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ABSTRACT: Polyethylene terephthalate (PET)-based
nanocomposites containing three differently modified
clays were prepared by melt compounding. The influence
of type of clay on disperseability, thermal, and dyeing
properties of the resultant nanocomposite was investigated
by various analytic techniques, namely, X-ray diffraction,
optical microscopy (OPM), differential scanning calorime-
try, thermal gravimetric analysis, dynamical mechanical
thermal analysis, contact angle measurement (CAM),
reflectance spectroscopy, and light fastness. OPM images
illustrated formation of large-sized spherulites in pure

PET, while only small-sized crystals appeared in PET/clay
nanocomposites. Decreased glass transition temperatures
for all PET/clay nanocomposites indicate that the amor-
phous regions of such composites become mobile at lower
temperatures than those in pure PET. CAMs on the result-
ant PET composites demonstrated that the wettability of
such composites depends on hydrophilicity of the nano-
clay particles. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci
000: 000–000, 2012
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INTRODUCTION

In the recent years, poly(ethylene terephthalate)
(PET)-nanometric filler composites have generated
significant attention in diverse applications such as
transportation vehicles, construction materials, elec-
tronics, sporting goods, packaging, household, and
textile industries.1,2 The aim is to enhance a wide
range of properties including mechanical properties
(modulus, stiffness, and strength), barrier, flame
retardancy, solvent and heat resistance, biodegrad-
ability, chemical, and thermal stability as well as
improvement in dyeability relative to a virgin
PET.3,4 To obtain these specifications, fillers such as
cellulose, clay, calcium carbonate, carbon, metal
oxides, and various forms of silica have been devel-
oped by different researchers. In this regard, the
geometrical shape of the particles plays an important
role in determining the properties of composites.5–7

Processing of such polymeric nanocomposites is
more difficult compared to the corresponding pure
polymers, because such inorganic nanoparticles have
strong tendencies to agglomerate. Several methods
are used for preparation of polymeric nanocompo-

sites including sol–gel method, in situ polymeriza-
tion, and melt processing. The last method is still
the most cost effective, simple, feasible, and environ-
mentally benign process for the mass production of
polymeric nanocomposite.8–11

Considerable efforts have been devoted to improve
various physical, mechanical, and barrier properties
of PET through mixing it with nanoclays.12–19 The
layered clays used are mica, fluoromica, hectorite,
saponite, etc., but one of the most commercially inter-
esting clay is bentonite belonging to a structural fam-
ily known as the 2 : 1 phyllosilicates.10 It is well
known that the clay minerals have also been used as
adsorbent for removal of acid, reactive, disperse, and
basic dyes from aqueous solutions due to the fact
that they are a very abundant and inexpensive mate-
rials in the world.20,21 Their inner layers are com-
posed of an octahedral sheet, which is situated
between two tetrahedral sheets. The substitutions of
Al3þ for Si4þ in the tetrahedral layer and Mg2þ or
Zn2þ for Al3þ in the octahedral layers result in a net
negative surface charge ion in water, which cause the
repulsion interaction with anionic dyes.10

The dyeability of PET fiber depends on its physi-
cal and chemical structure. Dyeing process consists
of three steps including the diffusion of dye through
the aqueous dyebath on to the fiber, the adsorption
of dye into the outer layer of the fiber, and the diffu-
sion of dye from the adsorbed surface into the fiber
inside.22 It was shown by researchers that functional
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groups of PET and water molecules play a great role
in this process. The terminal carboxylic and
hydroxyl groups in PET chains interact with water
molecules. This makes a swelled fiber resulting to
increase the attraction of disperse dye by these func-
tional groups of fiber.23

The proportion of crystalline and amorphous
regions of polymer is another factor influencing the
dyeability. The free volume is the only part accessi-
ble to disperse dye diffusion above the glass transi-
tion temperature of fiber. As PET has relatively hard
structure, it is needed to increase the thermal move-
ment of molecular chains with an increase in tem-
perature of dyeing.24 This polymer has been dyed
by a batch system method such as carrier dyeing,
high temperature dyeing, and high-pressure steam
dyeing to promote diffusion of disperse dyes into
the fiber and to obtain a satisfactory dyeing.22–24

These methods usually consume a lot of energy and
water, higher manufacturing costs; a negative effect
on some of the bulk properties of the polyester; they
may create harsh conditions; they produce undesir-
able side effects and/or waste disposal problems;
there is more waste; the process is highly odorous
for workers specially in carrier dyeing; and they
require additional energy consumption within the
polyester dyeing.25 Researchers are concerned with
the development and implementation of new techni-
ques in order to fulfill improvement in dyeability of
polyester. For this purpose, many great studies
have been carried out including: physical methods
(corona discharge, plasma, ozone-gas, gamma, and
microwave functionalizations)26–36; chemical meth-
ods (enzymatic modification treatment with different
reagents, grafting of different monomers, dyeing in
supercritical carbon dioxide, and micro-encapsula-
tion techniques),37–49 and blending of PET with dif-
ferent compounds in fiber production to enhance
dyeability.50–57 However, some of these methods
often damage the otherwise excellent mechanical
and bulk properties of PET fibers and make stable
production thereof difficult. They may result in
increased costs of production, which are not offset
by the improvements in dyeability. Blending of poly-
mers with nanoclays as inexpensive materials is still
claimed as cost-effective method to enhance dyeabil-
ity.22–25 Up to now, only two research articles are
focused on dyeing properties of polypropylene- and
polyamide six-layered clay incorporated nanocom-
posites prepared by melt compounding.52,54 Tosh-
niwal et al.52 suggested that polypropylene fibers
could be made dyeable with disperse dyes by addi-
tion of nanoclay particles in polymer matrix.
Another research work done by Razafimahefa and
her colleagues showed that the introduction of the
nanoclay improves the dyeing ability of nylon with
disperse dyes. Nevertheless, because of the interactions
between the anions in montmorillonite and the amino

groups on the polyamide, the dyeing sites are occu-
pied with the nanoclay. This leads to a worse dyeing
with acid or metal complex dyes than in the case of
the unfilled polymer.54

PET is the most important man-made fiber with a
production of 30.77 million tons in 2009. It is
claimed that PET is more preferable than other
synthetic polymers from economical and ecological
points of view. To avoid decrement of mechanical
and thermal properties of PET fibers, nanoclay
particles are recommended.50–57 Dyeability of PET
and its compatibility with clay are very important in
fiber production and application. All previous research
is focused on surface and bulk properties of polyes-
ter/clay nanocomposites, and no research has focused
on dyeing properties of PET/clay nanocomposites.
Such a study is necessary to obtain information on
dyeing properties of PET/clay nanocomposites con-
taining one, three, and five percent loads of hydro-
philic or hydrophobic nanoclay particles.

EXPERIMENTAL

Materials

Pure PET granules were provided by the Iranian
Tondgooyan petrochemical company. Clay particles
of montmorillonite type (i.e., Cloisite

VR

15A, CloisiteV
R

30B, and CloisiteV
R

Naþ) were supplied by Southern
Clay Products (Texas, USA). Their structures are two
tetrahedral sheets and one octahedral sheet (2 : 1).
The top and bottom are two silica tetrahedral sheets
with an aluminum octahedral sheet in the middle.
To improve organophilicity, clay may be modified
with organic quaternary ammonium compounds. The
specifications of nanoclay powders used in this study
are shown in Table I. A disperse dye was used for dis-
perse dyeing of PET nanocomposites namely as T/C
Brilliant Blue SE-GLT 200% (C. I. Disperse Blue 60
from T & T Industries Corporation (Taiwan; Fig. 1).
Acetic acid (85% v/v) from Merck (Germany)
was applied for disperse dyeing. The dispersing
agent was Ekalin F purchased from Sandoz Company
(Switzerland) for the disperse dyeing of PET.

Nanocomposite preparation

PET granules and the three different nanoclay par-
ticles were dried in an oven for 24 h at 110�C before
the melt processing. Each nanocomposite was pre-
pared by mixing in a C.W. Brabender PL2000 Plasti-
corder from Germany. The mixing temperature was
kept at 255�C in order to ensure proper mix viscos-
ity. The rotation speed was set at 60 rpm for a pe-
riod of 20 min. The total weight of material per batch
was 40 g. The content of each clay particle in the ma-
trix was ensured to be 1, 3, and 5% by weight.
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Specimens to be tested were further processed by the
aid of a laboratory press under a pressure of 40,000
psi and with a temperature of 260�C for both upper
and lower plates. Polyester films of thickness 20 lm
were prepared by casting the polymer.

The prepared nanocomposites and pure PET were
dyed with the dye at 0.5, 1, and 3% depth of shade.
Dyeing was performed using Azar Delta laboratory
dyeing machine. Dyeing solutions were prepared by
adding the dye, acetic acid (3% v/v), and dispersing
agent (3% owf) at a liquor to goods ratio of 30 : 1.
Three methods were used for dyeing of composites.
Dyeing of all samples was started at 40�C, and the
temperature was raised to 100, 110, and 130�C
separately for each sample over 20 min and then
held at those temperatures for 1 h. The dyed sam-
ples were then rinsed in distilled water for 5 min
followed by reduction clearing. Reduction clearing
was done at 70�C for 10 min in a solution of 6 mL/L,
30% caustic soda, and 4 g/L sodium hydrosulphite
at a liquor ratio of 40 : 1. The samples were then
rinsed in cold running water followed by neutralizing
with acetic acid and rinsed for 5 min in cold running
water.

Characterization

Evaluation of morphology

The PET/clay nanocomposite films were character-
ized with wide-angle X-ray diffractometry using a
computerized SEIFERT/PTS 3003 X-ray diffractometer.
Ni-filtered Cu Ka radiation generated at 40 kV (k ¼
0.1542 nm) and 30 mA was used. The measured angle
ranged from 1� to 10� and the scan speed of 1�/min.
The optical transparency (or turbidity) of the nano-

composite films was observed with a Projectina 4014
microscope under polarization and crossed polarization.
The magnification was at 10� using a CCD camera.

Thermal properties

Calorimetric analysis [differential scanning calorimetry
(DSC)] of the pure matrix and the nanocomposites
were performed using a Perkin Elmer pyres 6 model
integrated with an IBM personal computer. The sam-
ples were heated from 30�C up to 300�C at a rate of
5�C/min under nitrogen atmosphere. To gain an
insight into the effects of the loaded clay particles on
the degree of crystallinity (Xc) of PET matrix, the nor-
malized Xc values of the samples were determined,
which can be calculated using the Eq. (1):

Xc ¼ ðDHm=DH
0
mÞ � 100 (1)

where DH0
m is the melting enthalpy of 100% crystal-

line PET (DH0
m ¼ 105.97 J/g13–16) and DHm is the nor-

malized melting enthalpy of the sample.

TABLE I
Specifications of the Various Nanoclay Particles Used in This Study

Characteristic properties CloisiteV
R

15A CloisiteV
R

30B CloisiteV
R

Naþ

Name of organic modifier Dimethyl, dehydrogenated
tallow, quaternary ammonium

Methyl, tallow,
bis-2-hydroxyethyl,
quaternary ammonium

None

Chemical constitution of the
quaternary ammoniuma

–

Modifier concentration 125 meq/100 g clay 90 meq/100 g clay None
% Moisture <2 <2 4–9
% Weight loss on ignition 43 30 7
Typical dry particle sizes (lm) 10% less than 2 2 2

50% less than 6 6 6
90% less than 13 13 13

Density Loose bulk (g/cc) 10.79 14.25 12.45
Packed bulk (g/cc) 18.64 22.71 20.95
Density (g/cc) 1.66 1.98 2.86

Color Off white Off white Off white
d001 (Å) 31.5 18.5 11.7

a T is tallow with about 65% C18, 30% C16, and 5% C14. HT is hydrogenated tallow. Anion for the quaternary ammo-
niums is chloride.

Figure 1 Chemical structure of disperse dye used.
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The thermogravimetric analysis (TGA) was per-
formed on a Perkin Elmer thermoanalyzer (Pyris
diamond SII). In each case, a 5 mg sample was
examined under N2 at a heating rate of 5�C/min
from room temperature to 600�C.

The tensile storage modulus and tensile loss fac-
tors of nanocomposite films were measured by a
dynamic mechanical thermal analyzer (DMA-
TRITON Tritec 2000 DMA model) from Netzsch
Company. The scans were made in a single cantile-
ver mode at a constant heating rate of 5�C/min and
at a frequency of 1 Hz, from �100 to 200�C.

Surface tension and hydrophilicity

Contact angle measurement and surface-free
energy estimation of the nanocomposites were
carried out at room temperature on a Kruss
G10 instrument of German origin. Surface-free
energies of such nanocomposites were estimated by
the aid of Owens–Wendt method,58 using the
theory of adhesion work between solid and liquid
phases from which polar (cP) and nonpolar or dis-
persive (cD) surface-free energies could be derived.
Water, diiodo-methane, and benzyl alcohol were
used as probe liquids at 23�C 6 2�C and 65% rela-
tive humidity. The average contact angle from six
different locations on each nanocomposite was
determined, and the experimental uncertainty was
within 62�.

Dyeability

Reflectance values of the dyed PET/clay nanocom-
posites and pure PET were obtained using Gretag-
macbeth COLOREYE 7000A spectrophotometer.
CIELAB color co-ordinates (L*, a*, b*, C*, and h)
were calculated from the reflectance data for 10�

observer and illuminant D65.

Evauation of light fastness properties

The samples were exposed to the daylight for 7 days
according to the daylight ISO 105-B01, and the
changes in the color (fading) were assessed com-
pared to a blue scale.

RESULTS AND DISCUSSION

Evaluation of morphology by X-ray diffraction

The spacing between clay platelets is used to indi-
cate the extent of intercalation/exfoliation of clay
platelets within a polymer composites using X-ray
diffraction method. Three different clays were
used in this study, and two of them are modified
with ammonium salts. Figure 2 gives the XRD

patterns of the nanocomposites containing 3% clay
minerals in comparison with those of the corre-
sponding clays.
CloisiteV

R

15A, CloisiteV
R

30B, and CloisiteV
R

Naþ

have a gallery spacing of 32.7 Å, 29.3 Å, and 11.8 Å,
respectively, in the absence of PET. XRD curves indi-
cate a shift in these peaks to 34.9 Å, 37.6 Å, and
13.9 Å for PET/3% 15A, PET/3% 30B, and PET/3%
Naþ nanocomposites, respectively. As the maximum
distance between the platelets for CloisiteV

R

30B was
of about 37.6 Å, it can be suggested that its platelets
were exfoliated. On the other hand, a slight increase
in the gallery spacing for CloisiteV

R

15A and CloisiteV
R

Figure 2 XRD patterns for PET nanocomposites contain-
ing 3% clay minerals in comparison with those of the cor-
responding clays. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 3 Optical micrographs of various composites (5000 lm): (a) pure PET, (b) PET/1%15A, (c) PET/3%15A, (d) PET/
5%15A, (e) PET/1%30B, (f) PET/3%30B, (g) PET/5%30B, (h) PET/1%Naþ, (i) PET/3%Naþ, and (j) PET/5%Naþ. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Naþ suggests that the clay platelets have been inter-
calated by the PET.

The increased gallery spacing between clay layers
observed for the alkyl modified clay nanocomposites
is likely because of an increase in compatibility
between the modified clays and the PET poly-
mer.59,60 Other researchers stated that diffusion of
polymers through the energetically favorable gallery
will maximize contacts with the two confining sili-
cate layers. The adhesive role of PET chains between
hydrophilic CloisiteV

R

Naþ layers strongly prohibit
complete dissociation of clay nanoplatelets, usually
resulting in only an intercalated state with a limited
increase of gallery height.61–63

Polarized optical microscopy results

Polarizing optical micrographs of pure PET together
with various PET/clay nanocomposites are shown in
Figure 3. In pure PET, the crystallites have spheru-
litic superstructures with distinct maltese patterns.
The uniform size of the spherulites indicates uni-
formly dispersed nucleuses within PET matrix. Most
of the spherulites grow up to a diameter of about
2000 lm. Figure 3 shows that the shape of the crys-
tallites in the PET/clay nanocomposites is different
from that in pure PET. The spherulites are large in
pure PET, while only small-sized crystals appeared
in PET clay nanocomposites.

This was probably due to clay nanoparticles dis-
persed in PET matrix acting as the nucleating
agent.64–66 The optical micrographs also depict the
nonuniformity in spherulites after addition of differ-
ent nanoclay particles. It can be suggested that the
strong interaction between PET and modified clays
restricted the motions of the PET molecular segment
and prohibited the growth of PET crystalline structure.
Therefore, smaller and more incomplete crystals
formed in PET/15A and PET/30B nanocomposites.

It is well known that surface modification of clay
has an important influence on the generation of
spherulites in PET nanocomposites. Similar results
have been reported elsewhere.67–70

Thermal studies

DSC and TGA results of pure PET together with 5%
of various nanoclay containing PET composites are

given in Table II. DSC is always used to indicate a
very high degree of crystal perfection of polymers as
well as the presence of molecular chains with differ-
ent orientation degrees through different peaks. The
glass transition temperature is due to molecular
movement of PET. There was a decrease in Tg of all
PET/clay nanocomposites indicates that the amor-
phous molecules become mobile at lower tempera-
ture than ones in pure PET. The extent of decrease
may be due to two different factors. First, the exis-
tence of low molecular weight PET chains attached
to the clay surface and interlayer may cause a
decrease in glass transition temperature of nanocom-
posites.71,72 Other factor could be the result of clay
agglomeration, which occurs for the addition of clay
to the polymer matrix above a critical clay loading.
This result was observed by other researchers for
PET/5% clay nanocomposites.73–75 The melting point
(Tm) and the onset temperature (Tonset) can both
reflect the thermal properties of PET nanocompo-
sites. DSC results also showed that Tm and Tonset

were higher than that of pure PET, 242�C. It can be
suggested that the interaction between PET and the
nanosized layer of clay was fairly strong. Therefore,
it was deduced that the interaction between PET
and clay layers worked as crosslinked points of the
PET molecular chains. These crosslinked points
made the molecular chains more complete and effec-
tively restricted the motions of the molecular seg-
ment.71–74 It is well known that crystallinity affects
the polymer and fiber melting point as well as the

TABLE II
Thermal Behavior of Pure PET and Its Various PET/Clay Nanocomposites

Sample Tg (
�C) Tonset (

�C) Tm (�C) DHm Xc (%) T1
D (�C) T5

D (�C) Wt600R (%)

Pure PET 93.8 242 254 41.6 39 315.4 393.2 13
PET/5% 15A 89.2 244 255 38.2 36 356.8 381.3 17
PET/5% 30B 89.6 250 256 42.5 40 354.5 385.7 18
PET/5% Naþ 91.0 252 256 38.3 36 382.9 397.8 16

Figure 4 TGA therograms of pure PET and various PET/
5% clay nanocomposites.
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glass transition temperature.74 Our DSC results indi-
cated some relationship between crystallinity per-
centage and glass transition temperature for PET/
clay nanocomposites. There was also a decrease in
enthalpy and crystallinity percent for PET/clay
nanocomposites. The crystallinity of PET is influ-
enced by main-chain flexibility, the nature of any
side groups, and crosslinks generated by the pres-
ence of nanoclay particles. These results confirm that
the clay particles serve as a nucleating agent leading
to heterogeneous nucleation at clay loading of 5%.
Results for DSC measurements are in agreement
with the results obtained from the OPM figures.

Table II and Figure 4 also summarize thermal deg-
radation of PET/5% clay nanocomposites at different
temperatures. The weight loss due to decomposition
of pure PET and PET/clay nanocomposites was
nearly the same until a temperature of about 315�C.
After this point, the initial thermal degradation (Ti

D)
was influenced by clay loading in PET composite.
As can be seen, the Ti

D of PET/clay nanocomposite
increased with the addition of nanoclay. The type of
nanoclay plays a pivotal role in initial thermal deg-
radation temperature. Ti

D and the temperature at
weight reduction of 5% (T5

D) were observed at
315–383�C and 393–398�C, respectively depending
on the nanoclay type used in PET matrix. Results of
thermogravimetric analysis show that thermal degra-
dation temperature of PET/Naþ nanocomposite at
different temperatures is more than pure PET, PET/
15A, and PET/30B nanocomposites. This can be con-
tributed from two reasons: first, a large amount of
hydroxyl groups that exist on the Naþ clay surface
is compatible with terminal carboxylic and hydroxyl
functional groups in PET chains, and they are capa-
ble to make strong intermolecular interactions.60–63

Second, organic quaternary ammonium surfactants
have been used to modify 15A and 30B clays, which
have poor thermal stability at the high temperatures

during melt processing.69 As a result, surfactant
decomposition also resulted in unwanted side
reactions between the decomposition products and
the polymer matrix, which could lead to further
matrix degradation in PET/15A and PET/30B
nanocomposites.71

All PET/clay nanocomposites showed weight
reduction at relatively higher values compared with
pure PET. Weight of the residue at 600�C (Wt600

�
R )

increased for prepared nanocomposites, ranging
from 16 to 18%. This enhancement of the char
formation is ascribed to the high heat resistance, heat
insulation effect, and the mass transport barrier
exerted by the nanoclay particles themselves.62–66

Results showed that the amount of char for PET/15A
and PET/30B nanocomposites was the most which is
related to the surface modification of nanoclay.
The dynamic mechanical thermal analysis was

used to identify interfacial interactions in PET/clay
nanocomposites and results are depicted in Figures
5 and 6. The storage modulus of pure PET and
various PET/5% clay nanocomposites was distinc-
tively different in the temperature range between
�100 and 100�C in Figure 5. It was gradually
decreased from �100 to 75�C for pure PET and vari-
ous PET/clay nanocomposites, which can be associ-
ated with the relaxation of amorphous phase. There
was a rapid drop below 80�C for all samples due to
the glass–rubber transition (Tg). An increase in the
cold crystallization range (around 140�C) for pure

Figure 5 The storage modulus of pure PET and various
PET/5% clay nanocomposites.

Figure 6 The tan d of pure PET and PET/5% clay
nanocomposites.

TABLE III
Surface Tension of Three Probe Fluids Used in This

Study

Probe fluid
Surface tension

(mN/m)
cD

(mN/m)
cP

(mN/m)

Diiodo-methane 50.8 50.8 0.0
Benzyl alcohol 39.0 28.7 10.3
Water 72.8 21.8 51.0
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PET and various PET/clay nanocomposites is
related to composite reinforcing by the crystallites
being formed. A decrease in modulus values for
nanocomposites at higher temperatures of 140�C is rel-
evant to premelting process. As can be seen, modulus
values for various PET/clay nanocomposites at
temperatures around Tg were lower than pure
PET, which confirms the results obtained from DSC
measurements.

The dependencies of tan d on temperature for PET
nanocomposites are shown in Figure 6. The maximum
in tan d about 80–90�C corresponds to segmental
relaxation related to the glass–rubber transition in
PET nanocomposites. The tan d value at peaks
related to the Tg region are higher for PET/Naþ com-
pared to other nanocomposites. This is attributed to

the nature of Naþ clay and its surface properties that
contains a large amount of OH groups and affects the
interactions of PET-Naþ matrix and lower segmental
motions of PET chains resulting to increase the tan d
value. This result was confirmed by other authors in
Naþ-filled PET composite.69–72 Another peak appeared
at higher temperatures around 120–140�C reflects an
increase of the mechanical loss due to the cold crystal-
lization. Its intensity and temperature varied for differ-
ent nanoclay particles used.75

Contact Angle and Free Energy Analysis

Three probe fluids of diiodo-methane, benzyl alco-
hol, and water were used in this study, and their
surface tensions, polar (cP), and nonpolar or

TABLE IV
Variation in the Surface Free Energy of Nanocomposites as Calculated by Owens Method

Sample

Average contact angle (�)

cD (mJ/m2) cP (mJ/m2) cT (mJ/m2)Diiodo-methane Benzyl alcohol Water

Pure PET 67.4 56.7 96.7 24.12 1.64 25.76
PET/5% 15A 60.6 47.6 95.3 28.60 1.31 29.92
PET/5% 30B 57.5 45.6 95.8 30.51 0.98 31.49
PET/5% Naþ 54.0 43.3 95.9 32.5 0.75 33.25

TABLE V
Color Coordinates of Pure PET and Its Various PET/Clay Nanocomposites Dyed with a Disperse Dye at 100�C

Composite type Clay (%) Dye (%) L* a* b* C* h�

Pure PET 0 0.5 64.06 �13.73 �6.75 15.30 206.17
PET/15A 1 0.5 63.35 �13.73 �6.89 15.83 209.89

3 0.5 52.71 �13.79 �5.64 15.74 203.27
5 0.5 50.71 �14.53 �4.65 15.59 201.27

PET/30B 1 0.5 59.22 �13.74 �6.85 15.05 209.35
3 0.5 50.64 �13.89 �1.76 9.06 191.22
5 0.5 50.24 �13.23 �0.97 8.29 186.72

PET/Naþ 1 0.5 64.09 �13.78 �6.78 15.69 216.73
3 0.5 64.50 �14.04 �6.67 16.22 203.52
5 0.5 67.18 �15.20 �9.30 19.97 213.21

Pure PET 0 1 59.81 �14.34 �11.73 18.53 291.28
PET/15A 1 1 57.55 �15.38 �10.79 18.79 215.04

3 1 52.16 �15.67 �6.01 17.34 198.98
5 1 51.06 �16.06 �4.49 12.32 202.00

PET/30B 1 1 54.64 �14.32 �11.44 18.76 213.45
3 1 49.09 �14.84 �4.11 12.66 202.69
5 1 47.51 �14.17 �4.52 10.98 200.39

PET/Naþ 1 1 59.49 �15.75 �11.66 18.60 216.52
3 1 63.08 �15.95 �11.59 18.66 205.46
5 1 63.18 �15.91 �11.96 19.77 212.04

Pure PET 0 3 62.37 �16.31 �9.98 19.12 211.46
PET/15A 1 3 57.06 �16.35 �9.29 19.48 219.47

3 3 50.78 �16.09 �9.67 18.11 235.82
5 3 45.82 �16.08 �6.84 17.47 203.05

PET/30B 1 3 54.50 �16.27 �8.89 18.54 208.65
3 3 52.86 �16.28 �3.83 12.92 198.73
5 3 47.28 �16.84 �2.93 11.20 193.92

PET/Naþ 1 3 62.68 �16.82 �11.38 20.29 216.89
3 3 64.32 �16.00 �12.56 21.25 191.13
5 3 65.00 �17.71 �13.56 22.32 214.66
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dispersive (cD) surface-free energies are given in
Table III. Table IV also shows variation in surface-
free energy of nanocomposites as calculated by the
Owens method. All nanoclays embedded in the PET
matrix decreased the average contact angles for all
liquids used while average contact angles of water
for all PET/clay nanocomposites was very close to
pure PET. The nanoclays also increased dispersive
surface-free energy and decreased polar surface-free
energy for PET composites resulting in a net
increase in the total surface-free energy. Variations
in cT for PET nanocomposites depend on the relative
hydrophilicity of clays used. Nanoclay of 15A has
methyl groups on its surface, and so it is more
hydrophobic while 30B nanoclay has more polar
groups, which makes it more hydrophilic compared
to 15A clay. The surface properties of 15A clay make
it more compatible with PET molecular chains
resulting in only small increases in total surface-free
energy and surface roughness.10,11

It is well known that clay particles usually have
very large aspect ratio. The adsorption and desorp-
tion of water from clay layers depend on the concen-
tration and type of surface polar groups, specific
surface area, average particle size, and type of pack-
ing of primary particles in aggregates. Obviously, as

chemical end groups of PET chains are limited,
therefore particles with higher surface free energy
do not distribute evenly into the PET composite. In
contrast, surface-treated clay nanoparticles attempt
to reside in the polymer bulk, and they are more
compatible with the PET matrix.10,11,15,20

Dyeing properties

The L*, a*, b*, C*, and h� values of pure PET and its
various nanoclay composites dyed with a disperse
dye at 100, 110, and 130�C are given in Tables V–VII.
The color values were evaluated in CIELAB color
space, the three axes namely as L*, a*, and b*. The L* is
the color coordinate that represents the lightness of
samples and can be measured independently of color
hue. Any decrease in the lightness of samples could
be concluded as the more color absorption into the
composite. The a* stands for the horizontal red-green
color axis. The b* represents the vertical yellow-blue
axis. The C* represents brightness or dullness of the
samples. Any increase in the C* of samples could be
concluded as more brightness of the composite.76

According to the results, the lightness (L*) and
brightness (C*) values decreased for the PET/1%
15A and PET/1% 30B nanocomposites after dyeing

TABLE VI
Color Coordinates of Pure PET and Its Various PET/Clay Nanocomposites Dyed with a Disperse Dye at 110�C

Composite type Clay (%) Dye (%) L* a* b* C* h�

Pure PET 0 0.5 51.15 �19.48 �31.24 36.82 238.05
PET/15A 1 0.5 51.53 �19.21 �23.24 30.80 228.99

3 0.5 51.30 �19.42 �18.93 28.90 215.86
5 0.5 49.47 �19.89 �16.38 27.09 222.73

PET/30B 1 0.5 51.37 �19.78 �21.65 28.66 229.06
3 0.5 46.64 �18.30 �14.91 25.03 216.56
5 0.5 45.11 �18.20 �14.33 24.12 216.46

PET/Naþ 1 0.5 57.67 �19.66 �31.47 36.45 229.00
3 0.5 58.62 �20.47 �33.87 37.62 230.31
5 0.5 69.82 �21.70 �33.84 37.10 226.53

Pure PET 0 1 49.33 �21.57 �32.16 38.73 236.15
PET/15A 1 1 49.09 �21.00 �31.25 33.84 247.41

3 1 49.42 �22.87 �23.32 32.66 225.55
5 1 48.10 �27.95 �13.69 23.25 225.50

PET/30B 1 1 44.26 �21.10 �25.43 33.69 229.00
3 1 39.48 �21.28 �14.41 21.75 221.50
5 1 39.20 �21.06 �13.50 20.22 221.87

PET/Naþ 1 1 56.10 �21.88 �32.39 38.45 234.23
3 1 57.26 �21.69 �33.31 38.51 230.27
5 1 59.09 �21.18 �33.57 38.39 230.87

Pure PET 0 3 55.40 �22.65 �23.69 32.77 226.28
PET/15A 1 3 52.39 �22.31 �23.98 31.01 230.41

3 3 50.81 �22.55 �22.11 27.03 234.86
5 3 47.82 �22.02 �16.81 26.92 218.64

PET/30B 1 3 49.62 �22.61 �21.01 30.42 230.02
3 3 45.65 �22.13 �17.21 28.67 219.98
5 3 45.98 �22.65 �15.59 27.89 219.10

PET/Naþ 1 3 55.39 �22.81 �23.28 32.88 247.06
3 3 55.82 �22.55 �25.52 32.81 229.62
5 3 56.94 �22.58 �26.53 33.43 229.79
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at different temperatures followed by more decrease
as the nanoclays concentration increased in nanocom-
posite. Decrease in L* values could be due to more dis-
perse dye penetration into the composite samples. In
other words, any decrease in C* resulting to increase
in dullness of composites. The differences between a*
values for composites containing modified clays
compared to pure PET were negligible. The a* and b*
values of disperse dyed samples were influenced by
type of clay used in matrix. There were some consider-
able increases in L*, a*, b*, and C* values for PET/Naþ

nanocomposites dyed with disperse dye at different
temperatures, which were in contrast to those of PET/
15A and PET/30B nanocomposite samples.

From colorimetric tables, it is evident that a posi-
tive correlation exists between the type of clay, its
content, and the dye absorbed by the nanocompo-
sites. As mentioned earlier, disperse dyeing behavior
of PET composite depends on the affinity of the dye
to the polymer, chemical structure of disperse dye,
existence of active area, and crystallinity percent in
the polymer.77,78 The amount of active area was
increased with an increase in temperature as well as
incorporation of modified clays in polyester. In this
regard, the hydrophobic character of polyester plays
a dominant role in disperse dyeing. Both 15A and

30B clays have a strong sorption ability to disperse
dyes despite their hydrophobicity and lack of aro-
matic rings.79 Their small size and huge surface area
are necessary for a good sorbent.
Nanoclay of Naþ is natural montmorillonite carries

a negative charge, while 15A and 30B clays are modi-
fied with surfactants to provide a positive charge on
clay surface. It seems that active centers of disperse
dye molecule including NH2 and CO groups can par-
ticipate in either type of bond formation. Our previous
study demonstrated that nanoclays contain surface
hydroxyl groups, which seem to increase the interfa-
cial interactions and bonding with the carboxyl or
hydroxyl end groups of PET chains. These interactions
are observed between clays and PET chains. PET
chains are more compatible with hydrophobic nano-
clay particles of 15A and 30B compared to the hydro-
philic Naþ.57 The following type of interactions
between the anthraquinone disperse dye and modified
clay surfaces are possible:

• Hydrogen bonding between OH groups of 30B
clay and the NH2 and CO groups of disperse
dye molecule.

• Electrostatic bonding between the negatively
charged oxygen atom of carbonyl groups in

TABLE VII
Color Coordinates of Pure PET and Its Various PET/Clay Nanocomposites Dyed with a Disperse Dye at 130�C

Composite type Clay (%) Dye (%) L* a* b* C* h�

Pure PET 0 0.5 49.01 �20.73 �19.11 28.20 222.66
PET/15A 1 0.5 49.66 �19.37 �16.63 28.37 221.99

3 0.5 49.11 �20.84 �15.76 26.56 219.90
5 0.5 43.92 �20.24 �14.80 24.30 219.69

PET/30B 1 0.5 49.37 �20.71 �19.94 25.54 217.79
3 0.5 47.42 �20.85 �19.54 24.01 225.98
5 0.5 47.41 �21.55 �11.76 24.55 208.62

PET/Naþ 1 0.5 54.90 �20.81 �20.97 28.67 234.31
3 0.5 54.22 �20.04 �25.80 32.67 232.15
5 0.5 56.41 �20.08 �28.33 35.58 225.36

Pure PET 0 1 45.14 �10.84 �30.44 32.31 250.39
PET/15A 1 1 45.10 �11.93 �28.72 32.75 231.39

3 1 45.61 �11.54 �27.52 31.13 242.14
5 1 44.39 �10.75 �15.53 24.35 219.62

PET/30B 1 1 42.02 �11.68 �30.18 28.90 243.29
3 1 41.36 �11.86 �20.39 25.43 232.54
5 1 41.68 �11.88 �19.40 24.25 233.88

PET/Naþ 1 1 50.52 �19.18 �30.44 32.18 242.24
3 1 54.25 �22.41 �36.09 32.48 238.16
5 1 59.20 �22.83 �36.23 36.13 254.85

Pure PET 0 3 37.72 �0.08 �35.04 35.04 269.85
PET/15A 1 3 34.39 �0.09 �32.87 33.13 262.89

3 3 34.45 �0.63 �26.90 27.95 266.53
5 3 32.06 �0.67 �22.41 26.35 235.03

PET/30B 1 3 33.80 �0.84 �30.84 30.90 266.07
3 3 32.50 �0.61 �26.60 26.81 263.26
5 3 32.01 �0.70 �25.62 25.88 261.67

PET/Naþ 1 3 38.95 �0.40 �35.90 35.98 266.46
3 3 43.31 �0.93 �36.55 35.56 268.39
5 3 43.50 �0.61 �38.02 38.03 268.96
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disperse dye molecule and positively charged
nitrogen atom of quaternary ammonium salt in
modified clays.

• Direct p interactions and van der Waals forces
between methyl and ethyl groups of modified clays
on one hand and methoxy group and benzene
rings of disperse dye molecule on the other hand.

Another reason for improving disperse dye absorp-
tion of PET/15A and PET/30B nanocomposites could
be the relatively large voids between clay platelets
after modification with quaternary ammonium salts.
Our results in dyeability of polyester are confirmed
by other authors in polypropylene/clay nanocompo-
site.52 The accessibility of polyester would be
enhanced by the incorporation of reactive silica
nanoparticles and modified clays. Some researchers
stated that the presence of clay nanoparticles in
polypropylene and nylon 6 matrixes resulted in the
increase of void spaces and tortuous pathways gen-
erated by oriented nanoclay layers. These spaces are
necessary for modifying the fiber structure, and it is
useful for penetration of the disperse dye from the
surface into the interior of the polymer.

Light fastness measurement

Light fastness rating of pure PET and its clay nano-
composite films is shown in Table VIII. For this pur-
pose, eight pieces of different dyed fabrics that form
the blue scale were exposed to the light at the same
time as the test was preceded for the nanocomposite
specimens in order to determine any differences
between samples. After exposure, the degree of fad-
ing of the test specimen was compared to the blue
scale. In this test, any result above five of eight is
considered as the good light fastness.79

After exposure to light, no noticeable fading of
nanocomposites was observed. Many factors influence
the light fastness of dyes, including the chemical state

of the dye, the physical state of the dye within the
fibers and polymers, the polymer substrate, dye con-
centration in the fibers, dye environmental factors, the
source and intensity of illumination, and the presence
of UV absorbers and application of other finishing
materials after dyeing.80–91 Previous researches indi-
cated that disperse dyed clay incorporated PP nano-
composite fibers exhibit satisfactory light fastness,
which is due to intermolecular interaction between
dye, modified clay and substrate.52

CONCLUSION

Various PET/clay nanocomposites were prepared by
melt spinning. The experiments carried out in DSC
showed that the presence of clay in PET affects the
crystallization of polymer, decreasing the glass transi-
tion temperature and leading to heterogeneous nuclea-
tion of composite. The accessibility of PET filled with
modified clays is thus improved due to hydrogen and
electrostatic bondings as well as van der Waals interac-
tions between the disperse dye used and modified clay
surfaces. We suggest modified clays of 30B and 15A to
be used in PET composites to improve dyeability.
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