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Abstract

With the purpose of fabricating polymer nanocomposite foams and preventing
coalescence in foaming processes, the interfacial tension of poly (lactic acid) (PLA)
- silica composites is investigated in this work. Synthesized silica nanoparticles
(SNs) with a CO, - philic surface modification are used as the dispersed
nanoparticles. Interfacial tension is a key parameter in processing of polymer foams
since it directly affects the final foam properties, such as cell size and cell density.
Interfacial tension of silica-containing PLA and supercritical carbon dioxide (COy)
is measured using Axisymmetric Drop Shape Analysis Profile (ADSA-P) pendant
drop method at high pressures and high temperatures. The interfacial tension
between PLA and supercritical CO, is observed to decrease as a result of
nanoparticles’ adsorption to the interface. These results indicate that the reduction
in interfacial tension with increasing silica content significantly deviates from a
linear trend; there is a minimum at 2 wt. % loading of the SNs and then the interfacial
tension curve reaches a plateau. Contact angle measurements show an affinity of the
SNs for the polymer-supercritical CO; interface, and these obtained results are used
to calculate the binding energy of the nanoparticles to the PLA / CO; interface. In
addition to interfacial properties, the adsorption of silica nanoparticles at the
interface is also studied in detail with Scanning Electron Microscopy.

* Corresponding author. Tel.: 519-888-4567 x35586
E-mail address: p4chen@uwaterloo.ca (P. Chen).
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1. Introduction

Polymer nanocomposites are interesting materials with broad applications and
exceptional mechanical, thermal, electrical, and electrochemical properties. 1> In
most cases dispersion of the nanoparticles within the polymer matrix of the
nanocomposites is desired, however for some applications, such as colloidosomes,
nanoparticle-armed polymer latex, Janus structures, and foams and emulsions
stabilized by particles, localization is necessary. 610

Polymeric foams have the advantages of good mechanical, energy-absorbing,
and thermal-insulation properties. 1! One interesting polymer for foam applications
is poly (lactic acid) (PLA). This biodegradable and biocompatible polymer
possesses high modulus, high strength and appropriate clarity, making it a potential
replacement for petroleum-based synthetic polymers such as polypropylene,
polyethylene, and poly (ethylene terephthalate).*? Furthermore, PLA has some
environmental merits compared with other commodity polymers, including its
renewable agricultural source, the consumption of carbon dioxide during its
production, its biodegradability and recyclability. >4

In polymeric foams made with dissolved supercritical fluids, the cell size and
the cell density can be controlled by reducing the interfacial tension between the
polymer and the dispersed phase (supercritical fluid). According to classical
nucleation theory (CNT), the nucleation rate is inversely related to the exponential
cubic power of interfacial tension; 1> therefore one can increase the number of
nucleating sites by lowering the surface tension. The decrease in surface tension
decreases the energy barrier for cell nucleation and consequently increases the
number of cells, leading to an exponential increase in cell densities. Moreover,
lowering the surface tension results in a smaller cell size, since the critical cell size
is directly related to surface tension.'’ It is noteworthy that CNT with its surface
tension predictions is expected to break down for nano-cellular foams, although
this is beyond the scope of this paper. 181°

Similar to the role of surfactants in reducing the surface tension of foams,
particles can be used to promote foam formation and stabilization. As a general
concept, solid nanoparticles, such as silica, can be adsorbed at the interface to
decrease the interfacial tension between polymer melts and supercritical fluids.
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Furthermore, nanoparticles can act as nucleating agents for the foaming of
polymers by increasing local stress variations around the particles (directly) 202! |
and/or by promoting the crystallization of the polymers %2, since the crystals can
create local stress variations as the nanoparticles do (indirectly).?%2*

A large number of recent studies have focused on the incorporation of solid
nanoparticles as surfactants in the stabilization of foams and emulsions, provided
that they are adsorbed to the fluid-gas or fluid-fluid interface, respectively, and it
has been shown that the contact angle of the particles dictates the stability.?>2® For
small particles, for which the effect of gravity is negligible, the energy (E) required
to remove the particle from the interface is called the binding energy or adsorption
energy (the free energy change upon particle adsorption to the interface), and is

given by %’

F= —mr? Vap (1 £ cos 0)2 (1)

where r is the radius of the particle, y 4 IS the interfacial tension between two
phases (polymer-supercritical fluid in our case), and 6 is the Young contact angle
between the particle and the two phases (particle at the interface). The Young
contact angle is defined as

cosf = (Va'p - yﬁp)/yaﬁ (2)

where v,, and yg, are the interfacial tensions of the particle-polymer and particle-
supercritical fluid interfaces, respectively. In the binding energy equation,
considering the polymer-supercritical fluid interface with colloidal nanoparticles in
the polymer phase, the sign inside the bracket is negative for removal into the
polymer phase, and positive for removal into the supercritical fluid phase ,or
simply the (£) signs correlate to the cases where the particle center is above
(positive) or below (negative) the interfacial plane. The particles will attach to the
interface and the adsorption is irreversible if E >> kgT, where kg is the Boltzmann
constant and T is temperature in Kelvin. 2729

Although adsorption of solid particles to an interface can decrease interfacial
tension, some self-assembled structures at the interface can increase the tension at
the interface due to an increase in lateral capillary forces. The interface of the
polymer melt can be deformed due to the adsorption of particles at the interface. In



general, deformation of a liquid surface can cause a lateral capillary force.*
Depending on the particles’ weight and wetting properties, the force is considered
as an immersion force or a floatation force. 313 If the force from the weight of the
particles is significant and the particles are floating at the interface, the attractive or
repulsive force is called a floatation force. On the other hand, for small particles
partially immersed in both phases, the force is called an immersion force. The
deformation of the liquid surface and magnitude of the immersion capillary force
depend on the wetting properties of the particle, the magnitude of the contact
angle, and the position of the contact line, and they are independent of particle
weight. Equation 3 shows the amount of the capillary interaction energy between
two immersed particles: 313334

Aw = 21y Q*Ko(qL) 3)

where vy is the interfacial tension, Q is the capillary charge of the particle, defined
as Q = rsin @, 0 is the contact angle between a particle and the liquid at the

interface, r is the radius of the contact line, g is defined as g2 = A”Tg , 0 IS gravity,

Ap 1s the density difference, Ko is the modified Bessel’s function of zeroth order,
and L is the distance between two particles. Equation 3 is valid when the distance
between the particles is much smaller than the capillary length (L << g?) and also
when the radii of the two contact lines is much smaller that the particle separation.
It can be seen from equation 3 that for fairly close particles, the capillary
interaction (even for nanoparticles) is significant.

In this work, interfacial behavior of PLA-silica nanocomposites in a CO,
environment is investigated in detail. Interestingly, a non-linear trend in interfacial
tension values with increasing amount of nanoparticles is observed. It is described
that lateral capillary forces of the adsorbed aggregates of the nanoparticles to the
PLA- CO;interface is the reason for the reported increase in interfacial tension at
higher contents of the nanoparticles.

2. Experimental
2.1. Materials

Polylactic acid (PLA), grade 2002D, with M,= 100 kg/mol and D-content of
4.5% was kindly provided by NatureWorks Inc. Carbon dioxide chromatographic
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grade with purity of 99.99% was purchased from PRAXAIR, Canada. Tetraethyl
orthosilicate (TEOS), ammonium hydroxide (28-30 % aqueous solution), (3-
Aminopropyl) triethoxysilane (APTES) 99% were purchased from Sigma-Aldrich.
Deionized water (18.2 MQ) was obtained from a Millipore Milli-Q system.

2.2. Synthesis of silica nanoparticles

Silica nanoparticles were made using the well-known Stober method. *°A typical
procedure to make an 80 nm diameter silica particle was as follows: at room
temperature, 8cc of tetraethylorthosilicate (TEOS; Sigma-Aldrich) was added to
100 cc of ethanol. The pH was adjusted using 16 cc of ammonium hydroxide
solution (28wt %). The sol-gel reaction was carried out for four hours. Particle size
was monitored using Dynamic Light Scattering (DLS), Scanning Electron
Microscopy (SEM), and Transmission Electron Microscopy (TEM). After four
hours, the silica was separated by centrifuging at 14000 rpm and washed with
ethanol six times. Afterwards, the silica nanoparticles were dried in an oven for 48
hours at 80° C.

2.3. Surface modification of silica nanoparticles

Surface modification of silica nanoparticles was carried out through another sol-gel
reaction on the surface of re-dispersed silica nanoparticles in toluene. The reaction
happened between (3-aminopropyl) trimethoxysilane (APTES) and the hydroxyl
functional groups on the surface of the silica nanoparticles %7, In order to modify
the surface of silica with amine functional groups, 1.6 g of silica nanoparticles
were dispersed in 100 ml ethanol containing 5 ml ammonium hydroxide solution
(28 %), then 3 ml of APTES was added to the solution and stirred for 24 h at 75 °
C. At the end of the reaction, the particles were collected by centrifuge, washed
three times with ethanol, and dried in a vacuum oven at 80 ° C.

2.4.  Compounding of silica nanoparticles with PLA

A co-rotating miniature twin screw extruder (Haake Mini Lab Rheomex CTWS5)

was used to disperse the synthesized nanoparticles in PLA matrices at 180 ° C at
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150 rpm. The residence time of the polymer in the compounder was set based on
thermal analysis and sample testing to make sure there was no polymer
degradation during compounding.

2.5.  Characterization

2.5.1. Interfacial tension and contact angle measurements

Interfacial tension of PLA composites at various pressures of supercritical CO,and
at 153° C (426 K) was measured using axisymmetric drop shape analysis profile
(ADSA-P) technique. In brief, the interfacial tension of the polymer samples was
measured by fitting the shape and dimensions of their menisci to the theoretical
drop profile based on the Laplace equation of capillarity:

AP = y(—+—) (4)

where y is interfacial tension, AP is the pressure difference across the interface,
and R1 and R2 are two principal radii of curvature. If gravity is the only external
force, AP can be expressed as a linear function of height:

AP = AP, + (Ap)gz (5)

where AP, is the pressure difference at a reference plane, and z is the vertical
height of the drop measured from a reference plane.3

To do interfacial tension measurements, a high-temperature and high-pressure
chamber was designed as explained previously. 3 The accuracy of the interfacial
tension measurement was tested using a drop of pure water, and a consistent value
of 72.12 + 0.11 mJ.m was evident. For a typical measurement, a small amount of
polymer nanocomposite was attached to the tip of a stainless steel rod with a
polished tip to avoid asymmetric drop formation. In order to measure the
interfacial tension, the density of the drop has to be introduced as an input through

the capillary constant: C = A%g, where C is the capillary constant, Ap is the density

difference between the polymer and the supercritical fluid, vy is interfacial tension,
and g is acceleration due to gravity. The density of the polymer-gas mixture was
calculated using the volume of the drop obtained from the pendant drop profile
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using ADSA software, 2 and the mass of the drop which is known via the initial
weight of the polymer and the amount of absorbed carbon dioxide (at any pressure
and temperature) obtained by solubility measurements. The simultaneous
measurement of interfacial tension included introduction of the density of the
sample after measurement of its volume. Using the new density and through the
capillary constant, interfacial tension values can be recalculated. 4244

Contact angle measurements were also carried out in a similar high pressure high
temperature chamber capable of mounting the silicon surface on top of the
inversed stainless steel rod.

2.5.2. Characterization of the nanoparticles
Field emission scanning electron microscopy (FE-SEM) (Ultra, Zeiss) with
energy-dispersive X-ray (EDX) spectroscopy was used to investigate the
morphology of the nanoparticles. The samples were gold-sputtered prior to SEM.
SEM images of the solidified PLA-silica APTES nanocomposite melts are also
measured through gold-sputtering of the solidified sample after the interfacial
tension measurement. A sufficient amount of time is provided to assure the
equilibrium interfacial tension is provided.
The hydrodynamic diameter of silica nanoparticles were determined by dynamic
light scattering (DLS) on a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, U.K.) equipped with a 4 mW He—Ne laser operating at 633 nm.
FTIR spectrums were obtained using a Bruker Vertex 70 FTIR spectrometer from
400 to 4000 cm™® on a KBr pellet.
A Dimension Icon® AFM (Bruker Nano Surfaces) with a silicon nitride tip (type
SCANASYST-AIR, Bruker) with a radius of 2 nm was used for AFM imaging in
the PeakForce® QNM mode.

3. Results and Discussions

The shape and size of the synthesized silica nanoparticles can be observed in SEM
and TEM images Figure 1A and B. The uniform spherical particles have an
average diameter of around 80 nm as confirmed with DLS results in Figure 1 C
(number-average diameter ~ 80 nm and z-average diameter ~100 nm).



FTIR spectra in Figure 2 prove the presence of modification on the silica
nanoparticles. In the spectra, the Si-O peaks at 800 and 1100 cm?, Si-OH at 950
cm, and the broad OH peak in range of 3200 to 3700 cm™ can be observed in both
silica and silica-APTES. However, after surface modification with APTES, the
intensity of OH peak is decreased showing a reduction in the number of surface
OH groups. It is noteworthy to mention that the OH peak can be attributed to both
surface hydroxyl groups and adsorbed water molecules. There are a significant
number of hydroxyl groups in terms of isolated silanols, germinals, and vicinals as
well as hydrogen bonded hydroxyl groups. The number of hydroxyl groups on the
surface varies depending on the hydroxylation state of silica and can be as high as
4.9 OH.nm* even after vacuum treatment at high temperatures. #° On the other
hand, there are always water molecules accompanying the OH groups on the
surface as the peak at 1630 cm™ reveals in the spectrum. These water molecules
can only be removed with high temperature thermal treatment. Once they are
removed from the surface, the water molecules will immediately adsorb to the
surface from the atmosphere and their presence on the surface seems inevitable. 4
For the silica modified with APTES, bending of —CH3; at 1385 cm-1, stretching of
C-H at 2933 cm! for alkanes, and bending of N-H at 694 cm™* are recognizable.
The Si-OH peak at 950 cm is also decreased significantly.
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Figure 1.Scanning Electron Microscopy (SEM) (A) and Transmission Electron Microscopy
(TEM) (B) images of synthesized silica nanoparticles (C) intensity and number diameter
distribution results of the silica nanoparticles obtained from DLS.
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Figure 2. FTIR spectrum of silica nanoparticles before (top) and after (bottom) surface
modification with APTES.

In Figure 3, the surface tension values of PLA-silica composites versus silica
content at pressures of CO, ranging from 0 to 13790 kPa (gauge pressure) is
illustrated. As can be seen, the interfacial tension decreases with an increase in
silica content up to 2 wt. % and then an increase and a plateau is observable in all
the pressures. The decrease in interfacial tension can be attributed to the adsorption
of the silica nanoparticles to the PLA/ carbon dioxide interface. It has been
observed that nanoparticles dispersed in a polymer matrix migrate to a crack
generated at the interface between the polymer and a glassy layer. ** Thompson et
al.®* showed that the probability of finding a nano-crystal in the vicinity of the
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polymer surface is higher than the bulk. Nano-crystals form a narrower boundary
at an interface with a fluid which lowers the internal energy and thus the interfacial
tension. Furthermore, a reduction in surface tension of an air-water interface in a
low concentration of nanoparticles as a result of a decrease in internal energy of
the interface has been reported. The phenomena has been observed for suspensions
of titanium oxides 24, and silica * at basic pH values where there is a minimum in
interfacial tension versus concentration curve around 5-7 wt.% of the particles. For
both cases, eventually the interfacial tension value will be constant after 10-12 wit.
%. Notwithstanding the evidences for adsorption of the nanoparticles to the
interface, the reduction in interfacial tension is not as significant as silica in oil-
water systems *°. The reason can be explained in the mechanism by which the
nanoparticles act to decrease the interfacial tension; unlike surfactants, particles are
driven to the interfaces to remove contact between the two phases ! and where the
nanoparticles’ contact area with the interface is small then the effect on interfacial
tension will be less *2.

As a general fact, nanoparticles can be used as a surface active agent in

stabilizing foams and emulsions. 82723 There are a few reasons for adsorption of
nanoparticles to the PLA-CO; interface: first of all, for a particle in a two phase
system, due to weaker interactions compared with bulk, creating a surface is more
favorable at the interface rather than any of the phases (with the same molecules
surrounding). Secondly, the adsorption is thermodynamically favorable not only
because of a desirable interaction between amine groups on silica surfaces and
carbon dioxide, but also because of an increase in entropy of the polymer bulk as a
result of increase in free volume and a reduction in entropy-restricting polymer
adsorption at the particle interfaces. >*

As can be seen in Figure 3 and Figure 4, the interfacial tension increases for values
higher than 2 wt. % of silica. An increase in interfacial tension after a certain
loading of nanoparticles can be related to the lateral capillary force created by a
deformation of the PLA melt meniscus as a result of partial immersion of silica
nanoparticles in the interface. 24353738

It is noteworthy that observation of a minimum in interfacial tension-concentration
curves should not be mistaken for being the same as the case of aqueous solution
of surfactants . In the latter case, the minimum is seen before the critical micelle
concentration (CMC) for surface-active impurities in the surfactant system. Due to
the presence of nanoparticles at the interface, the shape of interface surrounding
them at the fluid phase boundaries is perturbed and is not flat; this fact causes a
significant distant dependent capillary force between the particles. 2° Deformation,
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and subsequent capillary forces are related to the wetting behavior of the particles
(contact angle between three phases) and the distance between particles. 3 The
immersion force, the force between small particles partially immersed in both
phases, can be attractive or repulsive depending on the sign of the meniscus slope
angles at the two contact lines of the two particles adjacent to each other: if the
product of the sine of the contact angles for the two particles are positive
(negative), the capillary force is going to be attractive (repulsive). 3" For similar
silica nanoparticles with similar surface properties, the contact angles are the same
and consequently the force is attractive, provided that the particles are close
enough to each other. As can be seen in SEM images in Figure 5, in higher
loadings of silica, the number of the nanoparticles is higher at the interface of
solidified PLA nanocomposits, and the chance of finding particles close enough to
induce an attractive capillary force towards each other is higher. The high capillary
force at the interface resists a deformation or stretching in surface area. Since
interfacial tension is defined as the work required against a change in the surface
area, an increase in the resistance at the interface leads to an increase in the force
required to increase the surface (due to capillary force in our case) which
eventually causes an increase in interfacial tension in higher loadings of the
particles. 24
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In order to prove the presence of the silica nanoparticles at the interface, SEM
images of the solidified nanocomposites were obtained after interfacial tension
measurements at atmospheric pressure of carbon dioxide environment and
consequently solidification of the pendant drop polymer melt. Figure 5 shows the
SEM results for different loadings of APTES-modified silica-PLA
nanocomposites. It is clear in SEM images that in 4 and 8 wt.% of the
nanoparticles, the number of the nanoparticles increases significantly which leads
to an increase in the chance of finding nanoparticles in vicinity of another particle:
particles separated by distances less than the capillary length cause localized lateral
capillary forces at higher loadings of the nanoparticles a dominant force to be
considered. Considering Equation 3, at higher loadings of the nanoparticles, the
two conditions for capillary forces to be effective are available: the distance
between the particles in nanoparticle systems are lower than the capillary length L
<< gl and the radii of the two contact lines is much smaller that the particle
separation. It should be noted that even though the surface is more covered at
higher loadings of nanoparticles (8 wt.%), the surface coverage is much less than
aqueous systems (typically more that 90% coverage) 28, therefore the nanoparticle
separation can be considered large. EDX results for a surface of 0.5 wt. %
nanocomposite in

Figure 6 shows the presence of a silicon peak for bright spots, proving the spots are
silica nanoparticles.

4 wt% 200 nim
E=1

interfacial tension measurement.
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being at 153 ° C (426 K) for the length of the pendant drop measurement.

In addition to direct observation of nanoparticles at the interface, one can show that
the adsorption of nanoparticles is thermodynamically favorable and irreversible. It
has been shown that if the binding energy of nanoparticles (the energy to detach
particles from the interface) is high enough (compared with thermal fluctuations)
the adsorption is irreversible.”%40

Equation 1 is used to calculate binding energy of the particles at the interface. In
addition to SEM, this is another proof showing irreversible adsorption of the
nanoparticles to a PLA melt-air or supercritical CO, interface. Knowing the
interfacial tension between PLA- supercritical CO, at the desired temperature and
pressure, interfacial tension at 0 wt. % in Figure 3 or Figure 4, the only unknown is
the contact angle between the particles at the PLA melt and supercritical CO,
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interface. In order to measure the contact angle between silica-PLA-CO,, one can
make a pellet out of the particle and perform the contact angle measurement.
However, due to the porosity of the pellet, the liquid or polymer melt on top will
diffuse into the pellet making the measurement impossible. To overcome this
difficulty, surfaces with the exact surface chemistry of silica and silica modified
with APTES can be used for contact angle measurements. Silicon has a natural
oxide layer on the surface which after washing with Piranha solution and removing
hydrocarbons, has an abundant number of hydroxyl groups on the surface.>*% In
this work, a silicon wafer with surface modification is used as a homologous
surface to modified silica.

AFM images of the silicon wafer before and after surface modification with
APTES is shown in Figure 7. Both surfaces are uniform and smooth as the root
mean square (R) and arithmetic average (R.) roughness values for silicon wafers
are 0.3 and 0.2 nm and those of silicon modified with APTES are 9.6 and 7.5,
respectively. As shown previously, %52 contact angle measurements are
independent of surface roughness for values less than 150 nm.

68.7 nm

0.0 " Height Sensor 5.0 um 0.0  HeightSensor 5.0 ym
Figure 7. AFM images of silicon (A) and silicon-APTES (B).
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Figure 8 shows the contact angle of PLA on silica-APTES surfaces as a function of
the pressure of surrounding CO; at 153° C (426 K). The silica-APTES contact
angle increases with an increase in CO; pressure. In other words, the compatibility
of nanoparticles with PLA decreases at higher pressures. However, because of a
more favorable interaction between the amine group of APTES and PLA, its
contact angle is lower. In both cases, the binding energy in Figure 9 is significantly
higher than the thermal energy (ksT), where kg is the Boltzmann constant and T is
temperature in Kelvin, making the adsorption irreversible. Based on contact angle
and binding energy results, it can be concluded that as the pressure of CO,
increases and the contact angle decreases, the work of adhesion will be less, and
consequently there is less tendency towards bulk PLA for nanoparticles, the
condition which leads to more adsorption of nanoparticles at the interface. The
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affinity of the nanoparticles towards the interface can be explained in terms of an
entropy penalty of polymer chains near the nanoparticles in the presence of COy;
any constraint on polymer configurations such as stretching in the vicinity of a
particle, causes a decrease in the conformational entropy of polymer chains, a
phenomena that leads to the segregation of the nanoparticles at the polymer-gas
interface to minimize the entropic penalty. 46364 The “entropy-driven” segregation
Is more pronounced when the polymer chains are expanded as a result of gas
absorption specifically near the critical point of the gas. 6%

4. Conclusions

In summary, the effect of synthesized silica nanoparticles on interfacial tension
between PLA and supercritical CO; at high temperature and high pressures was
studied. In the interfacial tension curve, a minimum in silica loading of 2 wt. % for
all the pressures was observed, and for higher amounts of silica the interfacial
tension value reached a plateau. Adsorption of the silica nanoparticles decreased
the interfacial tension, however for higher amounts (more than 2 wt. %) of
nanoparticles, interfacial tension increased due to attractive lateral capillary forces
originating from the perturbation of the PLA- CO; interface by particles. Contact
angle measurements at high temperatures and pressures showed a decrease in
compatibility between the nanoparticles and PLA with increasing CO,, which
facilitated the adsorption phenomena at high pressures. Furthermore, binding
energy calculations showed irreversible adsorption due to high values of energy
compared with thermal fluctuations.
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