section 2.3.4. using the estimated spectral concen-
trations. This can be also considered as a ‘binariza-
tion’ method, i.e. the concentration of the most promi-
nent component in a pixel is set to 1 and the concen-
tration of the others is set to 0. Visual classification
maps were created as a multi-coloured overlaid
image of these binarized concentration maps. This
way, the different colours correspond to different
polymers. Visualization of spectra and classifica-
tion maps was carried out with LabSpec 5.41 (Horiba
Jobin Yvon, Lyon, France).

Polymer composition in the different CSPW frac-
tions was calculated by counting the number of
objects in each class and dividing this sum by the
total number of objects (841). This ratio was multi-
plied by 100 to give values in percentage.
Misclassification rate (MR) was determined for
each chemometric method by comparing the class
assignments between the actual method and the ref-
erence class assignments described in Section 2.3.1.
MR (in percentage) is calculated with Equation (5):

(o

where m is the number of matching classification
assignments with the reference, i.e. the number of
correct classifications in the Raman image; 841 is
the total number of spectra in each dataset.

Lo

841

MR [%]

)

3. Results and discussion

The automated estimation of the composition of
polymer waste is crucial when the question is
whether a sample can be recycled. One aim in the
present research was to determine whether the
CSPW fractions of different density have a main
component and what is the composition of these
fractions. In our earlier reported Raman mapping
results for quantitative polymer waste analyses the
spectra in the Raman map were classified one-by-
one visually [34]. This was proven to be, however,
an extremely time-consuming process, which is not
acceptable for industrial or any other large scale
application. The primary aim of the present study
was to find the most appropriate chemometric
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method to identify the components present and
simultaneously determine their concentrations in
the sample.

The biggest challenge is the fact that these Raman
datasets are of very poor quality due to numerous
disturbing factors. As practically any polymers and
rubbery materials can be present in the samples,
which are also contaminated by other substances
(e.g. glass, textile, wood), and each substance has
its own response characteristics to the laser excita-
tion, it is very difficult to find proper measurement
conditions that work for most of the possible com-
ponents present. Bad spectra can be obtained (1) if
the peaks are blurred by high fluorescent back-
ground, (2) if the detector is saturated due to high
fluorescence or unexpectedly intensive Raman
bands, (3) due to the presence of dyes or other addi-
tives, (4) if a component suffers degradation during
the spectrum acquisition.

A practiced expert equipped with appropriate spec-
tral library can visually identify even bad quality
spectra (if enough signal is present for the identifi-
cation). The Raman images of each sample were
evaluated visually in a way that the pixels contain-
ing the different polymers were visually counted.
The most diverse density fraction, CSPW 1.05-1.3
was then evaluated in even more details: each pixel
was classified visually. The efficiency of the stud-
ied, unsupervised chemometric methods was evalu-
ated using the misclassification rate, i.e. what per-
centage of the pixels were (in)correctly classified.
Then, the performance of the chemometric method
with the lowest misclassification rate was further
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tested based on the quantitative analysis of all other
density fractions compared to the reference compo-
sition determined visually.

3.1. Visual classification of Raman spectra in
the CSPW 1.05-1.3 Raman map

Thorough visual inspection of the spectra of the
CSPW 1.05-1.3 sample revealed the presence of
nine polymers. Objects were grouped into the fol-
lowing nine classes: polystyrene (PS), polypropy-
lene (PP), polycarbonate (PC), polyamide (PA),
polyvinyl chloride (PVC), polyethylene terephta-
late (PET), poly(methyl metacrylate) (PMMA),
polyethylene (PE) and another unknown substance
(unkn.) which could not be identified due to the fact
that no matching spectrum was found in the spectral
library.

3.2. Exploratory analysis using PCA

Principal component analysis is a very convenient
tool to explore a dataset, determine the most promi-
nent factors and to visualize the distribution of the
objects in the spectral data space (more accurately,
in its principal component subspace).

Figure 1 shows the score plot of the CSPW 1.05-1.3
dataset, proving that the objects indeed form dis-
tinct groups in the data space. It should be noted
that the first and the fourth principal components
(PC1 and PC4) were used for the score plot. PC2
and PC3, in spite of the fact that they explain more
variance in the dataset, are not that discriminative
of the different polymer classes. This is most likely
due to the large number of outliers in the dataset,
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b) Scores on PC 1 (explained variance: 32.58%)

Figure 1. PCA score plot of the CSPW 1.05—-1.3 Raman map: a) with reference class assignments shown; b) without refer-
ence classes but with the prominent groups marked with an ellipse
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however, in chemical imaging it is always advised
to visually check the principal components with
lower eigenvalues (describing lower variances) as
well [44].

It can be observed in Figure la that there is some
overlap between the classes; however, the more
prominent groups with a larger number of objects
can be already distinguished (as also shown in Fig-
ure 1b). Even if we do not utilize the reference class
information obtained visually, four polymers (PS,
PP, PC and PA) can be identified by selecting cer-
tain objects in the most prominent groups (manu-
ally drawn ellipses in Figure 1b) and identifying
these spectra. Further groups may be distinguished
using other principal components for visualization.
PCA is thus a convenient tool to get a general idea
about the dataset. However, its main disadvantage
is that PCA results can not be processed efficiently
for unsupervised classification purposes (like those
described in Section 2.4), i.e. the groups cannot be
explicitly defined and the number of objects in
these roughly identified groups cannot be deter-
mined. Therefore PCA cannot be used for quantita-
tive evaluation. (It also has to be noted that not all
data points are shown in Figure 1, both axes were
truncated to give a clear view on all classes.)

3.3. Estimation of pure component spectra
Estimations for the spectra of the pure components
present can be produced in a straightforward way
using curve resolution methods (SMMA, MCR-
ALS, PMF, SISAL), which provide ‘loadings’ that
can be physically interpreted as spectra themselves.
PCA also generates loadings, but these are always
linear combinations of the real pure component
spectra; thus, PCA gives worse estimations than
curve resolution techniques [25-27]. Cluster analy-
sis identifies groups among the objects in the
dataset; the mean spectra of these clusters can be
also considered as estimations for the pure compo-
nent spectra (as similar spectra will most likely be
placed in the same cluster).

The bad quality of the dataset reflects both in the
mean spectra of the clusters and the calculated load-
ings (estimated pure component spectra) with the
curve resolution techniques. Figure 2 shows the
meaningful loadings calculated by MCR-ALS com-
pared to the pure reference spectra of the identified
polymers. Out of twenty loadings, only six are use-

ful (L4 as PVC, L7 as PP, L12 as PC, L16 as PET,
L17 as PS, L20 as PA). Loadings L5 and L9 are
spectrally meaningful but practically not useful: L5
can be identified as the spectrum of a particular
blue dye that often appears in the car shredder
waste and is present in numerous polymers, and L9
holds similar information as .12 and corresponds
to PET but with many peaks absent and lower sig-
nal-to-noise ratio. All other loadings correspond to
artefacts due to baseline deviations and outliers due
to detector saturation phenomena.

The findings above apply to all tested chemometric
methods, i.e. the majority of the loadings (and the
mean spectra of clusters) correspond to outliers and
artefacts and a few are good estimations of the real
spectra of the polymers present. Best results were
achieved with MCR-ALS by resolving 6 polymer
spectra out of the nine components present. It has to
be noted, though, that L4 is a very poor estimation
of the PVC spectrum as only one peak is present at
638 cm™! instead of both peaks at 638 and 690 cm™!
(for comparison see Figure 2). The same 6 polymer
spectra were resolved with PMF and SISAL. The

L4
PVC

dye

L7
PP

L12
| L9

PET

Intensity [a.u.]

L10*
PMMA

1000
Wavenumber [em™"]

Figure 2. Selected MCR-ALS loadings (grey) of the CSPW
1.05—-1.3 Raman map compared to reference spec-
tra (black) of polymers and dyes. Loading ‘L10’,
marked with an asterisk, was resolved with
SMMA.
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presence of PVC in the dataset was not detected
with SMMA, but PMMA spectrum was resolved
instead, which was not found using the other curve
resolution methods. K-means clustering showed
worse performance than other techniques by only
detecting five components (PS, PP, PC, PA and
PET).

3.4. Classification of measured points

Section 3.3. proved that all studied methods (or their
combinations) were feasible for qualitative analy-
sis, since the spectra of the major components could
be resolved from the dataset. However, the main
question is whether correct quantitative analysis
can be carried out as well.

As mentioned in Section 2.3.4., each measured point
is expected to contain only one polymer. The basis
of quantitative analysis in these cases is to calculate
the number of points containing a particular poly-
mer and dividing this number with the total number
of measured points. Consequently, it is required that
each pixel is classified, i.e. it is determined, which
polymer it contains. This automated classification
can then be compared to the reference assignments
carried out visually, and the rate of misclassification
(MR) can be calculated as a quantitative measure of
the accuracy of these methods.

Automated classification is straightforward in the
case of the K-means clustering method, where each
point is included in one certain cluster: the only task
is to assign all clusters to the appropriate polymers
(or meaningless ‘bad’ points) based on the mean
spectra of the clusters. However, this is not the case
when curve resolution methods are applied: these
methods provide ‘scores’ i.e. ‘concentrations’ for all
components in every pixel, despite the assumption
that every pixel corresponds to one polymer only.
Therefore, another step has to be added which unam-
biguously assigns pixels to the components in the
sample.

Pixel assignment to a particular polymer based on
calculated concentrations can be carried out via two
approaches. The most straightforward possibility
would be to select the loading with the highest con-
centration and assign it to the pixel under evalua-
tion. This approach, however, leads to high misclas-
sification rate because of disturbances (fluores-
cence, detector cut-off or dye peaks) causing the
highest score to be reached by non-meaningful
loadings, even if the peaks of a polymer were also
significantly present.

Another possibility to assign pixels is the follow-
ing: if the Raman score of a certain polymer reaches
a pre-defined threshold level, the pixel will be
assigned to that particular polymer. This means that
only those scores are considered which correspond
to a loading already identified as a polymer spec-
trum. Since the polymer signals are mostly over-
lapped with disturbing phenomena and not with the
signals of other polymers, this method provided
unambiguous classification of almost all pixels.
Where more than one polymer could be assigned to
a pixel this way, the polymer with the higher score
is to be considered. The score level 25% was defined
as default level for thresholding (as such score is
usually only observed when a polymer is signifi-
cantly present), but numerous other threshold levels
were also tested.

The best results obtained with each automated clas-
sification method are visually illustrated on Figure 3.
As each polymer is shown with different colour, the
real spatial distribution of polymers in the sample
(determined by manual classification of spectra,
Figure 3a) can be compared with the automated
classification carried out with the chemometric
methods. Black points correspond to pixels where
no clear polymer signal was detected. Misclassifi-
cation rate at various threshold levels are shown in
Table 2.

Table 2. Misclassification rate with the different chemometric methods

MCR-ALS PMF SMMA SISAL CLS K-means

0.30 16.1% 18.4% 24.7% 44.7% 2 53.6% init1? 30.4%
% > 0.25 13.2% 14.8% 22.9% 40.2% % > 1.5 44.1% é init2b 24.3%
= 3] 020 13.7% 13.6% 21.4% 325% |32 8 1 44.6% B o
o 32 o 32 e init2®
= = | 0.15 25.8% 19.2% 20.3% 22.1% | =S~ 1.5 51.6% 5] . 22.8%
= = S | standardization

0.10 44.2% 33.7% 24.9% 54.9% 0.25 51.3%

Initial cluster centres set with maximum possible initial distances within the data space.

"Tnitial cluster centres set at constant intervals in the data space.
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Figure 3. Pixel classification with different chemometric methods in comparison with the real polymer distribution in the
CSPW 1.05-1.3 sample. (Threshold level 0.25 for curve resolution methods, K-means results in ‘init2” mode and
with column standardized dataset. For colour assignments the reader is referred to the web version of this article.)

Based on the scores obtained with MCR-ALS, the
majority of pixels were correctly classified, espe-
cially those containing PS, PP or PET (red, green
and yellow, respectively, in Figure 3b). MCR-ALS
proved to be rather robust, as the outcome did not
depend significantly on the applied threshold level
(Table 2), making it suitable for the analysis of truly
unknown substances (where the appropriate thresh-
old level cannot be determined). The reason why
the rate of misclassification increased when using
very low threshold levels is that artefacts or other
polymers with similar peaks can also achieve some
score during the MCR-ALS resolution, but this
applies to every other curve resolution method as
well. Setting the threshold level too high results in

the misclassification of pixels with good spectra
(with unambiguous polymer signals) as bad pixels.
Similar results were obtained with PMF with slightly
worse performance mainly due to more frequent
misclassification of bad spectra as PVC (light blue
in Figure 3c). PMF also proved to be robust with
small dependence of misclassification rate on the
applied threshold level (Table 2).

SMMA scores allowed correct evaluation of PS and
PA content as almost all of these pixels were cor-
rectly classified (Figure 3d). Moderately accurate
results were obtained for PC. However, PP (green),
PET (yellow) and PMMA (white) were not detected
in the Raman map using any reasonable threshold
level (10% or higher), even though their spectra
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were correctly resolved with the method. Further
decrease of the detection threshold score leads to a
high degree of misidentification of bad spectra as
polymer signals. An advantage of SMMA would be
that its overall misclassification rate does not
depend much on the applied threshold level (Table 2),
rendering this method fairly robust; however, it can
only be used for the estimation of the major compo-
nents.

The main advantage of K-means classification would
be that bad spectra do not get misclassified as poly-
mers. However, many pixels containing significant
polymer signals were misclassified as bad spectra
instead (large number of black points in Figure 3e).
Misclassification rate could be significantly decreased
by selecting the proper initialization method (desig-
nated init2 in Section 2.3.3.) and by applying col-
umn standardization on the dataset. Calculating larger
number of clusters and applying other or further
preprocessing steps did not increase the efficiency
any further.

The performance of SISAL (Figure 3f) was the worst
among the curve resolution methods most probably
due to the fact that the algorithm cannot cope with
such high number of outliers. Although fairly good
results were achieved at 0.15% threshold level, even
a slight change in the threshold resulted in strong
deterioration of its efficiency. Thus, it cannot be
expected to work well on a new unknown dataset
where the threshold level cannot be optimized.

One can raise the question whether modelling the
dataset with the pure component spectra using clas-
sical least squares method allows easy and straight-
forward evaluation of the dataset. The first, theoret-
ical problem with CLS is that the scope of the pres-
ent study is to successfully analyze and quantify
unknown polymer waste samples, while CLS requires
the knowledge of the components present in the
sample. Even if a large number of pure spectra are
(even if randomly) added to the calculations, one
cannot know if all pure components have been
included in the model. The bigger, practical problem
with CLS is that even by adding the correct pure
component spectra the rate of misclassification is
very high. Figure 3g shows that the misclassifica-
tion of bad spectra is extremely frequent, in this
case most of them misidentified as polycarbonate
(blue on Figure 3g). Table 2 shows that neither using
the default level, nor applying much higher thresh-

old levels make this method feasible for the task, as
bad pixels are frequently misclassified as one of the
assumed polymers.

The explanation is that while curve resolution
methods take the artefacts and noise effects into
account by subsequent loadings, these effects can-
not be taken into consideration with CLS. This also
means that although these uninformative loadings
resolved by curve resolution methods cannot be
explicitly used and can be discarded in the evalua-
tion, their role is very important in the correct pre-
diction of the real components present in the waste
sample.

3.5. Estimation of CSPW composition with
MCR-ALS
Based on the findings in Section 3.4., the most effi-
cient method to properly identify a component in a
pixel is MCR-ALS. In the present section, this
method is used for the estimation of the composi-
tion in the case of each CSPW density fraction. For
classification purposes, the default threshold level
of 25% was used. Real composition was calculated
by visually counting the number of spectra in each
CSPW Raman map to provide a reference for the
MCR-ALS calculations.
Results for all the fractions of CSPW are shown in
Table 3. MCR-ALS provided approximately the
same results as the manual pixel counting (refer-
ence) method, while a tremendous amount of time
can be saved. Major deviations from the reference
were observed only in a few cases. It can be gener-
ally stated that the magnitude of error seen in Table 3
is well within tolerable limits. This makes the com-
bination of Raman microscopic mapping and chemo-
metrics a reliable automatic method for the quanti-
tative characterization of polymer waste samples.
Recyclability of wastes depends both on their major
constituents and traces of contaminants. While the
major components with high mass fractions may be
identified using non-imaging spectroscopic meth-
ods as well, the advantage of Raman microscopic
mapping over conventional bulk spectroscopic meth-
ods is the complementary detection and quantifica-
tion of minor components and degraded polymers
that affect the processability of the waste fraction.
For example, the most prominent component in
CSPW fraction 1-1.05 is polystyrene, however, it
contains a significant amount of PVC and PET
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Table 3. Comparison of quantitative results obtained with the MCR-ALS based pixel classification and the reference

method
Density | Method Percentage of pixels containing the polymer [%]
g/em’ PP degr. PP PE degr. PE PVC PC PM-MA | PET PA unk.
MCR 54.0 38.6 7.4 - - - - - - -
009 57.9 41.4 0.4 - 0.2 - - - - 0.2 -
0.9-1 MCR 20.3 2.3 59 16.7 54.8 - - - - - -
' ref. 21.4 4.7 4.7 16.7 52.5 - - - - - -
1-1.05 MCR 7.8 0.5 - - 78.7 10.1 - - 1.8 1.1 -
ref. 11.7 0.4 - - 84.4 1.2 0.4 - 0.2 1.4 0.2
10513 MCR 13.2 - - - 40.8 5.1 11.8 - 32 259 -
ref. 10.6 - 0.2 - 39.2 3.3 10.2 1.1 2.4 30.8 2.2

which limit its recyclability. In contrast, density
fractions below 0.9 g/cm? only contain PE and PP,
hence were proven to be well recyclable. Addition-
ally, it can be seen in the low density fractions that a
significant amount of the polymer is degraded to
some extent (spectra of intact and degraded poly-
mers were compared in details in the study of Vajna
et al. [34]), which also contains some information
about the expectable quality of the recycled prod-
uct.

4. Conclusions

Car shredder polymer waste was separated to differ-
ent density fractions and the resulting samples were
investigated with Raman mapping. A novel pixel
identification method was developed based on an
appropriate chemometric algorithm for time-effi-
cient and accurate evaluation of the Raman maps.
These datasets posed serious challenges due to
tremendous amount of noise, outliers and measure-
ment/preprocessing artefacts present in the data.
Using an appropriately diverse density fraction, the
efficiency of six chemometric methods was com-
pared to one another and to the reference visual
evaluation. MCR-ALS was found to be the most
robust method achieving the smallest misclassifica-
tion rate, i.e. the highest accuracy. This method was
then tested in the quantitative characterization of all
density fractions of two polymer waste batch sam-
ples. The results proved that appropriate quantifica-
tion can be carried out with MCR-ALS, also reveal-
ing the presence and estimating the amount of trace
polymers and degraded parts which may influence
the recyclability of the sample or the quality of the
future product. While visual evaluation and manual
pixel counting of a Raman map requires hours to

perform, MCR-ALS calculations and subsequent
pixel identification requires much less human work
and reduces the time spent to minutes.

Based on the results shown in the present study, the
combination of Raman mapping and appropriate
chemometrics can greatly enhance the polymer
recycling technologies by detailed characterization
and quantitative determination of polymer waste
samples. As the method developed here is based on
an unsupervised curve resolution method, the
investigations do not require any prior information
about the samples; thus, completely unknown poly-
mer samples can also be characterized.
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Abstract. Nanocomposites were fabricated based on diglycidyl ether of bisphenol A (DGEBA), cured with triethylenete-
tramine (TETA) and filled with: a) high conductivity carbon black (CB) and b) amino-functionalized multiwalled carbon
nanotubes (MWCNTSs). The full dynamic mechanical analysis (DMA) spectra, obtained for the thermomechanical charac-
terization of the partially cured DGEBA/TETA/CB and water saturated DGEBA/TETA/MWCNT composites, reveal a
complex behaviour as the a-relaxation appears to consist of more than one individual peaks. By employing some basic cal-
culations along with an optimization procedure, which utilizes the pseudo-Voigt profile function, the experimental data
have been successfully analyzed. In fact, additional values of sub-glass transition temperature (7;) corresponding to sub-
relaxation mechanisms were introduced besides the dominant process. Thus, the physical sense of multiple networks in the
composites is investigated and the glass transition temperature 7, is more precisely determined, as the DMA o-relaxation
peaks can be reconstructed by the accumulation of individual peaks. Additionally, a novel term, the index of the network

homogeneity (/H), is proposed to effectively characterize the degree of statistical perfection of the network.

Keywords: nanocomposites, carbon black, carbon nanotubes, thermomechanical properties, o-relaxation analysis

1. Introduction

Carbon nanoparticles (e.g. carbon black and carbon
nanotubes) are widely used as a reinforcing agent in
epoxy resin products to improve their mechanical,
thermal and electrical properties [1, 2]. It is thus
known that the addition of carbon nanoparticles
into the resin matrix can dramatically change its
hardness, tensile strength, elastic modulus and elec-
trical conductivity. Specifically, the effects of the
nanofillers in polymer composites on the glass tran-
sition (7,) and on the relaxation behaviour of the
polymer matrix have been studied for different
filler—resin composites. However, the remarks on
T, variation are controversial as in some cases an
increase in 7, with filler content is reported in the

*Corresponding author, e-mail: stergiou.babis@gmail.com
© BME-PT

literature [3—5], yet the opposite result is possible as
well [6, 7]. Additionally, the variation of 7, as a
function of filler content in epoxy nanocomposites
shows an initial decrease up to a certain content
value followed by an increase at higher filler load-
ing [8, 9]. Therefore, the actual effect of the filler
on the T, necessitates further clarification, as it is
also reviewed for MWCNT composites in [10]. In
general, the amount, the dispersion and the surface
conditions of the nanoparticles were found to play
an important role in the variation of 7, and the
mechanical properties of the nanocomposites [7,
11-13]. In epoxy nanocomposites and generally in
thermoset nanocomposites there is an additional
difficulty met, compared to the thermoplastic nano-
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composites. In particular, the curing conditions of
the nanocomposites and their results are different
from those of the pure epoxy probably due to the
effect of the nanoparticles on the crosslinking
mechanism [8]. With regard to the thermoset epox-
ies a significant amount of data has been accumu-
lated about water absorption and diffusion and their
effect on the dynamic mechanical behaviour [11,
14]. However, for the understanding and explana-
tion of all the experimental data there are still some
points open to question. Among them two different
material systems, namely the sub-cured DGEBA/
TETA/CB and the water-saturated DGEBA/TETA/
MWCNTs composites, which exhibit complex tan
curves in the dynamic mechanical analysis (DMA)
spectra, may function as the case studies for a more
detailed analysis.

Therefore, in this work besides the study of the
mechanical dynamics of epoxy nanocomposites we
focus our attention on the analysis of the a-relax-
ation peak, where this complex relaxation spectrum
appears. To this end, a computational approach is
successfully applied based on the analysis of the
complex tand spectrum and the introduction of
more than one relaxation mechanisms. In addition
to the computational analysis, a new index is pro-
posed to characterize the network homogeneity.

2. Experimental

2.1. Materials

The pre-polymer D.E.R.332 used in this study was
diglycidyl ether of bisphenol A (DGEBA) supplied
by Fluka SA, USA, with epoxy equivalent 190,
molecular weight 380 and viscosity 15 000 cP at
25°C. The hardener used was triethylenetetramine
(TETA) supplied by Sigma Aldrich, USA. The extra
conductive carbon black (particle size 25-75 nm)
was obtained from Degussa, Germany, whereas the
multi-wall carbon nanotubes (NC3152), with aver-
age diameter of about 9.8 nm and average length of
1 um, were supplied by Nanocyl, Belgium. All the
components of the system are commercial products
and they were used without further purification.

2.2. Sample preparation and characterization

In order to prepare the DGEBA/TETA/CB and
DGEBA/TETA/MWCNT composites, the pre-poly-
mer was initially heated at 40°C to decrease its viscos-
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ity. The necessary amounts of TETA (epoxy/TETA =
100/14) and CB or MWCNT were then added and
the mixture was mechanically stirred for 1 hour at
2000 rpm and degassed under vacuum for 15 min-
utes. Finally, the mixture was sonicated for 30 min-
utes at 200 W (Hielscher ultrasonic processor), in
order to suppress the possible formation of agglom-
erates and bundles, and degassed again. The pro-
duced homogeneous liquid was poured in rectangu-
lar shaped molds with dimensions 40 % 10 x 1.5 mm
and the samples were cured at 60°C for 20 hours,
whereas some of the samples were subjected to an
additional post-curing heat treatment at 150°C for 2
hours. For the characterization of the fabricated
samples a Polymer Laboratories dynamic mechani-
cal thermal analyzer MK III was used according to
ASTM D7028-07el. Measurements of the tensile
storage and loss modulus £ and £” and loss tangent
tand were performed from room temperature up to
200°C on a constant rate of 2°C/min, at the fre-
quency of 10 Hz and with a 4% strain. In each of
the tests, at least three different samples were
tested, and the average results were recorded.

2.3. Computational approach

It is well known from polymer theory that the relax-
ations in polymers and especially in composites are
complex processes which stem from different
mechanisms [8, 11, 15—-18]. Among various theoret-
ical models, which have been proposed to describe
these complex effects, the assumption that the
recorded process consists of discrete elementary
relaxation processes constitutes a realistic and prac-
tical approach. Therefore, we have written a spe-
cialized computer program to carry out the compu-
tational analysis of the a-relaxation in epoxy nano-
composites, where a complex behaviour appears.
Generally, the measured diagram of y = tand as a
function of temperature x = 7" can be considered as
the result of the contribution and overlapping of
individual peaks, which correspond to distin-
guished relaxations and are indicative of a hetero-
geneous cross-link topology [19]. These phenom-
ena can be expressed either by Gaussian (G) or
Lorentzian (L) distribution, which allows the con-
stituent curve K at the arbitrary temperature x; to be
described by Equations (1) and (2):
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o= (= Gl )
S = Hem2 P H2
Gaussian (G) (D)
i ( (% — XK)Z) -1
b =——\1+C—5—
b rH Yom
Lorentzian (L) 2)

where Cy and C; are the normalization fitting con-
stants, x is the temperature at the curve’s peak, and
Hy is the full width at half maximum (FWHM) of
the curve K. Nevertheless, better results in the
description of real systems can be produced by
employing the pseudo-Voigt (pV) function, which
is the weighted sum of both functions of Gaussian
and Lorentzian formula (Equation (3)):

Opy =nPL + (1 —n)Dg
pseudo-Voigt (pV) 3)

where 7 < 1 is the ratio between the Lorentzian and
the Gaussian function. Despite the widespread use
of the pV function defined in Equation (3) in mate-
rials research, for instance in X-rays diffraction and
Raman spectroscopy [20, 21], to the best of our
knowledge there is no previously reported applica-
tion of this function in the investigation of the com-
posites’ mechanical properties.

The performed analysis constitutes a typical opti-
mization process in pursuit of the model parameters
yielding the minimum value of the selected objec-
tive functions. Specifically, as the experimental
relaxation spectrum is analyzed to its constituent
sub-relaxations, the objective is the minimization of
the difference between the measured and calculated
master curve by employing the minimum number
of component K curves. The obtained characteristic
parameters of each K curve are the temperature x,
the value of the peak yx and the FWHM HK after
the subtraction of the background. The normaliza-
tion constants Cy and C; for fitting the profile of
functions to experimental data are also calculated
by the optimization process. During the execution of
the program, components can be added and their
parameters can be modified. The finally calculated
value yci, which corresponds to temperature x;, is
the sum of all contributed components y;=
5 ®py|x; — xk/, including the background yy,. There-
fore, y.; is given by Equation (4):

v = 5 D (@pv-lxi — xx|) + 4)
K

where the scale factor s is to be optimized as well.
By using the least square method, the parameters
producing the best approximation of the y.; calcu-
lated from the Equation (4) to the experimental val-
ues are evaluated after several iterations. By that
means, the experimental profile y = tan¢ is ana-
lyzed to its constituent individual curves, serving to
elucidate the complex a-relaxation spectrum of
epoxy/carbon nanoparticle composites.

At this point, we should additionally define the area
Sk that is encompassed by one curve and the line of
background, since this expresses the contribution of
each mechanism to the relaxation master curve.
Since the area Sk of the curve K is extended to the
whole temperature range of the experiment, it is
given by Equation (5):

Sk = EB()/I + yi+1) (i1 — xi)] (5)

1

3. Results and discussion

3.1. Theoretical background

As it is well known, the glass transition process
may be considered as being controlled by the intrin-
sic flexibility of the backbone or as a function of the
free volume available within the polymer. In the lat-
ter model, conformational change can only occur
when there is sufficient free volume for the chain to
move. The free volume is assumed to diffuse through-
out the polymer at a rate controlled by the motion of
the chains and has a critical value for the onset of
large segmental motion. Moreover, according to the
intrinsic flexibility approach the variation of chem-
ical structure also involves an intermolecular con-
tribution. Thus, the apparent equivalence of the two
approaches for the description of the glass transition
lies in the fact that any change will influence both
the intra- and intermolecular contributions to the
overall potential. Therefore, different factors imposed
during curing (e.g. heating procedure, time and fre-
quency of mechanical stirring and sonication) and
the incorporation of fillers and/or small molecules,
such as water, strongly affect the dynamic mechan-
ical behaviour.
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3.2. Sub-cured DGEBA/TETA/CB composites
The typical DMA traces of dynamic storage modu-
lus (E£") and loss tangent tand for the unfilled resin
and the DGEBA/TETA/CB system cured at 60°C
for 20 hours (sub-curing) are respectively presented
in Figures 1 and 2.

An anisotropic behaviour of modulus £” is clearly
detected, as it is strongly affected by the filler con-
tent in the glassy state and slightly in the rubbery
one. However, apart from the discontinuity observed
for the 0.5% CB loaded sample, the modulus at
room temperature interestingly reaches its maxi-
mum for 0.7% of CB loading, which is in accor-
dance with the dielectric measurements where the
percolation threshold for the same system was
observed with 1.0% CB loading [8]. Concerning the
dependence of 7, on the filler content, when esti-
mated at the tan 6 maximum, an increase is observed
up to a maximum (156°C) corresponding to CB
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1400 T A 0.1%CB
] AN 0.5% CB
12004 ., " —*— 0.7%CB
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Figure 1. £’ spectra of DGEBA/TETA/CB with tempera-
ture. Curing conditions: 60°C for 20 hours (sub-

cured).
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Figure 2. Tan o spectra of DGEBA/TETA/CB with temper-
ature. Curing conditions: 60°C for 20 hours (sub-
cured).

loading of about 0.7%. Therefore we assume that
for this filler concentration the crosslink density
reaches its maximum value. Beyond this critical
concentration 7, is decreasing as at high CB con-
centration the nanoparticles aggregate [8, 9], yield-
ing the increase of the free volume.

The height and width of the peaks in tand spectra
provide additional information about the relaxation
behaviour of these samples. The height of the peak
for the neat resin has a value 0.9, while for the com-
posites it varies between 0.4-0.7 respectively for
0.7-2% CB loading. This implies that the compos-
ites exhibit more elastic behaviour than the neat
resin. The significant change in the width of the
peak suggests a broader distribution of relaxation
times, presumably due to more nanoparticle-poly-
mer interactions, and hence restricted mobility.

In addition to this, a new relaxation peak is observed
just below the T in the partially cured nanocom-
posites, at the same temperature as for the pure
resin. This indicates, at a first glance, the existence of
at least two underlying mechanisms of a-relaxation
in these curing stages. The first mechanism is caused
by the reaction of the crosslink agent with the
epoxy groups giving rise to the dominant a-relax-
ation, while the second one appears as a result of
the filler’s effect on the curing reaction. The forma-
tion of a few nanometres thick intermediate layer
on the resin-filler interface, as it has already been
reported in [4, 5, 11, 22], probably occurs before the
full cure of the composite, thereby inducing the
growth of the secondary peak demonstrated in Fig-
ure 2. However, as the crosslink density increases
in the post-cured composites, the interface region is
significantly reduced and the sub-T, relaxations
disappear due to the final incorporation of the loose
chains into the main network.

3.3. DGEBA/TETA/MWCNT water saturated
composites

The DMA spectra of storage modulus £’ and tand
for the water saturated samples of the DGEBA/
TETA/MWCNTs composites are depicted in Fig-
ures 3 and 4. It is hence clearly seen that an addi-
tional relaxation peak occurs below T, at the same
temperature as for the transition of the pure resin.
These spectra are quite similar to those observed in
sub-cured epoxy composites filled with CB (Fig-
ures 1 and 2).
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Figure 3. £’ spectra of water saturated DGEBA/TETA/
MWCNTs composites with temperature. Curing
conditions: 60°C for 20 hours (sub-cured) and
150°C for 2 hours (post-cured).
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Figure 4. TanJ spectra of water saturated DGEBA/TETA/
MWCNTs composites with temperature. Curing
conditions: 60°C for 20 hours (sub-cured) and
150°C for 2 hours (post-cured).

The obtained values of the main and sub-7;, temper-
ature for the case of 0.05% CNT content are dis-
played in Figure 5. This extra relaxation peak is
attributed to the bound water molecules either act-
ing as a plasticizer or participating in the network
via hydrogen bonding [14, 23]. Thus, by affecting
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Figure 5. £’ and E" spectra of DGEBA/TETA/MWCNTs
with 0.05% filler content, wet and dried at 220°C

the inter- and intra-molecular flexibility of the
backbone it introduces a new relaxation mecha-
nism. In fact, the absence of any sub-7, relaxation
in the unfilled resin (Figure 4) along with its disap-
pearance after the water removal, which is noticed
in Figure 5, bear additional evidence of this process.

3.4. T, calculation and network homogeneity

According to the computational process described
in Section 2.3, the broad a-relaxation peak is con-
sidered as the master curve of the multiple o;-rexa-
tions, each with a different sub-glass transition tem-
perature T;. Thereby, the analyzed tano curves for
samples with 0.1 and 0.7% CB content are shown in
Figures 6a and 6b. In both spectra the experimental
peak is reconstructed by six smaller, namely the
dominant one close to the experimental maximum,
four peaks at lower temperature and a small one at
higher temperature. By using the optimization algo-
rithm the characteristic maximum temperature 7;
and the full width at half maximum H, of the sub-
o;-relaxations were obtained, whereas the bounded
area S; was calculated from Equation (5). The results

0.50 |
1 CB: 0.7
040 { =—— exp
calc
. 0301
c p
B
0.20 1
0.10 1
0-m LA B A L L) -‘ rr1rrrrr1r 1 rvr1rr 7T '. T '-.-l L
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Figure 6. Computational analysis of tand curves for DGEBA/TETA/CB with a) 0.1% and b) 0.7% CB
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Table 1. Computational analysis results for DGEBA/TETA/
CB with 0.1% CB

Curve T; [°C] Yi H; [°C] Si
1 72 0.006 21.968 0.136
2 97 0.056 10.478 0.627
3 107 0.106 27.335 3.099
4 133 0.156 26.659 4.451
5 156 0.416 25.723 11.437
6 181 0.010 16.786 0.184

for the composite with 0.1% CB content are pre-
sented in Table 1.

The contribution weight of each sub-relaxation to
the formation of the master curve depends on its
characteristics. Taking this into account, the calcu-
lated glass transition (7y) can be introduced by
Equation (6):

> TS
Tpe=——
> S

A comparison between the calculated 7. from
Equation (6) and the estimated values of T} ¢y, from
the tan 6 maximum is provided in Table 2 for differ-
ent CB loadings. These new T values are up to 9%
lower than the experimentally estimated values
Tyexp- However, they should be more reliable in
describing the a-relaxation with a complex profile,
since they solely reflect the phenomenon under test,
contrary to Tgexp.

(6)

Table 2. Comparison between experimental (7} cxp) and cal-
culated (7,) values for DGEBA/TETA/CB with
different CB contents

Similarly, the analysis of the tand curves of the
samples with 0.05 and 0.20% CNT content is
depicted in Figures 7a and 7b, where both spectra
appear to comprise four different peaks. The obtained
characteristic parameters for the DGEBA/TETA/
MWCNTs composites with 0.05% nanotubes con-
tent are listed in Table 3. The corresponding 7
values are calculated from Equation (6) and pre-
sented in Table 4, in addition to the estimated Ty cxp.
These new T values are again up to 7% lower than
the initially estimated from the tand maximum.
Moreover, it is evident that the two main peaks are
comparable concerning their height and the included
area. This indicates the existence of basically two
mechanisms with similar characteristics, responsi-
ble for the formation of the peak in tand spectra.

The network architecture is a key issue in the analy-
sis of complex a-relaxation in polymer composites.
In a ‘perfect’ network the a-relaxation peak is
expected to possess a Gaussian bell-shaped distri-
bution. In any other case the deviation from the
Gaussian behaviour can be considered as an evi-
dence of heterogeneity and lack of cohesion of the

Table 3. Computational analysis results for DGEBA/TETA/
MWCNTs with 0.05% of CNTs

Curve T; [°C] Vi H; [°C] S;
1 106 0.018 27.482 0.531
2 131 0310 24.020 8.035
3 155 0.442 18.799 8.965
4 173 0.033 19.021 0.673

Table 4. Comparison between experimental (7§ cxp) and cal-
culated (7, ) values for DGEBA/TETA/MWCNTs
with different CNTs contents

CB % Tgexp [OC] Tgc [OC] Tgexp - Tgc [oC] CNTs % Tgexp [OC] Tgc [OC] Tgexp - Tgc [OC]
0.05 148 135 13 0.01 157 152 5
0.1 155 141 14 0.05 155 144 11
0.5 160 148 12 0.2 161 150 11
0.7 164 151 12 0.3 159 150 9
1.0 137 130 0.5 165 155 10
2.0 124 121 3 1 167 155 12
0.50 0.50
CNT: 0.05 1 CNT:0.20
04014 — exp 0404 ___ exp
1 — calc ] — calc /4
P! 0.30 e 0.30 ] /
o m
= 020 < 0201
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Figure 7. Computational analysis of tand curves for DGEBA/TETA/MWCNTs with a) 0.05% and b) 0.2% CNTs.
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network due to various phenomena, such as entan-
glements, free chain ends and complexities pro-
duced by the incorporation of the nanoparticles into
the backbone of the network. In order to quantify
this deviation, based on the above described com-
putational analysis we introduce an index for the
network homogeneity (/H), calculated from Equa-
tion (7):

S
IH = KDom (7)

n
Skpom + 2, Ski
=1

where Skpom 18 the bounded area of the main peak
and Sk; corresponds to the ith secondary peak. For
the post-cured pure epoxy matrix the Equation (7)
yields the JH value 0.92. Although, /H and T, are
influenced by the nanoparticles loading on the basis
of the same phenomena, they are not by definition
proportional to each other. Moreover, on the strength
of the Equation (7), we deduce that /H may theoret-
ically range up to 1.

Based on these remarks, the calculated values of /H
for various composites containing CB are shown in
Figure 8. It can be derived that the /H of the nano-
composites is highly dependent on CB concentra-
tion. Specifically, there is an initial increase of /H
up to a definite maximum of about 0.66 for 0.7%
CB content, whereas it decreases for higher filler
content. Taking into consideration the occurrence of
the percolation threshold at 1.0% CB loading [8],
the decrease of the main peak contribution and thus
of /H for loading above that value may be ascribed
to the increase of the network agglomerations and
inhomogeneities. Besides, a variety of network

0.70

MNetwork homogeneity
0.65 -

0.60 1
0.55 1

0.50 A

Index of homogeneity (IH)

0.45 1

0.40

005 01 0.2 05 07 1 2
CB content [%]
Figure 8. The index of network homogeneity /H as a func-

tion of CB nanoparticles content in sub-cured epoxy
composites
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Figure 9. The index of network homogeneity /H as a func-
tion of MWCNTSs content in epoxy composites

defects, such as dangling ends, elastically ineffec-
tive loops and entanglements, are known to occur in
the epoxy-filler system, liberating an increased
number of interaction sites or crosslinking species.
In contrast with the dependence of the index /H on
the CB content, the reverse variation of /H is observed
in water saturated composites with MWCNTs. The
estimated /H values for water saturated composites
containing MWCNTs as a function of filler content
are shown in Figure 9. The drawn data reveal the
decrease in IH from 0.57 to a minimum of 0.45 for
0.3% CNTs content, followed by an increase for
higher loading. Since the water uptake is related to
the small network homogeneity, this trend may
reflect the initial increase of the absorbed water.
Furthermore, for 0.5-1% CNT concentration the
absorption level diminishes to that of the pure
epoxy [24], which may also account for the steady
IH values of the highly loaded samples. Generally,
IH of the CNT composites are lower than those of
the CB sub-cured composites, which can be attrib-
uted to the water uptake that alters the network
response to the mechanical perturbations. This
assumption is further supported by the diagrams of
Figures 7a and 7b, where the appearance of two
major peaks with comparable size indicates the
evenly strong contribution of the water-related
relaxation.

4. Conclusions

In this research the complex relaxation spectra
obtained from the thermomechanical characteriza-
tion of epoxy nanocomposites are analyzed into
their constituent curves corresponding to individual
relaxation mechanisms. A computational method is
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employed for the extraction of useful information
about the mechanisms responsible for the a-relax-
ation in polymer composites. This analysis is based
on the analogy between the bounded area by the
curves and the respective relaxation strength. In this
framework, two systems of epoxy nanocomposites
are studied, namely the subcured DGEBA/TETA/CB
and the water saturated DGEBA/TETA/MWCNTs,
for which the complex a-relaxation spectra possibly
occur due to the formation of two separate coexist-
ing networks. This refers to the network of the pure
epoxy matrix and the network formed by the nano-
particles either through the filler-epoxy interface
(CB) or through the participation of the amino func-
tionalized CNTs to the crosslinking procedure
(MWCNTs). The correspondence of the calculated
constituent peaks with the respective network is
supported by experimental findings. Furthermore,
our technique enables the more precise description
of the a-relaxation and the evaluation of the actual
T,. Finally, the network complexity due to various
defects seems to be related to the a-relaxation pro-
file. Therefore, the analysis of the relaxation spec-
trum with the assistance of the introduced index /H
can be used for the qualitative and quantitative
assessment of any composite system’s homogene-
ity. The variation in the calculated homogeneity of
the two investigated systems is in agreement with
the occurrence of network defects above the perco-
lation threshold and the increase of the water con-
tent.
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Abstract. New thermo-reversible networks were obtained from poly(vinyl furfural) and multifunctional maleimide
monomers by Diels-Alder (DA) and retro-DA reactions. The poly(vinyl furfural) having acetalization degree of 15 and 25%
were obtained by the acid-catalyzed homogenous acetalization of poly(vinyl alcohol) with 2-furfural in a nonaqueous
media. The thermal and viscoelastic behaviour of the cross-linked materials have been studied via differential scanning
calorimetry, dynamic mechanical analysis and thermogravimetric analysis. The networks exhibit considerable swelling in
those organic solvents that dissolve both poly(vinyl furfural) and bismaleimides; by heating in aprotic dipolar solvents at

150°C, they become soluble.

Keywords: polymer synthesis, thermal properties, Diels-Alder polymers, networks

1. Introduction

Inspired by the phenomenon of self-healing in bio-
logical systems, the synthesis of man-made self-
healing polymeric materials has become a newly
emerging paradigm and a fascinating area of research.
The Diels-Alder reaction and its retro-Diels-Alder
analogue represent a highly promising route to
introducing self-healing properties to polymeric
systems [1-5]. The search for various reversible
reactions is a paramount importance for unlocking
the potential of the conceptual framework of cova-
lent constitutional dynamic chemistry [6]. The
reversibility of DA reaction is widely applied to the
preparation of remarkable polymers. Thermally-
reversible DA reactions have been used in numer-
ous studies including polymer synthesis from multi-
functional monomers [4, 7-15] or by cross-linking of
functional copolymers containing maleimide or furan
pendant groups [16-22], surface modifications [16,

*Corresponding author, e-mail: gcost@icmpp.ro
© BME-PT

23], organic-inorganic polymer hybrids [24, 25],
reversible crosslinking polymer chains/ gels [5, 16,
24, 26] and remendable/self-healing polymers [11,
12, 27]. Due to the fact that these reactions can pro-
ceed under mild conditions without a catalyst, this
makes them attractive for designing covalently
reversible bonds in which furan and maleimide
functional groups are responsible for association
and dissociation [28-31].

In this study, we report the preparation and charac-
terization of thermo-reversible networks based on
poly(vinyl furfural) and multifunctional maleimide
compounds, as the basis for obtaining asymmetric
membranes by the phase inversion method. Thermo-
reversible nature of the Diels-Alder networks was
characterized by FTIR, 'H-NMR and by a heating-
cooling cycle in differential scanning calorimetry
(DSC) using a model compound based on poly(vinyl
furfural) and mono-maleimide compound. The ther-
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mal and mechanical properties of the polymers
were characterized by thermogravimetric analysis
and dynamic mechanical analysis.

2. Experimental

2.1. Reagents and materials

Poly(vinyl alcohol) (PVA), white crystalline form
(Aldrich reagent, viscosity-average molecular weight
77000-79000 containing 2% of acetate group),
2-furaldehyde, 99% (Aldrich, USA), dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSO), poly-
caprolactone diol having numeric-average molecular
weight of 1250 (Aldrich, USA), p-toluene sulfone
acid (p-TSA) were used as received. 4-Maleimi-
dobenzoyl chloride was synthesized as described in
the literature [32].
4,4'-bismaleimidodiphenylmethane (BMI-1), 4,4'-
bismaleimidodiphenyloxide (BMI-2) and 1,1'-hexa-
methylene bismaleimide (BMI-3) were synthesized
from diamines (1 mol) and maleic anhydride
(2 moles) in dry acetone according to a two-step
method described in the literature [33].

2.1.1. Synthesis of bismaleimide (BMI-4) and
maleimide (MI)
The bismaleimide containing urethane groups
(BMI-4) was prepared by the addition reaction of
4-maleimidophenyl isocyanate with polycaprolac-
tone diol having numeric-average molecular weight
of 1250 (Aldrich, USA) according to a method
described in our previous paper [34].
BMI-4, yellow wax from dichloromethane, yield
82%.
FTIR (KBr): 3323, 3085, 2947, 2865, 1735, 1707,
1608, 1534, 1462, 1398, 1314, 1240, 1160, 1105,
1070, 834, 689 cm™.
'"H-NMR (CDCls): 6 = 7.55 (d, 4H, aromatic pro-
tons), 7.08 (d, 4H, aromatic protons), 6.80 (s, 4H,
maleimide protons), 5.35 (s, 2H, NH proton), 4.05
(t, 20H, COOCH,), 3.75 (t, 4H, NHCOOCH,), 2.35
(t, 20H, CH,COO), 1.45 (m, 160H, CH,—CH,-).
4-nonylphenyl 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-
1-yl)benzoate (MI) was prepared by the reaction of
4-maleimidobenzoyl chloride with p-nonylphenol,
in chloroform, in the presence of triethylamine. A
typical procedure is presented below. To a solution
of 4-maleimidobenzoyl chloride (0.01 mol, 2.35 g)
in chloroform (40 ml) cooled at 0-5°C, triethy-
lamine (1.4 ml) and p-nonylphenol (0.01 mol, 2.2 g)

were added. The reaction mixture was stirred at 0—
5°C for 2 hours, at room temperature for 2 hours
and at reflux for 1 hour and then was filtered. The
organic layer was washed with water. After remov-
ing of chloroform, 4 g of yellow wax product was
obtained (yield 90%).

'H-NMR (CDCls): 6 = 8.24 (d, 2H, aromatic pro-
tons), 7.63 (d, 2H, aromatic protons), 7.38 (dd, 2H,
aromatic protons), 7.23 (d, 2H, aromatic protons),
6.88 (s, 2H, maleimide protons), 1.70 (m, 2H, CH»),
1.38 (m, 14H, (CH;);) and 0.80 (t, 3H, CH3).

2.1.2. Synthesis of poly(vinyl furfural) (PVF)
PVF was prepared by acetalization of PVA in
DMSO as solvent, in the presence of p-TSA accord-
ing to a method described in literature [35-36]. The
degree of acetalization was determined by 'H-NMR
spectra using Equation (1) [37]:

2
Ach,
Ang

where (FA4) is the mol% of vinyl acetal, Acy, repre-
sents the total peak area of methylene protons and
Ay, represents peak area of the Hs protons which
appears at 7.6 ppm.

A typical procedure is presented below. PVA (11 g,
0.25 mol, based on -CH,—CH—OH as unit) was dis-
solved in DMSO (200 ml) in a round bottom flask.
Then, p-TSA (2 g, 1% w/v of the reaction medium)
and 2-furaldehyde (10 ml, 0.12 mol) was added.
The reaction mixture was heated and stirred at 60°C
for 24 hours, then cooled at room temperature and
poured in water. The solid was filtered, then washed
well with water and finally dried in a vacuum oven
at 60—65°C for 24 hours, yield 82%.

(FA) = (1)

-2

2.1.3. Synthesis of model compound (PVF-MI)
To a solution of PVF-2 (0.5 g) in DMF (20 ml), MI
(1.5 g) was added and stirred at 80°C for 8 hours.
The solution was cooled and precipitated in water,
then dried. The product was purified by dissolving
in acetone and precipitation in water.

2.1.4. Preparation of cross-linked polymers
via DA reaction of PVF with
bismaleimide (BMI)

A mixture of PVF and BMI (2DS:1 by mols) was

dissolved in DMF (10 ml) and stirred at 80-90°C
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for 4 hours. The reaction solution was degassed in
vacuum and quickly transferred to a glass plate,
using a doctor blade (e = 1 mm). The solvent was
evaporated in atmosphere at 80-90°C for 24 hours.
The film was removed from the glass plate by soak-
ing in cold water.

2.2. Measurements

The Fourier transform infrared (FTIR) spectra were
recorded on a Bruker Vertex 70 Instruments (Aus-
tria) equipped with a Golden Gate single reflection
ATR accessory, spectrum range 6004000 cm™'.
The proton nuclear magnetic resonance ('H-NMR)
spectra were recorded on a Bruker NMR spectrom-
eter, Avance DRX 400 MHz (Rheinstteten, Ger-
many), using DMSO-dg and CDCl; as solvents and
tetramethylsilane as an internal standard.
Thermogravimetric analyse (TGA) was carried out
in air atmosphere using a DERIVATOGRAF Q-
1500 D apparatus (Hungary). The rate of TGA scans
was 10°C/min. The initial weight of the samples
was about 50 mg and the temperature range 30—
700°C.

Differential scanning calorimetry (DSC) measure-
ments were conducted on a DSC 200 F3 Maia (Net-
zsch, Germany). About 9 mg of sample were heated
in pressed and punched aluminium crucibles at a
heating rate of 10°C/minute. Nitrogen was used as
inert atmosphere at a flow rate of 100 ml/minute. A
Perkin Elmer DSC-7 differential scanning calorime-
ter (Massachusetts, USA) was used for thermal analy-
sis and was operated at a heating rate of 10°C/min.

Tests were conducted on samples of about 10 mg,
which were gradually heated for observation of the
glass-transition temperature.

Dynamic mechanical experiments (DMA) were
made using a Diamond PerkinElmer instrument (Sin-
gapore) that applies a sinusoidal stress to the sample
and measures the resulting strain. The force ampli-
tude used was well within the linear viscoelastic
range for all investigated samples. The thermo-
mechanical properties were evaluated, starting
from —100°C up to beyond the temperature corre-
sponding to glass transition, at a heating rate of
2°C/min and a frequency of 1 Hz, under nitrogen
atmosphere. The size of films was of 10 mm x
10 mm x 0.5 mm for the tension attachment.
Wide-angle X-ray diffractions (WAXD) of the poly-
mers were recorded in a Bruker AD8 Advance dif-
fractometer (Germany) using a Cu-K, source, at
room temperature.

3. Results and discussion

3.1. Characterization of PVF-(1,2)

By acetalization of PVA with furfural in DMSO in
the presence of p-TSA was obtained PVF with the
acetalization degree of 15% (PVF-1) and 25%
(PVF-2). A typical 'H-NMR spectrum for PVF-2 is
shown in Figure 1. The signals observed at 1.30-1.90,
3.83—-3.99, 5.57, 6.43 and 7.61 ppm are attributed
to the methylene (—CH,—), methine (—CH<),
dioxymethine (—-O—CH—O-) and furan ring protons,
respectively.

a
HoH H, H Hy H Q.
ctc-ctc-ctc- T DMSO
O HO  OOC-CH,
C
b
¢ HC
dHC—¢
H
e
c—d =
| I
O
s
e
| O cH,
a
OH |
b
.\'I! |
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

Figure 1. The 'H-NMR spectrum for PVF-2
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Figure 2. The DSC curves of PVA, PVF and PVFN films
at second heating run films

The DSC measurements of PVA and PVF films are
presented in Figure 2. The DSC scan of PVA shows
a transition corresponding to the glass transition
temperature at 61°C and an endothermic peak
around 191°C attributed to the melting temperature
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Figure 3. The storage modulus and dissipation factor tand
profiles of PVA, PVF-1 and PVF-2 with fre-
quency of 1 Hz

of PVA. The DSC scans of PVF-1 and PVF-2 show
a transition temperature around 81 and 87°C, respec-
tively. Glass transition temperature of PVF increases
with the increase of acetalization degree [38].

The variations of the dynamic mechanical proper-
ties with temperature for PVA, PVF-1 and PVF-2
are presented in Figure 3. The viscoelastic results
obtained for these three samples are summarized in
Table 1. All three samples are characterized at low
temperatures by a glassy behaviour. This was indi-
cated by the relatively constant value of the storage

Table 1. Dynamic mechanical analysis of PVF-(1-2) and PVFN-(1-8)

DMA Storage modulus at
Sample T tan o peak 20°C 170°C 250°C
[°C] Temperature [°C] Height [MPa] [MPa] [MPa]

PVF-1 71.9 86.9; 163.8 0.93; 13.26 3063 0.039 6
PVFN-1 109.3 136; 180; 232 0.56; 0.25; 0.137 1910 3.250 532
PVFN-3 97.4 123.5; 178.6; 236 0.56; 0.26; 0.151 2019 3.311 1034
PVFN-5 68.2 87.4;123; 168 0.65; 1.56; 3.50 596 0.096 1.72
PVFN-7 72.7 89.6; 168 0.51;5.28 290 0.047 -
PVF-2 66.3 100.7; 178.8 0.77; 10.06 1728 0.027 0.263
PVFN-2 118.5 140.6; 156 0.408; 0.471 1781 4.455 108
PVFN-4 113.0 133; 179; 241 0.50; 0.20; 0.12 1412 4.099 161
PVFN-6 96.2 89.6; 124; 195 0.51;0.78; 0.119 809 4.600 36.10
PVFN-8 40.0 74.2; 180 0.38; 4.65 101 0.017 4.40

Glass transition temperature by DMA measurements, corresponded to onset temperature of the decrease in £’

Table 2. Dynamic mechanical data of PVA, PVF-1 and PVF-2

Sample E’10%* (=-6°C) T, of amorphous phase [°C] tand of crystalline p'hase
[Pa] E’onset” E" nax’ tand peak T [°C] Height
PVA 3.7 34.9 424 54.4 ?}1“3’311‘156; 0.15
167.0 13.53
PVF-1 3.0 39.8; 71.9 46.3; 74.4 Sh;’;‘.l;jer zza;‘
PVF-2 2.0 41.7 (broggf)eak) 58.7;85.8 100.7 174.5 9.72

Storage modulus corresponding to glass region;

bGlass transition temperature of sample by DMA measurement, corresponded to onset temperature of the decrease in £;
Glass transition temperature of sample by DMA measurement, corresponded to maxim peak of £
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modulus whose magnitude is over 10° Pa (Table 2).
In this region, the macromolecules are in frozen
state, the polymers being stiff and glassy. As is
depicted in the £-T curve the rigidity of the three
polymers in the glassy region decreases in the
order: PVA>PVF-1>PVF-2. Consequently, the stor-
age modulus diminishes as furfural content increases
suggesting an increasing in mobility of macromole-
cular chains. The explanation is relative simple: by
introduction of furfural units, the cleavage of the
intra- and intermolecular hydrogen bonds between
hydroxyl groups takes place, the rigidity induced by
these bonds decreases, the free volume increases
and the sample presents a more flexible structure.
The storage modulus of the PVA decreases with
increasing temperature and drops at 13°C. The drop
of £’ and two peaks of £ and tand centred at 42.4
and 54.4°C, respectively can be attributed to the
glass transition of the amorphous phase [39-41].
Moreover, the small decrease of £’ modulus from
3-10% to 6:107 Pa, less than two orders of magnitude
indicates the presence of restraints which impede
the coordinated motion of macromolecular chains.
These restraints could originate from the higher
crystallinity of PVA which appeared as a result of
planar zig-zag conformation. For PVF-1 the two
drops that appear on the £’ curve at 39.8 and 71.9°C,
the peaks on E” (46.3 and 74.4°C) and tand curve
(51.7 and 86.9°C) indicate the presence of two
relaxation phenomena (Table 2). A rapid drop of
storage modulus of PVF-2 from 1.6:10° to 1.7-10° Pa
relates to the glass transition. The fall of the storage
modulus is accompanied by a large peak on the £”
curve with a maximum at 66.3°C. Analyzing the
plot tand versus temperature in the range of 50—
120°C a characteristic peak, centred at 100.7°C,
was observed accompanied by two shoulders: one
centred at 58.7°C and the other at 85.8°C.

The variation of tan J as a function of temperature at
a frequency of 1 Hz is represented in Figure 3.
DMA spectra shows a shift of the a peak to higher
temperatures with increasing furfural content and a
reduction of relaxation strength from 0.93 in the
case of PVF-1 to 0.77 in the case of PVF-2. Taking
into account that the height of tand peak is gov-
erned by the molecular mobility there can be con-
cluded that with increasing furfural content a diminu-
tion in mobility appears.
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Figure 4. XRD patterns of the PVA, PVF-2 and PVFN-2

At a temperature higher than 100°C, literature stud-
ies mention two relaxations of the crystalline phase
at 135 and 237°C, respectively. The first one is attrib-
uted to the local relaxation of the crystalline phase,
while the second one is caused by the melting of the
crystalline domains [39—41]. In our case the first
peak of PVA is shifted to higher temperatures
(147.6°C), while the melting of the crystalline
domains could not be observed. In PVF-1 and
PVF-2 there is an increase in the tand temperature
at which this relaxation appears, as well as a decrease
in strength with increasing furfural content. A pos-
sible explanation consist of the restrictive molecu-
lar motions appeared as a result of the crosslinking
reactions confirmed by the abrupt increase of the
storage modulus at temperatures higher than 190°C.
Since the furfural rings do not fit into the crystal lat-
tice of PVA, the degree of crystallinity decreases.
The (unreacted) hydroxyl functions, which are dis-
tributed randomly as well, can only lead to a very
limited degree of crystallinity in PVF. This expla-
nation is confirmed by wide-angle X-ray diffraction
(WAXD) measurements (see Figure 4). The peak
with 8 =19.8° corresponds to the (110) reflection, i.e.,
a plane containing the planar zigzag chain direction
of the crystallites.

3.2. Characterization of PVFN networks

DA cycloaddition reaction was used in cross-link-
ing poly(vinyl furfural) with multifunctional
maleimide (Figure 5). The DA reaction was carried
out between PVF-1 or PVF-2 and bismaleimide
monomers (BMI). The furan rings in the PVF-1 or
PVF-2, part of the polymer, and the maleimide
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Figure 5. Synthesis of networks PVFN-(1-8)

group in the BMI acted as the diene and dienophile,
respectively. Stoichiometric quantities of PVF-1
and BMI (2:1 mols) were dissolved in DMF and
stirred at 80-90°C for 4 hours. The reaction mixture
was degassed and transferred to a glass plate and
the solvent was evaporated at 80-90°C for 24 hours.
The film was removed from the glass plate by soak-
ing in cold water. Figure 6 represents the ATR-FTIR
spectra of the PVF-1 and their network materials.
The spectrum of PVF-1 shows characteristic peaks
at 1506 cm™' (C=C in furan ring), 1103 cm™ (C-O
in furan ring), 1004 cm™' (furan ring breathing) and
750 cm™' (monosubstituted furan ring) [12]. The
ATR-FTIR spectrum of networks shows a new
absorption band about 1776 cm™" attributed to the
existence of DA adduct from the reaction between
furan and maleimide groups [12, 42] and at
1190 em™! assigned to ve_n_c from cycoadduct. The

strong absorption of the >C=0 stretching shifted
from 1730 cm™' (in PVF-1) to 1705 cm™" (in net-
work) due to the interaction between PVF and bis-
maleimide.

The PVFN-(1-8) network materials are not soluble
in those organic solvents that dissolve both PVF
and BMI, but they swell in them. By heating of
PVFN-(1-8) in aprotic dipolar solvents (DMF, NMP
or DMSO) at 150°C for 30—-60 minutes, they become
soluble. For example, a fluid solution of PVFN-8 in
DMF (5 wt%) formed by retro-DA reaction of net-
work in DMF at 150°C for 1 hour (Figure 7a)
becomes gel by maintaining it at 80°C for 3 hours
(Figure 7b).

3.2.1. Thermal properties

The thermo-reversible properties of network mate-
rials are characterized by DSC analysis. Typical
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Figure 6. The ATR-FTIR spectra of the PVF-1 and their network materials
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Figure 7. Photograph of observation of the thermally
reversible cross-linking behaviour of PVFN-8

dynamic DSC curves of PVF and BMI systems are
presented in Figure 2. As can be seen, in the case of
polymers based on BMI-(1,2) with a higher rigid-
ity, T, shifts to higher values and the retro-DA
process overlaps with the glass transition. The poly-
mers based on BMI-(3,4) present lower 7, and the
retro-DA process takes place after the glass transi-
tion.

To facilitate the investigation by 'H-NMR spec-
troscopy of the DA and retro-DA reactions of poly
(vinyl furfural) with maleimide, a model compound
was synthesized by the reaction of PVF-2 and
mono-maleimide compound (MI) (Figure 5). The
"H-NMR spectrum of model compound shows in
addition to the chemical shifts characteristic to the
PVF structure, and signals attributed to maleimide
organic rest at 0.80-1.70, 6.88, 7.38, 7.63 and
8.24 ppm due to CH;3 and CH,; protons from nonyl
rest and aromatic protons and at 6.60, 5.37, 5.28
and 3.10-3.30 ppm corresponding to the protons of

maleimide-furan cycloadduct (Figure 8a). By heating
the solution at 150°C for 30 minutes, the 'H-NMR
spectrum shows the disappearance of chemical shifts
characteristic to the cycloadduct protons and the
appearance of new signals at 7.20, 7.55 and 6.41 ppm
attributed to the maleimide and furan protons indi-
cating that the retro-DA reaction occurred entirely
(Figure 8b). By cooling the sample at room temper-
ature there can be observed the partial recovery of
cycloadduct (Figure 8c). Maintaining the sample at
80°C for 3 hours leads to total recovery of
cycloadduct.

Retro-DA and DA reactions were also studied by
DSC measurements, applying heating-cooling cycles
for PVF-MI (Figure 9a). The hl curve shows the
first heating cycle of the cross-linked PVF-MI
heated at 50-180°C with a heating rate of 10°C/min.
It has an inflexion around 98°C attributed to the
glass transition temperature of sample and a large
endothermic peak at 143°C which indicated the
cleavage of the DA cycloadduct. In the second (h2)
and the third (h3) heating run the compound has the
same behaviour as in the first one, this fact being a
proof of it’s thermo-reversible nature. The increase
of the glass transition temperature from 98°C for
the first heating run to 99°C for the third heating
cycle is probably due to the dehydration reactions
of PVF polymer.
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Figure 8. The 'H-NMR spectrum for model compound: a) adduct of PVF-2 and MI; b) retro-DA product obtaining by heat-
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Figure 9b shows the heating and cooling curves of
DSC analysis of the PVFN-8 polymer. The curve
‘A’ shows the first heating cycle of the cross-linked
polymer heated at 50 to 165°C. It has an endother-
mic peak at 138°C, which indicated the cleavage of
the DA cross-links. The curve ‘B’ shows the cool-
ing curve of the polymer. It shows a broad exother-
mic peak at 103—161°C (centering at about 130°C)
due to the covalent bond formation between furan
and maleimide moieties, as the samples come
closer on cooling and then finally reconnect very
efficiently. The curve ‘C’ shows the second heating
cycle of the DA cross-linked polymer. It also shows
the same observation in the first heating cycle. It
clearly indicates that the Diels-Alder crosslinked
polymer (PVFN-8) is thermoreversible. The 7, of
the PVFN-8 polymer at 97°C was determined from
the second heating cycle of the polymers and are
shown in Figure 9. The shifting of T, from 87°C
(PVF-2) to 97°C is due to the DA cross-linked
between PVF-2 and BMI-4.

The occurrence of the retro-DA reaction was also
observed with ATR-FTIR. Figure 10a—c shows the
ATR-FTIR spectra of PVFN-8 network film before
heating at 150°C (Figure 10a), after heating at 150°C
(Figure 10b) and after maintaining at 80°C for 3 h
(Figure 10c). The PVFN-8 film spectrum (Fig-
ure 10a) evidences the intense absorption bands at
1709 and 1730 cm™! attributed to C=0O stretching
from urethane, ester or imide groups, 1536 cm™!
(amide II), 1395 cm™! (C-N-C), 1220 cm™! (amide
IT) and 1159 cm™' (C—O—C). The peak at 1776 cm™!
is attributed to the maleimide-furan cycloadduct
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Figure 10. The ATR-FTIR spectra of PVFN-8: a) initial;
b) heated at 150°C; c) and after maintaining at
80°C for 3 h

[38]. The spectrum ATR-FTIR of PVFN-8 after
heating at 150°C (Figure 10b) presents a shift of
absorption band characteristic to C=0O stretching
from 1709 to 1711 cm™' and the disappearance of
the absorption bands at 1776 cm™" attributed to the
cycloadduct and at 1190 cm™' corresponding to
C-N-C (succinimide structure). The absorption band
of amide 1II shifted to 1520 cm™!. The ATR-FTIR
spectrum of network film after cooling at room
temperature (Figure 10c) is identical to the initial
spectrum.

In addition to the ATR-FTIR and DSC study, DMA
was also employed to examine thermal behavior of
the network materials. In Figures 11 and 12, the
storage modulus (£’) and dissipation factor (tand)
curves of networks based on PVF and BMI, are
plotted against temperature, and their data are pre-
sented in Table 1. As in DSC, DMA curves of the
networks based on BMI-(1,2) show a single drop
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Figure 11. Storage modulus curves of PVFN networks
based on PVF-1 (black line) and PVF-2 (grey
line) with frequency of 1 Hz (with a heating rate
of 2°C/min)
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Figure 12. Dissipation factor tand curves of PVFN net-
works with frequency of 1 Hz
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Table 3. The thermogravimetric data of PVA, PVF and PVFN

Sample Decomposition temperature range (weight loss) [°C] ([%])
Stage 1 Stage 11 Stage 111 Stage IV

PVA 20-232 (3) 260-385 (42) 385-470 (26.8) 470-630 (16.8)
PVF-1 20-240 (3) 240-300 (28.5) 300-370 (22) 370-500 (20); 510-670 (20)
PVFN-1 20-235 (3) 235-380 (25) 389-500 (28) 500-680 (42)
PVFN-3 20-235(2) 245-405 (32) 405-520 (22) 520-720 (36)
PVFN-5 20-240 (2) 245-395 (33) 410-505 (29) 510-700 (36)
PVFN-7 20-200 (2) 210406 (37) 400-530 (23) 530-700 (30)
PVF-2 20-235(2) 240-370 (43) 370-500 (21) 500-630 (29)
PVFN-2 20-265 (5) 270400 (20) 400-515 (26) 515-700 (40)
PVFN-4 20-270 (1.5) 270403 (20) 405-510 (25) 515-720 (38)
PVFN-6 20-245 (1.5) 250-400 (30) 405-510 (27) 515-710 (40)
PVFN-8 20-220 (1.5) 230-395 (36) 400-530 (21) 530-700 (31)

attributed to the glass transition which overlaps
with the retro-DA reaction and varied between 97.4
and 118.5°C (Table 1). The DMA curves of net-
works based on BMI-(3,4) show a decrease in two
stages, first step is due to the glass transition and the
second stage is assigned to the retro-DA reaction.
This behaviour is concordance with the DSC dia-
grams (Figure 2) where the networks based on
BMI-(1-2) presented a single inflexion while the
networks based on BMI-(3,4) showed two inflex-
ion points. The storage modulus of networks recov-
ers above 200°C due to the thermal crosslinking
reactions of the resulted bismaleimide from retro-
DA reactions and partial dehydration of PVA accom-
panied by polyene formation [43]. Figure 12 illus-
trated the temperature dependence of tanod for
PVFN-(1-8) networks. Indeed, the relaxation process
of networks appears structured into two compo-
nents that can be tentatively attributed to the glass
transition temperature of networks and retro-DA
reactions. The second transition become prevailing
for networks based on BMI-(3,4) due to length of
aliphatic chains of bismaleimide groups.

By processing TGA curves, thermal data presented
in Table 3 resulted. The synthesized networks
exhibited a four-step thermo-degradation curve.
The weight loss at 20-265°C (in the first stage of
decomposition) could be due to the residual sol-
vents in the polymers (DMF and water). The second
stage of decomposition ranged between 210—406°C
with a weight loss of 20— 36% corresponding to the
elimination of water molecules from PVF chains
[44] and acetic acid from acetate groups. In the third
stages of decomposition, the breakdown of the poly-
mer backbone takes place in the range of 389-—
530°C with a weight loss of 21— 29%. Specifically,

it can be assigned to the degradation of nonconju-
gated polyene. The main decomposition of this
process takes place in the range of 500—720°C cor-
responding to the weight loss of 31-42%.

3.2.2. Water absorption of networks

The water absorption property of the samples was
tested by their immersion in distilled water for
100 hours. Specimens were drawn, and the surface
water was removed using a tissue paper and weighted
to an accuracy of 0.001 g. The water absorption
versus time is plotted in Figure 13. As can be seen
from figure, the moisture absorption of PVF-2-
based networks (having acetalization degree of
25%) is considerably smaller than that of the series
based on PVF-1.
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Figure 13. The water absorption versus time of the PVA,
PVF and PVFN

4. Conclusions

Two series of polymers based on PVA modified
with 2-furaldehyde have been synthetized and char-
acterized using ATR-FTIR, 'H-NMR, DSC, DMA,
TGA analysis. The acetalization of PVA increases
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T, value that increases more by cross-linking with
BMI. The reversible nature of the cross-linked poly-
mer was confirmed by ATR-FTIR spectroscopy and
DSC analysis. In the DSC experiments the PVF-
BMI system shows a clear endotherm during heat-
ing, indicating the cleavage of the inter-monomer
linkages; they also show an exotherm during cool-
ing, indicating reconnection of the dienes and
dienophiles. This hypothesis was corroborated by
ATR-FTIR analysis during the heating/cooling
cycle and DMA measurements. The £’ curves for
networks based on BMI-(1,2) show a single drop
attributed to the glass transition which overlaps
with the retro-DA reaction, while DMA curves of
networks based on BMI-(3,4) exhibit a two-stage
decrease, first stage is attributed to the glass transi-
tion of polymers and the second stage is attributed
to the retro Diels-Alder reaction.

High acetalization degree of PVF played an impor-
tant role in reducing moisture absorption of the net-
works.
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their incorporation into a polymer matrix
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Abstract. A simple method of solvent exfoliation/refining of direct-graphite nanoplatelets for their better incorporation into
a polymer matrix is presented. We demonstrate the method for polystyrene. The method relies on sonication in N-methyl-
2-pyrrolidone solvent, with surfactant assistance. A small amount of polystyrene is added to the solvent in order to increase
the viscosity, this enhancing the exfoliation process and resulting in formation of a polymeric layer on graphene for its bet-
ter incorporation in the polymer matrix. Polystyrene-coated thin graphene stacks form a stable dispersion, while thicker
graphite nanoplatelets settle out. Thus bulk separation of thin and thick graphene stacks takes place.

The polystyrene-coated thin graphene stacks are studied using Transmission Electron Microscopy in two ways: (i) we cal-
culate the number of graphene layers forming thin graphene stacks, and (ii) we employ Selected Area Diffraction to confirm
our image analysis results by checking the intensity ratio (1100) and (2100) deflections in the diffraction patterns. Five lay-
ers is found to be the cut-off number, that is there are no stacks >5 layers, and 3 layer stacks are dominantly present. The

average largest in-plane dimension is found to be approximately 2.5 pm (reduction by 50%).

Keywords: nanocomposites, solvent dispersion, graphene

1. Introduction

Graphene has triggered off further expectations in
nanocarbon polymer composites, and enthusiasm in
the research community. However, at present, only
minute amounts of single monolayer graphene from
‘bottom-up’ production is available. For nanocom-
posites, massive amounts of graphene is needed. In
our work we use direct-graphite nanoplatelets
(GNP), now becoming increasingly available. Attrac-
tiveness of the material stems among others from
the low cost of graphite, the precursor for GNP.
Indeed, price of GNP is low compared to e.g., multi-
wall carbon nanotubes (MWNT). It is well known
that the quality of polymer nanocomposites hinges
on the quality of the filler. In the case of graphene
based filler, this first of all refers to well-defined
and small thickness.

*Corresponding author, e-mail: henrik.persson@chalmers.se
© BME-PT

The need for well-defined exfoliated GNP has been
emphasized in the literature, and efficient ways to
address the problem have been presented. Green
and Hersam [1, 2] used density gradient ultracen-
trifugation, and achieved separation in graphene
stacks by the number of layers. Sun et al. [3] used
density gradient ultracentrifugal rate separation,
and achieved sorting by sheet size and surface
chemistry. In above works, a density gradient is
essential, although in report [3] results for a uniform
medium column are also included. The authors pre-
pared a separate external measuring uniform den-
sity column, and found that separation was achiev-
able over a smaller size range. Methods to exfoliate
powdered graphite have been developed by Cole-
man and collaborators, among others in [4, 5], and
by Bourlinos et al. [6], as well as Blake ef al. [7].
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Simultaneously, research into various types of
graphite nanoplatelets, such as graphene oxide (GO)
[8, 9], chemically modified graphene [10], and ther-
mally expanded graphite [11], as a precursor to
graphene-based materials is carried out, and impor-
tant results are published. The present state of knowl-
edge of graphene-based materials/graphite nanopar-
ticles, including preparation of polymer composites
has been overviewed, e.g., by Kim et al. [12], and
Potts et al. [13].

In the present work, we proceed from the above
experiences for graphite powder exfoliation, and
adapt and modify them towards GNP exfoliation.
We refine GNP material using solvent dispersion,
where a small amount of polymer is added to the
solvating medium. Direct-GNP microagglomerates
are refined, nanoplatelets are exfoliated and poly-
mer is deposited on graphene. The refined filler can
easily be turned into a composite either by evapo-
rating the solvent and using it as a masterbach, or
polymer could be added to the solution before sol-
vent evaporation in order to tailor the filler content.
To the best of our knowledge, there is no report on
the use of polymer coated direct-graphite refining.

2. Experimental

2.1. Solvent dispersion

Our early unsuccessful trials included the use of
toluene (after bath sonicating for 4 h, the entire
mass of GNP material rapidly settled out). Then N-
methyl-2-pyrrolidone (NMP) was used, and the fol-
lowing preparation was carried out.

GNP, xGnP from XG Sciences, USA, was mixed
together with polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether surfactant, Triton X-
100 from Alfa Aesar, Germany, and NMP, in pro-
portion 10:1:200 by weight (nanoplatelets:surfactant:
solvent). The mixture was stirred for 15 minutes,
and then sonicated in a cuvette in a bath for 2 hours
(Branson 1510E-MTH, Branson Ultrasonic Corp.,
USA). The temperature in the bath did not exceed
55°C during the sonication.

We decided to increase the solvent viscosity by
adding polystyrene (PS) (Polystyrol 143 E, BASF,
Germany), which was first dissolved in NMP, in
proportion 1:15 by weight. The PS-solution was
then added to the GNP mixture, stirred for 30 min-
utes followed by additional sonication for 2 hours.
The final concentration of GNP in the solution was

Figure 1. Stable dispersion of thin graphene stacks in
NMP/PS (after sonication time of 4 h, and sedi-
mentation time of 170 h)

5 wt% with respect to PS. Cavitations caused by son-
ication lead to initial intercalation and in turn facili-
tate solvent penetration into nanoplatelet. Increased
solvent viscosity (by the presence of polymer) cre-
ates larger forces hindering reverse of intercalation.
After 4 h of sonication, the dispersion in the cuvette
appeared dark/black. After sedimentation time of
close to 170 h, sediment settled out, and a disper-
sion appearing gray/tinted formed in the upper part
of the cuvette (Figure 1), with a thin black layer
floating on the surface. Using a microsyringe, a
subset of the dispersion was carefully removed,
avoiding the floating layer and the sediment.

2.2. Thermal gravimetric analysis

The subset was next analysed using Thermal Gravi-
metric Analysis (TGA) (TGA/DSC 1 Star system,
Mettler Toldedo, Switzerland). The folowing pro-
gram was used during the analysis, heating from
50—-600°C at a rate of 20°C/min under nitrogen
atmospere, followed by a 40 min isothermal step at
600°C under air atmospere, and then heating to
900°C at 20°C/min under air atomospere. Star soft-
ware v9.20 was used.

2.3. Transmission Electron Microscopy

The dispersion was further diluted 10 times in
(NMP), and a small amount was deposited onto
holey carbon grids (400 mesh), and then studied by
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Transmission Electron Microscopy (TEM). Images
and electron diffraction were taken with an electron
transmission microscope (Zeiss EM912 Omega,
Germany) equipped with an Q energy filter and
operated at 120 keV.

3. Results and discussion

3.1. TGA

In Figure 2, a representative measured TGA plot is
shown. A pronounced weight loss starting at about
400°C originating from the degradation of the PS is
clearly present. By applying oxygen containing
atmosphere the reaming GNP was burnt off, and the
GNP content was measured to be 0.13 wt% of that
of the PS. This corresponds to a GNP concentration
in the solution of 0.08 mg/ml, which is comparable
to the results obtained by Khan et al. [4] at similar
sonication time.

120
100 A

Weight [%]

o 8 8 8 8

-(IJ 200 400 600 80

-2 Temperature [°C]

[=]

Figure 2. TGA plot of GNP/PS composite

3.2. TEM image analysis

Image analysis was carried out on 23 images. An
example is shown in Figure 3.

As can be seen in Figure 3, distinguishable layers
(shown with thin arrows) form a stack. Layers
grayscale and boundary/edges made it possible to
count the layers per stack, as proposed in [4]. Herein,
PS molecules deposited on graphene facilitates
image analysis, for example edges become more
marked and contrasting. On the other hand, the
deposited polymer disturbs imaging because of the
extra background. Presence of polymer can be
noticed on the holey carbon substrate; particularly
the smallest hole is filled. Clearly, the layers do not
overlap ideally, and the number of layers varies
depending on location. In Figure 3, the maximum
number of layers is 3. In Figure 4 (histogram), sta-
tistics summarizing the 23 images is given. We report

1000 nm

Figure 3. TEM image of a multilayer graphene stack. Thin
arrows indicate the edges of the individual layers,
and the bold arrow indicates a folded off-plane
fragment of layer.

the maximum number of layers per stack. 5 layers
is found to be the cut-off number. No stacks >5 lay-
ers were found, and 3 layer stacks are dominantly
present. This is close to the statistics given in [4],
using the edge-counting method proposed by the
authors, for the case of exfoliating powdered
graphite.

When computing the layers, occasionally, we needed
to account for folded graphene. A folded off-plane
fragment of layer is seen in Figure 3 (bold arrow).
In such a case, two layers were counted. Also in
Figure 3, a black grayscale domain can be seen. We
believe this can be ascribed to carbon wrap contain-
ing polymer and surfactant molecules. In-plane
dimensions of layers/stacks are reduced compared
to that of pristine GNP, as specified by the supplier.
The average largest in-plane dimension is found to

Counts

4 4

24

OJII-_
2 3 4 S

Maximum number of layers per stack

Figure 4. Histogram showing the maximum number of lay-
ers whithin a stack
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Figure 5. TEM image showing a layer containing a crack

be approximately 2.5 um. We ascribe this to the
sonication process. A layer containing a crack, most
likely developed during sonication, is seen in Fig-
ure 5. We note that on one occasion, one very large
microagglomerate was observed.

3.3. Diffraction analysis

Electron diffraction was carried out as a comple-
mentary method, in addition to the image analysis
described above. SAD and nano diffraction under
Kohler illumination were performed using a small
selected area aperture and condenser aperture with
diameter of 5 um.

The PS deposition requires caution when studying
the graphene architecture; on the one hand the extra
background, and on the other hand the additional
irregular edges from PS presence, make subtle dif-
ferences in identifying graphene edges. According
to the numerical simulation with Fourier transfor-
mation of projected atomic potentials and scattering
factors [14], the intensity ratio I(1100)/I2100) in the
electron diffraction pattern of graphite/graphene
with ABAB stacking can be used for distinguishing
monolayer from multilayer graphene stacks, as fol-
lows.

In Figure 6, TEM bright field image (a), and typical
diffraction patterns taken from the monolayer

region (b) (marked with a white dot), and multilayer Figure 6. a) TEM bright field image of graphene stack.

region (c¢) (marked with a black dot) of a graphene b) SAD pattern taken from region marked in fig-
stack, are shown. The image was sufficiently defo- ure a) with the white dot (monolayer). ¢) SAD

cused in order to enhance the phase contrast of the pattern taken from region marked in figure a)
with the black dot (multilayer).

c)
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a)

Figure 7. a) SAD pattern of two graphene sheets stacking with a rotation angle of 2.5°. b) SAD pattern of two multilayer

graphene superimposed with a rotation angle of 30°.

image. The diffraction patterns exhibit the typical
six-fold symmetry, which can be indexed as the
[0001] zone pattern of graphite/graphene. As can be
seen clearly, the spots intensity ratio I(1100y/I2100 18
>1 in the monolayer pattern (Figure 6b), whereas
I(1100y/I2100) 1s <1 in the multilayer pattern (Fig-
ure 6¢). The observation is consistent with the result
for pure graphene suspension [15]. The diffraction
pattern in Figure 6¢ can be observed in nearly all
the examined multilayer objects. Caution is needed
when identifying a monolayer from TEM images.
Some monolayer-looking objects may not be mono-
layer graphene, and have a diffraction pattern of
multilayer. Thin graphite sheets or stacked graphene
fragments may be mistaken for monolayer graphene
particularly when covered with polymer molecules
merging the individual edges into one single edge.
The presence of monolayer regions and multilayer
regions shown with SAD supports the statistical
results in Figure 3, and thus we believe that the
pristine GNPs have been successfully refined.

Another observation relates to the graphene stack
schedule (or build-up), particularly random or non-
random assembly. We find that they do not overlap
or fold together randomly in the graphene/PS com-
posite. Graphene sheets usually form stacks with
either a very small rotation angle (<5°) or close to
30°. Figure 7a presents a SAD pattern of graphene
sheets stacking with a rotation angle of 2.5°. Fig-
ure 7b shows two sets of [0001] zone patters super-

imposed of two multilayer graphene with a rotation
angle of 30°. The latter rotation relationship can be
often observed directly from folded edge of graphene
sheets in images (Figure 6a and 6¢). The stacking
arrangements of the graphene sheets observed in
this work are comparable to the zigzag and arm-
chair chiralities in carbon nanotubes [16]. While the
graphene stacks long range assembly is driven by
the surface energy, we believe that when they meet,
likely, the thin PS film remaining between the
graphene sheets enables more mobility. As a result,
the graphene sheets can rotate or orientate them-
selves towards favourable configurations, at lower
energy states.

4. Conclusions

A simple method to exfoliate/refine direct-graphite
nanoplatelets towards their better incorporation into
a polymeric matrix is presented, and demonstrated
for the case of polystyrene. By adding a small
amount of polystyrene to N-methyl-2-pyrrolidone
solvent containing surfactant, the solvent viscosity
increased, and thus created larger forces during son-
ication and hindered the reverse of intercalation.
The refined nanoplatelets were characterized by
using Transmission Electron Microscopy based
imaging and diffraction analysis. Using the edge-
counting method, no platelets thicker than 5 layers,
and dominantly 3-layer thick stacks were observed.
The average layer’s in-plane dimension was 2.5 um.
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The presence of monolayer and multilayer regions,
analysed with the selected area diffraction method
supports the results.
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Abstract. This contribution concerns preparation and characterization of polypropylene (PP)/poly(trimethylene terephtha-
late) (PTT) melt-mixed blends in the presence of organically-modified montmorillonite nanoclays and functional compati-
bilizers. Immiscibility and nanocomposite formation were confirmed via transmission electron microscopy. An intercalated
structure was observed by wide angle X-ray diffraction technique. Crystallization, and melting characteristics were studied
by differential scanning calorimetry in both isothermal and non-isothermal modes, supplemented by temperature modu-
lated DSC (TMDSC). A concurrent crystallization was found for both polymeric components in the blends. Whereas blend-
ing favored PP crystallizability, it interrupted that of PTT. The addition compatibilizers interfered with rate, temperature,
and degree of crystallization of PP and PTT. On the contrary, nanoclays incorporation increased crystallizability of each
individual component. However, as for blend nanocomposite samples, the way the crystallization behavior changed was
established to depend on the type of nanoclay. Based on kinetic analysis, isothermal crystallization nucleation followed
athermal mechanism, while that of non-isothermal obeyed thermal mode. Addition of nanoclays shifted nucleation mecha-

nism from athermal to thermal mode.

Keywords: nanocomposites, polymer blends, crystallization, polypropylene, poly(trimethylene terephthalate)

1. Introduction

The extensive use of polypropylene (PP) in a broad
spectrum of applications has fueled a huge interest
in conducting research meant for improvement of
this common polymer. Aromatic polyesters, thanks
to overall superior properties, have found a niche as
candidates to foster PP performance via blending
and nanocomposite technologies [1, 2]. A major
challenge on the way forward is inherent incompat-
ibility of polyester and polyolefin [3, 4]. This has
been dealt with to much extent by incorporating
compatibilizers such as, maleic anhydride-grafted PP

“Corresponding author, e-mail: shjafari@ut.ac.ir
© BME-PT

(PP-g-MAH) [5, 6], ethylene-butyl acrylate-gly-
cidyl methacrylate terpolymer (Elvaloy PTW) [7, §],
and ethylene-glycidyl methacrylate (E-GMA) copoly-
mers [9, 10]. An alternative, up-to-date approach is
to harness clay-based nanofillers [11-17] as well as
inorganic nanoscale particles [18] frequently used
in polymeric systems originally intended for improv-
ing compatibility as well as mechanical properties.

An intricate subject in the realm of polymer blends
and nanocomposites is crystallization and melting
behaviors on which the final properties strongly
rely [19, 20]. The complications indeed, come from
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the critical interactions among the blend compo-
nents and how the crystallization characteristics are
accordingly altered [21]. Poly(trimethylene tereph-
thalate) (PTT), a relatively new member of aro-
matic polyesters, has been established to possess a
combination of properties of two analogous prede-
cessors, poly(ethylene terephthalate) (PET) and
poly(butylene terephthalate) (PBT) [22]. Few pub-
lications in the literature focus on the thermal prop-
erties of PP/PTT blends and nanocomposites which
communicate rather contradictory findings in some
aspects [23-26]. Xue et al. [23] in a detailed study
reported that PTT and PP crystallization rates are
expedited by the presence of each other and the
acceleration is dependent on the blend ratio. Also
PTT showed a fractionated crystallization. PP-g-
MAH as a reactive compatibilizer decreased the
crystallization temperature of PTT and PP which
was more significant for PTT due to the reactivity of
maleic anhydride and PTT. It took a longer time to
reach a given crystallinity for compatibilized blends
compared to the corresponding uncompatibilized
ones. Elsewhere, Lin and Cheng [24] in an article on
PTT/PP blends reported a complex melting behav-
ior accounted for by recrystallization process. They
stated that PP in PTT/PP blends can increase the
crystallization rate of PTT and reduce the amount
of imperfect PTT crystals. Furthermore, the crys-
talline structure of PTT in blends remained intact.
Wang and Run [25] reported that PTT/PP blends
exhibit different crystallization and melting behavior
depending on PP-g-MAH content. The results
showed that the crystallization rate of PTT compo-
nent is raised on introduction of PP-g-MAH, even
though that of PP component is slowed down. As to
PTT/PP nanocomposites with and without PP-g-
MAH, Upadhyay et al. [26] recently carried out
various measurements and observed an intercalated
morphology as well as an increase in crystallization
temperature of the blend components in presence of
nanoclays, however, crystallinity and melting tem-
perature of the components were not affected sig-
nificantly.

With particular attention to the existing complexi-
ties of and rising demands for nano-based multi-
phase polymer systems, the idea behind the current
effort is to shed light on crystallization and melting
characteristics of PP/PTT blends in presence of
organically modified montmorillonite (Cloisite nan-

oclays 20A and 30B), Elvaloy PTW, and PP-g-
MAH via differential scanning calorimetry (DSC),
temperature-modulated DSC (TMDSC), wide-angle
X-ray diffraction (WAXS), and transmission elec-
tron microscopy (TEM). Cloisite 20A and 30B have
been selected on account of their characteristic dif-
ference as the former was reported to be consider-
ably more hydrophobic than the latter [27].

2. Experimental

2.1. Materials

All of the materials used in this work were of com-
mercial grade consumed as received without further
treatment. Isotactic PP (Moplen HP501H) with melt
flow rate of 2.1 g/10 min was purchased from Basell
Company (Germany). PTT (RTP 4700), with an
intrinsic viscosity of 0.901 ml/g, measured at 25°C
in a 60/40 mixture of phenol and tetrachloroethane,
was obtained from RTP Company (USA). Elvaloy
PTW, containing 2.4 wt% GMA, was obtained from
DuPont (USA). PP-g-MA (Polybond 3200) was
supplied by Chemtura (USA). Cloisite 20A and
Cloisite 30B were provided from Southern Clay
Products (USA).

2.2. Samples preparation

The processing conditions were set based on this
fact that it strongly affects nanoclay dispersion [28].
The samples were prepared in an intermeshing twin
screw extruder (Berstorff) using a temperature pro-
file of 200-235°C at screw speed of 200 rpm in co-
rotating mode. The extrudate was collected in the
form of rods in absence of drawing in order not to

Table 1. Compositions and codes of the samples

Sample code PP/PTT | Compatibilizer Nanoclay
ratio [wt%] [wt%l]
PP100 100/0 0 0
PP97CA3 100/0 0 3 Cloisite 20A
PP95CAS 100/0 0 5 Cloisite 20A
PTT100 0/100 0 0
PTT95CB5 0/100 0 5 Cloisite 30B
B100 75/25 0 0
B9SES 75/25 | 5 Elvaloy PTW 0
B95gM5 75/25 5 PP-g-MAH 0
B90E10 75/25 |10 Elvaloy PTW 0
N95CBS 75/25 0 5 Cloisite 30B
2.5 Cloisite 20A +

NO95CB2.5CA2.5| 75/25 0 2 5 Cloisite 30B
NOOESCB5 75/25 | 5 Elvaloy PTW | 5 Cloisite 30B
N8SE10CB5 75/25 |10 Elvaloy PTW| 5 Cloisite 30B
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assume orientation. A constant PP/PTT weight ratio,
75/25, was used with various contents of the com-
patibilizers and nanoclays. All of the components
were introduced to the extruder in a single step. The
formulation of the samples is presented in Table 1.

2.3. Characterization

2.3.1. WAXS

Wide angle X-ray diffraction (WAXS) analysis was
performed on X-ray diffractometer P4 with area
detection system GADDS (Bruker, Germany), oper-
ating at 40 kV and 30 mA using CuK, radiation
(A= 0.154 nm). The samples were investigated in
transmission with primary beam normal to extru-
sion direction. The scanning was carried out in 26
range between 1.8 and 40.5°.

2.3.2. DSC

Thermal behavior was examined on Q2000 DSC
(TA Instruments USA), with samples of about 5 mg
sealed in aluminum pans under nitrogen atmos-
phere. The samples were first heated from 25 to
250°C at 10°C/min, kept at 250°C for 2 min to erase
the thermal history. To study non-isothermal behav-
ior, cooling was executed down to 25°C at the rate
of 10°C/min. The samples were finally heated back
to 250°C at the same rate to study the subsequent
melting behavior. Isothermal crystallization was
performed stepwise at different sets of temperatures
to determine the optimal one where the highest
crystallization rate for each component was reached.
The samples were accordingly cooled from 250 to
170°C (optimal isothermal crystallization tempera-
ture for PTT), held for 10 min to examine PTT com-
ponent crystallization, and then prompt cooling con-
tinued to 120°C (optimal isothermal crystallization
temperature for PP), kept for 30 min to examine PP
crystallization. Cooling was then performed back to
25°C at the rate of 10°C/min and subsequent melt-
ing was done at equal rate to 250°C. Furthermore,
crystallization degree was estimated based on the
Equation (1):

AH,

X. =
¢ w-AHY,

100 (1)

where AH,, is the measured melting enthalpy and
AHY is melting enthalpy of 100% crystalline sample.
o¢ denotes weight percentage. For neat PTT, AHY =
145.5 J/g [22] and for neat PP, AH%, =207.0 J/g [29].

2.3.3. TMDSC

TMDSC (Mettler Toledo DSC, Switzerland) was
managed to investigate the complex melting phe-
nomena on 6 mg samples sealed in aluminum pans.
The specimen was heated from 25 to 250°C at
10°C/min and kept 2 min at 250°C, subsequently
cooled down to 25°C at the rate of 10°C/min and
heated to 100 C. The final heating was carried out
from 100 to 240°C to observe cold crystallization at
amplitude of 1° and period of 60 sec.

2.3.4.TEM

The extruded samples were ultramicrotomed down
to 80 nm thickness under cryogenic conditions at
—120°C via EM UC/FC6 ultramicrotome (Leica,
Germany) equipped with a diamond knife. TEM
images were then recorded using LEO 910 TEM
(Carl Zeiss, Germany) at an acceleration voltage of
120 kV.

3. Results and discussion

3.1. Morphology

TEM morphological images of three representative
samples are given in Figure 1. As it is evident from
Figure la, which corresponds to sample N95CBS,
PTT droplets are dispersed within PP matrix. Exfo-
liated Cloisite 30B nanoparticles are distributed in
PTT phase as well as blend interphase confirming
nanocomposite formation. The higher tendency of
Cloisite 30B to PTT has also been reported elsewhere
[26] which is principally due to their hydrophilic
affinity. On introduction of 2.5 wt% Cloisite 20A
and 2.5 wt% Cloisite 30B to PP/PTT blend (Fig-
ure 1b), nanoclay content at the interphase rises sig-
nificantly to the detriment of that inside PTT
droplets which reveals the tendency of Cloisite 20A
to reside at the interfacial phase because of its
hydrophobic nature. Depending on the material,
Cloisite 20A locates selectively in the phase with
which it has more affinity [30]. The selective local-
ization of nanoclay is also predictable from surface
free energy values (pertinent data not shown). Fur-
thermore, the presence of Cloisite 20A led to an
increase in PTT droplets size and aspect ratio seem-
ingly on account of coalescence. According to Fig-
ure 1c, addition of the compatibilizer, Elvaloy PTW,
as much as 5 wt% to N95CBS gives rise to signifi-
cant alterations in morphology, viz., an increased
PTT dispersion due to reduced interfacial tension
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Figure 1. TEM morphological images of different samples: (a) N9SCBS, (b) N95SCB2.5CA2.5, (c) N9OESCBS
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and coalescence, an enlarged gallery space of clay
layers, and a higher amount of nanoclays lying at
the interphase rather than within PTT phase domain.
The significant difference compared to N95CBS5
sample refers to the formation of a compatibilizer-
rich phase which encompasses a considerable amount
of nanoclay due to their affinity. This leads to a
reduction of nanoclay presence at the interphase as
well as inside PP droplets.

3.2. X-ray crystallography

The WAXS patterns from different samples along
with pure nanoclays are presented in Figure 2. Over
low-scattering-angle range (Figure 2a), the observed
peaks in the given patterns correspond to (001)
crystalline plane of nanoclays preserved when com-
pounded with polymeric constituents. This is
indicative of an intercalated morphology formation
being in agreement with Upadhyay ef al. [26]. Nan-
oclays interlayer distance values estimated based on
Bragg’s law [21] are also embedded in the graph.
Data suggests weak interactions between PP chains
and Cloisite 20A galleries since the interlayer dis-
tance remains nearly unchanged upon blending with
PP, while an opposite trend is seen between PTT
and Cloisite 30B moieties corroborating the TEM
findings. Furthermore, the presence of Cloisite 30B
contributes to intercalation by raising the gallery
spacing in blend nanocomposite samples implying
the facilitated insertion of polymer chains within
the interlayer space in virtue of polymer-nanoclay
affinity [31].

Based on the patterns shown in Figure 2b, PP a-
crystalline form is discernible by the signals assigned
to (110), (040), (130), (111), (131), and (041)
planes. Neat PTT samples gives no characteristic

= Qt Cloisite 20A (2.45 nm)
5, Cloisite 30B (1.85 nm)
& PP95CAS (2.25 nm)
: E PP97CA3 (2.26 nm)
= N95CA2.5CB2.5 (3.4 nm)
B NO5CBS (3.4 nm)
NI0ESCBS (3.4 nm)
fL% N85E10CB5 (3.4 nm)
. . - . PTT95CB5 (3.4 nm)
2 4 6 8 10
a) 20 [

peaks remaining amorphous under imposed pro-
cessing conditions. Introduction of the compatibi-
lizer and nanoclays into PP/PTT blends has no sen-
sible effect on PP crystalline size similar to what is
reported by Lin and Cheng [24]. This is learned
from the data calculated for (040) crystal plane in
accordance with the Scherrer equation [32] and
demonstrated graphically in Figure 3a.

According to the Scherrer equation, the crystal size
(L) is given by Equation (2):

_09A
B-cosf

2)

where 1 denotes wavelength, € is scattring angle,
and f is full width at half maximum. Also, the rep-
sective crystalline percentage (X) is calculated from
Equation (3):

So40
So40 + S110 + S130 + S111 + Sosr

Xoao = 3)
In which S refers to area under each scattering peak.
Nonetheless, an overall advantageous impact of
blending as well as nanoclays incorporation on crys-
tallinity values is found (Figure 3a) obtained based
on Zipper equation [33] which may be attributed to
the nucleating effects and dispersed phase domain
size. Zipper equation gives orientation parameters
of (040) crystal plane, 419 (Equation (4)), and
(110) crystal plane, C (Equation (5)), in terms of
signals intensity values (/):

I110
T+ i +1-

131+ 041

4)

Ao =

_ Ioao
Ti1o + Toao + I130

)

__,_/LJ\/L/L PP100
M PP97CA3
M PPY5CAS5
—— N A A\ B0
___M B95gM5
N A~ BT
__J\_M N95CBS5
N95CA2 5CB2.5
N85E10CBS5

PTT100
PTT95CBS

Intensity [a.u.]

10 15 20 25
b) 20 [

Figure 2. WAXS patterns of different samples: (a) low scattering angle range (b) medium scattering angle range
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Figure 3. Crystallographic parameters estimated for different samples: (a) crystalline size and percentage, (b) orientation

indices of crystal planes

A1y and C indices are presented in Figure 3b. It is
deduced such that under processing conditions
maintained for samples preparation, orientation
index of (110) direction is not influenced while that
of (040) is favored by blending and nanocomposite
formation.

3.3. Crystallization and melting

DSC thermograms of the samples undergone the
isothermal crystallization process together with the
corresponding heating scan are given in Figure 4
and 5, respectively. A complex melting behavior is
observed for neat PP (PP100) arising from melting
of crystals with different thermal stability [34].
Moreover, a cold crystallization phenomenon for
pure PTT (PTT100) is noticed stemmed from chains
reorganization [35]. Both phenomena vanish in
heating scan of PP/PTT blend sample (B100), which
shows a single crystallization peak in very close
proximity to PP exothermic signal. A cursory exam-
ination of Figure 4 curves may suggest that PTT
remains amorphous, although based on Figure 5,
two distinct melting peaks emerge for B100 imply-
ing the crystallization of both components. The melt-
ing endotherm due to PTT is raised either as a result
of melt or cold crystallization. The occurrence of the
latter is excluded after a survey into the obtained
TMDSC thermograms (Figure 6). Since both revers-
ing and non-reversing heat flow curves possess
resembling endotherms, it is understood that no
thermally-induced crystallization associated with
PTT chains reorganization happens. Therefore, PTT
and PP crystallize under cooling simultaneously giv-

g- ’
% A PTT95CB5S
- PP97CA3
PP95CAS5
PTT100
5 r PP100
3 B100
- —_— BY5ES
3 ] BYOE10
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Figure 4. DSC cooling thermograms of the samples crystal-
lized isothermally at certain temperatures
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Figure 5. DSC melting thermograms of the isothermally-
crystallized samples

ing rise to a concurrent crystallization which nor-
mally occurs when the crystallization temperature
ranges coincide provided the crystallizability of the
blend components is similar [3]. To get further insight
into the isothermal crystallization and melting behav-
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Table 2. Isothermal crystallization and the respective melting data of the samples

Sampl PP component PTT component
e
P AH [J/g] | Tw® [°Cl | AHLY [Jig] | X@ [%] AH, [J/g] Twm [°C] AHp [J/g] X [%]
PP100 84.0 161.0 84.0 40.5
PP97CA3 85.8 161.3 85.8 42.7
PP95CAS 85.0 160.8 85.0 43.2
PTT100 50.7 227.5 50.7 35.1
PTT95CBS 49.5 228.6 49.5 34.7
B100 77.0 161.0 65.0 41.9 2273 12.0 33.0
B95gM5 76.2 160.8 66.0 44.7 227.0 10.5 30.4
B95ES 58.0 160.5 47.5 322 226.9 10.1 28.9
B90E10 56.0 160.3 46.0 329 .. 227.5 10.0 30.5
NI95CBS 65.1 161.0 62.0 42.0 8.9 227.7 12.0 34.7
NI95CB2.5CA2.5 64.5 161.8 58.5 39.6 2279 6.0 17.3
N90E5CB5 54.8 159.8 45.5 322 228.0 9.5 29.6
N85E10CB5 53.9 160.1 44.0 33.5 2284 10.0 30.7
(Crystallization enthalpy
@Melting temperature
®)Melting enthalpy
#Crystallinity
& g
Q Non- 2 VAN
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Figure 6. TMDSC curves of B100 sample obtained during
heating scan

ior, Table 2 is given embracing numerical data. It is
inferred that blending leads to a decrease in crystal-
lization rate and degree of PTT component while
the opposite is found for PP. This can be explained
based on the favorable role of PTT crystallites for
PP nucleation stage, while PTT crystallization is
hindered by PP phase being in molten state when
PTT is about to crystallize. Similar conclusion has
also been reported on PET nucleating role on PP
crystallization in PP/PET blend [36].

Non-isothermal crystallization and melting behav-
ior of the samples are respectively demonstrated in
Figures 7 and 8. The cold crystallization of PTT100
again appears, while the complex melting of PP100
disappears. Blending PTT with PP correspondingly
results in a decrease in PTT crystallization tempera-
ture and an increase in that of PP, as numerically
displayed in Table 3. Heating scan of the non-

Temperature [°C]

Figure 7. DSC cooling thermograms of the samples crystal-
lized non-isothermally

PTT100
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Figure 8. DSC melting thermograms of the non-isother-
mally-crystallized samples

isothermally crystallized blend (B100) reveals nei-
ther complex melting behavior nor recrystallization
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Table 3. Non-isothermal crystallization and the respective melting data of the samples

Sample PP component PTT component
AH, [ J/g] T [°C] AHp, [J/g] X[ %] AH, [ J/g] Tm [°C] AHp, [J/g] X[ %]

PP100 86.7 160.7 86.7 41.9

PP97CA3 90.3 161.0 90.3 45.0

PP95CAS 90.5 160.7 90.5 46.0
PTT100 48.6 227.0 48.1 33.1
PTT95CBS 443 227.1 443 32.0
B100 78.7 160.7 65.9 42.5 226.1 12.6 34.6
B95gM5 79.5 160.5 67.0 45.4 225.9 12.0 34.7
BI95ES 62.0 160.4 49.5 33.5 226.0 13.0 37.6
B90E10 61.2 160.2 48.0 34.3 225.9 12.8 39.1
NI95CBS5 68.0 161.0 62.0 42.0 6.6 226.7 12.0 34.7
NI95CB2.5CA2.5 66.8 161.6 60.0 40.7 226.8 6.2 18.1
NI9OE5CB5 60.0 159.6 49.0 35.0 226.5 10.9 333
NSSE10CBS 58.0 159.5 46.0 34.8 226.7 11.0 35.6

phenomenon. Furthermore, no significant shift in
melting peaks are observed on blending.

The addition of the compatibilizers, i.e. Elvaloy
PTW and PP-g-MAH, to PP/PTT blend (B95ES,
B90E10, B95gM5) entails considerable changes in
the respective thermal characteristics, of which a
reduction in crystallizability of the blend con-
stituents is brought about, as evident from Table 2
data. This agrees with a similar published attempt
[24]. The presence of the compatibilizer entities
located at the interface results in a decrease of PTT
dispersed phase domains which restricts the crystal-
lization potential of both components. Further
increase of Elvaloy PTW quantity (B90E10) has no
detectable change on blend crystallization rate and
degree possibly due to the interfacial saturation
which is elaborated on for different blends in the lit-
erature [37]. It is interesting to note that PP-g-MAH
influences PP thermal characteristics stronger than
Elvaloy PTW, while an inverse trend is evident for
PTT surmised to be on account of the structural
similarity of the former pair and the higher reactiv-
ity of the latter one. Additionally, it is noteworthy
that PTT cold crystallization disappears, however,
the complex melting behavior of PP is preserved in
presence of both compatibilizers revealing the
influence of the compatibilizer entities on PP crys-
tal morphology.

As for non-isothermal crystallization and melting,
the compatibilizers decrease crystallization temper-
ature of both components in blend. Neither com-
plex melting nor cold crystallization is observed in
melting scans after introducing compatibilizers.

Also, no significant shifts in melting peaks are
observed on compatibilizer addition.

Nanoclay particles affect crystallization character-
istics of the polymeric components (PP95SCAS,
PTTI95CBS), where Cloisite 20A acts as nucleating
agent and increases crystallization rate and degree
of PP. Further addition of clay content has no favor-
able influence but a slightly negative impact is also
observed which is ascribed to an increase in viscos-
ity as well as chain folding energy [38, 39]. More-
over, the complex melting behavior of PP is absent
in the presence of nanoclay. As for PTT, Cloisite
30B particles contribute to the crystallization rate,
however, crystallization degree slightly decreases.
This may be related to the nucleating effect of nan-
oclays particles within PTT region leading to an
increase in overall rate of crystal formation. Cold
crystallization of PTT is also retained as evident
from the respective melting scan.

Analogous to the above-stated findings, as regards
the non-isothermal crystallization and melting ther-
mograms, the introduction of nanoclays to the homo-
polymers increase crystallization temperature of PP
and PTT. The favorable effect of nanoclays on PP
crystallization has been addressed by Preschilla et
al. [40]. Complex melting of PP is absent while
cold crystallization is yet detectable for PTT in
heating scans. Also, no significant shifts in melting
peaks are observed on nanoclays addition.
Concerning the blend nanocomposite samples
(N95CBS, NO95CB2.5CA2.5, NOOE5SCBS,
N8SE10CBS5), Cloisite 30B is effective as it increases
PP crystallizability, whereas decreases that of PTT.
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On addition of Cloisite 20A to the nanocomposite
sample, crystallization rate and degree of both PTT
and PP are adversely altered. This may be associ-
ated with the tendency of Cloisite 20A to reside at
the interfacial phase, rather than inside PTT domain
which led to an increase in PTT droplets size and
undermine the nucleating effect of PTT particles on
PP crystallization. It should be noticed that the
compatibilizer restricts crystallizability of the nano-
composite sample due to the same reasons stated
earlier. This component diminishes the content of
nanoclay particles in PTT phase and impairs both
crystallization rate and degree. Further addition of
the compatibilizer slightly affects crystallization
and melting parameters which is believed to be due
to the interfacial saturation and micelle formation.
In respect of the heating scans, the complex melting
behavior of PP is observed in the blend nanocom-
posite samples, while the cold crystallization of
PTT is not.

Concerning non-isothermal mode, PTT crystalliza-
tion temperature decreases while that of PP increases
on introduction of Cloisite 30B to the blend,
whereas the addition of cloisite 20A has reducing
effect on crystallization temperature of both com-
ponents. The heating scan of the non-isothermally
crystallized blend nanocomposites reveals neither
complex melting behavior nor recrystallization phe-
nomenon. Furthermore, no significant shift in melt-
ing peaks are discernible being consistent with the
literature [26]. An overall comparison among the
data on the samples crystallization behavior shows
that the compatibilizer is remarkably more influen-
tial than nanoclay.

From kinetic standpoint, Avrami equation [41] has
been employed whose characteristic parameters,
that is to say, n and K are given in Table 4. K denotes
the rate constant and » is the Avrami exponent
which depends on the nucleation and growth mech-
anisms and is said to have contributions from growth
dimensionality and nucleation mode [40]. Accord-
ing to the table, the n values mostly range between
2.2 and 3.6 which indicates athermal nucleation
process followed by a two-dimensional (mostly in
blend nanocomposites) or three-dimensional crystal
growth, respectively. However, nanoclay particles
alter the nucleation mode from athermal to thermal
signified by a noticeable increase in the Avrami
index. To describe the non-isothermal kinetics,

Table 4. Kinetic analysis data of the samples based on the
Avrami equation

Sample Isothermal Non-isothermal

n InK n InK
PP100 2.3 -5.16 4.5 -19.98
PP97CA3 4.0 —6.91 4.5 -17.52
PP95CAS 53 -10.17 4.9 —-18.77
B100 9.3 -19.31 10.2 —47.06
B95gM5 3.7 —6.06 4.1 —-18.63
BISES 23 -5.17 4.8 —20.06
B90E10 23 —5.34 5.8 —27.29
N95CB5 3.4 -5.90 5.1 —20.75
N95CA2.5CB2.5 35 —6.14 4.0 -16.53
NI9OESCBS 22 —4.90 4.7 —20.83
N8SE10CB5 2.5 —5.78 4.4 —-18.83

Avrami equation was modified by Wang and Run
[25] by defining a reduced rate constant on the basis
of the cooling rate. Non-isothermal kinetics with
respect to n values shows that crystallization occurs
via thermal mode through a three-dimensional
growth.

4. Conclusions

The results from TEM on characterization of PP/
PTT blend nanocomposites show an inherent incom-
patibility which is resolved to some extent through
compatibilizer incorporation. Cloisite 30B exhibits
higher inclination to PTT phase rather PP. WAXS
reveals an intercalated morphology where the gallery
spacing is considerably contributed by Cloisite
30B. Also, introduction of nanoclays and compati-
bilizers has no detectable impact on PP a-crys-
talline size. DSC studies indicate a simultaneous
crystallization of both polymeric components in
blends. Blending favors PP crystallizability, even
though it curbs that of PTT. Addition of compatibi-
lizers interferes with crystallizability of PP and
PTT. However, nanoclays incorporation increases
crystallizability of polymer in samples of polymer/
nanoclay. As to blend nanocomposites, the way the
crystallization behavior varies relies on type of nan-
oclay. Based on Avrami kinetic analysis, nucleation
stage of isothermal crystallization follows athermal
mechanism, while that of non-isothermal obeys
thermal mode. Furthermore, addition of nanoclays
shifts nucleation mechanism from athermal to ther-
mal mode. A comparison among the data on crystal-
lization and melting characteristics shows that the
compatibilizer is remarkably more influential than
nanoclay.
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Abstract. Herein, investigation on synergistic effect during network formation for conductive network constructed with
carbon nanofillers in different dimensions is conducted. Multi-walled carbon nanotubes (MWNTs) and carbon black (CB)
are employed as conductive fillers in this system. Morphological control of the conductive network is realized by adjusting
the ratio between different fillers. Classical percolation threshold theory and adjusted excluded volume theory are used to
analyze the electrical percolating behavior of these systems. It is observed that the percolation threshold of hybrid fillers
filled conductive polymer composites (CPCs) is much lower than that of MWNTSs or CB filled CPCs, and it can be reduced
from 2.4 to 0.21 wt% by replacing half of the MWNTs with CB. Possible mechanism of this phenomenon is discussed
together with morphological observation. A model is proposed to understand the mechanism of the percolation behavior in
the composites containing various proportions of nanofillers. Our work is important for the design and preparation of low

cost conductive polymer composites with novel electrical property.

Keywords: nanocomposites, carbon nanotubes, carbon black, synergistic effect, electrical percolation

1. Introduction

Conductive polymer composites (CPCs) have
attracted a lot of attention in the past few decades,
and have many potential applications including
antistatic [1], electromagnetic interference shield-
ing [2], sensing [3-8], flexible solar cell electrodes
[9], field emission [10, 11], etc. CPCs can be fabri-
cated by adding conductive filler into an insulating
polymer matrix, where a sudden jump in conductiv-
ity can be observed while a critical content of filler is
incorporated. Classic percolation theory is often
used to describe such a phenomenon [12], and car-
bon nanotubes (CNTs), carbon black (CB), graphite,
graphene nanoplates etc. are often used as electri-
cally conductive fillers. CNTs are believed to be

*Corresponding author, e-mail: huadeng@scu.edu.cn
© BME-PT

one of the most interesting conductive fillers due to
their ultra-high aspect ratio and intrinsic conductiv-
ity [13—17]. For example, the percolation threshold
of CPCs containing CNTs can be as low as
0.0025 wt% [18-21]. In these systems, percolation
thresholds are significantly lower than 0.1 wt%. It
is attributed to the kinetic percolation which allows
for particle movement and re-aggregation [22], and
these results are often achieved in emulsion or solu-
tion-based systems under controlling the viscosity
of the aqueous composite mixture and the shear
intensity of the stirring process. However, percola-
tion threshold is often much higher for composites
prepared by melt compounding. McNally et al. [23]
observed a percolation threshold of 7.5 wt% for
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PE/MWNTs composites prepared by melt blending.
The value is often between 1 to 5 wt% for melt com-
pounded systems and considered as statistical per-
colation threshold [22]. The mechanism behind this
significant difference between kinetic and statistical
percolation is the prohibition of re-aggregation
between CNTs during melt compounding process
[22, 24]. It was reported that the re-aggregation
process of CNTs within polymer melt can take hours
to complete [25].

To achieve better conductivity or lower cost, more
than one kind of filler, particularly fillers in differ-
ent aspect ratios, are used to prepare CPCs. Regard-
ing the formation of conductive network with fillers
in different aspect ratios, theoretical study has shown
that it is not necessary to build conductive network
with high aspect ratio filler alone [26], and the per-
colation threshold is sensitive to the portion of high
aspect ratio filler in a system containing fillers in dif-
ferent aspect ratios [27]. There are a number of inves-
tigations reported in the literature on mixed carbon
fillers filled CPCs [26, 28-31]. However, the perco-
lation thresholds of these systems filled with mixed
fillers are only simple average of that for systems
filled with a particular kind of carbon filler. There-
fore, more study is needed to study the true syner-
gistic effect between conductive fillers of different
dimensionality in building conductive network.

In current study, CPCs based on mixed filler between
carbon nanofillers in different dimensions and poly-
propylene will be fabricated. It is well known that
polyolefin is a widely used material and its process-
ability is prominent. Moreover, due to the differ-
ence in filler dimension and intrinsic structure, the
networks formed with mixed fillers might illustrate
interesting percolating behavior in CPCs. Further-
more, this study could be used as an example to
demonstrate the real synergistic effect between dif-
ferent dimensional fillers and replace high price and
aspect ratio filler with lower ones. Multiwall carbon
nanotubes (MWNTs) and CB will be used as con-
ductive fillers. Classical percolation threshold theory
and adjusted excluded volume theory [26] will be
used to analyze the electrical percolating behavior
of current systems.

2. Experimental

2.1. Materials

MWNTs (NC 7000, Nanocyl S.A., Belgium) were
used for the preparation of CPCs. These MWNTs
have an outer diameter of 10 nm, a length of 1.5 pm,
and a surface area of 250-300 m?-g~!' according to
the producer. CB (VXC-605, Cabot Co. Ltd, U.S.)
is acetylene carbon black with DBP absorption of
148 ¢cm?/100 g, and a primary particle diameter of
34 nm. A maleic anhydride grafted polypropylene
(PP-g-MA) (E43, Westlake Chemical, U.S.) was
used as compatibilizer. Polypropylene (PP, Basell
Adsyl 5C39F, Basell, U.S.) is a copolymer (M, =
320 kg'mol™!, MFI = 5.5 g'min™") containing 98%
of PP and 2% of ethylene.

2.2. Composites preparation

Fillers were melt-blended with PP copolymer (co-
PP) in an internal mixer (XSS-300, Qingfeng Mould
Factory, Shanghai, China) at 200°C, 100 rpm for
15 min in order to prepare the masterbatch with
high filler content. The mixture of MWNT and CB
are mentioned as ‘Hybrid fillers’ in the following.
Then, the masterbatch, co-PP and E43 were added
into a double-screw micro-extruder (HAAKE Mini-
Lab, Thermo Electron, Germany) at 200°C, 100 rpm
for 15 min to prepare composites containing differ-
ent filler content. The content of E43 is kept at 10 wt%
for all composites in this study. The extruded strand
was then cut and hot-pressed (KT-0701, Kangte
Technology Co. Ltd, Beijing, China) into a film
with a thickness about 200 pm at 200°C, 20 MPa
for 5 min.

2.3. Composites characterization

2.3.1. Electrical measurements

Direct current (DC) electrical resistivity is meas-
ured for the composites at different processing stages.
Two points method was used. To avoid contact resist-
ance, silver paint was applied on both ends of the
tape. As a result, contact resistance is negligible
compared to sample resistance. The resistance is
measured by a Keithley 6487 picoammeter (Keith-
ley Instruments Inc. Ohio, USA) at a constant volt-
age of 1 V. The results were recorded after the volt-
age had been exerted for 5 seconds. Resistivity can
be calculated using the resistance by Equation (1):
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pP=—7 (1)

where R is the resistance of the sample, w, ¢, and /
represent width, thickness and length of the sample,
respectively. Resistivity exceeding 10* Q-m is not
measurable with the current set-up and these films
are therefore classified as non-conductive.

2.3.2. Scanning electron microscope (SEM)
Morphology studies were carried out on a scanning
electron microscope (SEM, Inspect F, FEI com-
pany, USA) under an acceleration voltage of 20 kV.
For the investigation of conductive networks, un-
coated specimens were used. To study the morphol-
ogy of network constructed with lower filler con-
tent, standard gold-coated specimens were used.

3. Results and discussion

3.1. Percolation threshold in isotropic systems
The electrical conductivity of isotropic nanocom-
posites is plotted as a function of filler content in
Figure 1. Composites containing only MWNTs, only
CB, both MWNTs and CB in the ratio of 1:1, 1:4
and 4:1 are labeled as: CPC-MWNT, CPC-CB,
CPC-MWNT;-CB,, CPC-MWNT;-CB4 and CPC-
MWNT,-CBy, respectively. The result that the CPC-
CB system exhibits a higher percolation threshold
than the CPC-MWNT system is anticipated due to
the higher aspect ratio of MWNTs comparing with
CB. Further experiments were carried out to inves-
tigate the influence of hybrid nanofillers and the
ratio between them on the electrical percolating
behavior. Interestingly, a measurable resistivity is

—u— MWNT

—e— CB

—a— MWNT.CB=1:1
—v— MWNT.CB=4:1
—— MWNT.CB=1:4

Resistivity [£2-m]

8 10 12 14

Filler content [wt%]

16

Figure 1. DC electrical resistivity of nanocomposites: CPC-
MWNT, CPC-CB, CPC-MWNT;-CB;, CPC-
MWNT,4-CB; and CPC-MWNT-CBy. Please
note that the dot lines are drawn to guide the eye.
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obtained for the composites containing a hybrid
filler consisting of 0.25 wt% MWNTs and 0.25 wt%
CB, while the resistivity of the composites filled
with MWNTs alone could only become conductive
for the filler contents above 2 wt%. Therefore, the
percolation threshold is reduced significantly by
using a hybrid nanofiller system. As shown in Fig-
ure 1, CPC-MWNT;-CB, are more conductive than
CPC-MWNT,;-CBy, at the same total filler content.
Furthermore, the resistivity of the composites con-
taining hybrid nanofillers is higher than CPC-
MWNT at the same filler content. However, the resis-
tivity of CPC-MWNT,4-CB; and CPC-MWNT/-CB;
is very close to that of CPC-MWNT. Therefore, the
synergistic effect between CB and MWNTs allows
the partial replacement of high aspect ratio and high
priced nanofillers (MWNTs) with low aspect ratio,
low priced fillers (CB) in CPCs. This agrees well
with the theoretical results reported in literature
[27]. More importantly, the synergistic effect between
CB and MWNTs results in a reduced percolation
threshold for CPC-MWNT,-CB; compared with
CPC-MWNT.

In order to perform a more in-depth analysis, the
data of the above five systems were fitted according
to the classical percolation scaling law, see Equa-
tion (2):

o = og(P — P)t (2)

for P> P,

where oy is a scaling factor, P, is the percolation
threshold, o is the conductivity of the CPC and P is
the filler content in the CPC [12]. The exponent 7 is
a parameter which depends on the dimensionality
of the conductive network. It is expected to vary for
different materials with calculated values of t= 1.3
and ¢~ 2.0 for two and three dimension networks,
respectively. As widely reported in the literature [4,
32], the percolation threshold of CPCs can be deter-
mined accurately, and information on the dimen-
sionality of the conducting network can be obtained
through the fitting of classical percolation scaling
law to experimentally obtained conductivity data.
Hence, the percolation threshold P, and exponent t
are obtained, the results are shown in Figure 2.
Furthermore, excluded volume theory has been
widely used in conductive polymer composites
filled with one type of conductive filler to analyze
their conductive percolation behavior [19, 24].
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Figure 2. Plots of classical percolation threshold theory fitting of the composites: (a) CPC-MWNT; (b) CPC-CB; (c) CPC-
MWNT;-CB;; (d) CPC-MWNT4-CBy; (¢) CPC-MWNT-CBy. R? of these curves are: (a) R>= 0.94; (b) R? =

1.00; (c) R? = 0.87; (d) R? = 0.96; (e) R> = 0.73.

Recently, it is reported that the percolation thresh-
old of ternary systems containing two types of con-
ductive fillers can be estimated by using an equa-
tion derived from the excluded volume approach
[26, 29, 33] (Equation (3)):

MCNT mcB

_l.

=1 3)

Pcont PecB

where mcnt and mcp are the mass fraction in the
ternary systems, P.cnt and P cp are the percolation
thresholds in the binary systems for CNT and CB,
respectively. Therefore, the theoretical percolation
threshold of the binary systems can be calculated

using Equation (3). Using the system of CPC-
MWNT;-CB, as an example, it is possible to calcu-
late the filler content of each particle for the ternary
system using Equation (4) taking into account the
percolation threshold of the binary systems shown
in Figure 2:

ment = mep =1.5 wt% 4)

Thus, the theoretical percolation threshold of the
ternary system is calculated as shown in Equa-
tion (5):

PC,1:1 =2ment = 2mceg = 3.0 wt% (5)
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e)

Figure 3. SEM micrographs of isotropic CPCs: (a) MWNTs (10 wt%)/E43/co-PP; (b) CB (10 wt%)/E43/co-PP;
(c) MWNTs (5 wt%)/CB (5 wt%)/E43/co-PP; (d) MWNTs (8 wt%)/CB (2 wt%)/E43/co-PP; (¢) MWNTs
(2 wt%)/CB (8 wt%)/E43/co-P
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An obvious difference can be observed between the
experimental percolation threshold (0.21 wt%) and
calculated theoretical one (3.0 wt%) for CPC-
MWNT-CB;. Unlike reported in previous litera-
ture [29], the difference between experimental per-
colation threshold (0.5 wt%) and the theoretical one
(3.0 wt%) is rather obvious. As discussed above, a
measurable resistivity is obtained in MWNTs
(0.25 wt%)/CB (0.25 wt%)/E43/co-PP while the
resistivity of the composites filled with MWNTs
alone could only become conductive for the filler
contents above 2 wt%, thus, a statement on the pres-
ence of synergistic effect in percolation dynamics in
such a system can be made. As revealed in Figure 3,
MWNTs and CB are evenly dispersed in the poly-
mer matrix and the electrical pathways are co-
formed by MWNTs and CB. Additionally, P 4.; and
P 1.4 can be calculated using the same method as
2.6 and 3.5 wt%, respectively. Both of them are
similar with the experimental values shown in Fig-
ure 2 (1.8 and 3.2 wt%). This indicates that there is
no synergistic effect in CPC-MWNT4-CB; and
CPC-MWNT;-CB,.

3.2. Morphology of the composites

To understand the synergistic effect between MWNTs
and CB, SEM was carried out to investigate the
morphology of the composites with different filler
contents and proportions. High accelerating voltage
is applied to give enriched secondary electrons to
perform voltage contrast imaging as demonstrated
in literature [34—36]. Figure 3a and 3b shows the

a)

morphology of the conductive network formed by
MWNTs and CB, respectively, and Figure 3¢, 3d
and 3e shows that of hybrid fillers, where the bright
phase is conductive filler and the black background
is co-PP matrix.

As shown in Figure 3, isotropic conductive net-
works are obtained in the composites for the conduc-
tive networks formed by MWNTs and CB. Because
of the high aspect ratio and fibrous shape, MWNTs
filled composite showed such a network that MWNTs
are entangled to form conductive pathways. How-
ever, the network formed by CB is obviously differ-
ent from that formed by MWNTs as CB is a three
dimensional, sphere shaped filler. And the conduc-
tive pathway was formed through the aggregations
of CB particles. It is noted that the conductive net-
works formed with mixed fillers (see Figure 3)
demonstrate a complex nanostructure of multiple
MWNTs bridging adjacent CB particles. Since the
natural structure and proportions of the fillers in ter-
nary system are different, the morphology displays
diverse features.

Since these CPCs demonstrate interesting electrical
percolation behavior while hybrid fillers are con-
tained. More SEM study is carried out to further
investigate their morphology. Figure 4a shows the
morphology for CPCs containing 0.25 wt% MWNTs
and 0.25 wt% CB. It is noted that clear conductive
network can be observed, nevertheless, no network
can be observed in the representative picture from
CPCs containing 0.5 wt% hybrid filler  MWNTs:CB)
in the ratio of: 4:1, 1:4, 5:0, 0:5. This further con-

b)

Figure 4. SEM image for CPCs containing a total filler content of 0.5 wt% (a) CPC-MWNT-CB; (b) a representative pic-
ture of CPC-MWNT,-CB;, CPC-MWNT;-CB4, CPC-MWNT and CPC-CB
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firms the presence of conductive network in the
CPCs containing 0.25 wt% MWNTs and 0.25 wt%
CB, and the absence of that in the rest, as non-con-
ductive specimens are charged up during voltage
contrast imaging in SEM [35, 36].

It is well known that MWNTs has higher conductiv-
ity than CB. Nevertheless, it is observed that the no
measurable conductivity is obtained for CPC-
MWNT4-CB; and CPC-MWNT;-CB,4 containing
0.5 wt% hybrid filler, while CPC-MWNT-CB con-
taining the same amount of hybrid filler is conduc-
tive, despite of the fact that less highly conductive
MWNTs is contained comparing with CPC-MWNT}-
CB;. To try to understand this, the morphology of
the gold coated fracture surface of these CPCs con-
taining hybrid fillers is investigated with SEM (see
Figure 5). It is noted that MWNTs are more entan-
gled in the CPCs containing more MWNTs. Similar
effect is often observed in CNT/polymer compos-
ites [37]. Therefore, the extra MWNTs contained in
CPC-MWNTy-CB; are entangled in these bundles,
and not being used to building up conductive net-
works effectively. This might be responsible for the
effect observed.

3.3. The mechanism of conductive network
formation
According to the observation and discussion above,
the following mechanism is proposed to explain the
electrical percolation behavior observed. Compar-
ing CPC-CB with CPC-MWNT, a higher percola-
tion threshold and higher resistivity are obtained in
the former system. It is caused by the lower aspect
ratio, lower specific surface area and higher intrin-
sic resistivity of CB comparing with MWNTs.
Regarding the ternary systems containing both CB
and MWNTs, co-supporting networks are formed
with two types of fillers. For the CPCs containing
low filler content (e.g. 0.5 wt%, see Figure 6a, 6b,
6¢), conductive networks are obtained in CPC-
MWNT-CB, thanks to the bridges provides by CB
to MWNTs local networks. For CPC-MWNT,4-CB,
the MWNTSs become more entangled, and not being
efficiently used to build up conductive network.
o While for CPC-MWNT;-CBy, the amount of high
Figure 5. Fracture .Surface of CPCs containing 0.5 wt% of aspect ratio filler is too low to build conductive net-
hybrid filler, (a) CPC-MWNT,;-CB,, (b) CPC-
MWNT,-CB; and (c) CPC-MWNT;-CB, works. Therefore, CPC-MWNT -CB; demonstrates
much lower percolation threshold than the rest of
the CPCs.
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Figure 6. Mechanism for the formation of conductive pathways by MWNTs and CB in ternary systems: (a, b, ¢) are com-
posites filled with insufficient filler content; (d, e, f) are composites filled with sufficient filler content

In the CPCs containing relative high filler content,
the electrical resistivity is higher in the CPCs con-
taining more MWNTSs. This might be due to the fact
that the conductive network is already established
at these filler contents, therefore, CPC-MWNT};-
CB, is not demonstrating any synergistic effect in
conductivity comparing with other CPCs. It is
thought that there are three different mechanisms of
conductive network formation in such a ternary sys-
tem (see Figure 6d, 6e, 6f). Mechanism 1: shortcut
of ‘dead’ network branches caused by new active
branches of networks co-formed by CB [29]; mech-
anism 2: incorporation of CB into active ‘MWNT”’
networks through bridging MWNT local networks
with CB [29]; and mechanism 3: bridging local
contacts between CB clusters through MWNTs. In
the different ternary systems investigated in current
study, mechanism 3 might be dominant in CPC-
MWNT;-CB4, as most of the conductive networks
are formed by CB. Therefore, slightly higher resis-
tivity is observed for these CPCs at higher filler
content due to the higher intrinsic resistivity of CB
comparing with MWNTs (see Figure 1). Mecha-
nism 1 might dominate in CPC-MWNT4-CB;, as
most of the conductive networks are formed by
MWNTs. As shown in Figure 6d, both mechanisms
might occur simultaneously in CPC-MWNT-CB;.

4. Conclusions

With the effort to partially replace high price filler
(MWNTs) with lower ones (such as CB), a melt
processing based method is used to fabricate CPCs
filled with carbon nanofillers in different dimen-
sions: MWNTs and CB. Morphological difference of
the conductive network formed by the nanofillers is
observed due to difference in dimension between
these fillers. Moreover, synergistic effect between
carbon nanofillers is demonstrated in isotropic CPCs.
The percolation threshold of hybrid fillers filled
CPCs is much lower than that of MWNTs or CB
filled CPCs, and it can be reduced from 2.4 to
0.21 wt% by replacing half of the MWNTs with
CB. Regarding the effect of different filler ratio, it is
demonstrated that the lowest percolation threshold
is observed while the ratio is 1:1. With increasing
ratio, more entanglements between filler are observed
in the system, this might be responsible for the
increase percolation threshold. Nevertheless, the
CPCs containing more MWNTs at filler content well
above percolation are demonstrating lower resistiv-
ity despite of the filler ratio, this is thought to be
caused by the fact that relative stable conductive
network are already building at these filler contents.
This work could provide interesting method for the
preparation of low cost, high performance CPCs.
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Regarding future work, it would be interesting to
investigate the effect of surface properties of carbon
nanofillers on the synergistic effect observed, since
the surface properties of CB is reported to be closely
related with its electrical percolating behavior in
CPCs [38]. This might give explanation for the dif-
ference between current study and the ones report
in literature, where such a synergistic effect was not
observed in similar systems [26, 29].

Acknowledgements

We express our sincere thanks to the National Natural Sci-
ence Foundation of China for financial support (51003063,
51011130160, 50873063). We also would like to thank Prof.
Z. M. Li for providing us with the carbon black used in this
study.

References

[1] Deng H., Skipa T., Bilotti E., Zhang R., Lellinger D.,
Mezzo L., Fu Q., Alig 1., Peijs T.: Preparation of high-
performance conductive polymer fibers through mor-
phological control of networks formed by nanofillers.
Advanced Functional Materials, 20, 1424—1432 (2010).
DOI: 10.1002/adfm.200902207

[2] Ramasubramaniam R., Chen J., Liu H. Y.: Homoge-
neous carbon nanotube/polymer composites for elec-
trical applications. Applied Physics Letters, 83, 2928—
2930 (2003).
DOI: 10.1063/1.1616976

[3] Thostenson E. T., Chou T-W.: Carbon nanotube net-
works: Sensing of distributed strain and damage for
life prediction and self healing. Advanced Materials,
18, 2837-2841 (2006).
DOI: 10.1002/adma.200600977

[4] Zhang R., Baxendale M., Peijs T.: Universal resistivity—
strain dependence of carbon nanotube/polymer com-
posites. Physical Review B, 76, 195433/1-195433/5
(2007).
DOI: 10.1103/PhysRevB.76.195433

[5] Gao L. M., Thostenson E. T., Zhang Z., Chou T-W.:
Sensing of damage mechanisms in fiber-reinforced
composites under cyclic loading using carbon nan-
otubes. Advanced Functional Materials, 19, 123-130
(2009).
DOI: 10.1002/adfm.200800865

[6] Bouvree A., Feller J-F., Castro M., Grohens Y., Rin-
audo M.: Conductive polymer nano-bioComposites
(CPC): Chitosan-carbon nanoparticle a good candidate
to design polar vapour sensors. Sensors and Actuators
B: Chemical, 138, 138-147 (2009).
DOI: 10.1016/4.snb.2009.02.022

167

[7] Feller J. F., Langevin D., Marais S.: Influence of pro-
cessing conditions on sensitivity of conductive poly-
mer composites to organic solvent vapours. Synthetic
Metals, 144, 81-88 (2004).

DOI: 10.1016/j.synthmet.2004.02.006

[8] Castro M., Lu J., Bruzaud S., Kumar B., Feller J-F.:
Carbon nanotubes/poly(e-caprolactone) composite
vapour sensors. Carbon, 47, 1930-1942 (2009).

DOLI: 10.1016/j.carbon.2009.03.037

[9] Tae Kim A., Kim H. S., Lee S. S., Park M.: Single-
walled carbon nanotube/silicone rubber composites
for compliant electrodes. Carbon, 50, 444-449 (2012).
DOLI: 10.1016/j.carbon.2011.08.070

[10] Connolly T., Smith R. C., Hernandez Y., Gun’ko Y.,
Coleman J. N., Carey J. D.: Carbon-nanotube—poly-
mer nanocomposites for field-emission cathodes.
Small, 5, 826-831 (2009).

DOI: 10.1002/smll.200801094

[11] Alexandrou I., Kymakis E., Amaratunga G. A. J.: Poly-
mer—nhanotube composites: Burying nanotubes improves
their field emission properties. Applied Physics Let-
ters, 80, 1435-1437 (2002).

DOLI: 10.1063/1.1449537

[12] Stauffer D., Aharony A.: Introduction to percolation
theory. Taylor and Francis, London (1994).

[13] Li Z., Luo G., Wei F., Huang Y.: Microstructure of car-
bon nanotubes/PET conductive composites fibers and
their properties. Composites Science and Technology,
66, 1022-1029 (2006).

DOI: 10.1016/j.compscitech.2005.08.006

[14] Martin C. A., Sandler J. K. W., Shaffer M. S. P,
Schwarz M-K., Bauhofer W., Schulte K., Windle A.
H.: Formation of percolating networks in multi-wall
carbon-nanotube—epoxy composites. Composites Sci-
ence and Technology, 64, 2309-2316 (2004).

DOI: 10.1016/j.compscitech.2004.01.025

[15] Wang Q., Dai J., Li W., Wei Z., Jiang J.: The effects of
CNT alignment on electrical conductivity and mechani-
cal properties of SWNT/epoxy nanocomposites. Com-
posites Science and Technology, 68, 1644—1648 (2008).
DOI: 10.1016/j.compscitech.2008.02.024

[16] Zhang L., Wan C., Zhang Y.: Morphology and electri-
cal properties of polyamide 6/polypropylene/multi-
walled carbon nanotubes composites. Composites Sci-
ence and Technology, 69, 2212-2217 (2009).

DOI: 10.1016/j.compscitech.2009.06.005

[17] Gao X., Zhang S., Mai F.,, Lin L., Deng Y., Deng H.,
Fu Q.: Preparation of high performance conductive
polymer fibres from double percolated structure. Jour-
nal of Materials Chemistry, 21, 6401-6408 (2011).
DOI: 10.1039/C0JM04543H

[18] Bryning M. B., Islam M. F., Kikkawa J. M., Yodh A.
G.: Very low conductivity threshold in bulk isotropic
single-walled carbon nanotube—epoxy composites.
Advanced Materials, 17, 1186-1191 (2005).

DOI: 10.1002/adma.200401649



http://dx.doi.org/10.1002/adfm.200902207
http://dx.doi.org/10.1063/1.1616976
http://dx.doi.org/10.1002/adma.200600977
http://dx.doi.org/10.1103/PhysRevB.76.195433
http://dx.doi.org/10.1002/adfm.200800865
http://dx.doi.org/10.1016/j.snb.2009.02.022
http://dx.doi.org/10.1016/j.synthmet.2004.02.006
http://dx.doi.org/10.1016/j.carbon.2009.03.037
http://dx.doi.org/10.1016/j.carbon.2011.08.070
http://dx.doi.org/10.1002/smll.200801094
http://dx.doi.org/10.1063/1.1449537
http://dx.doi.org/10.1016/j.compscitech.2005.08.006
http://dx.doi.org/10.1016/j.compscitech.2004.01.025
http://dx.doi.org/10.1016/j.compscitech.2008.02.024
http://dx.doi.org/10.1016/j.compscitech.2009.06.005
http://dx.doi.org/10.1039/C0JM04543H
http://dx.doi.org/10.1002/adma.200401649

Zhang et al. — eXPRESS Polymer Letters Vol.6, No.2 (2012) 159—168

[19] Sandler J. K. W., Kirk J. E., Kinloch I. A., Shaffer M.
S. P., Windle A. H.: Ultra-low electrical percolation
threshold in carbon-nanotube-epoxy composites. Poly-
mer, 44, 58935899 (2003).

DOI: 10.1016/S0032-3861(03)00539-1

[20] Grunlan J. C., Mehrabi A. R., Bannon M. V., Bahr J.
L.: Water-based single-walled-nanotube-filled poly-
mer composite with an exceptionally low percolation
threshold. Advanced Materials, 16, 150—153 (2004).
DOI: 10.1002/adma.200305409

[21] Zhou Y. X., Wu P. X., Cheng Z-Y., Ingram J., Jeelani
S.: Improvement in electrical, thermal and mechanical
properties of epoxy by filling carbon nanotube.
Express Polymer Letters, 2, 40-48 (2008).

DOI: 10.3144/expresspolymlett.2008.6

[22] Bauhofer W., Kovacs J. Z.: A review and analysis of
electrical percolation in carbon nanotube polymer
composites. Composites Science and Technology, 69,
1486-1498 (2009).

DOI: 10.1016/j.compscitech.2008.06.018

[23] McNally T., Pétschke P., Halley P., Murphy M., Mar-
tin D., Bell S. E. J., Brennan G. P., Bein D., Lemoine
P., Quinn J. P.: Polyethylene multiwalled carbon nan-
otube composites. Polymer, 46, 8222-8232 (2005).
DOI: 10.1016/j.polymer.2005.06.094

[24] Deng H., Zhang R., Bilotti E., Loos J., Peijs T.: Con-
ductive polymer tape containing highly oriented car-
bon nanofillers. Journal of Applied Polymer Science,
113, 742-751 (2009).

DOI: 10.1002/app.29624

[25] Alig L., Lellinger D., Dudkin S. M., Pétschke P.: Con-
ductivity spectroscopy on melt processed polypropy-
lene—multiwalled carbon nanotube composites: Recov-
ery after shear and crystallization. Polymer, 48, 1020—
1029 (2007).

DOI: 10.1016/j.polymer.2006.12.035

[26] Sun Y., Bao H-D., Guo Z-X., Yu J.: Modeling of the
electrical percolation of mixed carbon fillers in poly-
mer-based composites. Macromolecules, 42, 459463
(2009).

DOI: 10.1021/ma8023188

[27] Otten R. H. J., van der Schoot P.: Continuum percola-
tion of polydisperse nanofillers. Physical Review Let-
ters, 103, 225704/1-225704/4 (2009).

DOI: 10.1103/PhysRevLett.103.225704

[28] Ma P-C., Liu M-Y., Zhang H., Wang S-Q., Wang R.,
Wang K., Wong Y-K., Tang B-Z., Hong S-H., Paik K-
W., Kim J-K.: Enhanced electrical conductivity of
nanocomposites containing hybrid fillers of carbon
nanotubes and carbon black. ACS Applied Materials
and Interfaces, 1, 1090-1096 (2009).

DOI: 10.1021/am9000503

168

[29] Sumfleth J., Adroher X. C., Schulte K.: Synergistic
effects in network formation and electrical properties
of hybrid epoxy nanocomposites containing multi-
wall carbon nanotubes and carbon black. Journal of
Materials Science, 44, 3241-3247 (2009).

DOI: 10.1007/s10853-009-3434-7

[30] Etika K. C., Liu L., Hess L. A., Grunlan J. C.: The
influence of synergistic stabilization of carbon black
and clay on the electrical and mechanical properties of
epoxy composites. Carbon, 47, 3128-3136 (2009).
DOI: 10.1016/j.carbon.2009.07.031

[31] Feller J. F., Bruzaud S., Grohens Y.: Influence of clay
nanofiller on electrical and rheological properties of
conductive polymer composite. Materials Letters, 58,
739745 (2004).

DOI: 10.1016/j.matlet.2003.07.010

[32] Deng H., Bilotti E., Zhang R., Loos J., Peijs T.: Effect
of thermal annealing on the electrical conductivity of
high-strength bicomponent polymer tapes containing
carbon nanofillers. Synthetic Metals, 160, 337-344
(2010).

DOI: 10.1016/j.synthmet.2009.11.001

[33] Balberg I., Anderson C. H., Alexander S., Wagner N.:
Excluded volume and its relation to the onset of perco-
lation. Physial Review B, 30, 3933-3943 (1984).
DOI: 10.1103/PhysRevB.30.3933

[34] Deng H., Zhang R., Reynolds C. T., Bilotti E., Peijs T.:
A novel concept for highly oriented carbon nanotube
composite tapes or fibres with high strength and elec-
trical conductivity. Macromolecular Materials and
Engineering, 294, 749-755 (2009).

DOI: 10.1002/mame.200900151

[35] Loos J., Alexeev A., Grossiord N., Koning C. E.,
Regev O.: Visualization of single-wall carbon nan-
otube (SWNT) networks in conductive polystyrene
nanocomposites by charge contrast imaging. Ultrami-
croscopy, 104, 160-167 (2005).

DOI: 10.1016/j.ultramic.2005.03.007

[36] Li W., Buschhorn S. T., Schulte K., Bauhofer W.: The
imaging mechanism, imaging depth, and parameters
influencing the visibility of carbon nanotubes in a
polymer matrix using an SEM. Carbon, 49, 1955—
1964 (2011).

DOI: 10.1016/j.carbon.2010.12.069

[37] Deng H., Bilotti E., Zhang R., Peijs T.: Effective rein-
forcement of carbon nanotubes in polypropylene matri-
ces. Journal of Applied Polymer Science, 118, 3041
(2010).

DOI: 10.1002/app.30783

[38] Pantea D., Darmstadt H., Kaliaguine S., Roy C.: Elec-
trical conductivity of conductive carbon blacks: Influ-
ence of surface chemistry and topology. Applied Sur-
face Science, 217, 181-193 (2003).

DOI: 10.1016/S0169-4332(03)00550-6



http://dx.doi.org/10.1016/S0032-3861(03)00539-1
http://dx.doi.org/10.1002/adma.200305409
http://dx.doi.org/10.3144/expresspolymlett.2008.6
http://dx.doi.org/10.1016/j.compscitech.2008.06.018
http://dx.doi.org/10.1016/j.polymer.2005.06.094
http://dx.doi.org/10.1002/app.29624
http://dx.doi.org/10.1016/j.polymer.2006.12.035
http://dx.doi.org/10.1021/ma8023188
http://dx.doi.org/10.1103/PhysRevLett.103.225704
http://dx.doi.org/10.1021/am9000503
http://dx.doi.org/10.1007/s10853-009-3434-7
http://dx.doi.org/10.1016/j.carbon.2009.07.031
http://dx.doi.org/10.1016/j.matlet.2003.07.010
http://dx.doi.org/10.1016/j.synthmet.2009.11.001
http://dx.doi.org/10.1103/PhysRevB.30.3933
http://dx.doi.org/10.1002/mame.200900151
http://dx.doi.org/10.1016/j.ultramic.2005.03.007
http://dx.doi.org/10.1016/j.carbon.2010.12.069
http://dx.doi.org/10.1002/app.30783
http://dx.doi.org/10.1016/S0169-4332(03)00550-6

eXPRESS Polymer Letters Vol.6, No.2 (2012) 169-176
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2012.18

Jboi ymecr Letters

Formation mechanism of porous hollow SnO; nanofibers
prepared by one-step electrospinning

X Xia'?, X. J. Dong', Q. F. Wei", Y. B. Cai', K. Y. Lu?

Key Laboratory of Eco-textiles, Jiangnan University, 214122 Wuxi, People’s Republic of China
*Xinjiang University, Xinjiang, 830046 Wulumugi, People’s Republic of China
3State Key Laboratory of Food Science and Techology, 214122 Wuxi, People’s Republic of China

Received 27 June 2011, accepted in revised form 16 September 2011

Abstract. The present study investigates the formation mechanism of hollow SnO, nanofibers and the form of nanograin
growth in nanofibers. SnO, hollow nanofibers were fabricated by directly annealing electrospun polyvinylpyrrolidone
(PVP)/Sn precursor composite nanofibers. In this approach, an appropriate proportion of PVP/Sn precursor with co-sol-
vents established a system to form core/shell PVP/Sn precursor structure, and then PVP was decomposed quickly which
acted as sacrificial template to keep fibrous structure and there existed a Sn precursor/SnO; concentration gradient to form
hollow SnO, nanofibers due to the Kirkendall effect and surface diffusion during the calcination process. This deduction
was also confirmed by experimental observations using transmission electron microscopy. The study suggested that surface
diffusion and lattice diffusion were both driving force for nanograin growth on the surface of SnO; nanofibers. As support-
ing evidence, the tetragonal rutile SnO, hollow nanofibers were also characterized by X-ray diffraction, scanning electron

microscopy and Brunauer—-Emmett—Teller analysis.

Keywords: nanomaterials, SnQ,, hollow nanofiber, electrospinning, Kirkendall effect

1. Introduction

SnQO; is an oxide semiconductor with many applica-
tions in the areas of sensors [1, 2] and optoelec-
tronic devices [3, 4]. The properties of SnO, in var-
ious forms such as nanoparticles [5], nanowires [6],
nanobelts [7] and other one-dimensional nanostruc-
tures have been extensively studied. In comparison
with solid one-dimensional nanomaterials, nan-
otubes gain the advantages in practical applications
to catalysts and gas sensors, owing to their higher sur-
face-to-volume ratio. Generally, the conventional
methods for preparing SnO, nanotubes by self-
assembly [8] and templates directed process [9]
often suffer from strict synthesis conditions or tedious
procedures. Electrospinning has been considered as
a simple and efficient method for fabricating nano-
fibers including organic and inorganic materials.

*Corresponding author, e-mail: gfwei@jiangnan.edu.cn
© BME-PT

However, templates and the co-electrospinning
technique [10] had to be used for forming inorganic
nanotubes. Herein, one-step method for the fabrica-
tion of SnO, hollow nanofibers by directly anneal-
ing electrospun composite nanofibers was proposed
in this work. Though Cheng ef al. and Li’s group
have reported the fabrication of hollow TiO; nano-
fibers [11] and porous SnO, nanofibers [12] by the
similar technique, respectively; there has been no
report about the detailed analysis on the formation
mechanism and the growth behavior of nanograins
on the nanofiber surface. Generally, the formation
mechanism of hollow nanofibers which were fabri-
cated via the electrospinning process, followed by
heat treatment is attributed to the decomposition of
sacrificial template of organic polymer at the high
temperature.
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In this work, a systematic investigation into the
structures of as-spun nanofiber, the effect of calci-
nation and crystallite growth was conducted for
understanding the formation mechanism of SnO,
hollow nanofibers. In addition, the growth kinetics
SnO, nanograin in individual nanofiber was also
proposed.

2. Experimental
2.1. Preparation of porous hollow SnO,
nanofibers

Stannic chloride pentahydrate (SnCly-5H,0), ethanol
and N,N-dimethylformamide (DMF) were pur-
chased from Sinopharm Chemical Reagents Co.,
Shanghai, China. Polyvinylpyrrolidone (PVP, M, =
1300 000 g'mol™") was supplied by Qi Fugin Mate-
rials Technology Co., LTD. Shanghai, China. Trans-
parent spinning solution was prepared by adding 3 g
of SnCls-5H,0 into 10 wt% PVP in ethanol/DMF
solvent mixture (weight ratio 1:1), and the weight
ratio of PVP and SnCl-5H,0O was also 1:1, followed
by magnetic stirring at ambient temperature. Subse-
quently, the solution was electrospun from the
stainless steel needle with an electrostatic voltage
of 18 kV, and formed a fibrous mat on a collector of
aluminum foil. The distance between the needle and
collector was 22 cm. The electrospun fibers were
then calcinated at 600°C for 3 hrs with a heating
rate of 0.5°C/min.

2.2. Structural observations

The structures of the electrospun nanofibers were
observed by a scanning electron microscope (SEM;
Hitachi S-4800, Japan) and a high-resolution trans-

54800 5.0kV

mission electron microscope (TEM; JEOL-2100,
Japan). The electrospinning specimens were sputter
coated with gold before SEM observation, while the
SnO; nanofibers were examined without any fur-
ther treatment. For TEM observation, the electro-
spun composited nanofibers were directly collected
on the copper grids for about 30 seconds during
electrospinning, while the SnO, nanofibers were
dispersed ultrasonically in ethanol, and then trans-
ferred onto copper grids before TEM observation.

2.3. XRD and TGA analyses

The crystal structure analysis was performed on D8
Advance X-ray diffraction (Bruker AXS, Germany),
over the 260 range of 10-80°. Thermogravimetric
studies were carried out using an SDT 851 thermal
analyzer system (Mettler, Germany) at a heating
rate of 10°C/min.

2.4. Surface area measurement

The porosity and specific surface areas of the elec-
trospun fibers were measured by N, adsorption-
desorption isotherm at 77 K with a Micromeritics
NOVA2000e apparatus (Quantachrome, America).

3. Results and discussion

3.1. Structure observations

Figure 1 demonstrates the morphologies of the elec-
trospun nanofibers before and after calcination at
600°C. The as-spun PVP/SnO, nanofibers have a
variable diameter ranged between 50 and 300 nm
and form a self-supporting network, as shown in
Figure 1a. The TEM image clearly reveals the core-
shell structure with clear boundary of a phase sepa-

Figure 1. SEM images of (a) as- spun PVP/SnO, nanofibers (b) porous hollow SnO; nanofibers after calcination at 600°C
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200 nm
Ere———

Figure 2. TEM images of as-spun PVP/SnO; nanofibers at
room temperature

ration between PVP and Sn precursor, as presented
in Figure 2.

Figure 1b shows the image of SnO; nanofibers
obtained by the calcination treatment of as-spun
core-shell PVP/SnO; nanofibers. It can be clearly
seen that these fibers have a tubular structure with
dense shells, which consist of nanograins of approxi-
mately 17 nm in diameter, as revealed in Figure 1b.
Besides SnO; nanofibers have a relatively uniform
diameter, the outer diameter of the hollow fibers is
decreased compared to that of the as-spun PVP/
SnO, fibers shown in Figure 1a.

3.2. Formation of porous hollow SnO,
nanofibers

The forming process of hollow SnO; nanofibers

experiences 5 stages during electrospinning and

+ H20
+ CZH5OH

SnCl,
Sn(OC;Hs)4

P

calcination. Based on the TEM observations com-
bined TGA/DTGA analysis, the formation process
of SnO, nanofibrous structures can be traced. At the
initial stage during electrospinning, the core-shell
fibers are fabricated via single capillary electrospin-
ning from homogeneous polymer-sol-double sol-
vents system due to solvent evaporation and rapid
phase separation [13]. Various factors may have
strong influences on the morphology of the electro-
spun fibers due to the complexity of hydrolysis and
condensation reactions during the gelation of sol as
well as the process of fiber formation. The hydroly-
sis reaction of SnCly in water is schematically illus-
trated in Figure 3. In this work, excessive ethanol
was applied to prepare Sn precursor but insufficient
H,0 was used to make it partially hydrolyzed. Thus,
the polymerization and polycondensation reactions
of tin dioxide could be limited to a very low level.
Furthermore, a kind of more volatile solvent ethanol
evaporates rapidly at the edge of the fiber and a
contrary concentration gradient of ethanol and DMF
along the radial direction of the fiber will be formed
during electrospinning. Especially, ethanol, the
50% weight ratio of solvents, which was used for
preparation tin alkoxide, on the surface of the fibers
is too little to form large solvent-rich regions during
the phase separation because of the rapid evapora-
tion. The high molecular weight PVP and high con-
centration solution contribute to retain less ethanol
to form porous surface as well. So the smooth and
compact surface without any porous structures can
be observation by TEM, as revealed in Figure 2. At
the same time, Sn precursor in nature has a very
much higher solubility in ethanol than in PVP [14].
So, it would diffuse from the surface to the core of
the fiber. As a result, Sn precursor tends to congre-

-

(OH)4Sn-0-Sn(OH),

Polymerization
reac:tlon

Sn(OH),

Polymerization
reaction

—(Sn—0-5n),—

Figure 3. Schematic illustration of the hydrolytic—polymeric reaction of SnCly-5H,O. Tin, blue; oxygen, red; carbon, pur-

ple; hydrogen, white; chlorine, brown.
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Figure 4. TGA-DTGA graph of thermal decomposition of
electrospun PVP/SnO, composite nanofibers

gate at the center of the fiber by the driving force of
the concentration gradient of ethanol, resulting in a
clear core/shell structure.

At the second stage, the first weight loss stage
which coincides with the decomposition of PVP
chain at the temperature around 280 to 330°C occurs
[15], as shown in Figure 4. The core-shell nanofibers
still exist though the diameter of fiber decreases and
the boundaries between core and shell are blurred,
as indicated in Figure 5a. Eventually, the core-shell
structure disappears after the second endothermic
peak from 350—480°C (Figure 4) due to the almost
complete decomposition of PVP, in which the process

d)

Figure 5. TEM images of PVP/SnO, nanofibers (a) calcined at 300°C, (b) calcined at 400°C, (c) calcined at 500°C, (d) cal-

cined at 600°C
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enters the third stage. At this stage, the Sn precursor
on the surface region of the electrospun nanofibers
is exposed to air, leading to the decomposition and
oxidation of the precursor and resulted in the for-
mation of SnO,. Thus some small SnO; particles are
presented on the surface whereas most Sn precursor
inside the fibers remains unreacted due to the absence
of oxygen, leading to solid fiber structure with par-
ticles on surface, as illustrated in Figure 5b. When
the forming process enters the fourth stage which is
a complicated transformation process including
grain formation, grain growth and grain reorganiza-
tion. Figure 5S¢ may be one of morphological situa-
tion during this process. Nanograins are the main
components to build solid body though the fibers
appear to be irregular. Finally, the hollow SnO,
nanofibers are formed with porous nanograins on
the shell, as shown in Figure 5d

According to TEM observations of the hollow SnO,
nanofibers formation, it is clearly revealed that PVP
and Sn precursor are the main constituents of core-
shell as-spun nanofibers. Then PVP is gradually
decomposed during the calcination process. In this
process, PVP plays the role of sacrificial template,
which is the key effect to maintain fibrous struc-
tures. The decomposition of PVP, to some extent,
reduces the final fiber diameters. The key mecha-
nism responsible for the formation of hollow
nanofibers is attributed to the interaction between
Sn precursor and SnO, which will be discussed in
the next section.

3.3. Analysis of formation mechanism

As mentioned above, the main components after the
complete decomposition of PVP are some SnO,
particles on the surface region and the massive Sn
precursors in the core to form a concentration gradi-
ent, which lead to a Kirkendall effect [16]. Kirk-
endall effect is associated with the phenomenon of
a considerable amount of compounds moving in or
out of a sphere due to the diffusion coupled with
different diffusion rates [17]. When the solid fiber
consists of Sn precursor and SnO, (Figure 6a), the

outward transport of fast-moving Sn precursor mol-
ecules (short as J, in Figure 6) move through the
oxide layer and a balancing inward flow of vacan-
cies traverse to the vicinity of the Sn precursors and
Sn precursors/SnO, mixture interface (a/ab inter-
face) and vacancies assisted exchange of material
depends on the way of bulk inter-diffusion, as illus-
trated in Figure 6b. Then, the voids are just like
sinks to transfer the inward flux of vacancies (J; =
Ja—Jp) and the voids coalesce into bigger ones so
as to touch the compound layer ab. Such new bridges
are established as fast transport paths for the remain-
ing Sn precursors (Figure 6¢). At this stage, the sur-
face diffusion takes over the dominant material
transport process because the porous surface owns
much lower apparent activation energy than those
of bulk diffusion [18]. Sn precursors can be quickly
oxidized at the surface of ab layer and redistribute
themselves via fast surface diffusion, while the ab
layer remains bulk inter-diffusion associated with
Kirkendall effect until the whole Sn precursors turn
into SnO,. Therefore, SnO, stands on the shell and
vacancies are continuously generated and flow
inward to build a hollow core, as shown in Fig-
ure 6d. In all, the fibrous structure is established by
PVP template and Kirkendall effect contributions to
form hollow structure. Furthermore, surface diffusion
also plays an important role to build hollow fibers.
The surface diffusion is also beneficial to the nano-
sized grains growth. In the experiments, the anneal-
ing time (<4 hrs) obeys the parabolic kinetic equa-
tion of grain growth for isothermal annealing as
Equation (1):

D™ —Dp' = Kt (1)

where ¢ is the annealing time, D is the average grain
size after annealing for time ¢, Dy is the initial grain
size, m is the grain growth exponent, and K is a tem-
perature dependent rate constant=1.04-10"3 at
600°C [19].

The average grain size after 3 hrs calcination is
obtained by calculating the size of three intense
peaks, (110), (101) and (211) of SnO; from XRD

Figure 6. The model for hollow structure formation of SnO, nanofibers (see text for details)
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patterns. When Dy is neglected, the estimated m
value is 13.2, which is inconsistent with the classi-
cal grain growth value (m = 2~4) [20], which means
the grain growth of the nanograins observed in the
individual nanofibers cannot be primarily ascribed
by lattice diffusion in a pore controlled scheme.
When the new bridges are established to transport
the mass materials as mentioned above, the connec-
tion for lattice diffusion are broken and surface dif-
fusion will enhance the local voids, meanwhile acts
as the driving force for grain growth, leading to
acceleration in the speed of coarse grains by the
reduction of the free energy of the system. However,
the growth kinetics of nanograins in hollow SnO,
fibers is complicated and needs further investiga-
tion. Heating rate should be studied to control the
morphology of fibers while using the temperature
and duration of calcination as a tool to obtain
desired nanograins on nanofiber surfaces have
already been reported by Park ef al. in Ref [20].

XRD patterns in Figure 7 confirm the formation of
SnO, fibers. The fibers after calcination at 300°C
show a broad continuum indicating that the crystal-
lization of tin oxide just starts at this temperature
but not sufficient enough to produce the diffraction
patterns. However, the XRD patterns of the fibers
after calcination at 400°C show the emergence of
tetragonal rutile tin oxide crystals with distinct
peaks due to the decomposition of PVP and oxida-
tion of some Sn precursors on the fiber surface. The
diffraction peaks become much sharper and well
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Figure 7. XRD patterns of SnO, nanofibres at different
temperature

defined after calcination at 500 and 600°C, without
altering their positions but with high intensity
because of better crystallization. All the diffraction
peaks are indexed to the tetragonal rutile SnO,, the
only crystalline phase existing in the obtained nano-
fibers.

3.4. Surface areas

Brunauer—Emmett—Teller (BET) gas sorption meas-
urement reveals the surface area of the hollow SnO,
fibers. The N, adsorption—desorption isotherm curve
of the porous SnO, fibers is shown in Figure 8. It
exhibits the characteristic of mesopore structures,
especially even owns an adsorption at high P/P,
which was also reported as an aggregation of plate-
like particles giving rise to slit-shaped pores [21].
The porous structure is confirmed by the SEM
observations shown in Figure 1b. The average pore
size in the porous SnO; fibers is approximately
16.2 nm, and the corresponding BET specific sur-
face area is about 35.8 m?/g (BJH method).
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Figure 8. Nitrogen adsorption/desorption isotherms of the
hollow SnO, nanofibers

4. Conclusions

In this work, porous hollow SnO; nanofibers were
successfully prepared by electrospinning technique
via a single capillary from PVP/Sn precursors/dual
solvents system with calcination treatment. During
the electrospinning process, a stringent component
matching contributes to core-shell structure which
provided advantages for preserving fibrous struc-
tures based on sacrificial PVP template. Hollow
structures initiated by the Kirkendall effect owing
to the concentration gradient of Sn precursors and
SnO,, suggesting that surface diffusion processes
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might be the dominant mass flow mechanism respon-
sible for the enlargement of the interior pores after
initially formation induced by the Kirkendall effect.
This deduction was also confirmed by the calcu-
lated grain growth value which was higher than the
classical one, which means the grain growth mech-
anism occurred not only by the lattice diffusion but
also through surface diffusion. This mechanism
should also apply to the synthesys of other hollow
nanofibers. The technique described here will be
extendible to many other materials for fabricating
such hollow inorganic nanofibers with potential
applications in catalysis, microelectronics, and
optics.
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