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Polymer nanocomposites are increasingly used in applications that are subjected to harsh environ-
ments. Owing to polymer’s susceptibility to photodegradation, nanofillers in a polymer nanocompos-
ite may be released into the environments during the composite’s life cycle. Such release potentially
poses an environmental health and safety problem and may hinder commercialization of these
advanced materials. This study investigated the fate and release of nanosilica from epoxy/nanosilica
composites. Specially-designed holders containing nanocomposite specimens were irradiated with
UV light in a well-controlled environmental chamber. UV irradiated samples were removed for
measurements of polymer chemical degradation, mass loss, surface morphology, nanosilica accu-
mulation on the composite surface, and nanosilica release. Epoxy matrix underwent rapid pho-
todegradation, resulting in substantial accumulation of silica nanofillers on the composite surface
and also release from the composite. A conceptual model for surface accumulation and release of
nanosilica during UV irradiation of epoxy nanocomposites is presented.
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1. INTRODUCTION

Polymer nanocomposites refer to multicomponent systems
in which the major constituent is a polymer or its blends
and the minor constituent is a filler having at least one
dimension below 100 nm (e.g., spherical nanoparticles,
layered platelets, tubes, and rods). Experimental observa-
tions of large property enhancements achieved through a
small addition (< 5 mass%) of nanofillers to polymers
have fueled intensive research over the past decade. This is
strongly evidenced in recent reviews on polymer nanocom-
posites for a variety of nanofillers.''® These advanced
composites are increasingly used in consumer products
and in many large-volume industries such as textiles, con-
struction, automotive, and aerospace. Under severe envi-
ronmental exposure conditions, however, nanofillers may
be released from the polymer nanocomposites. Because
nanofillers have shown potential environmental, health
and safety (EHS) risks,''"? the release of nanofillers
and their EHS risks during the life cycle of a polymer
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nanocomposite may present a roadblock to innovation and
commercialization of these advanced materials.

There are various possible mechanisms by which
nanofillers could be released during their life cycle
(i.e., use, disposal, recycling, and incineration), includ-
ing mechanical (e.g., abrasion, scratching, sanding, saw-
ing), washing, matrix degradation, and fire. As such, it can
be safely said that some fraction of nanofillers that have
been incorporated in the polymer matrix will be released
into the environment during a product’s life cycles. In a
recent review of nanomaterials and their effects on envi-
ronmental health and safety in the construction indus-
try, Lee et al.?! have presented various possible release
scenarios of nanofillers from nano-enabled products used
in this industry. Gottschalk and Nowack?? also briefly
reviewed the release of nanofillers from products used
in various applications including textiles, sunscreens, and
polymer nanocomposites. Release by mechanical mech-
anism has been investigated for polymers containing
ZnO, Fe,0,,2%* Ti0,,” multi-walled carbon nanotubes
(MWCNTs),2?7 and SiO,?’ nanoparticles. These stud-
ies have shown that the particles released from polymer
nanocomposites by mechanical actions remain imbedded
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in the matrix and that the size and size distribution are
strongly dependent on the matrix. The emission of parti-
cles by fire of fire-retardant polymer nanocomposites con-
taining carbon nanofibers and CNTs has been summarized
in a recent review on the fate and release of CNTs.?®
An important finding of this summary is that no carbon
nanomaterials were detected in the flame but a substan-
tial amount of them are observed in the residual chars.
Release by washing has been demonstrated in numerous
reports for silver nanoparticles in polymer composites and
textiles.?%32

Several studies have reported on the release of
nanofillers during matrix degradation. For example, CNTs
were observed suspended in solution during expo-
sure of biodegradable polymer/CNT composites to body
fluids.?*3* Although no information on the chemical com-
position of the released particles was given, it is likely
that the released materials were individual or aggregates
of CNTs that are free of the matrix. The effect of ultra-
violet (UV) radiation was included in a recent investi-
gation on nanoparticle release and the in-vivo risks this
may pose for polymer and cement nanocomposites.”” This
study reported that photodegradation of a photo-labile ther-
moplastic has resulted in a slow release of MWCNTs from
polymer nanocomposite, but no nanosilica was observed
to be released from a polyamide/nanosilica composite,
exposed to UV radiation. The release of nanosize particles
from a paint containing anatase TiO, nanofillers exposed
to a simulated environment of UV radiation, wind, and
human contact has been observed.> A similar result has
been reported for polymer and wood surfaces containing
the same nanofiller. This study noted that the amount of
released TiO, nanomaterials was much less in the absence
of UV radiation. The release of this nanofiller from poly-
mer nanocomposites is not surprising, because anatase
TiO, is known to be photoreactive material.*® In the pres-
ence of UV radiation, it accelerates the degradation of
polymer thereby exposing TiO, particles at the surface
(i.e., chalking phenomenon). An analysis of runoff water
from new and aged facade paints showed the presence of
nano TiO, and suggested that the nanofillers were detached
from these surfaces by natural weathering.’” The released
TiO, nanofillers were reported to partially embed in the
polymer matrix.

Most common polymers used in high-volume indus-
tries tend to undergo some form of degradation when they
are exposed to UV, moisture, temperature, ozone, acid
rains, or combinations thereof.>® When the matrix is chem-
ically degraded and removed from the nanocomposite, the
nanofillers that are left on the product surface or released
into the environment are likely not coated with the poly-
mer material. This has been demonstrated for paints con-
taining nanoTiO, degraded by natural weathering.” Such
bare nanofillers have been shown to cause adverse effect
on human health and the environment, as indicated earlier.

2

Furthermore, because the bonding between a typical poly-
mer and an inorganic particle is governed by weak sec-
ondary forces and easily broken in the presence of water
or high humidity,* any chemically-degraded polymer film
that still adheres to the nanoparticle surface can be y
detached during exposures. Matrix degradation will also
cause extensive oxidation, chain scission, and crosslink-
ing of the polymer chains, which increases brittleness,
loss of mechanical properties, and cracking of the poly-
mer nanocomposites. This will increase the possibility of
nanofiller migration and release. Mechanical vibrations,
rain, condensed water, snow, and wind will likely increase
the release rate. Once released, nanofillers may undergo
physical and chemical transformations, which may change
their properties and risk impacts.

The degradation of the matrix in a polymer nanocom-
posite is inherently a complex function of the environ-
mental conditions and the material properties. However,
the outdoor weathering factors are neither controllable nor
repeatable. Therefore, an accurate prediction of nanofiller
release rate for polymer nanocomposites during their use
in an outdoor environment is difficult. On the material
side, the presence of a large, undefined polymer/particle
interfacial volume fraction in the nanocomposites and the
unique electronic structure of the incorporated nanofillers
will likely affect the degradation rates and mechanisms
of both the polymer matrix and the nanofiller release.
For example, a study by Gu et al.*> with ZnO nanofillers
has shown that, instead of stabilizing the photodegradation
as reported previously,*"**? this nanofiller actually accel-
erated the degradation of a polyurethane matrix under
UV radiation.

Despite the serious potential risks posed by nanofiller
release during the life cycle of polymer nanocomposites,
little data is available about the degradation mechanism of
these advanced materials, the fate of embedded nanofillers
during environmental exposures of nanocomposites, or
how they may be released during the product’s life cycle.
This lack of information hinders our ability to understand
the release mechanism, to predict the release rate, and to
develop strategies for mitigating this potentially serious
problem. Therefore, the long term performance and the
potentially harmful effects of the nanofillers incorporated
in polymer matrices on the EHS cannot be determined. To
provide data needed to address these issues, researchers
from the National Institute of Standards and Technol-
ogy have initiated a series of studies to critically assess
the release of nanofillers during life cycles of polymer
nanocomposites. The study consists of four main tasks:
(1) Develop methods to characterize the degradation of
polymer nanocomposites, nanofiller release rates, and
chemical composition of released particles during life
cycle of nanocomposites,

(2) generate microscopic and molecular experimental
data to provide a scientific-based understanding of the
nanofiller release mechanism,
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(3) develop experimentally-verified models to predict the
nanofiller release that takes into account materials and
environmental factors as inputs, and

(4) develop standards for measurements of the release rate
and properties of the released nanofillers.

This research is in line with the current United States
National Nanotechnology Initiative EHS Research Strat-
egy for nanotechnology, which focuses on the risks and
hazards during life cycle of the nano-enabled products.*’

Previously, we have reported the accumulation of a
thick layer of MWCNT or graphene oxide on nanocom-
posites surface during their exposure to UV radiation.*¢
For MWCNTs, we found little evidence of their release
into the environment even after prolonged exposure.
(No such statement can be made for polymer/graphene
oxide nanocomposite, because no extended UV exposure
study was conducted for this nanoproduct). The present
study investigates the fate and release of spherical SiO,
nanofillers (nanosilica) in an amine-cured epoxy matrix
irradiated with UV light in the 295 nm to 400 nm range.
An UV environment was selected because it is the most
detrimental component among weathering factors. On the
other hand, amine-cured epoxy is used extensively in
fiber-reinforced polymer composites, protective coatings,
and structural adhesives for exterior applications. SiO,
nanofillers are increasingly used in these materials,® 47!
and their adverse effects on the environment and health
have been documented.>?-°

Composite films of epoxy matrix containing 5% and
10% SiO, nanofillers were fabricated, irradiated with UV
radiation in a well-controlled environmental chamber, and
characterized for fate and release of SiO,. Characterization
was performed by a number of microscopic and spectro-
scopic techniques, including scanning electron microscopy
(SEM), atomic force microscopy (AFM), Fourier trans-
form infrared spectroscopy (FTIR), inductively coupled
plasma-optical emission spectrometry (ICP-OES), and X-
ray photoelectron spectroscopy (XPS). In addition, a spe-
cial sample holder was fabricated for simultaneous UV
irradiation of nanocomposite samples and collection of
the released nanofillers. The results showed that, under
UV radiation having wavelengths approximating those of
sunlight, the amine-cured epoxy matrix underwent rapid
photodegradation, resulting in substantial mass loss, a sig-
nificant accumulation of SiO, nanofillers on the irradi-
ated nanocomposite surface, and release of nanoparticles
from the composite. A conceptual model is presented to
describe the accumulation and release process. The results
of this study should provide useful information to assess
the potential risk of spherical nanofillers in epoxy matrix
during its service in an UV environment.

J. Nanosci. Nanotechnol. 12, 1-14, 2012

2. EXPERIMENTAL DETAILS
2.1. Materials and Nanocomposite Preparation

Nanosilica (SiO, nanofillers) (Aerosil R812, Evonik) is a
hydrophobic material, having an average primary diame-
ter of 7 nm and a purity > 99.8%. The surface of this
Si0, material was modified with hexamethyl disilazane,
where most of the surface SiOH (silanols) are protected
by trimethylsilyl groups (Si—-O-Si(CH,);) with only 0.29
free OH groups/nm®.5’ The nanofillers form aggregates
and agglomerates with a very large specific surface area
(typically 260 +30 m?/g). The epoxy matrix was a model
stoichiometric mixture of a diglycidyl ether of bisphenol
A (DGEBA) epoxy resin (EPON 828, Resolution Perfor-
mance Products) having an equivalent mass of 189 (grams
of resin containing one gram equivalent of epoxide) and
a tri-polyetheramine curing agent (Jeffamine T403, Hun-
sman Corporation). There were no additives added to the
amine-cured epoxy matrix. The chemical structures of the
components and cured epoxy are illustrated in Figure 1. It
should be noted that, due to steric hindrance and restricted
transport during the late curing stages, unreacted epoxide
and amino groups are expected to be present in the matrix
after curing. The presence of these functional groups and
impurities (e.g., residual catalyst, oxidation stabilizers)
may have an influence on the photodegradation of an
amine-cured epoxy. The solvent used for nanocomposite
processing was reagent grade toluene (purity > 99.5%)
(Aldrich).

Free-standing nanocomposite films having a thickness
range between 200 um and 250 wm of the amine-cured
epoxy polymer containing 5% and 10% mass fractions of
Si0, nanofillers were prepared following the steps illus-
trated in Figure 2. SiO, nanofillers were first sonicated
in a large amount of toluene for 30 minutes using an
80 kHz tip sonicator. After adding the appropriate amount
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Fig. 1. Chemical structures of the components and cured epoxy matrix
used in this study.
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Fig. 2. Steps used to prepare epoxy/nanosilica composite films.

of epoxy resin, the nanofiller suspension was sonicated
under constant stirring with a magnetic stirrer for an addi-
tional 1 hour. The amine curing agent was then added to
the suspension, and the mixture was sonicated for another
hour. Unfilled (neat) epoxy films having similar thickness
were also prepared for comparison by mixing appropri-
ate amounts of amine curing agent and epoxy resin. The
mixture was stirred for 1 hour with a mechanical stir-
rer. After the mixing step, both the nanosilica-free and
epoxy/nanosilica mixtures were degassed for 1 hour at
room temperature and then drawn down on a polyethylene
terephthalate sheet (Mylar) (a good release substrate for
epoxy-base materials). Films were cured at ambient con-
ditions (24 °C and 50% relative humidity) for three days,
followed by post-curing for 4 hours at 110 °C in an air
circulating oven.

2.2. UV Irradiation Condition

All UV irradiation experiments were carried out using the
NIST 2 m integrating sphere-based UV chamber, referred
to as SPHERE (Simulated Photodegradation via High
Energy Radiant Exposure) described in detail previously.*®
This SPHERE UV chamber utilizes a mercury arc lamp
system that produces a collimated and highly uniform UV
flux of approximately 480 W/m? in the 290 nm to 450 nm
range. The visible and infrared radiation of the SPHERE’s
UV source has been removed; therefore, without exter-
nal heating, the temperature in this UV chamber is about

(b)

NP release
container

27 °C=£2 °C. This UV chamber can also precisely control
the relative humidity (RH) and temperature.

Except for studying nanofiller release where larger sam-
ple sizes were used, specimens for other measurements
of neat matrix and nanocomposites having dimensions
of 25 mm x 25 mm were first mounted in a 17-window
sample holder (Fig. 3(a)), which was irradiated in the
SPHERE UV chamber at 50 °C and 70% RH. Note that
because the window diameter of the sample holder used
in this study was 19 mm, only the surface area within this
diameter was irradiated. Specimens were removed after
specified accumulated doses (i.e., at specified time inter-
vals) for characterization. Dose, in kJ/m?, is defined here
as the total accumulated energy resulting from repeated
UV radiation exposures at a particular time period per
unit irradiated surface. For the nanofiller release study, a
specially-designed sample holder (Figs. 3(b and c)) was
employed. This holder collected particles released during
UV irradiation of the polymer nanocomposites. It con-
sisted of a sample chamber, tubes to supply desired RH
and temperature, and a container to collect released parti-
cles. A cover containing a quartz window that allows UV
to irradiate the sample was used to seal the holder. In this
study, a poly(tetrafluoroethylene) film was placed on the
collector surface. All specimens were mounted so that their
faces were perpendicular to the horizontal plane.

2.3. Characterization of UV-Irradiated Samples

Mass loss, surface morphology, chemical degradation, and
amounts of SiO, nanofillers accumulated on sample sur-
face and released to the environment as a function of UV
irradiation were characterized or measured. The mass loss
was determined using an analytical balance having a res-
olution of 10> g. Surface morphological changes were
followed by atomic force microscopy (AFM) and field
emission scanning electron microscopy (FE-SEM). FE-
SEM (HITACHI S-4700) imaging was operated at 1 KeV.

©

| sample

Tubes to
_introduce
RH/T

Fig. 3. (a) 17-window sample holder for UV irradiation of polymer nanocomposites, (b) schematic of the sample holder to collect released nanofillers,
and (c) photograph of the nanofiller release holder containing an UV irradiated epoxy/nanosilica composite sample.
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AFM measurements were carried out at ambient conditions
(24 °C, 50% relative humidity) using a Dimension 3100
system (Veeco Metrology) and silicon probes (TESP 70,
Veeco Metrology). Both topographic (height) and phase
images were obtained simultaneously using a resonance
frequency of approximately 300 kHz for the probe oscil-
lation and a free-oscillation amplitude of 62 nm=£2 nm.

The chemical degradation of neat matrix and nanocom-
posites was measured using Fourier transform infrared
spectroscopy in the attenuated total reflection (FTIR-ATR)
mode and X-ray photoelectron spectroscopy (XPS). FTIR
spectra were recorded at a resolution of 4 cm™! using dry
air as a purge gas and a spectrometer (Nexus 670, Thermo
Nicolet) equipped with a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector. A ZnSe prism and a
45° incident angle were used for the FTIR-ATR measure-
ment. All spectra were the average of 128 scans. The peak
height was used to represent the infrared intensity, which
is expressed in absorbance, A. All FTIR results were the
average of four specimens. XPS analyses were carried
out using a 5400 spectrophotometer (Physical Electron-
ics) equipped with a non-monochromated Mg Ka X-ray
source (1253.6 eV) at a 45° angle between the sample
surface normal. Spectra were acquired at a pass energy
44.75 eV and a step size of 0.125 eV/step for the C(1s),
Si(2p), O(1s) and N(1s) regions. All XPS spectra were fit
with a Shirley baseline, and adjusted with the appropriate
sensitivity factors to obtain information on percent com-
position. The released particles were imaged by FE-SEM
at 7 KeV and their chemical information was studied by
Energy Dispersive X-ray Spectroscopy (EDS) in the SEM.
It is noted that XPS, SEM, and AFM characterizations
were performed only on 5% nanosilica composite samples.

The amounts of SiO, nanofillers accumulated on
nanocomposite surface as a function of UV irradiation
were measured by ICP-OES. Briefly, 25 mm x 25 mm
specimens of neat epoxy and 5% and 10% nanosilica
composite films after 59 day irradiation were extracted
using a 5% hydrofluoric acid (HF) solution for 5 min.
After removing the films, the extracted solutions were
diluted and neutralized with 0.2% NaOH solution before
analyzing by ICP-OES (PerkinElmer Optima 5300DV).
Un-irradiated specimens of the same neat and nanosilica
composite films were extracted similarly to serve as blank
references. Each extracted solution was then split into two
equal parts, and one part was spiked with a known amount
of Si. The concentrations of Si-spiked solutions ranged
from 0.38 wg/g Si to 2.7 ug/g Si and were prepared using
the standard reference material (SRM) 3150 Silicon Stan-
dard Solution. Sn was used as an internal standard. More
complete details of this measurement have been given
elsewhere.”

J. Nanosci. Nanotechnol. 12, 1-14, 2012

3. RESULTS

3.1. Mass Loss of Epoxy/Nanosilica Composite with
UV Irradiation

Figure 4 displays the total mass loss of neat epoxy and
epoxy/nanosilica composite specimens as a function of
accumulated UV irradiation dose at 50 °C and 70% RH.
The mass loss is expressed as [(initial mass—mass at any
irradiation dose)/initial mass] x 100. Except for a small
increase at early exposures, the mass loss in both mate-
rials was nearly linear with irradiation dose. The early
increase was due probably to the water uptake in the mate-
rial, which was greater than the degradation-induced mate-
rial loss. This is because these specimens were exposed
to 70% RH and, thus, the amount of sorbed water in the
specimen was substantial. Figure 4 shows that both the
rate and amounts of mass loss of the nanocomposites were
higher than those for neat epoxy, and that these quantities
were greater with higher nanosilica loading. The average
mass losses for neat epoxy, epoxy/5% nanosilica compos-
ite, and epoxy/10% nanosilica composite irradiated with
9.8 x 10° kJ/m? UV dose were 1.2%, 2.2%, and 3.3%
respectively.

Figure 4 Mass loss as a function of irradiation dose
for neat epoxy and epoxy/nanosilica composites irradiated
with UV radiation at 50 °C/70% RH condition. Each data
point was the average of six specimens, and error bars
represent one standard deviation.

3.2. Chemical Degradation of Epoxy/Nanosilica
Composites with UV Irradiation

Amine-cured epoxy polymers are used extensively in
many exterior applications. However, due to the pres-
ence of electron-rich nitrogen atom and UV-absorbing aro-
matic ring in the chemical structure, photodegradation of
epoxy-based products has been extensively studied using
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Fig. 4. Mass loss as a function of irradiation dose for neat epoxy and
epoxy/nanosilica composites irradiated with UV radiation at 50 °C/70 %
RH condition. Each data point was the average of six specimens, and
error bars represent one standard deviation.
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both short monochromatic and long polychromatic long
wavelength (60-66). Under short UV radiation (254 nm),
bisphenol A epoxy molecule in an epoxy network under-
goes direct chain scission and side group abstraction to
form free radicals, which then go through free radical
mechanisms to form various oxidation products and loss of
materials. For UV radiation wavelength >295 nm, which
is present in the sun’s spectrum at ground level, degra-
dation is believed to be through a photo-oxidation pro-
cess, in which the free radicals generated by chromophoric
impurities initiate the photodegradation by abstraction of
hydrogen from the polymer chains. In either short or
long wavelength cases, chain scission is accompanied
by crosslinking. The photochemical degradation processes
lead to loss of performance of the epoxy composites,
such as decrease in mechanical property, yellowing, and
cracking.

The FTIR-ATR technique was used to follow the
chemical degradation of the matrix in the epoxy/nanosilica
composites as a function of UV irradiation. The probing
depth of the ATR technique is a function of incident angle,
IR wavelength, and refractive indices of both the internal
reflection element (i.e., prism) and the polymer. For the
ZnSe prism and 45° incident angle used in this study, the
probing depth in the epoxy polymer (refractive index 1.5)
in the region between 800 cm~! and 3600 cm™! (12.5 uwm
and 2.7 uwm) is between 0.5 um and 2.5 um from the
surface. The probing depth in a silica material (refractive
index 1.46) is slightly greater than that in the polymer.
Therefore, any chemical changes in the epoxy/nanosilica
composites resulted from the UV irradiation reported here
originated from the material layer at or near the exposed
composite surface.

Although FTIR-ATR spectra recorded at different irra-
diation doses can provide useful information (not shown)
about the chemical changes of the polymer nanocompos-
ites, chemical degradation of polymers is better studied
using the FTIR difference spectroscopy method, in which
gain or loss of a particular functional group can be easily
discerned. Figure 5 shows difference FTIR-ATR spectra of
the epoxy/5% nanosilica composite for different irradia-
tion doses. These spectra were obtained by subtracting the
spectrum of the un-irradiated (unexposed) specimen from
that recorded at different irradiation doses on the same
specimen after normalizing to a reference band to account
for any effect due to sampling. In a difference spectrum,
bands below and above the zero absorbance line represent
a loss (e.g., chain scission) and a gain (e.g., oxidation),
respectively, of a functional group in the sample. Figure 5
shows that the intensities of numerous bands of the epoxy
structure substantially decreased, including the bands at
1508 cm™! due to benzene ring, 1245 cm~! due to aro-
matic ether, and new bands in the 1620 cm™'-1740 cm™!
region, due to the formation of C—C and various carbonyl
groups (C=O0), such as aldehydes, ketones, and amides

6

have appeared, similar to those reported previously for
amine-cured epoxy (61-66). These changes are attributed
to photo-oxidation of the chemical structure by 295 nm
to 400 nm UV radiation, leading to extensive chain scis-
sion of the main chains of the epoxy. Details regarding
photodegradation mechanism of amine-cured epoxies are
beyond the scope of the present study but may be found in
Refs.[60]-[65]). Carbonyl groups formed can absorb radi-
ation at long wavelengths and accelerate the degradation.
UV-visible transmission spectra (not shown) exhibited a
progressive increase of the absorbance intensity in the
region above 300 nm, indicating that the degraded epoxy
films did absorb UV light at longer wavelengths. Both
the neat epoxy and epoxy/nanosilica composite films also
showed increasing yellowing with UV irradiation, suggest-
ing that a substantial amount of conjugated structures had
formed in this epoxy matrix. Our previous extensive study
has demonstrated that UV radiation is the major weather-
ing factor that causes severe degradation of amine-cured
epoxies, with temperature and RH playing a minor role.®’

The bands at 1245 cm™! and 1714 cm™!, representing
chain scission and oxidation of the epoxy, respectively,
and at 1180 cm™!, attributed to contributions of C—O and
Si—O bonds, were used to follow various degradation pro-
cesses of the epoxy matrix and the accumulation of SiO, at
or near the nanocomposite surface during UV irradiation.
Intensity changes of these bands with irradiation dose are
displayed in Figure 6. The intensity values have been nor-
malized to both the initial absorbance and that of the least-
changed band (1360 cm™!, due to CH; of gem-dimethyl)
to minimize the sampling effect by the ATR technique.
This normalization is essential for polymer degradation
study by the FTIR-ATR technique because, as the degra-
dation becomes more severe, the surface becomes rougher
and stiffer, which affects the band intensity. Information
about the behavior of the 1360 cm~! band with UV irra-
diation was obtained from a parallel quantitative transmis-
sion FTIR study of a thin (7 wm) spin casting film on
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Fig. 5. Difference FTIR-ATR spectra of epoxy/5% nanosilica compos-
ite recorded at different UV irradiation doses.
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Fig. 6. FTIR-ATR intensity changes with irradiation dose for: (a) 1245 cm™!, (b) 1714 cm™!, and (c) 1180 cm™' bands for neat (pristine) epoxy and
nanocomposites before and after irradiated with UV radiation. Each data point was the average of four specimens, and the error bars represent one

standard deviation.

a CaF, substrate. The intensity of this 1360 cm™! band
(not shown) of the transmission spectrum showed little
change for the irradiation dose of 3.5 x 10° kJ/m? or lower
under the same irradiation condition. Thus, all quantita-
tive FTIR-ATR analyses were up to but not exceeding this
dose value. In addition, because the 1714 cm™! band was
formed only after the UV irradiation, its initial absorbance
value was arbitrarily set to 1, strictly for comparison pur-
poses. The error bars in Figure 6 show small standard devi-
ations between specimens, indicating good reproducibility
of the data.

Figures 6(a) and (b) indicated that, under the
UV irradiation conditions used, both neat epoxy and
epoxy/nanosilica composite films underwent rapid pho-
todegradation with extensive chain scission and forma-
tion of a substantial amount of oxidized products under
UV exposure. The photodegradation appeared to level
off after irradiation to approximately 1.2 x 10° kJ/m?
dose. However, differences in the FTIR intensity exist
between the neat epoxy and nanocomposite films between
1.2 x 10° kJ/m? and 3.5 x 10° kJ/m? irradiation doses.
The intensity decrease due to chain scission was smaller,
and intensity increase due to oxidation was greater, with
increasing nanosilica loading. An examination of the inten-
sity change of the same bands in the transmission FTIR
spectra (not shown) for thin film (7 wm) specimens of
the same materials irradiated under the same conditions
revealed essentially no difference in the chain scission or
oxidation rates between the neat epoxy and the nanocom-
posite films. The transmission FTIR result suggested that
the nanosilica material used neither catalyzed nor stabi-
lized the photodegradation of this amine-cure epoxy.

Therefore, the intensity difference at irradiation doses
greater than 1.2 x 10° kJ/m? observed in Figure 6 may
be attributed partially to the SiO, nanofiller layer on the
composite surface (clearly seen in the microscopic images
shown in Section 3.3), which was formed during UV irra-
diation. Although the exact effect of the surface nanosilica
layer on the FTIR results of Figure 6 is unclear, the pres-
ence of a surface layer consisting of large surface area

J. Nanosci. Nanotechnol. 12, 1-14, 2012

particles that have a lower refractive index (than that of the
matrix) will likely have a complex influence on the opti-
cal properties (transmission/reflection) of both the imping-
ing UV radiation and the ATR-generated evanescent waves
(to detect IR signal). As revealed later in the ICP results,
5% and 10% nanosilica loadings produced approximately
320 nm and 753 nm thick, respectively, SiO, nanofiller
layers on the irradiated composite surfaces. Further, the
ATR probing depth is slightly greater in the silica material
than in the polymer. Therefore, the higher intensity of the
C=O0 band at 1714 cm™! at higher nanosilica loading seen
in Figure 6(b) may be attributed to a deeper sampling of
the nanosilica-covered surface and/or multiple reflections
of the evanescent waves, which also increased the signal
detected. For the chain scission band at 1245 cm™!, a band
of the SiO, nanofillers, which extends from 1000 cm™! to
1250 cm™!, probably contributed to the higher intensity at
irradiation dose greater than 1.2 x 10° kJ/m? observed in
Figure 6(a).

This postulation is in agreement with the result of
Figure 6(c), which displays intensity changes of the
1180 cm™! band with irradiation dose. The intensity of this
band for the 10% nanosilica composite material decreased
at very low dose but rose sharply at irradiation doses
greater than 1.7 x 10° kJ/m?, suggesting that the concentra-
tion of SiO, nanofillers on the surface had increased. The
decrease at low dose is attributed to the intensity loss of
the epoxy C—O band. At higher doses, the intensity of this
band also decreased, but at a lower rate than that due to
the increase of the Si—O band. The 5% nanosilica compos-
ite showed a similar trend but at a lesser extent. The FTIR
results shown in Figure 6(c) for 5% nanosilica composite
are consistent with SEM and AFM observations shown in
Section 3.3.

The degradation of the epoxy matrix and an increase
of the SiO, material near the nanocomposite surface is
consistent with the XPS results displayed in Figure 7 for
5% nanosilica composite. As the irradiation dose increased
from 0 kJ/m? to 10.07 x 10° kJ/m?, the percent surface
concentration of carbon decreased from 82.2% +1.7% to
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Fig. 7. XPS-based carbon and silicon atomic percentages on the epoxy/nanosilica composite surface versus UV irradiation dose. Except for the
3.56 x 10° kJ/m? dose result where only one specimen was used, other data points consisted of two or more specimens with the error being representative

of + one standard deviation.

43.8% £0.7%, while that of silicon increased from 0.5% +
0.1% to 10.1% £0.3%; the balance of the composition was
made up of nitrogen and oxygen.

Additionally, there was a period of no significant car-
bon loss and even greater doses were required to observe
a large increase in the silicon percent concentration, con-
sistent with the mass loss measurement in Figure 4 which
showed no significant mass loss until an irradiation dose of
> 3.0 x 10° kJ/m?. The increase of SiO, on the composite
surface following UV irradiation has also been confirmed
and quantified by ICP-OES analysis.

3.3. Surface Morphological Changes of
Epoxy/Nanosilica Composites with UV
Irradiation

Characterizing the surface morphology of polymeric mate-
rials during environmental exposures can provide a good
insight on microstructure, chemical homogeneity, and
degradation activity (e.g., autocatalytic) occurring on a
polymeric material surface.®®*7° This information is help-
ful for understanding the degradation mechanism and
degradation mode (i.e., localized or uniform degradation)
of polymer systems. For polymer nanocomposites, imag-
ing at the nanoscale spatial resolution of a sample sur-
face during environmental exposures would, in addition
to matrix degradation behavior, provide important data to
assess the fate of nanofillers. This has been demonstrated
for nanocomposites exposed to hydrolytic and photolytic
environments. For example, SEM analysis by Armentano
et al.”! has shown that the hydrolysis of poly(DL-Lactide-
co-glycolide) (PLGA) containing pristine single-walled
carbon nanotubes (SWCNTS) in biological fluid is a local-
ized process, giving rise to large pores and CNT bun-
dles on the composite surface without evidence of CNT
release to the environment. However, for the same matrix
containing SWCNTs-COOH nanofillers, the degradation
is accelerated and the degraded surface appears uniform.
This degradation resulted in a release of SWCNTs-COOH

8

to the biological medium, which can be observed with
UV-visible spectroscopy and color change of the solution.
Similarly, using AFM, Gu et al.*’ observed the formation
of large, deep pits in polyurethane/nanoZnO composites
irradiated with UV light. Nanofillers were found on the pit
bottom surface, suggesting that the pit formation was ini-
tiated and accelerated locally by the photo-catalyzed ZnO
nanofillers. On further exposure and/or in the presence of
rain or condensed water, the surface-exposed nanofillers
may be released to the environments.

In this study, morphological changes  of
epoxy/nanosilica composite surfaces as a function of UV
irradiation dose were studied by FE-SEM and tapping
mode AFM. Figure 8 displays FE-SEM backscattering
images at two different magnifications of epoxy/5%
nanosilica composite for varying irradiation doses. The
un-irradiated nanocomposite surface appeared smooth with
evidence of some SiO, nanofillers (Fig. 8, far left, lower
row). After UV irradiating with a 0.67 x 10° kJ/m? dose,
a substantial amount of SiO, nanofillers has appeared
on the surface. With further irradiation, the surface
concentration of nanosilica continued to increase, and
after 7.0 x 10° kJ/m?> dose, a layer of compact SiO,
nanofillers has covered almost the entire composite sur-
face. Figure 8 also revealed other features that are of
interest. For example, it showed that the SiO, nanofillers
appeared to aggregate and form a layer on the surface.
The lower magnification SEM image at 7.0 x 10° kJ/m?
dose revealed a crack in the nanosilica-rich surface layer
(upper right, arrowed), which may affect the nanosilica
release. It is not known whether the crack was formed
during the UV irradiation or induced by the SEM vacuum
environment. In addition, the low magnification images
at 0.67 x 10° kJ/m? and 1.2 x 10° kJ/m? doses (top row)
showed that the initial dispersion of SiO, nanofillers in
the epoxy matrix was good.

Figure 9 displays height and phase AFM images at
two magnifications for un-irradiated (upper row) and 7.0 x
10° kJ/m? UV irradiated (lower row) epoxy/5% nanosilica
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Fig. 8. FE-SEM images at two magnifications of epoxy/5% nanosilica composite surface before and after UV irradiating with different doses.

composites. Both height and phase images at low magni-
fication (upper row, two left images) show the presence
of nanofillers on the surface, similar to that observed by
SEM at high magnification. However, the presence of SiO,
nanofiller clusters on the un-irradiated nanocomposite sur-
face is clearly seen by the phase image at the higher
magnification (upper row, far right). The brightness of
these nanofillers in the height image (upper row, second
from right) indicates that they were raised above the sur-
face. The AFM phase image at lower magnification (lower
row, second from left) show clearly that the surface was
nearly covered with SiO, nanofillers after irradiation with
a 7.0 x 10° kJ/m? dose, similar to that observed with SEM.
Figure 9 also revealed that, although both topographic and
phase imaging AFM are suitable for following the accu-
mulation of nanosilica on the UV irradiated nanocomposite
surface, the latter imaging mode provides a stronger con-

20 pm x 20 pm scan I pmx 1 pm scan

Before
irradiating
with UV
radiation

After
irradiating with
7.0x10° kJ/m?

UV radiation

Height Phase Height Phase

Fig. 9. AFM images at two magnifications of epoxy/5% nanosilica
composite before and after irradiating with 7.0 x 10° kJ/m* UV radiation.
For each AFM pair, height image is on the left and phase image is on
the right.
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trast between the hard inorganic SiO, nanofiller and the
viscoelastic epoxy matrix than that of the former. Because
AFM is usually operated at ambient conditions, the results
demonstrated that phase imaging AFM is a convenient
technique to effectively follow the accumulation of inor-
ganic nanofillers on polymer nanocomposite surface dur-
ing UV irradiation. Although relative humidity in the 30%
and 80% range has been demonstrated to strongly enhance
the AFM image contrast,”?> the effect of 50% RH used
in this study on the contrast of Figure 9 images was not
measured.

3.4. Quantifying the Amount of SiO, Nanoparticles
Accumulated on UV Irradiated Nanocomposite
Surface

Figures 8 and 9 clearly show the presence of a layer of
Si0, nanofillers on the UV-irradiated surface. However,
these qualitative microscopic results cannot be used for
kinetic studies of nanosilica formation on nanocompos-
ite surface with irradiation. To determine the amounts of
Si0, nanofillers accumulated on the surface during UV
irradiation, a chemical extraction method using HF solu-
tion was developed to selectively dissolve SiO, nanofillers
on the composite surface with minimal extraction of the
nanofillers from the interior of the nanocomposite. The
extracted solution was then analyzed by ICP-OES. A
preliminary experiment was conducted to determine the
appropriate HF concentration and extraction time. Vari-
able volume concentrations of HF in water from 1% to
50% were first tested using SiO, nanofillers alone (sample
size < 10 mg). Different concentrations of HF were pre-
pared by first adding water to the nanofillers, followed by
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adding concentrated HF to the suspension to give a total
of 10 mL. It was observed that volume concentrations of
HF from 10% to 50% dissolved the SiO, nanofillers in
1 min or less. The dissolution rate at these HF concentra-
tions was deemed too rapid and could potentially attack
a substantial amount of SiO, nanofillers embedded in the
polymer matrix. At 1% HF and 5% HF concentrations, the
SiO, nanofillers were dissolved in approximately 15 min
and 2 min, respectively. Of the two concentrations, 5%
HF was chosen as the extraction solution because the dis-
solution time is not excessively long. Further, although a
2 min extraction time was found adequate for completely
dissolving a 10 mg sample of SiO, nanofillers, all exper-
iments for nanocomposites used a 5 min extraction time
to ensure that all (or most) SiO, nanofillers located on the
nanocomposite surface were dissolved.

To assess the effect of the extraction solution on the
Si0, nanofillers in the nanocomposite interior, an exper-
iment involving a successive number of extractions was
conducted. This experiment was carried out as follows.
After immersing a nanocomposite specimen in a 5%
HF extraction solution for 5 minutes, the solution was
analyzed for Si by ICP-OES. After removing from the
extracted solution and washing thoroughly with water, the
specimen was re-immersed in a fresh extraction solution
for the same length of time, and the amount of Si mea-
sured. The same procedure was repeated for a 3rd and 4th
time. The results are displayed in Figure 10, which shows
the intensity of SiI 251 nm as a function of four successive
extractions for 5% and 10% nanosilica nanocomposites
before and after 10 x 10° kJ/m? UV irradiation. This pre-
liminary experiment used only one specimen for each type
of nanocomposite film; therefore, no uncertainty is given.
However, the errors by ICP-OES analysis and the repro-
ducibility of the extraction procedure are low (uncertainty
is < 10 %). Figure 10 shows little change in Si concentra-
tion in the extracted solution after the first extraction for
all four types of sample, suggesting that little dissolution
of the interior SiO, nanofillers has occurred and that the
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20000 ! o
\ —m - 5% nanoSi02-10 x 10°%kJm?
15000 10 % nanoSiO2-Un-irradiated
\ —o— 10 % nanoSiO-10 x 105k J/rm?

Si | 251 nmintensity

10000
ko \
5000 =

—5000

Succesive Number of Extractions

Fig. 10. ICP-OES intensity of Si I 251 nm line vs successive number
of extractions with 5% HF (by volume) in water for un-irradiated and 10
x 10° kJ/m? UV-irradiated epoxy/nanosilica composites.
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extraction method used in this study did not substantially
degrade the crosslinked amine-cured epoxy polymer.
Figure 11(a) displays the average Si mass extracted
from blank references and epoxy nanocomposites contain-
ing 5% and 10% nanosilica irradiated with 10 x 10° kJ/m?
UV radiation. The relative uncertainties of these results
range from 4.6% to 16%, with the lower values associated
with 10% nanosilica composites due to greater amounts
of SiO, nanofillers accumulated on the composite surface.
The concentrations of Si extracted from both un-irradiated
and irradiated 10% nanosilica composites were substan-
tially higher than those of their corresponding 5% nanosil-
ica samples. This is likely due to the higher nanosilica
loading nanocomposite containing greater amounts of SiO,
nanofillers on both un-irradiated and irradiated surfaces.
UV irradiation increased Si amounts in the extracted solu-
tions by factors of 2.3 and 1.7 for the 5% and 10% nanosil-
ica composites, respectively. Further, the observation that
some Si were extracted from the un-irradiated specimens
is consistent with the presence of SiO, nanofillers on
the surface of this material, as seen in the AFM images
(Fig. 9). Clearly, the extraction did dissolve some SiO,
particles residing at or near the nanocomposite surface. It
should be noted that, because the nanocomposite speci-
mens were completely immersed in the extraction solu-
tion, the extracted Si concentrations for both un-irradiated
and irradiated specimens were from both the front and
back sides of the films. However, the nature (e.g., level of
imbedding in the matrix, level of matrix coverage, etc.) of
these dissolved nanofillers is unknown. It is speculated that
any SiO, nanofillers or clusters of SiO, nanofillers at or
near the surface that were partly or thinly coated with the
epoxy matrix were dissolved by the HF extraction solution.
In addition, because the surface of this nanosilica material
was covered with low surface energy trimethylsilyl groups
(Si-O-Si(CH;);),> its interaction with the epoxy matrix
is through weak dispersion forces. Therefore, any SiO,
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Fig. 11. (a) Total masses of Si extracted from un-irradiated and 10 x
10° kJ/m? UV-irradiated nanocomposites, and (b) Si mass differences
between un-irradiated and 10 x 10° kJ/m? UV-irradiated nanocomposites.
All results were the average of eight or nine specimens, and the error
bars represent 95% confidence interval.
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nanofillers that were not deeply imbedded in the matrix
were likely dissolved by the HF extraction.

Because the specimens used for blank references were
of the same size and production batch as the irradiated
specimens, the extracted Si resulting from the unexposed
side and under the surface of the composite can be cor-
rected by subtracting the Si value of the un-irradiated
specimen from the Si value of the irradiated specimen.
Figure 11(b) illustrates the Si mass difference between
the un-irradiated and the UV-irradiated specimens for 5%
and 10% nanosilica composites. These Si mass differ-
ences correspond to the total amounts of SiO, nanofillers
on the nanocomposite surface that were generated by the
10 x 10° kJ/m? UV irradiation, because the contribution
of Si from the hexamethyl disilazane surface treatment of
the nanosilica was negligible (less than 1% of nanosilica
mass as measured by TGA). The results show that the net
amount of Si accumulated on the nanocomposite surface
after 10 x 10° kJ/m? UV irradiation for the 10% nanosilica
composite was approximately a factor of two greater than
that for the 5% nanosilica material irradiated at the same
dose (220 pg vs 105 pg).

The amounts of Si extracted by the HF solution can
be used to estimate the thickness of the nanosilica layer
formed on the nanocomposite surface for each accumu-
lated irradiation dose. For example, the extracted Si masses
of 105 ug and 220 ug for the accumulated dose of
10 x 10 kJ/m? are translated to 225 ug and 471 ug of
Si0, material accumulating on the 5% and 10% nanosil-
ica composite surfaces, respectively (calculated by using

b 10 um ¢ 2um
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Fig. 12. SEM images of the nanofiller collector surface: (a) before, and
(b) after UV irradiating an epoxy/5% nanosilica composite specimen with
a 7.0 x 10° kJ/m? dose, (c) higher magnification of b, showing numer-
ous spherical nanoparticles; EDS spectra of nanofiller collector surface;
(d) before, and (e) after UV irradiating an epoxy/5% nanosilica compos-
ite specimen with a 7.0 x 10° kJ/m? dose, showing the appearance of
Si and O.
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the molecular mass of 60 g/mol for SiO,). Assuming that
the SiO, nanofillers formed on the nanocomposite sur-
face during UV irradiation were mostly devoid of polymer,
compacted tightly, and spread uniformly on the 19 mm
diameter specimen surface and by using a density of
2.2 g/em? for silica, the thicknesses of the SiO, nanofiller
layer formed on the 5% and 10% nanosilica composite
surfaces after UV irradiation at 10 x 10° kJ/m* dose were
estimated to be 320 nm and 753 nm, respectively. These
values are likely a low estimate, because the SiO, layer
formed on the nanocomposite surfaces after UV irradia-
tion still contain some organic material, as seen in FTIR
(Fig. 6) and XPS (Fig. 7) results. Because the density of
a mixture is proportional to its chemical composition and
density of a typical polymer is approximately half that of
Si0, (1.12 g/em?® vs 2.2 g/cm?), the presence of organic
materials in the SiO, surface layer will increase its thick-
ness value. An accurate value on the chemical composi-
tion of the UV-irradiated surface layer would provide a
better thickness estimate. Nevertheless, HF extraction fol-
lowed by ICP-OES analysis is a good sensitive method to
quantify the amount of SiO, nanofillers accumulated on
the polymer nanocomposite surfaces irradiated with UV
radiation. Quantitative data are needed for following the
kinetics of nanofillers accumulated on polymer nanocom-
posites as a result of matrix degradation during exposures
to the environments. They are also needed to validate pre-
dictive models for the accumulation rate of nanofillers dur-
ing exposure to photolytic or hydrolytic environments of
polymer composites.

3.5. Release of SiO, Nanoparticles During UV
Irradiation

Microscopic and spectroscopic results shown in Figures 5
to 11 strongly suggest that the increase of nanosilica
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Fig. 13. Conceptual model for surface accumulation and release of SiO,
nanofillers of epoxy/nanosilica composites irradiated with UV radiation.
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concentration at the composite surface with UV irradi-
ation was a result of the matrix degradation. However,
these results do not fully answer the question: was the
Si0, nanofiller released from the nanocomposites occur
during their UV irradiation? Analysis of particles col-
lected at the bottom of the sample holder addresses this
question. Figure 12 shows SEM images and EDS spec-
tra of the particle collector surface before and after a
nanocomposite specimen was UV irradiated with a dose
of 7.0 x 10° kJ/m?. Before irradiation, the collector sur-
face showed no evidence of particles (Fig. 12(a)). After
7.0 x 10° kJ/m? irradiation, many particles were observed
on the collector surface (Fig. 12(b)), and numerous spher-
ical nanoparticles can be seen with higher magnifica-
tion (Fig. 12(c)). The EDS spectrum of the collector
surface before the nanocomposite specimen was irradi-
ated showed only fluorine (F) and carbon (C) (Fig. 12(d)),
as expected for a poly(tetrafluoroethylene) liner. How-
ever, EDS spectrum of the same collector surface after
the specimen was irradiated revealed the presence of sil-
icon (Si) element (Fig. 12(e)) and an increased concen-
tration of O. Poly(tetrafluoroethylene) is a highly UV
resistant material, and thus the observed concentration
increase of O cannot be attributed to the oxidation of
this material. The increase of both Si and O implies
that the spherical nanoparticles on the collector surface
observed in Figure 7(c) were likely the SiO, compound.
Results of Figure 12 have provided direct evidence that
SiO, nanofillers or their aggregated form were released
from the epoxy nanocomposites to the surroundings during
their UV irradiation with 295 nm—400 nm radiation. How-
ever, these preliminary results do not establish whether
these released SiO, nanofillers are pristine or coated with
polymer. Such information is important for assessing the
potential risks of released nanofillers, because nanoma-
terials that are covered with an inert polymer layer are
less likely to impart an EHS concern than the pristine
nanomaterials do. Work is in progress to address this
question.

Based on microscopic and spectroscopic evidence, SiO,
nanofiller release during UV irradiation of amine-cured
epoxy nanocomposites used in this study likely followed
the sequence shown in Figure 13. First, the epoxy matrix
layer on and near the nanocomposite surface underwent
photodegradation and was removed. This resulted in a
gradual increase of the number of SiO, nanofillers on
the specimen surface with irradiation dose. At a criti-
cal thickness/concentration, particles containing SiO, fell
off the vertical surface (release), likely due to gravita-
tion force. For nanocomposites exposed to outdoor, envi-
ronmental elements such as rain, condensed water, wind,
mechanical vibration, and stresses resulting from materi-
als dimensional changes likely affect the nanofiller release
rate. Since most common polymers are susceptible to
degradation during exposures to the UV environment,

12

even with those containing UV stabilizers, this concep-
tual model for the release of SiO, nanofillers should be
applicable to other polymers and to other low aspect ratio,
spherical nanofillers used in polymer nanocomposites and
nanocoatings.

4. CONCLUSIONS

Nanofillers are increasingly used to enhance performance
properties of polymeric materials in many high volume
exterior applications. Because polymers are susceptible to
photodegradation by solar UV radiation, nanofillers in a
polymer nanocomposite can be released into the environ-
ments during their life cycle. Such release raises possible
environment, health and safety effects that may hinder the
commercialization of these advanced materials. This study
has investigated the fate and release of SiO, nanofillers
from epoxy/nanosilica composites irradiated with 295 nm
to 400 nm UV radiation. Based on experimental results
of chemical degradation, mass loss, surface morphology,
surface accumulation, and nanofiller release, the following
conclusions can be made:

(1) Amine-cured epoxy matrix in the nanocompos-
ite underwent photodegradation during irradiation with
295 nm to 400 nm UV light, resulting in substantial mass
loss and an increase in nanofiller concentration on irradi-
ated nanocomposite surfaces.

(2) The rate of mass loss of epoxy/nanosilica com-
posites was greater than that of the neat epoxy, but
the rate of matrix degradation appeared similar between
epoxy/nanosilica composites and neat epoxy.

(3) A method based on HF extraction followed by ICP-
OES analysis has been developed to quantify the amount
of nanosilica accumulation on the composite surface irra-
diated with UV radiation.

(4) Microscopic and spectroscopic analyses showed con-
clusively that SiO, nanofillers were released to the envi-
ronment after a relatively low UV irradiation dose.

(5) A conceptual model for the accumulation and release
of SiO, nanofillers during UV irradiation has been pro-
posed, which should be applicable to other polymers and
other types of spherical nanofillers.

The results of this study provide helpful information
to assess the potential risk of nanosilica accumulation
and release during life cycles of a polymer nanocom-
posite. Work is under way to predict the SiO, nanofiller
release rate and to characterize chemical composition of
the released particles.
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