
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 3
:5

5:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of carbon
Department of Chemical and Petroleum Eng

Alberta, Canada T2N 1N4. E-mail: u.sundar

† Electronic supplementary informa
10.1039/c7ra11390k

Cite this: RSC Adv., 2017, 7, 54222

Received 15th October 2017
Accepted 20th November 2017

DOI: 10.1039/c7ra11390k

rsc.li/rsc-advances

54222 | RSC Adv., 2017, 7, 54222–5423
nanotubes on morphology
evolution of polypropylene/polystyrene blends:
understanding molecular interactions and carbon
nanotube migration mechanisms†

Ivonne Otero Navas, Mohammad Arjmand and Uttandaraman Sundararaj *

This study investigates the morphological evolution in polypropylene:polystyrene (PP:PS) blends (PP:PS—

10 : 90, 30 : 70, 50 : 50, 70 : 30 and 90 : 10 vol%) with 1.0 vol% multi-walled carbon nanotube (MWCNT)

loading over the course of melt mixing. Molecular simulation was used to predict the preferential

localization of MWCNT in the biphasic blends. The simulation results indicated that the strongly polarized

regions in the PS segments have much more interaction with the MWCNT surface in comparison to the

weakly polarized PP chains. Transmission electron microscopy showed that MWCNTs are preferentially

localized in the PS phase and interphase, regardless of the blend composition, in line with the molecular

simulation predictions. Scanning electron microscopy revealed that addition of MWCNT led to significant

morphological changes in all PP:PS compositions. When MWCNTs were localized in PS as the minor

phase, increasing mixing time enlarged the domain size and enhanced domain interconnectivity in some

regions of the samples. We proposed that the migration of MWCNT between the phases played a key

role in the morphological changes in the blend nanocomposites. If migration of MWCNT happens

among PS domains, then a layer of PS covering the surface of MWCNTs or a PS thread holding MWCNTs

facilitates the contact among the domains, hence favouring coalescence.
1. Introduction

The ability to combine two or more polymers with different
properties offers the possibility to develop a nal material with
properties superior to its components.1–3 Most polymers are
thermodynamically immiscible and their binary mixtures are
phase separated. Phase separation results in unique morphol-
ogies, signicantly impacting the nal properties of the blend
systems.4,5 The inclusion of nanollers, such as carbon nano-
tubes, clay, graphene, carbon black and nanosilica, to polymer
blends has gained an increasing popularity, mainly because of
the value-added properties of the blend nanocomposites
compared to the neat blends.6–8

Addition of nanollers to immiscible polymer blends may
cause morphological changes, affecting the nal properties of
the material. In the literature of the blend nanocomposites,
there is no consensus about the effect of nanollers on the
blend morphology.9–15 One of the most cited effects of nano-
llers in the polymer blends is the morphology rene-
ment.9–13,16–18 This effect is attributed to various factors such as
ineering, University of Calgary, Calgary,
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nanoller interfacial localization, where the nanollers act as
physical barriers between the domains, thereby impeding the
droplet coalescence,9,10 and/or decrease in the interfacial
tension in comparison to the neat blends.16,18,19 The decrease of
interfacial tension has been inferred from direct or indirect
measurements, such as traditional continuum thermody-
namics concepts, rheological calculations, theoretical calcula-
tions, and inferences from morphological renements.9,18–20

Ray et al.19 inspected the effect of clay on the morphology of
polypropylene (PP)/polystyrene (PS) blends. Clay nanollers led
to a compatibilization effect, described by the decrease of
interfacial tension. The interfacial tension was measured by the
drop deformation and relaxation technique. However, the
disadvantage of this technique is that the genuine effect of the
interfacial tension cannot be differentiated from the viscosity
effect derived from the addition of clay to the polymer blend. In
another study, theoretical calculations performed by Levine and
Bowen21 showed that the adsorption of solid spherical particles
at the interface of an immiscible oil–water system decreased the
interfacial tension in comparison to the neat oil–water system.
They also showed that the more separated the particles at the
interface, the closer the value of the effective interfacial tension
to the interfacial tension of the neat system. Nevertheless, this
theoretical calculation does not take into account the nature of
interactions in the system, as well as the viscoelastic effects,
This journal is © The Royal Society of Chemistry 2017
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important in polymer blends. Other authors attributed the
morphology renement to changes in the interfacial rheology,
where nanollers restrict the interfacial mobility. Vandebril
et al.22 found that when hematite particles are localized at the
interface of a dispersed polydimethylsiloxane (PDMS)/
polyisobutylene (PIB) blend, the interface exhibits an elastic
behaviour, characteristic of agglomerated particles and particle
network. In other studies, morphology renement and coales-
cence suppression have been explained in terms of the long
relaxation time and higher viscosity of the phase containing the
nanollers.23,24

Contrary to the works reporting the decrease of the domain
size with addition of nanollers, some other research studies
have shown the ability of nanollers to increase the domain size
or induce coalescence and co-continuity in immiscible polymer
blends.10,14,15 In some cases, the increase of domain size has
been correlated to the selective localization of the nanollers in
the minor phase and the increase of the viscosity of this phase
with respect to the major phase.10,25–27 Kong et al. noted that
when nanosilica lled domains of polyamide 6 (PA6) are
sheared inside a polystyrene (PS) matrix at high shear rates,
there is a morphology renement; however, when the PA6/
nanosilica domains are subjected to low shear rate, coars-
ening of the domains is observed. This was attributed to the
bridging effect of the nanosilica particles localized at the
interface of the blends, and to the breakup suppression due to
the increase of viscoelasticity and yield stress of the PA6/
nanosilica domains. On the other hand, other authors have
shown that network formation of the nanollers in the
immiscible polymer blends is responsible for the coarsening of
the domains.28–30 For instance, Buxton et al.28 theoretically
showed that the selective inclusion of nanorods in the minor
phase results in stretching of the minor phase domains to
accommodate the nanorods network. They claimed that the
deformation and elongation of the minor phase domains
increase the possibility of the domains coarsening.

Regarding carbon nanotube lled polymer blends, both
decrease13,24,31–33 and increase11,15,24,33–37 of domain size have
been reported. For instance, Khare et al.11 showed a relationship
between MWCNT percolation and morphology evolution in
polypropylene:acrylonitrile-butadiene-styrene (PP:ABS) blends.
Below the MWCNT percolation threshold (1.0 wt%), an appre-
ciable increase in minor phase size was observed. However,
above the percolation threshold, the domain size progressively
decreased with increasing MWCNT concentration. This was
attributed to MWCNT network formation, impeding coales-
cence of the domains. Below the MWCNT percolation
threshold, the authors observed a decrease of the torque when
processing the lled blends in comparison to the neat ones,
which might be related to the enhanced domain coalescence in
the presence of MWCNT. On the other hand, in a previous work
in our group,36 it was observed that the addition of MWCNT to
immiscible PP:PS blends led to an increase of the domain size
when MWCNTs were localized in PS as the minor phase.
Morphological transition from a dispersed morphology to
a more interconnected or co-continuous morphology was
observed with the increase of MWCNT content. This transition
This journal is © The Royal Society of Chemistry 2017
was attributed to changes in viscosity and elasticity, as well as to
the bridging effect of MWCNT between the PS domains.
Recently, Urquijo et al.37 have also shown a domain size increase
when MWCNTs were localized in PBAT as the minor phase in
a blend of poly(lactic acid) (PLA)/PBAT. The migration of
MWCNT from the PLA/MWCNT masterbatch to PBAT dynami-
cally changed the viscosity of the blend during mixing, thus
favoring the development of more interconnected
morphologies.

Poyekar et al.35 observed that morphological transitions in
MWCNT lled polyamide 6:acrylonitrile butadiene styrene
copolymer blends (PA6:ABS) depend on the type of functional-
ization of MWCNT. They reported morphological transition
over time from dispersed to co-continuous when unmodied
MWCNTs were added to the blends 40 : 60 wt% and 60 : 40 wt%
PA6:ABS. This morphological transition was also observed when
MWCNTs were functionalized with sodium salt of 6-amino
hexanoic acid (Na-AHA). Formation of elongated phases
happened at an earlier stage of mixing (1 min) in PA6:ABS with
addition of Na-AHA-MWNCT than when it occurred in the case
with unmodied MWCNT (5 min). On the other hand, when
MWCNTs were modied with 1-pyrene-carboxaldehyde
(PyCHO), the blend PA6:ABS/60 : 40 transformed from
a dispersed morphology to a co-continuous morphology, while
the blend PA6:ABS/40 : 60 remained as dispersed morphology
during the entire 15 min of mixing. Guo et al.24 showed that the
aspect ratio of MWCNT affects the domain size in a blend of
polystyrene:poly(methyl methacrylate). Localization of low
aspect ratio MWCNT into the minor phase resulted in
a decrease of domain size, and this was attributed to the
increase of the viscosity of the minor phase, which slowed down
the coalescence. However, increasing the MWCNT aspect ratio
from 94 to 250–450 increased the domain size signicantly, and
was ascribed to the stretching of the minor phase to accom-
modate longer MWCNTs. On the other hand, other researchers
have shown that the renement of morphology upon addition
of MWCNT is mainly related to the selective localization of
MWCNT at the interface.13,32,38 Steric hindrance of the interface,
due to the surrounding MWCNT layer, prevents coalescence of
the domains, hence generating a decrease of the domain size. In
spite of some research works showing morphology renement
upon addition of MWCNT, there is an abundance of literature
showing that coalescence is enhanced when using high aspect
ratio MWCNT localized in the disperse phase.

Although there is an uprising interest to develop polymer
blends nanocomposites, the literature lacks a well-established
understanding of the fundamental mechanisms involved in
the nanoller induced morphological changes. Accordingly,
this work is dedicated to a comprehensive investigation of the
effect of multi-walled carbon nanotube (MWCNT) on the
morphology development of the immiscible polymer blend
PP:PS over the course of melt mixing; this was performed
employing various theoretical and experimental techniques.
Molecular simulation was used to predict the MWCNT selective
localization in the blend. TEM micrographs showed the selec-
tive localization of MWCNT inside PS. The morphology evolu-
tion during mixing was observed by freezing the morphology of
RSC Adv., 2017, 7, 54222–54234 | 54223
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the blend samples at different mixing times. Average domain
size was estimated from SEM micrographs. We proposed that
MWCNT migration between the phases contributes to the
morphological changes observed upon addition of MWCNT.
Different MWCNT migration regimes are discussed in this
manuscript and correlated to the increase of coalescence
observed in the blend systems with PS as the minor phase.

2. Experimental
2.1 Molecular simulation

We performed molecular simulation to get an in-depth insight
about the interaction of MWCNT with PP and PS chains. In this
regard, the interactions between two different types of CNT with
different chiralities but the same diameter (�0.7 nm), i.e. (5,5)
armchair-CNT and (9,0) zigzag-CNT (Fig. 1a) and segments of
PP and PS (Fig. 1b) were studied. Each polymer segment is
composed of 10 monomer units and the terminal carbon atoms
in the CNT fragments were passivated using a single hydrogen
atom to avoid boundary effects. The average initial distance
between the polymer chain and CNT was set to 3 Å.

Calculations were carried out using GAUSSIAN 09 soware.39

Geometry optimization of CNT, polymer and polymer/CNT
systems (based on a stationary point on the potential surface)
was performed using the B3PW91 hybrid functional. This
functional uses a combination of the Becke exchange,40 a Har-
tree–Fock component,41,42 and the correlation functional of
Perdew–Wang.43,44 This functional has been successfully used
by other researchers to evaluate nanostructured materials, such
as graphene, nanotubes, and biological molecules like DNA.45–47

The basis set used to represent the electronic wave function
corresponds to 6-31g(d,p),48,49 with added d polarization func-
tions on non-hydrogen atoms plus p polarization functions for
hydrogen. Empirical dispersion correction using the D3 version
of Grimme coupled with Becke Johnson damping (empirical
Fig. 1 (a) (9,0) Zigzag CNT and (5,5) armchair CNT, (b) PS and PP
segments, and (c) initial configuration of the polymer/CNT systems.
The green cylinder represents CNT armchair or zigzag, and polymer
segment corresponds to PP or PS.

54224 | RSC Adv., 2017, 7, 54222–54234
dispersion ¼ GD3BJ) was also added for van der Waals inter-
actions.50 Second derivative calculations of energy were per-
formed to all optimized structures to verify that all the systems
corresponded to local minima (zero imaginary frequencies).
Binding energy, frontier orbitals and electrostatic potentials of
the systems were studied to understand the interaction between
CNT and PP and PS chains. The binding energy was dened as:

DE ¼ E(CNT) + E(polymer) � E(polymer/CNT) (1)

where E(CNT) is the ground state energy of the optimized
carbon nanotube fragment, E(polymer) is the ground state
energy of the optimized polymer chain (PP or PS), and E(poly-
mer/CNT) corresponds to the ground state energy of the opti-
mized structure of polymer/CNT system.
2.2 Materials

Homopolymer PP used in this study was H0500HN provided by
Flint Hills Resources® (MW ¼ 209.3 kg mol�1). PS, Styron®
615APR (MW ¼ 193.3 kg mol�1), was obtained from Americas
Styrenics LLC. MWCNT, Nanocyl™ NC 7000, was purchased
from Nanocyl S.A. (Sambreville, Belgium), and has an average
length of 1.5 mm and average diameter of 9.5 nm. Five blend
systems of PP:PS–PP:PS/90 : 10 vol%, PP:PS/70 : 30 vol%, PP:PS/
50 : 50 vol%, PP:PS/30 : 70 vol% and PP:PS/10 : 90 vol% neat
and with 1.0 vol% MWCNT concentration were prepared by
melt mixing in a Haake Rheomix series 600 OS internal batch
mixer. Prior to mixing, the rawmaterials were dried in a vacuum
oven at 60 �C overnight. Compounding was carried out at
50 rpm (average shear rate of 40 s�1, calculated using the
approximation of two adjacent sets of concentric cylinders51) for
15 min at T ¼ 200 �C. The mixing procedure comprised melt
mixing of PP and PS for 3 min, followed by addition of MWCNT
and mixing for another 15 min. The order of addition of
materials was devised based on the process of ller side feeding
in the extrusion process. This process has advantages, such as
decrease in ller breakage52 and elimination of premixing and
pre-blending costs.53
2.3 Materials characterization

Scanning electron microscopy (SEM) was used to study the
morphological evolution of the 5 blend systems by addition of
1.0 vol% MWCNT. Mixing times of 0.5, 1, 3, 3.5, 4, 6, 8, 13 and
18 min were selected for the study. Aer mixing for the required
time, samples were taken from the indents on the roller blades
and immediately frozen in liquid nitrogen. To obtain a better
contrast in SEM imaging, PS was etched using tetrahydrofuran
(THF) at room temperature.

Samples that maintained structural integrity aer etching
(i.e. remained as a solid chunk) were cryo-fractured in liquid
nitrogen. Whereas, for samples that lost their solid structure, 3
ml of the suspensions was placed on a cover-glass, and then
mounted on the top of an SEM stub. In both cases, the solvent
was evaporated at ambient temperature. The nal morphol-
ogies were imaged using an FEI XL30 (FEI Hillsboro OR, USA)
SEM setup at an acceleration voltage of 20 kV.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Molecular electrostatic potential (MEP) was superimposed on
the 0.002 isodensity surface for PP, PS, armchair-CNT, zigzag-CNT,
PP/CNT, and PS/CNT systems. The colours red and blue in the colour
bar represent the lowest and highest electrostatic potential energy,
respectively. Colours in between indicate intermediate values.
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The average domain size of the minor phase of the neat
blends at 3 min and 18 min, and blends with MWCNT at
3.5 min and 18 min of mixing was determined from the SEM
images using the soware Stream Motion (Olympus). 3.5 min
corresponds to the elapsed time aer addition of MWCNT into
the neat blend. The domain size represents the average Feret
diameter of the PS domains of three different micrographs per
sample. Mean value and standard deviation were determined
for each blend sample by using a lognormal distribution to
evaluate the heterogeneity of the morphology.

TEM analysis was carried out to study MWCNT preferential
localization. Sample sections of ca. 90 nm were obtained using
a Leica EM UC6 ultramicrotome (Leica Biosystems©, Germany)
equipped with a diamond knife. The ultramicrotoming was
carried out in nitrogen atmosphere (�50 �C to �70 �C). The
sections were analyzed with a Tecnai TF20 G2 FEG-TEM (FEI,
Hillsboro, Oregon, USA) setup at 200 kV acceleration voltage.
The images were captured by a Gatan UltraScan 4000 CCD
(Gatan, Pleasanton, California, USA) at 2048 � 2048 pixels.

The shear viscosity for the neat PP, neat PS, neat blends and
PS/MWCNT systems was measured using a Kayeness (Dynisco)
capillary rheometer (Morgantown, PA), Model LCR600 D8052M-
115 2046 WVS in the range of 0–100 s�1. The melt polymer
sample was extruded through a 0.508 mm (L/D ¼ 20) die
(entrance angle: 120�) at 200 �C. Measurements were taken by
a load cell. The results were sent to the KARS soware, where
Weissemberg-Rabinowitsch correction54 was performed for
each data set.
3. Results and discussion
3.1 Simulation results

The optimized geometries of CNT, PP, PS, PP/CNT and PS/CNT
systems are illustrated in Fig. S1.† Armchair-CNT (5,5) and
zigzag-CNT (9,0) have average diameters of 6.8 Å and 7.0 Å,
respectively. The interaction between CNT and the polymers
was evaluated by the level of binding energy. If the interaction is
favourable as per eqn (1), a positive binding energy is obtained.
Table 1 summarizes the ground state energy, energetic values of
HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital), band gap, binding
energy and number of imaginary frequencies for the studied
systems.
Table 1 Summary of ground state calculation results for polymer/CNT

System Energy (Ha) HOMO (eV) LUMO (eV)

PP �1219.71189 �7.268 2.352
PS �3097.35697 �6.069 �0.103
Armchair-CNT �2297.92785 �4.264 �2.737
Zigzag-CNT �2753.82846 �3.842 �3.439
PP/armchair-CNT �3517.68197 �4.329 �2.812
PP/zigzag-CNT �3973.58526 �3.961 �3.568
PS/armchair-CNT �5395.33344 �4.378 �2.844
PS/zigzag-CNT �5851.23724 �3.951 �3.562

This journal is © The Royal Society of Chemistry 2017
PS/CNT interactions in both armchair-CNT and zigzag-CNT
provide a more stable conguration (higher binding energy)
in comparison to PP/CNT (Fig. S1e–h†). In PS/CNT, interactions
between CNT and side phenyl groups are mainly due to the
carbon atoms of CNT and the hydrogen atoms of the phenyl
group, where aer the system optimization, the average
distance between CNT and the hydrogen atoms of PS chain was
2.5–3.0 Å. The interactions between CNTs and the polymer
chains result in charge transfer between them; this affects
properties such as electrical behaviour of CNTs. The charge
transfer may be driven by the realignment of the chemical
potentials between CNT and polymer chain.55

The molecular electrostatic potential (MEP) maps in Fig. 2
clearly illustrate the charge distribution of the molecules in
three dimensions.56 MEPs help understand how the molecules
interact with each other, and are represented by rainbow col-
oured surfaces. Each colour corresponds to a potential value, i.e.
red and dark blue signify the most negative and the most
positive potentials, respectively.57 In Fig. 2a, PP shows areas
systems (Fig. S1)

Band gap (eV)
Binding energy
DE (kcal mol�1)

Number of imaginary
frequencies [v (cm�1)]

9.619 — 0
5.966 — 0
1.527 — 0
0.403 — 0
1.517 26.60 0
0.393 28.29 0
1.534 30.63 0
0.389 32.64 0

RSC Adv., 2017, 7, 54222–54234 | 54225
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mainly coloured green and light blue, indicating absence of
strongly polarized regions. In the case of PS (Fig. 2b), strongly
polarized regions are observed, i.e., negative potential areas are
observed above and below the aromatic rings, due to the delo-
calized nature of the electron density of the phenyl side group.
In the case of CNTs, both types (Fig. 2c and d) have an elec-
tronegative area in the middle section. This area shis towards
electro-positivity at the edges of CNTs, due to the hydrogen
passivation. The electronegative middle section of CNTs can
interact with positive areas in an adjacent molecule, while the
positive edges are prone to interact with the electronegative
zones.

The interactions in PP/CNT system in both congurations
are mainly driven by the attraction of the electronegative areas
on CNT surface (Fig. 2c and d) and weakly polarized hydrogen
atoms (electropositive areas) of PP (Fig. 2a). In the case of PS/
CNT systems, the edge of the phenyl side groups of the PS
chain (Fig. 2b), having positive potential mainly located on the
hydrogen atoms, interacts favourably with the CNT surface,
having negative potential (Fig. 2c and d). This type of geomet-
rical arrangement between two aromatic groups is known as T-
shaped or edge-to-face geometries,58 and is the most energeti-
cally favourable geometry due to high binding energy. This
result conrms better interaction in PS/CNT than PP/CNT
system.

The MEP maps of the PP/CNT and PS/CNT systems in
Fig. 2e–h display overlapping of the electron clouds of the
polymer chains and CNTs, thus allowing charge transferability.
If CNT is considered to have hole carriers, charge transfer from
CNT to polymer would improve the carrier concentration in
CNT, thus improving the electrical transport.59 When a covalent
interaction or strong chemical bonding between amolecule and
a CNT happens, the properties of the CNT are strongly modi-
ed.60,61 Table 1 shows slight changes in the band gap of CNTs
upon interaction with PP or PS, indicating small portion of
charge transfer, and thus weak interaction between CNT and
polymer chains. The interaction strength decreases with
Fig. 3 TEM images of 1.0 vol% MWCNT filled PP, PS and PP/PS blends.
30 : 70, PP:PS/50 : 50 and PP:PS/70 : 30 are found in Fig. S2.†

54226 | RSC Adv., 2017, 7, 54222–54234
increasing temperature;62,63 thus, the polymer chain mobility on
the surface of the CNT is not restricted by any strong bonding
during mixing.
3.2 MWCNT localization

TEM micrographs of MWCNT-lled PP and PS are shown in
Fig. 3a and b, respectively. TEM micrographs depict better
MWCNT dispersion in PS in comparison to PP. As mentioned in
the previous section, the molecular simulation results also
revealed that the interactions of the H atoms in the PS chain
and the surface of CNT are stronger than PP/CNT interactions;
thus, we would expect better interaction of PS chains towards
CNT (Fig. 2). Better dispersion state of MWCNT in PS (Fig. 3a)
compared to PP (Fig. 3b) can endorse preferential localization of
MWCNT in PS phase in the blend systems. The proportion of
the phases in the blends was used to discern the phases. Fig. 3
illustrates that for the polymer blends, MWCNTs are mainly
localized inside PS and some MWCNTs are localized at the
interphase, regardless of the PP/PS ratio of the blend system
(Fig. 3c–h).

As PP and PS were rst blended and then MWCNTs were
added to the system, MWCNTs were initially in contact with
both PP and PS phases. Hence, particle migration between the
phases did happen during the melt mixing. The migration
process of spherical rigid particles without preferential affinity
in a two-phase viscoelastic shear ow has been theoretically
studied by Jaensson,64 where he showed that migration of the
spherical particles can be induced by differences in normal
stresses due to dissimilarities in viscoelastic properties between
the two phases. Accordingly, he introduced four regimes of
particle migration:

� The rst regime corresponds to particles migration far
from the interphase, where particles are kept inside one of the
phases. In this case, the deformation of the interphase causes
an increase of Laplace pressure (pressure difference between
the droplet and continuous phase), pushing the particles
further inside one of the phases.
Complementary TEM images of 1.0 vol% MWCNT filled blends PP:PS/

This journal is © The Royal Society of Chemistry 2017
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� The second regime correlates to particle migration to the
interphase, but migration is ceased by interfacial tension. In
this case, the particles approach the interphase, causing inter-
phase deformation and increase in Laplace pressure. In this
regime, the particles cannot cross the interphase.

� The third regime relates to the migration of particles,
particularly small ones, from one phase to the other. This
regime happens at higher capillary numbers than the second
regime.

� The fourth regime describes the adsorption of the spherical
rigid particles at the interphase. In this regime, the interfacial
tension is low enough allowing the particle to reach the inter-
phase and high enough to keep the particle at the interphase.
To obtain a steady position for a particle at the interphase, the
pulling action of the interfacial tension is balanced by the
gradient of normal stresses. The adsorption at the interphase
was only observed when the spherical rigid particles size was
less than 125 nm in diameter.

In this work, the rst and second regimes could correspond
to the case where MWCNTs are already in PS phase and the
interfacial deformation will contribute to keep MWCNTs in PS
phase. Experimentally, it has been shown that the presence of
MWCNT in polymeric matrices causes a decrease in negative
normal stress differences.65 The unusual negative N1 behaviour
is attributed to the vorticity banding of MWCNT aggregates,
MWCNT network and nanotube deformation under shear
rate.65,66 Thus, the more MWCNTs are localized in the preferred
PS phase, the more considerable the imbalance of normal stress
differences, favouring the migration of MWCNTs to PS phase.
On the other hand, the favourable PS/MWCNT interactions, as
discussed in Section 3.1, and the lower viscosity of PS phase (hPS
¼ 597 Pa s versus hPP ¼ 717 Pa s at 40 s�1, Fig. S3†) will favour
wetting of MWCNT by PS chains.

If during mixing, MWCNTs were in contact with PP, regime 3
would dominate and MWCNTs would migrate towards PS
Fig. 4 (a) Schematic of blend interphase without and with MWCNT; (b)

This journal is © The Royal Society of Chemistry 2017
phase. Regarding the fourth regime and localization of some
MWCNTs at the interphase of PP:PS blend, we consider that the
interphase becomes weaker as MWCNT pierces through it, and
the localization of llers at the interphase is driven by the
different interaction forces, as observed in Fig. 4a. That is,
better interaction between PS and MWCNT pulls the MWCNT
into the PS phase and the poor interaction between PP and
MWCNT repels the MWCNT towards the PS phase, and this
combined effect facilitates the migration of MWCNTs to the PS
phase.

As MWCNT prefers to locate in PS, we can infer that there is
a lower change of Gibbs free energy of mixing (DGm) for the case
when MWCNT localizes in PS (see Fig. 4b). This is due to the
lower energy penalty for PS–MWCNT contacts or interaction
(gPS–MWCNT) than PP–MWCNT contacts (gPP–MWCNT). Thus, the
system prefers to be in a state where MWCNT is localized in PS.
The most energetically favourable state for the system is the one
with three separate layers: (Fig. 4b, DG3 on right). This may be
achieved in the case of true thermodynamic equilibrium, but
due to the viscosity of polymers and the mixing procedure, the
PS and PP phases form droplet-like or co-continuous
morphologies that are stable over decades or more. During
mixing, the MWCNT has the chance to migrate from one phase
to the other phase as new interphases are formed. So, as the
interphase is created, if MWCNTs are near the interphase, they
are repelled by PP molecules towards the PS phase, and PS
phase pulls MWCNTs due to the preferential PS/MWCNT
interactions.

3.3 Morphology development during mixing in internal
batch mixer

3.3.1 SEM observations. The rst three minutes of mixing
correspond to the neat blends morphology development as no
MWCNTs were added to the system in this phase. Fig. S4†
displays the morphology development of neat system from
schematic of PP:PS/MWCNT blends and change of Gibbs free energy.

RSC Adv., 2017, 7, 54222–54234 | 54227
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5 min to 18 min. In the blend PP:PS/10 : 90 (Fig. 5a–c), PP
(minor phase) morphology evolved to droplets from the
breakup of sheet structures, threads and ribbons, which is in
accord with the literature.67–69 On the other hand, in the blend
PP:PS/30 : 70 (Fig. 6a–c), PP (minor phase) did not break up in
droplets, instead formed a continuous phase, or major phase,
as observed in Fig. 6c.

Phase inversion phenomenon happens when the minor
component becomes the continuous phase to minimize the free
energy. Sundararaj et al.70 reported phase inversion during
mixing when the minor component has a melting point lower
than the major component in the systems of polyacrylate/
rubber, polyamide 6,6/polystyrene, and polystyrene/ethylene
propylene rubber. On the contrary, Ratnagiri and Scott71

showed that phase inversion is possible when the minor
component has higher melting point than themajor phase as in
Fig. 5 SEM micrographs of morphology development of PP:PS/10 : 90 s
of mixing, respectively. (d)–(i) PP:PS/10 : 90 with addition of 1.0 vol% MW
phase corresponds to PS.

Fig. 6 SEM micrographs of morphology development of PP:PS/30 : 70 s
of mixing, respectively. (d)–(i) PP:PS/30 : 70 with addition of 1.0 vol% MW
phase corresponds to PS.

54228 | RSC Adv., 2017, 7, 54222–54234
the case of polycaprolactone/polyethylene blends. In another
study, Lazo and Scott72 showed that melting point is not the only
parameter involved in phase inversion. They observed that in
polymer blends of polystyrene:polyethylene (84 : 16 vol%) or
polycaprolactone:polyethylene (84 : 16 vol%), during
isothermal steady shear ow at low strains, the thickness of the
polyethylene (minor component) sheets formed during the ow
must reach a critical value of 0.2–0.3 mm for phase inversion to
occur.

With the increase of PP content in the blend, PS phase
becomes the minor phase, as observed in the blends PP:PS/
50 : 50, PP:PS/70 : 30 and PP:PS/90 : 10 (Fig. 7, 8 and 9, respec-
tively). Addition of MWCNT to the blends caused a signicant
increase in domain size when PS is the minor phase, as quan-
tied in Fig. 10. For instance, PP:PS/50 : 50 blend shows an
increase in average domain size from 3.0 � 2.9 mm of the neat
ystem in the batch mixer. (a)–(c) Neat PP:PS/10 : 90 at 0.5, 1 and 3 min
CNT at 3.5, 4, 6, 8, 13 and 18 min of mixing, respectively. The etched

ystem in the batch mixer. (a)–(c) Neat PP:PS/30 : 70 at 0.5, 1 and 3 min
CNT at 3.5, 4, 6, 8, 13 and 18 min of mixing, respectively. The etched

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEMmicrographs of morphology development of PP:PS/50 : 50 systemwith addition of 1.0 vol% MWCNT in the batch mixer. (a)–(c) Neat
PP:PS/50 : 50 at 0.5, 1 and 3 min of mixing, respectively. (d)–(i) PP:PS/50 : 50 with addition of 1.0 vol% MWCNT at 3.5, 4, 6, 8, 13 and 18 min of
mixing, respectively. The etched phase corresponds to PS.

Fig. 8 SEMmicrographs of morphology development of PP:PS/70 : 30 systemwith addition of 1.0 vol% MWCNT in the batch mixer. (a)–(c) Neat
PP:PS/70 : 30 at 0.5, 1 and 3min of mixing, respectively. (d)–(i) PP:PS/70 : 30 with addition of 1.0 vol%MWCNT at 3.5 min, 4, 6, 8, 13 and 18min of
mixing, respectively. The etched phase corresponds to PS.
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system at 3 min of mixing (Fig. 7c) to 14.7 � 10.1 mm with
addition of MWCNT at 3.5 min of mixing (Fig. 7d).

The morphology development during mixing is also affected
by the addition of MWCNT. In PP:PS/10 : 90 blend, aer addi-
tion of MWCNT (Fig. 5d), PP phase becomes interconnected
and some spherical droplets are observed. With increasing
mixing time, the interconnected domains break up into drop-
lets (Fig. 5e–i). Although elongated domains were not visualized
in the SEM images of PP:PS/10 : 90, suggesting parallel or
vorticity breakup of domains,73–75 other mechanisms such as
erosion and tip streaming might be involved in the morphology
development. Erosion and tip streaming have been observed in
unlled polymeric systems in simple shear ow and at viscosity
ratios ranging 0.6–60.74,76 Additionally, we observed that addi-
tion of MWCNT improved the homogeneity of the droplets with
increasing mixing time size in PP:PS/10 : 90 (Fig. 5d–i). The PP
This journal is © The Royal Society of Chemistry 2017
droplets showed a progressive decrease of domain size with
increasing mixing time aer MWCNTs were added. At 3.5 min
of mixing and upon addition of MWCNT, PP domain size has an
average value of 14.8 � 13.2 mm (Fig. 10), while at 18 min of
mixing, the size decreased to 2.1 � 0.41 mm (Fig. 10). Some
research works have claimed that localization of nanollers in
the major phase in an immiscible polymer blend weakens the
coalescence of the minor phase, due to (1) higher forces applied
on the minor phase and (2) nanoparticles, acting as obstruc-
tions between the domains of minor phase.10,33,77

In the case of PP:PS/30 : 70, uponMWCNT addition (Fig. 6d),
the continuous PP phase was transformed to a brillar or
thread-like structure. In addition, some small PP particles of
different shapes (spherical or elongated shapes) and sizes (1–15
mm major axis) were observed. These smaller domains are
generated from the breakup of the cylindrical brils, which are
RSC Adv., 2017, 7, 54222–54234 | 54229
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Fig. 9 SEMmicrographs of morphology development of PP:PS/90 : 10 system with addition of 1.0 vol% MWCNT in the batch mixer. (a)–(c) Neat
PP:PS/90 : 10 0 at 0.5, 1 and 3 min of mixing, respectively. (d)–(i) PP:PS/90 : 10 with addition of 1.0 vol% MWCNT at 3.5, 4, 6, 8, 13 and 18 min of
mixing, respectively. The etched phase corresponds to PS.
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unstable during mixing.78 The generated threads are more
elongated and still visible in 4–8 min of mixing (Fig. 6e–g). Long
thin ribbons and laments have been reported for some neat
polymer blends, where thread formation resulted from the high
shear zones in the mixer.67,79 Aer 8 min of mixing (Fig. 6g–i),
the PP brils coalesce, forming the major phase. This coales-
cence is favoured by randomly oriented and elongated PP
domains, having more probability to be in contact and merge.

For the PP:PS/50 : 50 blend, with addition of MWCNT
(Fig. 7d–i), PS phase is greatly deformed and elongated. In 3.5–
6 min of mixing (Fig. 7d–f), ellipsoidal inclusions of PS with
bigger size (100–250 mm major axis) than other PS domains are
observed. The inclusions correspond to MWCNT agglomerates
(Fig. S4†), which are preferentially and rapidly localized in PS. At
Fig. 10 Average domain size of minor phase at different blend ratios
for neat blends and MWCNT filled blends. Domain size was measured
as average Feret diameter for neat blend at 3 min and 18 min, and
MWCNT filled blends at 3.5 min and 18 min of mixing time. The empty
markers correspond to PP as minor phase. The inset shows the
average domain size of the neat PP:PS blends at 3 min and 18 min of
mixing.

54230 | RSC Adv., 2017, 7, 54222–54234
3.5 min of mixing (Fig. 7i), PS domains increased in size in
comparison to PS domains at 3 min of mixing and were
signicantly elongated, implying that the breakup processes
were slowed down, or even halted, upon addition of MWCNT. In
a previous study,36 we correlated the slowdown of breakup of PS/
MWCNT domains to an increase in viscosity, elasticity and
relaxation time of PS phase with increasing MWCNT content.
On the other hand, the increase of PS domain size in presence
of MWCNT endured during the whole 18 min of mixing process.
PS domain size changed from 14.7 � 10.1 mm at 3.5 min to 11.4
mm � 10.2 mm at 18 min of mixing (Fig. 10). This decrease can
be attributed to the breakup of MWCNT agglomerates located in
PS phase, which diminish the contribution of bigger domains to
the average domain size.

Thareja et al.12 have shown that nanoparticles localized in
the minor phase can induce coalescence in polymeric systems,
where mechanisms of bridging–dewetting in defoaming
processes were used to explain the phenomenon. In the
defoaming process, hydrophobic particles are used to promote
bubbles coalescence in aqueous systems.80,81 The bridging–
dewetting mechanism implies that particles coming in contact
with two bubbles form a bridge between them; if the particle is
hydrophobic enough, it is dewetted by the aqueous phase and
the bubbles fuse.80,81 On the other hand, Morris and Cilliers82

proposed that when particles are localized at the interface of
bubbles, the coalescence is produced due to the highly distorted
structure of the interface around the particle, which forces the
interfaces of the bubbles to be drawn together. Although these
theories describe the effect of particles localized at the interface
in the coalescence of bubbles in liquids, the mechanisms in
immiscible polymer blends are more complex, due to factors
such as the viscoelastic nature of the system and the interfacial
thickness (interphase) due to the chain diffusion and entan-
glement of both polymers in the blend.

As described in Section 3.2, migration of particles between
the phases may also play an important role in the morphology
This journal is © The Royal Society of Chemistry 2017
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development. For instance, in the third regime described in the
theoretical work of Jaensson,64 when particles cross the inter-
phase, there is a time at which the particles are probably held by
a thread of the uid in which the particles were initially local-
ized (Fluid 1). As time elapses, the threads pinch off, allowing
the particles to be transferred to the other phase (Fluid 2), but
still surrounded by a layer of the Fluid 1 and some smaller
satellite droplets of the Fluid 1 may also be generated. Thus,
considering higher affinity of MWCNT to PS and also MWCNT
crossing the interphase, it can be speculated that when two PS
domains approach, the MWCNTs crossing the interface serve as
bridges between the PS domains. While MWCNT cross the
interphase, the layer of PS covering the MWCNT or the thread
holding them facilities the contact between the PS domains by
enhancing the lm drainage process, hence favouring the coa-
lescence (Fig. 11). In addition, from the simulation results in
Section 3.1, it can be said that the interaction between the
MWCNT and PS is a weak bonding. Accordingly, we can infer
that the mobility of PS chains is not signicantly restricted on
the MWCNT surface. Other simulation works have shown the
ability of PS chains to move on the surface of CNTs, and how the
PS mobility increases with increasing temperature.83 Then,
while the PS domains approach and contact theMWCNT, the PS
chains can move from one domain to the other.

On the other hand, for coalescence to happen, the rupture of
the lm between droplets must happen and it requires that the
internal pressure of the domains exceeds the disjoining pres-
sure of the continuous phase.84 Thus, the deformation of PS
domains imparted by the shear ow and the deformation of PS/
PP interphase caused by MWCNTmigration between the phases
increase the Laplace pressure. This increase in Laplace pressure
may be enough to overcome the lm drainage imparted by PP
phase, and thus favour the coalescence of PS/MWCNT domains.
In addition, the increase in Laplace pressure might be different
among the droplets due to different MWCNT local concentra-
tions during mixing, causing ow from one droplet to another
until the pressure reaches equilibrium.85 On the other hand, the
Fig. 11 Schematic of drop coalescence induced by MWCNT migration b

This journal is © The Royal Society of Chemistry 2017
strong van der Waals forces present among MWCNTs can be
another factor affecting coalescence. Thus, when MWCNTs
approach and overcome the repulsive forces, they stick together,
facilitating the motion of PS chains among them.

Addition of MWCNT to the blends with lower PS content
(PP:PS/70 : 30 and PP:PS/90 : 10) causes less deformation (Fig. 8
and 9, respectively) of PS phase than PP:PS/50 : 50 blend (Fig. 7);
this can be correlated to the higher local MWCNT concentration
as the PS content in the blend decreases. The higher the amount
of MWCNT, the higher the viscosity of the PS phase (Fig. S3†),
and thus the higher the shear forces needed to deform the PS/
MWCNT domains. In addition, both blends of PP:PS/70 : 30
and PP:PS/90 : 10 at 3.5 min (Fig. 8d and 9d, respectively)
depicted PS domains withMWCNT agglomerate inclusions with
sizes ranging 100–500 mm major axis. Between 3.5–6 min, in
both blends (Fig. 8d–f and 9d–f), some areas with PS domains
having smaller domain sizes than the neat blend at 3 min of
mixing are also observed. This might be correlated to (1) the
content of the PS phase in the system and (2) less deformation
caused by the decrease of local MWCNT concentration as PS
content increases in the blend. The higher the PS content, the
more the number of collisions between PS/MWCNT domains,
and thus the higher the probability for coalescence.86

In the literature on the neat polymer blends, it has been
shown that most of the signicant morphology development
happens at the very early stages of mixing.67–70,73,87–91 Favis88

showed that extending the mixing time to 20 min for poly-
propylene:polycarbonate (PP:PC) inside a batch mixer did not
generate further droplet size reduction. The results were the
same in a wide range of torque/viscosity ratios of the polymer
blend constituents. On the other hand, Sundararaj et al.67 found
that the major morphological changes during blending in two
different blends of PP:PS/80 : 20 wt% and poly-
styrene:amorphous polyamide (PS : PA/80 : 20 wt%) in the
batch mixer occurred within 1 min of mixing, and the
morphology reached steady state aer 2.5 min of mixing.
Fig. S4† shows that the morphology of the neat PP:PS blends is
etween two PS domains.

RSC Adv., 2017, 7, 54222–54234 | 54231
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not signicantly affected at mixing times higher than 5 min.
Quantication of the domain size of the neat blends at 3 min
and 18 min of mixing in Fig. 4–10 corroborates the stability of
domain size with increasing mixing time in neat PP:PS blends.
However, we noticed that the morphological changes in the
PP:PS blends upon the addition of MWCNT happen in a time
frame (15 min aer addition of MWCNT) much longer than for
the neat polymer blends (�3 min) (Fig. 5–10).

4. Conclusions

The morphology evolution of neat PP:PS blends and their blend
nanocomposites with 1.0 vol% MWCNT over the course of melt
mixing was delineated in this work. We found molecular
simulation a useful technique to predict the selective localiza-
tion of MWCNT in the blend system. The simulation results
showed that the interaction PS/CNT is more favourable than PP/
CNT. The PS/CNT interaction was mediated by the attraction of
highly positive hydrogen atoms in the phenyl side groups
towards the negative electrostatic potential of the CNT surface.
PP chain did have a weakly polarized structure, which caused
a poor interaction with the CNT surface. TEM micrographs
showed that MWCNTs were mainly localized inside PS and
interphase, in agreement with the molecular simulation results.
SEM images revealed that morphological changes of the poly-
mer phases in the blend nanocomposites occurred in a time
frame (15 min aer addition of MWCNT), much longer than for
the neat polymer blends (3.0 min of mixing). We propose that
MWCNT migration among domains in conjunction with
viscosity and elastic effects are important factors governing the
morphological changes in the PP:PS blends nanocomposites.
When two PS domains approach, they must overcome the lm
drainage to coalesce. Migration of MWCNT from one PS domain
to another may facilitate coalescence as a PS layer covers the
MWCNT surface and connects the two domains with a thin PS
thread, and thus allows PS chain diffusion between the
domains. Hence, MWCNTs covered by a PS layer serve as
bridges to interconnect PS domains.
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